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Abstract 

Starzhynska A.V. «Heteroassociation of adenosine triphosphate with 

calix[4]arene C-107 and metal ions». 3 Qualification scientific work on the rights 

of the manuscript. 

Thesis for the degree of Philosophy Doctor in the field of natural sciences in 

a specialty 104 3 physics and astronomy. 3 Taras Shevchenko National University 

of Kyiv. Kyiv, 2024. 

Aqueous solutions of ATP complexes with calix[4]arenes C-107, 

calix[4]arenes C-107 with Ag+ ions and Mg
2+

, Ca
2+

, Ag
+
 ions with different 

concentrations of components were studied using the methods of electron 

absorption, excitation and emission spectrofluorometry, computer modeling using 

quantum chemistry, molecular docking and molecular dynamics. It was shown that 

with the formation of heteroassociates adenosine triphosphate 3 C-107, the 

photoluminescence of adenosine triphosphate is quenched in a narrow 

concentration range of calix[4]arenes. With an increase in the content of metal ions 

and temperature, a complex nature of PL quenching is observed, due to the 

formation of complexes. The parameters of complex formation were established, 

and a study of the resonance non-radiative energy transfer using the Förster theory 

of the indicated complexes was carried out. 

The aim of this work is to study the processes of complexation in aqueous 

solutions of ATP with calix[4]arenes C-107 and ATP 3 C-107 with Ag
+ 

ions, as 

well as with Mg
2+

, Ca
2+

 and Ag
+
 ions, determine the binding parameters and 

establish the mechanisms of their heteroassociation. 

The object of research is ATP complexes with calix[4]arenes C-107, 

calix[4]arenes C-107 with Ag
+
 ions and Mg

2+
 , Ca

2+
, Ag

+
 ions. 

The subject of research is the study of the processes of formation of ATP 

complexes with calix[4]arenes C-107, calix[4]arenes C-107 with Ag
+
 ions and 

Mg
2+

, Ca
2+

, Ag
+
 ions, determination of binding parameters and establishment of 

heteroassociation mechanisms. 



In the work - for the first time, using spectral methods of optical absorption 

and fluorescence quenching in aqueous solutions of ATP with calix[4]arenes C-

107 and ATP 3 C-107 with Ag
+
 ions, it is shown that complexation occurs with a 

noticeable drop in fluorescence intensity in a wide range of calix[4]arenes 

concentrations; 

- for the first time, using methods of quantum chemistry, molecular 

docking and molecular dynamics for ATP 3 C-107 systems, it is shown that the 

formation of complexes is possible due to the placement of ATP on the top of the 

calix[4]arene and along its wall due to the π-π stacking interaction, which is 

accompanied by a narrowing of the energy gap. It was found that the most mobile 

are the phosphate <tail= of ATP and the NH3-groups of calixarene; 

- for the first time, the Stern-Volmer method was used to compare the 

formation of ATP complexes with important biologically active ions Ag
+
, Mg

2+
 

and Ca
2+

 and the mechanisms of heteroassociation were determined; 

- for the first time, it was shown that the binding constant for the static 

ATP-Mg
2+

 complex is the largest in comparison with the ATP-Ca
2+

 system while 

maintaining the number of binding sites n j 1 and electrostatic interaction; 

- for the first time, it was shown by the method of quantum-chemical 

modeling that the complex formation of ATP with Mg
2+

 and Ag
+ 

ions leads to a 

rearrangement of electronic levels, a redistribution of charges, a change in the 

dipole moment and the magnitude of the energy gap. Unlike the ATP-Mg2+ 

complex, the effect of the Ag
+
 ion in the ATP-Ag

+ 
complex is more significant and 

is accompanied by noticeable changes in the charge of the Nitrogen 6 and Nitrogen 

4 atoms of the indole cycle. 

Key words: ATP, calix[4]arenes C-107, aqueous solutions, metal ions, 

optical absorption, fluorescence, entropy, computer modeling. 
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+
 �&( @50;V7CєBьAO 7 

28:>@8AB0==O< @>7G8=V2, 0 B0:>6 ?@8 70AB>AC20==V A?5:B@>5;5:B@>EV<VG=8E 

<5B>4V2 [9]. 

�V4><>, I> 5=5@3VO 2 �&( 7>A5@5465=0 2 42>E :V=F528E 

D>AD>0=3V4@8B=8E 72’O7:0E V 284V;OєBьAO 2 ?@>F5AV 3V4@>;V7C 7 CB2>@5==O< 

��( B0 � ( [10]. ' DV7V>;>3VG=><C @>7G8=V 2=0A;V4>: 45?@>B>=C20==O 

28=8:0є G>B8@8 0B><0, I> D>@<Cє =02:>;> B@8D>AD0B=>3> E2>AB0 

5;5:B@>AB0B8G=5 ?>;5. %:;04>20 �&( 045=V= E0@0:B5@87CєBьAO =0O2=VABN 

:V;ь:>E 0B><V2 70<VI5==O N 2 35B5@>F8:;0E. #@8ACB=VABь B0:8E 0B><V2 7 

=5?>4V;ь=8<8 5;5:B@>==8<8 ?0@0<8 AB2>@Nє ?5@54C<>28 4;O :>>@48=0FVW 

�&( @V7=8<8 V>=0<8 ?>4V1=> 4> Ag
+[11]. #V4’є4=0==O @V7=8E V>=V2 4> �&( 

28:;8:0є 7<V=C :>=D>@<0FVW, 0 B0:>6 ?5@5@>7?>4V; 70@O4V2 0=3V4@84=8E 

72’O7:0E P 3 O 3 P V O: =0A;V4>: 740B=VABь 4> 3V4@>;V7C B0 284V;5==O 5=5@3VW 

[12-16]. 



1.2. �;0AB82>ABV @>7G8=V2 А&( 7 :0;V:A0@5=0<8 

' D0@<0FVW, <548F8=V B0 4VєB>;>3VW є :V;ь:0 <0:@>F8:;VG=8E <>;5:C;, 

O:V 28:>@8AB>2C20;8AO 4;O ?>:@0I5==O @>7G8==>ABV 4VNG>W @5G>28=8 

;V:0@Aь:8E 70A>1V2, WE AB01V;ь=>ABV B0 1V>4>ABC?=>ABV. %5@54 B0:8E <>;5:C; 

>A>1;825 <VAF5 709<0NBь :0;V:A0@5=8 [17]. 

�0;V:A0@5=8 - F5 F8:;VG=V >;V3><5@8, CB2>@5=V 7 ?0@070<VI5=8E D5=>;V2 

B0 D>@<0;ь453V4V2, =87ь:><>;5:C;O@=V <0;>B>:A8G=V =04<>;5:C;O@=V A?>;C:8 

740B=V CB2>@N20B8 :><?;5:A8 «3>A?>40@-3VABь» 7 V>=0<8 <5B0;V2 B0 

>@30=VG=8<8 A?>;C:0<8. #>B5=FV9=> 40=V A?>;C:8 <>6=0 28:>@8AB>2C20B8 O: 

AB01V;V70B>@8 >@30=VG=8E ?>;V<5@V2, <V:@>G8?8 �!� B>I>. �=0NG8 5D5:B 

45O:8E >A>1;82>AB59 1C4>28 (3V4@>D>1=0 «G0H0» 7 70<VA=8:0<8 =0 25@E=ь><C 

B0 =86=ь><C >1V4:0E) =0 A?5F8DVG=V 1V>EV<VG=V 2;0AB82>ABV (;V?>DV;ь=VABь, 

=87ь:0 B>:A8G=VABь B0 V<C=>35==VABь), <>6=0 A8=B57C20B8 A?>;C:8 7 =>28<8 

2;0AB82>ABO<8 [18].  

!0 $8A.1.2. =02545=> AB@C:BC@=V D>@<C;8 :0;V:A[4]0@5=V2. 

�V;ь:VABь >48=8Fь 0@><0B8G=8E @5G>28= <>65 1CB8 <V6 4 V 20, E>G0 

:0;V:A0@5=8 4, 5, 6, 7 V 8 є =091V;ьH ?>H8@5=8<8. /: ?>:070=> =0 $8A 1.2. 

F8:;VG=0 AB@C:BC@0 :0;V:A[n]0@5=V2 ?>4V1=0 4> V=H8E ?>;V3V4@>:A8;ь>20=8E 

<0:@>F8:;V2, 0 ?>@>6=8=0 <0:@>F8:;C 1C45 70;560B8 2V4 :V;ь:>ABV 

0@><0B8G=8E >48=8Fь C A8AB5<V. �0;V:A[4]0@5=8 <>6CBь ?@89<0B8 :V;ь:0 

@V7=8E :>=D>@<5@V2, 2:;NG0NG8 :>=CA, G0AB:>289 :>=CA, 1,2-0;ьB5@=0B, V 1,3-

0;ьB5@=0B. ' :>=D>@<0FVW 6>@AB:>3> :>=CA0 2AV D5=>;ь=V 3@C?8 3OH 

CB2>@NNBь A8;ь=V 2>4=52V 72'O7:8, O:V AB01V;V7CNBь AB@C:BC@C. �@V< B>3>, 40=V 

A?>;C:8 740B=V CB2>@N20B8 :><?;5:A8 7 1V>;>3VG=8<8 <>;5:C;0<8, B0:8<8 O: 

0=B81V>B8:8, 1V;:8, =C:;5W=>2V :8A;>B8, 0=B810:B5@V0;ь=V ?@5?0@0B8 B0 <0NBь 

?@>B82V@CA=C, 0=B8B@><1>B8G=C, 0=B810:B5@8F84=C, ?@>B8BC15@:C;ь>7=C B0 

?@>B8?CE;8==C 4VN [17].   



 

$8A. 1.2. %B@C:BC@=V D>@<C;8 :0;V:A[4]0@5=V2 [17].  

 

/: 2V4><>, :0;V:A0@5=8  <>6CBь CB2>@N20B8 AC?@0<>;5:C;O@=V 

:><?;5:A8 7 �&(. �0;V:A0@5= %-107 740B5= =095D5:B82=VH5 AB8<C;N20B8 

3V4@>;V7 �&( [19,20]. �V=5B8G=0 :@820 3V4@>;V7C �&(, I> V=4C:CєBьAO 

:0;V:A0@5=>< %-107 <0є <>=>B>==C ?>254V=:C 7 28E>4>< =0 ?;0B> 

E0@0:B5@87CєBьAO <>=>B>==8< ?5@51V3><, O:89 <0є B5=45=FVN 4> 28E>4C =0 

?;0B> 7 G0A>< [20]. 

�0;56=VABь @50:FVW 3V4@>;V7C �&$ :0;V:A0@5=>< %-107 ?>:070=> =0 

$8A. 1.3. 



 

 

 

$8A. 1.3. $50:FVO 3V4@>;V7C �&$ :0;V:A0@5=>< %-107 [20]. 

 

�V=5B8:0 @50:FVW 3V4@>;V7C є A:;04=>N V =5 ?V4?>@O4:>2CєBьAO EV<VG=8< 

?@>F5A0< =C;ь>2>3> B0 ?5@H>3> ?>@O4:C. �V=5B8:C @50:FVW 3V4@>;V7C �&( 7 

:0;V:A0@5=>< <>6=0  >?8A0B8 70 4>?><>3>N 5<?V@8G=>3> @V2=O==O [20]: 

ln[p/(Dmax – p)] = -n⋅ lnτ + n⋅lnt,   (1.1) 

45 Dmax V D 3 <0:A8<0;ь=0 s <8BBє20 :V;ь:VABь ?@>4C:BC @50:FVW, τ 3 

E0@0:B5@8AB8G=89 G0A (=0?V2=0A8G5==O) @50:FVW, n = dln[p/(Dmax – p)]/dlnt 3 

;>30@8D<VG=89 45:@5<5=B :@CB87=8 :V=5B8G=>W :@82>W (2V4E8;5==O 2V4 

3V?5@1>;8, O:I> n = 1). 

 

 



1.3. %B@C:BC@0 <>;5:C;O@=8E :><?;5:AV2 7 А&( 

 

�><?;5:A8 :0;V:A0@5=V2 7 V>=0<8 <5B0;V2 =0@07V H8@>:> 

4>A;V46CNBьAO, >A:V;ь:8 <0NBь 7=0G=89 ?>B5=FV0; 4;O 70AB>AC20==O 2 

:>=AB@CN20==V @V7=><0=VB=8E 40BG8:V2 B0 4;O 28O2;5==O V 287=0G5==O 

B>:A8G=8E V>=V2 <5B0;V2 7 =0ABC?=8< WE @>74V;5==O< 7 70E8ABC =02:>;8H=ь>3> 

A5@54>28I0 [21]. 

#@8 4>A;V465==V :><?;5:AV2 :0;V:A0@5=C 7 <V44N B0 7 V>=0<8 F8=:C 

28O2;5=>, I> :0;V:A0@5=, I> <VAB8Bь G>B8@8 V<V=>EV=>;V=>2V >48=8FV, 4Vє O: 

D;C>@5AF5=B=89 E5<>A5=A>@; 2V= ?>:07Cє A8;ь=C D;C>@5AF5=FVN 2 

?@8ACB=>ABV V>=V2 Cu
2+. �;O ?>@V2=O==O, :><?;5:A, 2 O:><C :0;V:A0@5= <VAB8Bь 

;8H5 42V V<V=>EV=>;V=>2V >48=8FV, <0є A;01HC V=B5=A82=VABь D;C>@5AF5=FVW, 

4828Aь $8A.1.4. 

 

$8A.1.4. �><?;5:A8 :0;V:A0@5=V2 7 2 B0 4 V<V=>EV=>;V=>28<8 >48=8FO<8 [21]. 

 

�V4><>, I> 0:B820FVO 48>:A835=C 2 <5B0;52><C F5=B@V 4;O DC=:FV>=0;ь=>ABV 

72'O7:C C3H 2V4V3@0є 28@VH0;ь=C @>;ь O: 2 1V>;>3VW, B0: V 2 EV<VW. ' 28?04:C 

D5@<5=BV2 <V4V, ?@>F5A 0:B820FVW ?0@8  Cu(II)/Cu(I). 2V41C20єBьAO 2 

48=C:;50@=><C 01> 2 <>=>=C:;50@=><C F5=B@V. 



"A=>2=8<8 465@5;0<8 ?@>4C:FVW �&( 2 :;VB8=0E є 3;V:>;V7 V 

<VB>E>=4@VW D>AD>@8;N20==O =0 >:8A=><C 01> AC1AB@0B=><C @V2=V [22, 23].

�2060NG8 =0 B5, I> <>;5:C;0 �&( <VAB8Bь 0@><0B8G=C AB@C:BC@C, F5 

2?;820є =0 283;O4 A?5:B@C ?>3;8=0==O <0:A8<C< O:>3> AB0=>28Bь  260 =<, 

$8A.1.5. 

 

$8A.1.5. %?5:B@ ?>3;8=0==O @>7G8=C �&( (40 ¼M) [23]. 

 

#V: 71C465==O 1V;O 254 =< 2V4?>2V40є ?>3;8=0==N 0@><0B8G=>3> :V;ьFO 

<>;5:C;8. 

' @>1>BV [14] 4>A;V465=> @O4 V7 26 3-3V4@>:A8E@><>=V2, B@ь>E 1VA-

D;02>=>;V2 V G>B8@ь>E 3-3V4@>:A8EV=>;>=V2 4;O >FV=:8 WE D;C>@5AF5=B=>W 

2V4?>2V4V =0 270є<>4VN 7 �&( C 1CD5@V. %E5<0B8G=5 7>1@065==O 40=>3> 

?@>F5AC =02545=> =0 $8A. 1.6. �0@2=8:8 2V4@V7=O;8AO 7030;ь=8< 70@O4><, 

@>7<V@>< V :V;ь:VABN WE 0@><0B8G=8E >48=8Fь, 0 B0:>6 ?>;>65==O< 01> 

5;5:B@>=>4>=>@=>N 740B=VABN WE 70<VA=8:V2. �:070=>, I> 2AV 2>=8 

CB2>@NNBь :><?;5:A8 7 �&( 7V AB5EV><5B@VєN 1:1 V 1:2, ?@> I> A2V4G8Bь WE 

OA:@020 D;C>@5AF5=FVO B0 A<C30 71C465==O 7 G5@2>=8< 7<VI5==O< 3000-

6000 A<-1
.  



 

$8A.1.6. %E5<0 CB2>@5==O D;C>@5AF5=B=>3> :><?;5:AC �&(-10@2=8: [14]. 

 

*V D;C>@5AF5=B=V :><?;5:A8 4>72>;ONBь 28O28B8 :>=F5=B@0FVW �&( 

?>=04 3 ?>@O4:8 25;8G8=8, B>4V O: 1V;ьHVABь V=H8E 2V4><8E 7>=4V2 

>E>?;NNBь =5 1V;ьH5 42>E ?>@O4:V2. �030;>< 10@2=8:8 4>72>;ONBь 28O28B8 

�&( 2V4 0,001 4> 57 < . �@V< B>3>, 1V;ьHVABь :><?;5:AV2 10@2=8:-�&( 

<>6=0 71C46C20B8 C 2848<V9 G0AB8=V A?5:B@0, 0 :>=B@>;N20B8 3 C G5@2>=V9, 

$8A.1.6. 

�84=>, I> 70 A?5:B@0<8 71C465==O V 5<VAVW є <>6;82VABь 28<V@N20==O 

:>=F5=B@0FVW �&( 2 @>7G8=0E 70 71V;ьH5==O< V=B5=A82=>ABV D;C>@5AF5=FVW, 

01> 70 :>5DVFVє=B>< D;C>@5AF5=FVW =09<5=HV 70 @>7<V@>< 10@2=8:8 7 A5@VW  

1a-d V 2a-e є =09:@0I8<8 :0=4840B0<8, >A:V;ь:8 2>=8 є =091V;ьH GCB;828<8 

4> �&( ($8A. 1.6�), �V;ьHVABь V=H8E 10@2=8:V2 ?@840B=V 4;O 

@0FV><5B@8G=>3> 287=0G5==O �&(, <0NG8 25;8:89 (4> 5500 A<-1) 7AC2 A<C38 

71C465==O 2V;ь=>3> B0 72’O70=>3> 10@2=8:0.  

 



 

 

$8A.1.6. %?5:B@ 71C465==O (A, �) V 5<VAVW (�, �) 10@2=8:V2 C ?@8ACB=>ABV �&(. 

(�) %?5:B@8 71C465==O 10@2=8:0 10 7 ?V428I5==O< :>=F5=B@0FVW �&(. 

»5<=460 =<. (�) %?5:B@8 5<VAVW 10@2=8:V2 1a V 4a 70 2V4ACB=>ABV B0 ?@8ACB=>ABV 

�&(. �;O 1a: »71=360 =< (2V;ь=89 10@2=8:) V 400 =< C ?@8ACB=>ABV �&( 

(��&(= 4 m ). �;O 4a: »71=360 =< (2V;ь=89 10@2=8:) V 415 =< (CAT(= 7 m ). 

(�) %?5:B@8 71C465==O 10@2=8:0 3d 7V 71V;ьH5==O< :>=F5=B@0FVW �&(. »5<= 

600 =<. (�) %?5:B@8 5<VAVW 3d 70 2V4ACB=>ABV B0 ?@8ACB=>ABV �&(. »5< = 450 =< 

4;O 2V;ь=>3> 10@2=8:0 B0 488 =< 4;O 72’O70=>3> �&( (CAT(= 6,4 m ). [14]. 



#@8?CA:0;>AO, I> �&( C :><?;5:AV 7 10@2=8:>< AB01V;V7CєBьAO 

AB5:V=3- V 5;5:B@>AB0B8G=8<8 270є<>4VO<8 [24-26].  V6 10@2=8:>< V �&( 

A?>AB5@V30;8AO :><?;5:A8 1:1 V 1:2, =091V;ьH D;C>@5AF5=B=8< 1C2 :><?;5:A 

1:2. 

ІA=Cє 25;8:89 ?>?8B =0 @>7@>1:C <>;5:C;O@=8E 7>=4V2, =5>1EV4=8E 4;O 

<>=VB>@8=3C B0 2V7C0;V70FVW �&( C :;VB8=0E V B:0=8=0E, 0 2V4B0: 4>A;V465==O 

:><?;5:AV2 �&( 7 V>=0<8 @V7=><0=VB=8E <5B0;V2. �2’O7C20==O �&( 7 V>=0<8 

<5B0;V2 2V41C20єBьAO G5@57 B@8D>AD0B=V 70;8H:8 �&( ($8A.1.7.) [1]. 

 

$8A. 1.7. �2'O7C20==O �&( 7 V>=0<8 <5B0;V2 [1]. 

 

�70є<>4VO V>=C 7 045=V=>< V D>AD0B=8< 70;8H:>< A?@8Oє ?5@51C4>2V 

І+-A?5:B@V2 2 :><?;5:AV �&(-Tb. )0@0:B5@=8<8 2 A?5:B@V є ?V:8 1V;O 966 A<-1
 

V 908 A<-1, E0@0:B5@=V 4;O P-OH 72’O7:C C �&(-Tb :><?;5:AV, $8A.1.8.  



 

 

$8A. 1.8. І+-A?5:B@  TbCl3, ;V30=4C �&( V :><?;5:AC Tb-�&(, (0) І+- A?5:B@ 2 

4V0?07>=V E28;ь>28E G8A5; 40003200 A<-1
 (1) І+-A?5:B@ 2 4V0?07>=V E28;ь>28E 

G8A5; = 245032250 A< -1 (2) І+-A?5:B@ 2 4V0?07>=V E28;ь>28E G8A5; = 18003

1500A< -1 (3) І+- A?5:B@ 2 4V0?07>=V E28;ь>28E G8A5; = 6003200 A< -1 
[28] 



,8@>:0 A<C30, I> A?>AB5@V30єBьAO 1V;O 3444 A<-1
 , <>65 1CB8 ?>2'O70=0 

7 45D>@<0FV9=8<8 :>;820==O<8 3@C?8 -"!. #V: =0 G0AB>BV 2358 A<-1
 2 ;V30=4V 

�&( 45I> 7<VICєBьAO 4> 2360 A< -1, I> 2:07Cє =0 =0O2=VABь 72'O7:C C = NH +
 . 

' ;V30=4V �&( є ?V: >15@B>=C HB0<C C 3H 1712 A< -1
, 0 A0<5 :>;820==O 

045=V=C, O:89 7<VAB82AO 4> 1635 A<-1
 2 :><?;5:AV �&(-Tb. #V: =0 ;V30=4V �&( 

1643 A<-1 ?>:07Cє =0O2=VABь 72’O7:C C = N, O:89 7<VAB82AO 4> 1635 A<-1
 7 

1V;ьH>N V=B5=A82=VABN 2 :><?;5:AV �&(-Tb, I> 2:07Cє =0 :>>@48=0FVN 

0B><V2 !VB@>35=C N1 V N7 O: 4>=>@V2 5;5:B@>=V2 C <5B0;V B5@1VN. #V: 1V;O 

1712 A<-1
 2 ;V30=4V ATP ?>:07Cє 0<V==C 3@C?C NH2, I> 7CAB@VG0єBьAO 2 >1;0ABV 

166031590 A< -1, 0;5 7<VICєBьAO 2 >1;0ABV 1635 A< -1 4;O :><?;5:AC ATP-Tb. 

�2V A8;ь=V A<C38 2 >1;0ABOE 1124 A< -1 V 1255 A< -1 2:07CNBь =0 =0O2=VABь 3@C? 

P = O 2 ;V30=4V �&( . "4=0: F59 ?V: =5 A?>AB5@V302AO 2 <5B0;V B5@1VN, B>4V O: 

C :><?;5:AV ATP-Tb 2V= 707=02 7AC2C 4> G0AB>B8 1120 A<-1
 7 CB2>@5==O< ?V:C 

A;01:>W V=B5=A82=>ABV. %?5:B@0;ь=V 7<V=8 :>;820=ь D>AD0B=>W 3@C?8 

2:07CNBь =0 ?@O<C 270є<>4VN <5B0;C Tb 7 D>AD0B=>N 3@C?>N. [27,28]. 

�C65 206;825 7=0G5==O <0є D>@<C20==O :><?;5:AV2 �&( 7 V>=0<8 Ag, 

2>=8 E0@0:B5@87CNBьAO =87ь:>N B>:A8G=VABN B0 0=B810:B5@V0;ь=8<8 

2;0AB82>ABO<8. C?5:B@ ;N<V=5AF5=FVW :><?;5:AC Ag/Ado 2 B25@4><C AB0=V 

?>:07Cє B@8 A<C38: 42V 28A>:>W V=B5=A82=>ABV 1V;O 474 V 498 =< B0 =87ь:>W 

V=B5=A82=>ABV 1V;O 600 =<. %?5:B@8 ;N<V=5AF5=FVW 2>4=8E @>7G8=V2 B0:>6 

?>:07CNBь B@8 A<C38 ($8A.1.9); A<C30 452 =<, 0A8<5B@8G=0 A<C30 ?@8 506 =< V 

A<C30 =87ь:>W V=B5=A82=>ABV ?@8 610 =<, V=B5=A82=VABь O:8E 7<V=NNBьAO 7V 

71V;ьH5==O< :V;ь:>ABV V>=V2 Ag
+. !091V;ьH0 V=B5=A82=VABь ;N<V=5AF5=FVW 

1C;0 >B@8<0=0 2 A8AB5<V 7 Ado V Ag
+
 2 <>;O@=><C A?V22V4=>H5==V 1:1 

(:>=F5=B@0FVW 045=>78=C V V>=V2 A@V1;0 AB0=>28;8 1*104
  ). #>40;ьH5 

71V;ьH5==O :>=F5=B@0FVW V>=V2 A@V1;0 =5 A?@8G8=8;8 VAB>B=8E 7<V= 

V=B5=A82=>ABV. &0:8< G8=><, A?5:B@8 ;N<V=5AF5=FVW ?@8?8ACNBьAO BV;ь:8 

?C@8=>2><C :V;ьFN 045=>78=C, B>1B> V>=8 Ag+
 :>>@48=CNBьAO 4> 4>=>@=8E 

0B><V2 ?C@8=>28E >A=>2 [29]. 'B2>@5==O :><?;5:AC  Ado / Ag
+
 B0:>6 

?V4B25@46CєBьAO 7AC20<8 2 A?5:B@0E ?>3;8=0==O B0 / $-A?5:B@0E. [30-32].  



 

$8A.1.9. %?5:B@8 ;N<V=5AF5=FVW 045=>78=C 70 @V7=8E :>=F5=B@0FV9 Ag+
 (�) V 

A?5:B@ 71C465==O 045=>78=C (�); CAdo=1 *10 4  ; [Ag+
]=0, 2,5 *10 5, 5 *10 5, 

7,5 *10 5,1 *10 4 V 1,2 *104   [29]. 

 

%:;04=C 5;5:B@>EV<VG=C ?>254V=:C � ( V �&( =0 A@V1=><C AVBG0AB><C 

5;5:B@>4V 4>A;V46C20;8 70 4>?><>3>N '(-A?5:B@>5;5:B@>EV<VG=>3> <5B>4C 

[33].  

!0 $8A. 1.10. 7>1@065=> A?5:B@8 ?>3;8=0==O � ( (0,4 m ) V �&( 

(0,3 m ) =0 A@V1=><C AVBG0AB><C 5;5:B@>4V 0,2   CH3COONa-CH3COOH 70 

?>ABV9=>3> ?>78B82=>3> ?>B5=FV0;C (500 <�) 2V4 2<VABC Ag/AgCl. 

 



 

 

 

$8A.1.10. %?5:B@>5;5:B@>EV<VG=V '(- A?5:B@8 A) 0,4 m  � ( V � 0,3 m  

�&( =0 A@V1=><C AVBG0AB><C 5;5:B@>4V 0,2   CH3COONa- CH3COOH (pH= 

6,0) ?@8 500 m�  7 2<VAB>< Ag/AgCl (&= 25 °C) [33]. 

 

+VB:> 284=> 42V V7>15AB8G=V B>G:8 @>7B0H>20=V ?@8 247 V 271 =< 

($8A.1.10. �.) B0 248 V 272 =< ($8A.1.10.B) 4;O @50:FVW <V6 � ( V A@V1=>N 



AVB:>N B0 �&( V A@V1=>N AVB:>N, 2V4?>2V4=>. �>;8 ?>B5=FV0; 4>@V2=Nє 0 �, 

=5<0є >G5284=8E 7<V= C D>@<V, ?>;>65==V B0 A8<5B@VW ?V: ?>3;8=0==O 

?>@V2=O=> 7 '(-A?5:B@>< A@V1=>W AVB:8 2 0F5B0B=><C 1CD5@V, I> 2:07Cє =0 

2V4ACB=VABь @50:FVW. #@>B5 70AB>A>20=89 ?>78B82=89 ?>B5=FV0; (500 <�) 

35=5@Cє =>289 ?V: ?@81;87=> =0 235 =<, O:89 28=8:0є 2V4 >:8A;5==O A@V1=>W 

AVB:8, 0 =>20 H8@>:0 A<C30 1;87ь:> 310 =< >7=0G0є CB2>@5==O :><?;5:AC  

Ag
+
-AM( (01> Ag+

-AT(). &8< =5 <5=H, A?>AB5@V30єBьAO ?V4A8;5==O 

V=B5=A82=>ABV ?V:C ?>3;8=0==O 7 F5=B@>< 1V;O 310 =<. �@>AB0==O 

V=B5=A82=>ABV Fь>3> ?V:C 2 >A=>2=><C 7C<>2;5=5 71V;ьH5==O< Ag+
 7 

CB2>@5==O< :><?;5:AC Ag+
-045=V==C:;5>B84. &0:8< G8=><, V>= A@V1;0, 

:>>@48=>20=89 7 � ( 01> �&( G5@57 A2>N D>AD0B=C 3@C?C. #@>F5A @50:FVW 

є A:;04=8< B0 >1>@>B=8<. �@V< B>3>, @V7=><0=VB=V A09B8 72'O7C20==O 

?C@8=>28E D@03<5=BV2, 0 A0<5 N-1, N-3 V N-7, <>6CBь 1CB8 ?>B5=FV9=8<8 

:>>@48=0FV9=8<8 A09B0<8 4;O CB2>@5==O :><?;5:AC Ag+-AT( 01> Ag+-

AM(, :>;8 � ( 01> �&( @503CNBь 7 AgNO3 C 2>4V [33]. 

�>;8 Mg2+
 4>40NBь 4> @>7G8=C �&(, 5<VAVO 7<5=HCєBьAO. !09:@0I>N 

2V4?>2V4=VABN 5:A?5@8<5=B0;ь=8< @57C;ьB0B0< є 5:A?>=5=FV0;ь=5 A?040==O 

($8A. 1.11.). 

�=0G5==O R2
 4;O :@82>W AB0=>28;> 0,9919. #5@H0 G0AB8=0 

0A8<?B>B8G=>W :@82>W A?040є H284H5, =V6 4@C30 G0AB8=0. �@820 H284:> 

A?040є 70 :>=F5=B@0FVW Mg2+
 2V4 0 4> 45,32 m . #VA;O 45,32 m  :@820 

?>2V;ь=> A?040є. /:I> �&( (20 ¼ ) V �&( (20¼ ) ?;NA Mg2+
 (40 ¼ ) ?VA;O 

270є<>4VW A2VB;0 655 V 830 =<, B> �&( D;C>@5AFVNє ;8H5 ?VA;O 71C465==O 

A2VB;>< 260 =<. #VA;O 655 01> 830 =< =5 1C;> 5<VAVW 0;5 F5 >?@><V=5==O 

2?;8=C;> =0 28<V@O=C D;C>@5AF5=FVN ?VA;O 260 =< 71C465==O 2 @>7G8=V Mg2+
 

�&( [34]. 

&0:>6 ?>:070=>, I> 5<VAVO, O:0 A?>AB5@V30єBьAO 2 <>;5:C;0E 045=>78=-

D>AD0BC (3253500 =<), 7=0G=> 2V4@V7=OєBьAO 70 V=B5=A82=VABN B0 4V0?07>=><, 

=V6 D;C>@5AF5=FVO 2 045=V=V (3003425 =<). �V;ь:VABь D>AD0BV2 C <>;5:C;0E 

740B=0 7<VIC20B8 5<VAVN B0 7<V=N20B8 WW V=B5=A82=VABь. 



 

 

$8A. 1.11. (;C>@5AF5=FVO �&( 70 @V7=8E :>=F5=B@0FV9 Mg2+
. %83=0; 

7<5=HCєBьAO 5:A?>=5=FV0;ь=>. %?040==O 2V41C20єBьAO H284:> 70 =87ь:8E 

:>=F5=B@0FV9 Mg2+
 V ?>2V;ь=> 70 28I8E :>=F5=B@0FV9 [34]. 

 

І>= <03=VN 72’O7Cє 420 0B><8 :8A=N �&( C D>AD0B=V9 3@C?V 7 CB2>@5==O< 

:><?;5:AC �&( Mg2+, O:89 є D0:B8G=8< AC1AB@0B>< 4;O 2AVE �&(-07=8E 

@50:FV9 [35-37].  

�;O DC=:FV>=C20==O 3;045=ь:><’O7>28E :;VB8= :;NG>28< є :>=B@>;ь 

:0;ьFVє2>3> 10;0=AC. %02+
 є DC=40<5=B0;ь=>N A:;04>2>N 2:070=8E :;VB8=, 

>A:V;ь:8 2V4?>2V40є 70 ?@>F5A8 @>7A;01;5==O/A:>@>G5==O. �0;ьFVє289 10;0=A 

70157?5GCєBьAO 70 4>?><>3>N >1’є4=0==O �&( (O: :;NG>2>3> ?@>B5W=C) 2 

:><?;5:A %02+
,Mg

2+
-�&(070, O: %02+?><?C ?;07<0B8G=>W <5<1@0=8 4;O 

:>=B@>;N @V2=O :0;ьFVN 2 :;VB8=0E [38-39]. %E5<0 F8:;C Mg2+
,ATP- %02+

-

?><?8 B0 70;56=VABь :>=F5=B@0FVW %02+
 2 :;VB8=0E <V><5B@VO 2V4 :>=F5=B@0FVW 

:0;V:A[4]- 0@5=C %-90 ?>:070=> =0 $8A.1.12 -1.13. 



 

 

$8A 1.12. %E5<0 F8:;C Mg2
+,ATP- %02+

-?><?8 [38]. 

 

$8A. 1.13. �0;56=VABь @V2=>206=>W :>=F5=B@0FVW %02+
 C :;VB8=0E <V><5B@VO 2V4 

:>=F5=B@0FVW :0;V:A[4]- 0@5=C %-90 (І0,5 = 20 <: ) [38]. 

�2060єBьAO, I> AB@C:BC@=V 7<V=8 2 @V7=8E :>=D>@<0FVOE %02+
-?><?8 

287=0G0NBь @V7=C A?>@V4=5=VABь 4> %02+
 B0, 2V4?>2V4=>, ?VA;O 3V4@>;V7C 2 



?>70:;VB8==><C A5@54>28IV 2V41C20єBьAO 282V;ь=5==O %02+
[40-43]. "G5284=>, 

I> :@82V 4;O @V7=8E B:0=8= <0NBь @V7=V 7=0G5==O 4;O :>=B@>;N B0 7<V=8 

%02+
[44-46]. 

/: 707=0G0;>AO, >AB0==V< G0A>< 25;8:0 C2030 ?@84V;OєBьAO ?@84V;OєBьAO 

:0;V:A0@5=0<, O: A?>;C:0< 7 <0;>N B>:A8G=VABN, $8A.1.12.  

 

$8A. 1.14. �>=F5=B@0FV9=0 70;56=VABь :0;V:A[4]0@5=C %-90 =0 2V4=>A=C 

5=78<0B8G=C 0:B82=VABь %02+,Mg2+-�&( 2 :;VB8=0E <V><5B@VO (M ± m , n = 5) 

[39]. 

�>=8 ?>:07CNBь <5<1@0=>B@>?=C 4VN, 4>1@5 ?@>=8:0NBь :@V7ь ?><?8 

B0 є 0:B820B>@0<8 V V=3V1VB>@0<8 5=78<0B8G=8E, B@0=A?>@B=8E V @5F5?B>@=8E 

<5<1@0=>72’O70=8E ?@>B5W=V2, 2>=8 30;ь<CNBь 04357VN :;VB8=, 7030;ь<>2CNBь 

?@>F5A8 @>ABC ?CE;8= V B4. &0:8< G8=><, :0;V:A[4]0@5= %-90 є ?5@A?5:B82=8< 

V=3V1VB>@>< 4;O Mg2+,�&(- %02+
-?><?8 [47350]. 

 

 



1.4. �><?’NB5@=5 <>45;N20==O :><?;5:AV2 А&( 7 <5B0;0<8 

 

/: 707=0G0;>AO [17] , G0H0 :0;V:A0@5=V2 <0є 7<V==89 @>7<V@ V 4>AB0B=ь> 

25;8:0, I>1 2<VAB8B8 0=V>=8, :0BV>=8 01> =59B@0;ь=V <>;5:C;8, 2:;NG0NG8 

1V>;>3VG=> 206;82V <>;5:C;8. *5, @07>< V7 WE=ь>N 740B=VABN 70E>?;N20B8 

<>;5:C;8 «3>ABO» 70 4>?><>3>N =5:>20;5=B=8E 270є<>4V9 ?@54AB02;Oє 

H8@>:89 V=B5@5A, $8A. 1.15. 

 

 

$8A. 1.15. &@828<V@=5 7>1@065==O ?@>F5AC :><?;5:A>CB2>@5==O 

:0;V:A[4]0@5=V2 [17]. 

 

&0:>6 :0;V:A0@5=8 є C=V25@A0;ь=8<8 ;V30=40<8, I> 4>1@5 ?V4B@8<CNBь 

:;0AB5@8. #>2V4><;O;>AO [51], I> p-t-1CB8;BV0:0;V:A[4]0@5= ?V4B@8<Cє CaMn2 

V Ca2Mn2 :;0AB5@8, B>4V O: p-t-1CB8;:0;V:A[4]0@5=, p-t-

1CB8;AC;ьDV=V;:0;V:A[4]0@5=C B0 p-t--1CB8;AC;ьD>=V;:0;V:A[4]0@5= 70 B8E 

A0<8E C<>2 CB2>@N20;8 ;8H5 3><><5B0;VG=V :><?;5:A8 <0@30=FN. 

%B@C:BC@8 :><?;5:AV2 Ca-Mn =02545=> =0 $8A.1-16-1.17. 

 

 



 

$8A. 1.16 (0) �>1@065==O AB@C:BC@8 :><?;5:AC [Mn2(Ca·2dmf)2(LS)2], 1·3dmf. 

 >;5:C;8 dmf 2E>4OBь 4> A:;04C G0HV :0;V:A0@5=C. �B><8 �V4@>35=C 1C;8 

>?CI5=V. �;V?A>W48 =0@8A>20=V 7 30% 9<>2V@=VABN. (1) /4@> :><?;5:AC [51]. 

 

�><?;5:A B8?C «A5=42VG», 7 42><0 :0;V:A0@5=>28<8 ;V30=40<8, 

@>7B0H>20=8<8 ?> >18420 1>:8 2V4 ?;>I8=8, 287=0G5=>W B@ь><0 <5B0;528<8 

F5=B@0<8. 

 



 

 

$8A. 1.17 (0) �>1@065==O AB@C:BC@8 :><?;5:AC [Mn-(Ca·2dmf)2(HLS)2], 

<>;5:C;8 2·dmf 2E>4OBь 4> A:;04C G0HV :0;V:A0@5=C. �B><8 �V4@>35=C 1C;8 

>?CI5=V. �;V?A>W48 =0@8A>20=V 7 30% 9<>2V@=VABN. (1) /4@> :><?;5:AC [51]. 



%5@54>28I0 42>E 0B><V2 :0;ьFVN 4>A8Bь AE>6V. І<>2V@=>, 420 

:0;V:A0@5=>2V ;V30=48 =5 :>?;0=0@=V G5@57 @V7=V @04VCA8 <5B0;528E F5=B@V2, 7 

:CB>< <V6 42><0 ?;>I8=0<8 S4, I> AB0=>28Bь 14,29(2)° [51]. "B@8<0=0 

AB@C:BC@0 AE>60 =0 @0=VH5 70@5єAB@>20=89 :><?;5:A Mn/Gd 

[Mn2(Gd(CH3OH)2)(¼4-OH)(LS)2] [52]. 

�2B>@0<8 [8] ?V4B25@465=> :>>@48=0FVN 2 :><?;5:AV Ag(Nuc). 

B5>@5B8G=8<8 @>7@0EC=:0<8 70 ?@>3@0<>N GAUSSIAN (DFT/B3LYP: @V25=ь 

lanL2DZ). "B@8<0=C AB@C:BC@C @>7G8=C ?@54AB02;5=> =0 $8A. 1.18. 

 

 

$8A. 1.18 "?B8<V7>20=V AB@C:BC@8 :><?;5:AV2 ML 7 ?V@8<V48=>28<8 

=C:;5>7840<8 (4>268=8 72’O7:C N(3)3Ag
+
 4;O @V7=8E :><?;5:AV2 4>@V2=NNBь 

2:070=> ?V4 :>6=>N AB@C:BC@>N: (a) Ag(Cyd); (b) Ag(Thd); (c) Ag(Urd) [8]. 

 

$>7@0EC=:8 <5B>4>< DFT 4;O :><?;5:AC Ag(Ado) 2:07CNBь =0 B5, I> 

;8H5 7 N(7) 2 A8AB5<V D>@<CєBьAO :>>@48=0FVO ($8A. 1.19). 

 

 

 



 

$8A. 1.19. "?B8<V7>20=0 AB@C:BC@0 :><?;5:AC ML 7 :>>@48=0FVєN G5@57 0B>< 

N(7) (4>268=0 72’O7:C N(7)3Ag+ 2:070=0 2=87C) [8]. 

  

� [28] 5:A?5@8<5=B0;ь=> B0 B5>@5B8G=> 282G5=> 5=5@35B8G=C AB@C:BC@C 

:><?;5:AC ATP-Tb, $8A.1.20. 

 

$8A.1.20. %E5<0 D>@<C20==O :><?;5:AC ATP-Tb [28]. 



$V7=8FO 5=5@3V9 (5=5@35B8G=0 IV;8=0 �gap) <V6 =09=86G>N =570?>2=5=>N 

<>;5:C;O@=>N >@1VB0;;N (LUMO) V =0928I>N 70?>2=5=>N <>;5:C;O@=>N 

>@1VB0;;N (HOMO) @>7@0E>2C20;0AO 70 4>?><>3>N ?@>3@0<=>3> 

70157?5G5==O Chemdraw ultra 25@AVW 12. #@>2V4=VABь <5B0;528E :><?;5:AV2 

?5@52V@O;0AO 70 5=5@35B8G=8<8 7>=0<8, $8A.1.21.  

 

$8A.1.21."@1VB0;ь=V 5=5@3VW  (eV) :><?;5:AC ATP-Tb [28]. 

 

$>7@0EC=>: H8@8=8 701>@>=5=>W 7>=8 73V4=> @V2=O==O (1.2.): 

 E gap = E LUMO −E HOMO     (1.2) 

 

� 4>4020==O< ?52=8E :>=F5=B@0FV9 B5@1VN 2V41C20єBьAO 7<5=H5==O 

7=0G5==O 5=5@3VW 701>@>=5=>W 7>=8 7 4,53 4> 4,2 5�, 73V4=> 7 >1G8A;5==O<8 

7=0G5=ь 5=5@3VW HOMO-LUMO. �;5:B@>==V B0 DV78G=V E0@0:B5@8AB8:8 

:><?;5:AC ATP-Tb <>6=0 ;53:> :>=B@>;N20B8 H;OE>< 281>@C 2V4?>2V4=>3> 

<>;O@=>3> A?V22V4=>H5==O [28, 53-55]. 

� @>74V;V 1 =02545=> ;VB5@0BC@=89 >3;O4 �&(, :0;V:A0@5=V2 B0 WE 

:><?;5:AV2 7 V>=0<8 <5B0;V2. #@54AB02;5=> AB@C:BC@C, 2;0AB82>ABV, 

:><?NB5@=5 <>45;N20==O 2:070=8E :><?;5:AV2. "1ґ@C=B>20=> 206;82VABь 

70AB>AC20==O @>73;O=CB8E A8AB5<. 



$"���� 2 
 �&"���А ��%#�$� �!&' 

 

2.1.  0B5@V0;8 B0 ?@83>BC20==O @>7G8=V2 

1. Ка?і>E[4]аDеA %-107 (5,17-48(D>AD>=>-2-?V@848;<5B8;)0<V=>-11,23-

48 B@5B-1CB8;-26,28-483V4@>:A8-25,27-48?@>?>:A8:0;V:A[4]0@5=) ?>@>H>: 

A8=B57>20=89 C 2V44V;V EV<VW D>AD>@0=V2 І=AB8BCBC >@30=VG=>W EV<VW !�! 

':@0W=8 (Veklich et al. 2006). �>4=V @>7G8=8 �&( (<Sigma=,%,�) 7 ?>ABV9=> 

:>=F5=B@0FVєN 1×10-4 , 3>BC20;8AO =0 1V48AB8;ь>20=V9 2>4V, O:0 <0;0 ?8B><C 

5;5:B@>?@>2V4=VABь =5 1V;ьH5 1,5 <:%</A<, @!=6,5. �0;V:A[4]0@5= %-107 

@>7G8=O;8  2 � %" (<Sigma=,%,�), O:89  ?>BV< @>72>48;8 2>4>N 4> 

:>=F5=B@0FVW :0;V:A[4]0@5=C 1×10-4 . �>=F5=B@0FVO �&( C 2>4=8E @>7G8=0E 

A8AB5<8 �&( - %-107  1C;0 ?>ABV9=>N (1×10-4 ), 0 :>=F5=B@0FVO  

:0;V:A[4]0@5=C %-107 AB0=>28;a  1×10-5 , 3×10-5 , 5×10-5 , 7×10-5 ,  

1×10-4 , 5×10-5 . 

2. ПBDBшB> >а?і>E[4]аDеAG %-107 (5,17-4V(D>AD>=>-2-

?V@848;<5B8;)0<V=>-11,23-48-B@5B-1CB8;-26,28-483V4@>:A8-25,27-

48?@>?>:A8:0;V:A[4]0@5=) (A8=B57>20=89 C 2V44V;V EV<VW D>AD>@C І=AB8BCBC 

>@30=VG=>W EV<VW !�! ':@0W=8 (�5:;8G B0 V=. 2006). 

$5G>28=C :0;V:A[4]0@5= %-107 @>7G8=O;8 2 � %" (Sigma, %,�) (7 

:>=F5=B@0FVєN (5%)), O:89 @>7102;O;8 2>4>N 4> :>=F5=B@0FVW :0;V:A[4]0@5=C 

1 × 10-4  ?@8 pH 7,4 B0 pH 6,5. 

�>=F5=B@0FVO <>;5:C; �&( (?>@>H>: Sigma Aldrich/Merck) AB0=>28;0 

1 × 1024
   B0 3 × 1024. �8:>@8AB>2C20;8 42VGV 48AB8;ь>20=C 2>4C 7 ?8B><>N 

5;5:B@>?@>2V4=VABN =5 1V;ьH5 1,5 <:%</A<, pH 6,5. 

3. КB@C?е>Eи А&$ - AgNO3. �&( (?>@>H>: Sigma Aldrich/Merck). 

�>=F5=B@0FVO <>;5:C; �&( AB0=>28;0 1 × 1024
   B0 3 × 1024

. 

�8:>@8AB>2C20;0AO 42VGV 48AB8;ь>20=0 2>40 7 ?8B><>N 5;5:B@>?@>2V4=VABN 

=5 1V;ьH5 1,5 <:%</A<, pH 6,5. �>=F5=B@0FVO A>;V AgNO3 C :><?;5:A0E 

7<V=N20;0AO 2V4 1 × 10-4
   4> 1 × 10-3

  , pH 5,8. �>A;V465==O :><?;5:AV2 



�&( - AgNO3  ?@>2>48;>AO O: ?@8 ?>ABV9=8E B5<?5@0BC@0E (20°%), B0: V ?@8 

7<V==8E (20°%, 30°%,¸40°%). 

4. КB@C?е>Eи А&$-MgCl2 Fа CaCl2. �&( #>@>H>: (?>@>H>: Sigma 

Aldrich/Merck). �>=F5=B@0FVO <>;5:C; �&( AB0=>28;0 1 × 1024
   B0 3 × 1024

. 

�8:>@8AB>2C20;0AO 42VGV 48AB8;ь>20=0 2>40 7 ?8B><>N 5;5:B@>?@>2V4=VABN 

=5 1V;ьH5 1,5 <:%</A<, pH 6,5. �>=F5=B@0FVO Mg2+
 C :><?;5:A0E 7<V=N20;0AO 

2V4 1×10-4  4> 1×10-3 , pH 5,8. �>=F5=B@0FVO CaCl2 C :><?;5:A0E 

7<V=N20;0AO 2V4 1 × 10-4
   4> 1 × 10-3

  , pH 5,8. 

�>A;V465==O :><?;5:AV2 �&( - MgCl
2
 B0 CaCl2 ?@>2>48;>AO O: ?@8 

?>ABV9=8E B5<?5@0BC@0E (20°%), B0: V ?@8 7<V==8E (20°%, 30°%, 40°%). 

 

2.2.  5B>48 A?5:B@0;ь=8E 4>A;V465=ь @>7G8=V2 
 

2.2.1. �CF<KA9 CB7?<A4AAO 

 

%?5:B@8 >?B8G=>W 3CAB8=8 28<V@N20;8AO 70 4>?><>3>N 

A?5:B@>D>B><5B@0 UV-1900 (UV/Vis) 28@>1=8FB20 Macy (,0=E09, �8B09), 

$8A.2.1. 

 

$8A. 2.1. %?5:B@>D>B><5B@ UV-1900 (UV/Vis)  [56]. 

 

 



&5E=VG=V E0@0:B5@8AB8:8 ?@8;04C =02545=> 2 &01;8FV 2.1. 

 

&01;8FO 2.1.  

)4D4>F9D<EF<>< EC9>FDBHBFB@9FD4 UV-1900 (UV/Vis). 

�V0?07>= 4>268= E28;ь 190～1100 =< 

,8@8=0 A<C38 1.8 =< (UV-1800) 

1.0 =< (UV-1800A) 

0,5 =< /1 =< /2 =< /4 =< (UV-

1800S 

&>G=VABь 4>268=8 E28;V ±0,3=< 

#>2B>@N20=VABь 4>268=8 E28;V f0.1=< 

(>B><5B@8G=0 B>G=VABь ±0,3% τÿ0-100%τĀ 

±0,002A(0～0.5A) 

±0,003A(0.5A～1A) 

(>B><5B@8G=0 ?>2B>@N20=VABь ±0,15% τÿ0-100%τĀ 

±0,001A(0～0.5A) 

±0,0015A(0.5A～1A) 

$>7AVO=5 A2VB;> f0,03% τ (220 =< NaI,340=< 

NaNO2 

 

2.2.2. (?GBD9EJ9AJVO 74EVAAO F4 ;5G8:9AAO 

 

�;O >B@8<0==O A?5:B@V2 5<VAVW D;C>@5AF5=FVW B0 D;C>@5AF5=FVW 

71C465==O 28:>@8AB>2C202AO D;C>@8<5B@ QuantaMaster 40 Intensity Based 

Spectrofluorometer 28@>1=8FB20 PTI (HORIBA Scientific, �0=040), $8A. 2.2.

[57-58]. �8<V@N20==O ?@>2>48;8AO 70 7<V==8 B5<?5@0BC@ 295 �, 300 �. �<VAVO 

D;C>@5AF5=FVW 4>A;V46C20;0Aь C 4V0?07>=V E28;ь 2V4 320 =< 4> 550 =<. �0 

4>268=C E28;V 71C465==O >1@0=> 7=0G5==O »71=260 =<. 272, 280, 340 =<. 

 



 

 $8A.2.2. �;>:-AE5<0 D;C>@8<5B@0 QuantaMaster 40 [58]. 

 

&5E=VG=V E0@0:B5@8AB8:8 ?@8;04C =02545=> 2 &01;8FV 2.2. 

)4D4>F9D<EF<>< H?GBD<@9FD4 QuantaMaster 40. 

 

�V0?07>= 4>268= E28;ь 180～680 =< 

&>G=VABь 4>268=8 E28;V ±0,25=< 

,2. A:0=C20==O ～50000 B. /A 

�65@5;> A2VB;0 �A5=>=>20  ;0<?0 

 

 



�;5:B@>?@>2V4=VABь 2>48 @5єAB@C20;0AO 70 4>?><>3>N :>=4C:B><5B@0 

"�-102/1 ('3>@I8=0).  

 

2.3.  5B>48 287=0G5==O ?0@0<5B@V2 :><?;5:A>CB2>@5==O 

 

&еBDія ШFеDAа-$B?ь@еDа 4;O 287=0G5==O :>=AB0=B8 30AV==O. B0  

�3V4=> 7 B5>@VєN ,B5@=03(>;ь<5@0 30AV==O D;C>@5AF5=FVW (� 

?@8?CA:0єBьAO, I> <>;5:C;0 7=0E>48BьAO 2 AB0=V @V2=>2038 270є<>4VNG8E 

<>;5:C;, I> AC?@>2>46CєBьAO CB2>@5==O< :><?;5:AV2. �0AV==O <>6=0 

?>OA=8B8 AB0B8G=8< <5E0=V7<>< ?5@540GV 5=5@3VW 2V4 4>=>@=>W <>;5:C;8 4> 

0:F5?B>@=>W. �@>AB0==O :>=F5=B@0FVW 0:F5?B>@V2 ?@872>48Bь 4> ;V=V9=>3> 

7@>AB0==O D;C>@5AF5=FVW 30AV==O 2V4?>2V4=> 4> @V2=O==O ,B5@=03(>;ь<5@0, 7 

O:>3> 287=0G0;8AO :>5DVFVє=B H284:>ABV 30AV==O (� kq B0 :>=AB0=B0 30AV==O 

,B5@=0 3 (>;ь<5@0 KSV [59, 60]  4;O @>7G8=V2 C 2>4V �&(  - AgNO3, �&( - 

MgCl2 B0 �&( - CaCl2 70 @V7=8E B5<?5@0BC@. 

&еBDія %і??а 4;O 2AB0=>2;5==O ?0@0<5B@V2 :><?;5:A>CB2>@5==O. 

 >;5:C;O@=0 270є<>4VO <>65 1CB8 287=0G5=0 G5@57 2AB0=>2;5==O ?0@0<5B@V2 

72'O7C20==O, O:8<8 є @V2=>206=0 :>=AB0=B0 72'O7C20==O KA V :V;ь:VABь <VAFь 

72'O7C20==O n <V6 V>=>< <5B0;C B0 ;V30=4><. �V4?>2V4=> 4> &5>@VO )V;;0, 

2V4=>A=0 7<V=0 V=B5=A82=>ABV (� 2 <>;5:C;O@=V9 A8AB5<V 2 ?@8ACB=>ABV 

;V30=4C 2 @>7G8=V <0:@><>;5:C;8 287=0G0єBьAO  ;V=V9=>N 70;56=VABN, 7 O:>W 

?0@0<5B@8 KA V n <>6=0 7=09B8 H;OE>< ?V43>=:8 5:A?5@8<5=B0;ь=8E 40=8E 

70 4>?><>3>N 0?@>:A8<0FVW ;V=V9=>W :@82>W [61, 62]. 

&еBDія $ьBDEFеDа. �3V4=> B5>@VW (ь>@AB5@0 @57>=0=A=5 

15728?@><V=N20;ь=5 ?5@5=5A5==O 5=5@3VW 70;568Bь 2V4 2V4AB0=V r <V6 4>=>@>< 

V 0:F5?B>@>< B0 :@8B8G=>W 2V4AB0=V R0. � 40=V9 B5>@VW 2AB0=>2;5=> 72’O7>: <V6 

ABC?5=5< ?5@5=5A5==O 5=5@3VW B0 ?0@0<5B@0<8 r V R0 [63, 64]. � ?;>IV 

?5@5:@8BBO A?5:B@V2 (� �&( V ε (») AgNO3  2 >1;0ABV A<C38 D;C>@5AF5=FVW 

1C;> 287=0G5=> V=B53@0; ?5@5:@8BBO. 



&еBDія �аAF-�BHHа 4;O 2AB0=>2;5==O <5E0=V7<V2 

:><?;5:A>CB2>@5==O. "GV:CєBьAO, I>  ?@8 D>@<C20==V :><?;5:AV2 �&( 7 

V>=0<8 <5B0;V2 28=8:=CBь 2>4=52V 72'O7:8, A8;8 �0=-45@-�00;ьA0, 3V4@>D>1=V 

B0 5;5:B@>AB0B8G=V 270є<>4VW.  >6;82V 270є<>4VW 1C;> >FV=5=> 70 7<V=>N 

B5@<>48=0<VG=8E ?0@0<5B@V2 2V;ь=>W 5=5@3VW �V11A0 &G, 5=B0;ь?VW &!, 

5=B@>?VW &S. *V 7<V=8 C 2V4?>2V4=>ABV 4> B5>@VW �0=B-�>DD0 ?>2’O70=V 7 

:>=AB0=B0<8 72’O7C20==O �� 70 @V7=8E B5<?5@0BC@ [65].  

 

 

2.4. �><?’NB5@=5 <>45;N20==O 
 

�>A;V465==O :><?;5:A>CB2>@5==O <>;5:C; :0;V:A0@5=C B0 �&( 

28:>=C20;>Aь 70 4>2><>3>N <>45;N20==O <5B>4>< <>;5:C;O@=>3> 4>:V=3C B0 

48=0<V:8 4;O >B@8<0==O 3@C1>W >FV=:8 <>6;828E :>=DV3C@0FV9 40=8E 

:><?;5:AV2, WE 5=5@3VW 72’O7C20==O B0 ABV9:>ABV C 2>4=><C @>7G8==8:C. � 

@0<:0E <>45;N20==O 2@0E>2CNBьAO ;8H5 A;01:V A8;8 270є<>4VW <>;5:C; C 

:><?;5:A0E: 5;5:B@>AB0B8G=V, 20=-45@-�00;ьAV2Aь:V, 2>4=52V 72’O7:8, 

3V4@>D>1=0 270є<>4VO.  >45;N20==O ?@>2>48;>Aь C ?@>3@0<=8E ?0:5B0E 

AutoDock 4.2 7 =0?V25<?V@8G=>N A:>@V=3-DC=:VєN B0 Desmond 7 ?>;5< A8; 

OPLSe.  (>@<C20==O :><?;5:AV2 <>;5:C; �&( 7 :0;V:A0@5=0<8  287=0G0;>AO 

70 4>?><>3>N :20=B>2>-EV<VG=8E @>7@0EC=:V2 <5B>4>< DC=:FV>=0;C 3CAB8=8, 

Gaussia 09, DFT (B3LYP, 3-21G). 

�20=B>2>-EV<VG=V @>7@0EC=:8 �&( 7 V>=>< Ag+, :><?;5:AC �&( 7 V>=>< 

Mg
2+

 ?@>2>48;8AO <5B>4>< DFT 7 DC=:FV>=0;>< B3LYP V 1078A>< 3-31G C 

?@>3@0<V Gaussian-09. 

 

 

 

 

 



В<EAB6>< 8B DB;8V?G 2 

 

ï �;O 4>A;V465==O <>;5:C; �&( V :0;V:A[4]0@5=V2 %-107, 0 B0:>6 

:><?;5:AV2 �&( 7 V>=0<8 <5B0;V2 �g+
, Ca

2+
 Mg

2+
 28:>@8AB0=> <5B>48 

>?B8G=>3> ?>3;8=0==O, 5<VAVW D;C>@5AF5=FVW B0 D;C>@5AF5=FVW 71C465==O. 

�87=0G5=> ?0@0<5B@8 :><?;5:A>CB2>@5==O: :>5DVFVє=B H284:>ABV 30AV==O (� 

kq, :>=AB0=B0 30AV==O ,B5@=0 3 (>;ь<5@0 KSV, :V;ь:VABь <VAFь 72’O7C20==O n, 

7 ?;>IV ?5@5:@8BBO A?5:B@V2 (� �&( V ε (») AgNO3  2 >1;0ABV A<C38 

D;C>@5AF5=FVW 1C;> 287=0G5=> V=B53@0; ?5@5:@8BBO. �0 7<V=>N 

B5@<>48=0<VG=8E ?0@0<5B@V2 2V;ь=>W 5=5@3VW �V11A0 &G, 5=B0;ь?VW &!, 

5=B@>?VW &S >FV=5=> B8? 270є<>4VW. 

ï �>A;V465==O :><?;5:A>CB2>@5==O <>;5:C; :0;V:A0@5=C B0 �&( 

28:>=C20;>Aь 70 4>2><>3>N <>45;N20==O <5B>4>< <>;5:C;O@=>3> 4>:V=3C B0 

48=0<V:8. �20=B>2>-EV<VG=V @>7@0EC=:8  �&( 7 V>=0<8 <5B0;V2 ?@>2>48;8AO C 

?@>3@0<V Gaussian-09, <5B>4>< DFT 7 DC=:FV>=0;>< B3LYP V 1078A>< 3-31G. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



$"���� 3 

�" #���%"'&�"$�!!/ � $"�+�!А) А&( � �А���%[4]А$�!"  
%-107 &А �"!А � AG+

 

3.1. �><?;5:A А&( 7 :0;V:A[4]0@5=>< %-107 

 

�45=>78=B@8D>AD0B (�&() =0;568Bь 4> >4=8E 7 =09206;82VH8E 

=C:;5>B84=8E <>;5:C; 6828E >@30=V7<V2, O:0 28:>=Cє @V7=><0=VB=V DC=:FVW 

?> 70157?5G5==N WE 4VO;ь=>ABV. "A>1;82>N DC=:FVєN F8E <>;5:C; є ?5@540G0 

:;VB8=0< B0 B:0=8=0< 5=5@3VW, I> 282V;ь=OєBьAO F8< =C:;5>B84>< ?@8 

3V4@>;V7V �&(, O:89 AC?@>2>46CєBьAO 45D>DAD>@>;N20==O< [11,66-68]. 

�?;82 =0 3V4@>;V7 �&( <0є 206;825 7=0G5==O V 4>AO30єBьAO AB2>@5==O< 

@V7=><0=VB=8E :><?;5:AV2 <V6 AC1AB@0B>< V @V7=><0=VB=8<8 @5F5?B>@0<8 

(;V30=40<8) 7 2@0EC20==O< <>;5:C;O@=>W AB@C:BC@8 =C:;5>B84C. "A>1;825 

<VAF5 2 40=V9 AB@C:BC@V 709<0є 045=V=, 2 O:><C ?@8ACB=V 0B><8 =VB@>35=C, 

740B=V ?5@54020B8 5;5:B@>=8, =0?@8:;04, 4> :0BV>=V2 A@V1;0 Ag+, AB2>@NNG8 

:><?;5:A8 �&( - Ag+ 2=0A;V4>: 72’O7C20==O V>=0 <5B0;C 7 N7 01> N9 . �V;ьH 

A:;04=8<8 є :><?;5:A0<8 <C;ьB870@O4=8E V>=V2, >A:V;ь:8 WE ?V4’є4=0==O 4> 

�&( B0:>6 ?>2’O70=> 7 ?@8ACB=VABN 0=V>=V2 2 B@8D>AD0B=V9 G0AB8=V �&( 

�@V< 5;5:B@>AB0B8G=>W 270є<>4VW <>6;828< є 2AB0=>2;5==O 3V4@>D>1=>W, π-π 3 

AB5:>2>W 270є<>4VW B0 2>4=528E 72’O7:V2, I> AC?@>2>46CєBьAO 

:><?;5:A>CB2>@5==O< �&( 7 1V;ьH A:;04=8<8 <>;5:C;O@=8<8 A8AB5<0<8, 

O:V G0AB> 28:>@8AB>2CNBьAO 4;O 2V7C0;V70FVW ?@8ACB=>ABV �&( [69-72]. 

&0:V :><?;5:A8 28:>@8AB>2CNBь =5 ;8H5 O: <>;5:C;O@=V 7>=48, 

>A:V;ь:8 2>=8 2V4V3@0NBь 206;82C @>;ь 2 1V>;>3VG=8E ?@>F5A0E. �06;82C 

@>;ь A5@54 @V7=><0=VB=8E @5F5?B>@V2 2V4V3@0NBь :0;V:A[4]0@5=8, G><C A?@8Oє 

9>3> G0H5?>4V1=0 1C4>20. �0;V:A0@5=8 =0;560Bь 4> <0:@>F8:;VG=8E A?>;C:, 

I> A:;040NBьAO 7 D5=>;ь=8E D@03<5=BV2, I> A?>;CG5=V <5B8;5=>28<8 

<VAB:0<8. !86=V9 @V25=ь :0;V:A[4]0@5=C 2:;NG0є =01V@ 3V4@>:A8;ь=8E 3@C?.  

#>:070=>, I> AC?@0<>;5:C;O@=89 :><?;5:A @5F5?B>@0 :0;V:A[4]0@5=C 7 

AC1AB@0B>< �&( CB2>@NєBьAO 2=0A;V4>: 4VW 2>4=528E 72’O7:V2. &0:V 



AC?@0<>;5:C;O@=V A8AB5<8 28ABC?0NBь :0B0;V70B>@0<8 3V4@>;V7C �&(, B>1B> 

28ABC?0NBь <>4C;OB>@0<8 �&( 3 3V4@>;V7=8E AB@C:BC@. 

 

3.1.1. %C9>FD< BCF<KABW 7GEF<A< А&( F4 %-107 G 6B8V 

!0 $8A.3.1. =02545=> A?5:B@ >?B8G=>W 3CAB8=8 @>7G8=C �&( C 2>4V. 

�84=> 420 <0:A8<C<8 2 C;ьB@0DV>;5B>2V9 >1;0ABV. "48=  <0:A8<C< 

7=0E>48BьAO 1V;O »max,1= 206 =<, 0 4@C389 <0:A8<C< >?B8G=>W 3CAB8=8 

@>7<VI5=89 ?@8 »max,2=259 =<. 

$8A.3.1. %?5:B@8 >?B8G=>W 3CAB8=8 @>7G8=C C 2>4V �&( 7 :>=F5=B@0FVєN 

%�&(=1×10-4  4;O 7@07:V2, >B@8<0=8E 157?>A5@54=ь> ?VA;O ?@83>BC20==O (1) 

B0 ?VA;O 24 3>4 (2), (@! = 6,5, &=295�). 

 

�V 71V;ьH5==O< G0AC @>7G8=5==O, >?B8G=0 3CAB8=0 ?040є, 0 D>@<0 ?V:V2 

70;8H0єBьAO =57<V==>N. �>4=>G0A, 4;O >1>E <0:A8<C<V2 <0є <VAF5 4>AB0B=ь> 

?><VB=5 CH8@5==O, I> A2V4G8Bь ?@> A:;04=C AB@C:BC@C <>;5:C;O@=8E 



>@1VB0;59. !5 28:;NG=>, I> 2>=0 <>65 2:;NG0B8 45:V;ь:0 :><?>=5=B, 

2=0A;V4>: A:;04=>W 1C4>28 <>;5:C;8 �&( 7 B@ь>E @V7=8E 3@C?. 

%?5:B@ >?B8G=>W 3CAB8=8 @>7G8=C C 2>4V :0;V:A[4]0@5=C %-107 ?>:070=> 

=0 $8A.3.2. 
О
CF
<ч
A4
 7G
EF
<A
4

ДB6:<A4 х6<?V, A@

230 A@

265 A@
315 A@

$8A.3.2. %?5:B@ >?B8G=>W 3CAB8=8 @>7G8=C C 2>4V %-107 V7 :>=F5=B@0FVєN  

%%-107=1×10-4 , (@!=6,5, &=295�). 

 

�84=>, I> :@V< <0:A8<C<C >?B8G=>W 3CAB8=8 1V;O »max,%-107= 230 =< 70 

28A>:>W :>=F5=B@0FVW :0;V:A[4]0@5=C %-107 (1×10-4 ) =0 :@82V9 >?B8G=>W 

3CAB8=8 B0:>6 =0O2=V  A;01:V ?5@538=8 1V;O »max,%-107= 265 =< B0 »max,%-107= 

315 =<. �0 >4=0:>28E :>=F5=B@0FV9 �&( V %-107 >?B8G=0 3CAB8=0 2 >1;0ABV 

4>268=8 E28;ь »>300=< 4;O :0;V:A[4]0@5=C є 1V;ьH>N. � 4>4020==O< 4> 

@>7G8=C C 2>4V �&( 7 ?>ABV9=>N :>=F5=B@0FVєN %�&(=1×10-4  @>7G8=V2 %-

107 7 @V7=8< 2<VAB>< A?5:B@8 >?B8G=>W 3CAB8=8 A8;ь=> 7<V=NNBьAO, $8A.3.3. 



О
CF
<ч
A4
 7
GE
F<
A4

ДB6:<A4 х6<?V, A@

%?9:B@8 >?B8G=>W 7CAB8=8 8;я @>7G8=V6 C 6>8V А&Ф (1) V %-107 (2) 7 :>=F9=B@аFVя<8 %А&Ф=%%-107=10-4�, AC<VH99 А&Ф ?@8 ?>ABV9=V9 :>=F9=B@аFVW 10-4� Bа %-107 7 10-5�(3), 
3*10-5�(4), 5*10-5�(5), 7*10-5�(6), 10-4�(7), 5*10-5�(8), (@�=7.4, &=22°C)

АТФ 10

 

$8A.3.3. %?5:B@8 >?B8G=>W 3CAB8=8 4;O @>7G8=V2 C 2>4V �&( (1) V %-107 (2) 7 

:>=F5=B@0FVO<8 %�&(=%%-107=1×10-4 , AC<VH59 �&( ?@8 ?>ABV9=V9 

:>=F5=B@0FVW 1×10-4  B0 %-107 7 1×10-5 (3), 3×10-5 (4), 5×10-5 (5), 7×10-5  

(6), 1×10-4  (7), 5×10-5  (8), (@!=6,5, &=295�). 

 

�>4020==O :0;V:A[4]0@5=C %-107 2 <560E :>=F5=B@0FV9 1×10-5
 3 5×10-4  

VAB>B=> 2?;820є =0 ?>254V=:C A?5:B@V2 >?B8G=>W 3CAB8=8. /:I> 70 <5=H>3> 

2<VABC %-107 A?5:B@8 <>6=0 @>73;O40B8, O: @57C;ьB0B =0:;040==O A?5:B@V2 

�&( V %-107, B> 70 1V;ьH 28A>:8E :>=F5=B@0FV9 :0;V:A[4]0@5=C >B@8<0=V 

A?5:B@8 A8;ь=> 2V4@V7=ONBьAO 2V4 28EV4=8E A?5:B@V2 4;O G8AB8E :><?>=5=B 

@>7G8=V2.  >6=0 ?@8?CAB8B8, I> B0:0 ?>254V=:0 A?5:B@V2 7C<>2;5=0 :V;ь:><0 

?@>F5A0<8, O:V 2:;NG0NBь :><?;5:A>CB2>@5==O <V6 �&( V %-107, 0 B0:>6 

?@>BV:0==O =55=78<0B8G=8E ?@>F5AV2 3V4@>;V7C 2 �&( ?V4 2?;82>< 

:0;V:A0@5=C. �0 @V7=>3> 2<VABC %-107 35B5@>0A>FV0FVO V =55=78<0B8G=89 

3V4@>;V7 <>6CBь 2V41C20B8AO >4=>G0A=>, 0;5 7 @V7=>N 5D5:B82=VABN [73]. 

 



3.1.2. %C9>FD< HBFB?N@VA9EJ9AJVW А&( F4 %-107 G 6B8V 

 

�0 4>268= E28;ь 71C465==O  »71=272 =< B0  »71=260 =<  2 A?5:B@V (� 

5<VAVW @>7G8=C C 2>4V �&( 7 :>=F5=B@0FVєN %�&(=1×10-4  >B@8<0=> H8@>:C 

A<C3C (� 1V;O »5<=395=<, 0;5 70 <5=H>3> 7=0G5==O »71=260=<, O:5 2V4?>2V40є 

?>;>65==N <0:A8<C<C 4@C3>W A<C38 >?B8G=>W 3CAB8=8, V=B5=A82=VABь 

D>B>;N<V=5AF5=FVW  A?040є, $8A. 3.4. 

 

$8A.3.4. %?5:B@8 (� 5<VAVW @>7G8=C C 2>4V �&( 7 :>=F5=B@0FVєN  

%�&(=1×10-4   ?@8 »71=272 =< (1), »71=260 =< (2), (@!=6,5, &=295�). 

 

#>@V2=O=> 7 V=B5=A82=VABN (� �&(, V=B5=A82=VABь D;C>@5AF5=FVW 

5<VAVW 4;O @>7G8=C C 2>4V %-107 70 :>=F5=B@0FVW %%-107=1×10-4  ?@8 

»71=280 =<, I> 2V4?>2V40є ?5@H><C ?5@538=C =0 :@82V9 >?B8G=>W 3CAB8=8, є 

7=0G=> <5=H>N, $8A.3.5. 
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ДB6:<A4 х6<?V, A@
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$8A.3.5. %?5:B@ (� 5<VAVW @>7G8=C C 2>4V %-107 7 :>=F5=B@0FVєN  

%%-107=1×10-4  ?@8 »71=280 =<, (@!=6,5, &=295�). 

 

%<C30 (� є 4>AB0B=ь> H8@>:>N  7 <0:A8<C<>< 1V;O »5<=405 =<. 

!0O2=VABь A<C3 >?B8G=>3> ?>3;8=0==O 1V;O »=272 =< ?V4B25@46CєBьAO 

A?5:B@0<8 (� 71C465==O >B@8<0=>3> ?@8 »5<=395 =<, $8A.3.6. %?5:B@ (� 

71C465==O, >B@8<0=89 4;O @>7G8=C C 2>4V %-107 ?@8 :>=F5=B@0FVW  

%%-107=1×10-4  ?@8 »5<=410 =< є <5=H V=B5=A82=8< V 1V;ьH A:;04=8<, $8A.3.7. 

� A?5:B@V (� 71C465==O @>7G8=C C 2>4V %-107 =0O2=V 420 <0:A8<C<8 

>?B8G=>3> ?>3;8=0==O 1V;O »=278 =< V »=325 =<, 2V4?>2V4=>. 

�0@B> 707=0G8B8, I> A?5:B@8 (� 71C465==O V >?B8G=>W 3CAB8=8 4;O 

@>7G8=V2 C 2>4V G8AB8E �&( V %-107 =5 ?>2=VABN B>B>6=V, I> >1C<>2;5=> 

A:;04=8<8 ?@>F5A0<8 4570:B820FVW 71C465=8E AB0=V2 2 40=8E <>;5:C;0E. 
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EF
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ДB6:<A4 х6<?V, A@

272 A@

 

$8A.3.6. %?5:B@ (� 71C465==O @>7G8=C C 2>4V �&( 7 :>=F5=B@0FVєN 

%�&(=1×10-4 , »5<=395 =<, (@!=6,5, &=295�). 
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AV
EF
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ДB6:<A4 х6<?V, A@ 
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$8A.3.7. %?5:B@ (� 71C465==O @>7G8=C C 2>4V %-107 7 :>=F5=B@0FVєN 

%%-107=1×10-4  ?@8 »5<=410 =<, (@!=6,5, &=295�). 



#@>F5A8 4570:B820FVW 71C465=>3> AB0=C AB0NBь F5 A:;04=VH8<8 2 

@>7G8=0E C 2>4V A8AB5<8 �&( 3 %-107 ?@8 ?>ABV9=><C 2<VABV �&(  

%�&(=1× 10-4  V @V7=><C 2<VABC :0;V:A[4]0@5=C, $8A.3.8. 
ІA
F9
AE
<6
AV
EF
ь 
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�
, 6
V8
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.

ДB6:<A4 х6<?V, A@

404 A@

395 A@

405 A@

410 A@

 

$8A.3.8. %?5:B@8 (� 5<VAVW @>7G8=V2 C 2>4V G8AB8E �&( (»71=272=<) (1), %-107 

(»71=280=<) (2), 7 :>=F5=B@0FVO<8 %�&(=%%-107=1×10-4  B0 AC<VH59 �&( 3   

%-107 7 ?>ABV9=8< 2<VAB>< :><?>=5=B %�&(=1×10-4 , %%-107=5×10-4  70 

@V7=8E 4>268= E28;ь 71C465==O »71=272 =< (3), »71=340 =< (4), (@!=6,5, 

&=295�). 

 

�;O @>7G8=V2 C 2>4V G8AB8E �&( (»5<=395 =<) V %-107, <0:A8<C<8 (� 

(»5<=405 =<) 7<VI5=V >48= 2V4=>A=> >4=>3>. �>4=>G0A, 4;O @>7G8=V2 C 2>4V 

A8AB5<8 �&( 3 %-107 7 =091V;ьH8<8 7=0G5==O<8 :>=F5=B@0FV9  

%�&(=1×10-4 , %%-107=5×10-4  70 @V7=8E 4>268= E28;ь 71C465==O »71=272 =<, 

»71=340 =< B0:>6 <0є <VAF5 7<VI5==O, 0;5 A?>AB5@V30єBьAO ?><VB=5 7@>AB0==O 



V=B5=A82=>ABV (� 5<VAVW ?@8 »71=272 =< (»5<=405 =<), I> 2V4?>2V40є ?V:C (� 

71C465==O @>7G8=V2 C 2>4V <>;5:C; �&(.  

#@8 =03@V20==V 2V4 295� 4> 300� 2V41C20єBьAO =57=0G=5 ?04V==O 

V=B5=A82=>ABV A?5:B@C, >4=0: ?>;>65==O <0:A8<C<V2 (� 5<VAVW 70;8H0єBьAO 

=57<V==8<, $8A.3.9. 
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ДB6:<A4 х6<?V, A@

410 A@

410 A@
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$8A.3.9. %?5:B@8 (� 5<VAVW @>7G8=V2 C 2>4V AC<VH59 �&( 3 %-107 7 

:>=F5=B@0FVO<8 %�&(=1×10-4 , %%-107=5×10-4  ?@8 »71=272 =<, &=295� (1), 

&=300�(2) B0 »71=340 =<, &=295�(3), &=300�(4), (@!=6,5). 

 

%?5:B@8 (� 5<VAVW 4;O 4>268=8 E28;V 71C465==O »71=272 =<, 

E0@0:B5@=>W 4;O <0:A8<C<C (� 71C465==O �&( =02545=> =0 $8A.3.10. 

 >6=0 2V4<VB8B8, I> 70 <5=H8E :>=F5=B@0FV9 :0;V:A[4]0@5=C %-107 

<0є <VAF5 30AV==O (� V7 ?><VB=8< 7<VI5==O< ?V:V2 (� 2 ?>@V2=O==V 7 

?>;>65==O< <0:A8<C<C (� <>;5:C; �&( (»5<=395 =<). � @>AB>< 

:>=F5=B@0FVW <>;5:C; %-107 ?V:8 (� AC<VH59 �&( 3 %-107 7 2<VAB>< 



:0;V:A[4]0@5=C 5×10-5 , 7×10-5  7<VICNBьAO 4> »5<=395 =<. � ?>40;ьH8< 

?V428I5==O< 2<VABC %%-107 4> 7=0G5=ь 1×10-4 , 5×10-4  <0:A8<C<8 (� 

AC<VH59 �&( 3 %-107 =5 ;8H5 A?V2?040NBь 7 ?>;>65==O< A<C38 (� �&(, 0 

A?>AB5@V30єBьAO 30AV==O (�, O:5 7@>AB0є 7 2<VAB>< :0;V:A[4]0@5=C, I> є 

>7=0:>N :><?;5:A>CB2>@5==O <V6 <>;5:C;0<8 �&( 3 %-107. �84=>, I> 

C<>20 35B5@>0A>FV0FVW <0є <VAF5 70 ?52=>3> 2<VABC <>;5:C; :0;V:A[4]0@5=C 

[74]. 
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ДB6:<A4 х6<?V, A@

395A@

 

$8A.3.10. %?5:B@8 (� 5<VAVW @>7G8=V2 C 2>4V AC<VH59 �&( 3 %-107 7 

?>ABV9=>N :>=F5=B@0FVєN %�&(=10
-4  V 2<VAB>< :0;V:A0@5=C 0 (1), 1×10-5

(2), 

3×10-5(3), 5×10-5(4), 7×10-5(5), 1×10-4(6), 5×10-4(7) ?@8 »71=272 =<, (@!=6,5, 

&=295�). 

 

І7 7<V=>N :>=F5=B@0FVW %-107 B0:>6 2V41C20єBьAO ?5@51C4>20 A?5:B@V2 

(� 71C465==O, O:0 >A>1;82> ?@>O2;OєBьAO 4;O A8AB5<8 �&( 3 %-107 7 

2<VAB>< %%-107 =5×10-4 , $8A.3.11. 
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$8A.3.11. %?5:B@8 (� 71C465==O @>7G8=V2 C 2>4V AC<VH59 �&( 3 %-107 7 

?>ABV9=>N :>=F5=B@0FVєN %�&(=1×10-4  V 2<VAB>< :0;V:A0@5=C 0 (1),  

1×10-5(2), 3×10-5(3), 5×10-5(4), 7×10-5(5), 1×10-4(6), 5×10-4(7) ?@8 »71=272 =<, 

(@!=6,5, &=295�). 

 

� ?V428I5==O< :>=F5=B@0FVW <>;5:C; :0;V:A[4]0@5=C <0:A8<C< 

>?B8G=>3> ?>3;8=0==O 7<VICєBьAO 2 1V: 1V;ьH8E 4>268= E28;ь, $8A.3.12. #@8 

%%-107 =5×10-4  28=8:0є 420 <0:A8<C<8 (� 71C465==O. �84=>, I> 4;O AC<VHV 

7 2<VAB>< <>;5:C; :0;V:A[4]0@5=C 5×10-4  >48= V7 <0:A8<C<V2 (� 71C465==O 

7<VICєBьAO 4> »=291 =<, 0 V=H89 28=8:0є 1V;O »=340 =< [74]. 
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$8A.3.12. %?5:B@8 (� 71C465==O @>7G8=C C 2>4V AC<VHV �&( 3 %-107 ?@8 

%�&(=1×10-4 , %%-107 = 5×10-4  4;O »5<=395 =< 4;O &=295� (1), &=300� (2), 

(@!=6,5). 

 

 >6=0 ?@8?CAB8B8, I> 2:070=V ?V:8 >?B8G=>3> ?>3;8=0==O 28=8:0NBь 2 

@57C;ьB0BV CB2>@5==O :><?;5:AV2 �&( 7 %-107 [75]. 

 

 

 

 

 

 



3.1.3. �EB5?<6BEFV 74EVAAO H?GBD9EJ9AJVW 6 DB;K<A4I G 6B8V А&( –

>4?V>E[4]4D9AG % -107 ;4 DV;A<I F9@C9D4FGD 

 

� A?5:B@V ?>3;8=0==O @>7G8=C C 2>4V :0;V:A[4]0@5=C %-107, >B@8<0=><C 

2 � %" (5%). ?@8 pH=7,4 A?>AB5@V30NBьAO 42V A<C38 1V;O 272 =< V 315 =< 4;O 

@>7G8=C C 2>4V 7 :>=F5=B@0FVєN 1 × 10-4 . #@8 ?V428I5==V 2<VABC %-107 4>  

5 × 10-4  2V41C20єBьAO A8;ь=5 7@>AB0==O ?>3;8=0==O B0 VAB>B=5 @>7H8@5==O 

A<C38 ?>3;8=0==O. /: 2V4<VG0;>AO, C 28?04:C pH=6,5 4;O @>7G8=C C 2>4V  

%-107 7 :>=F5=B@0FVєN 1 × 10-4  ?@8 »ex = 275 =< D>@<CєBьAO A<C30 5<VAVW (� 

7 =57=0G=>N V=B5=A82=VABN B0 <0:A8<C<>< 1V;O 415 =<. /: ?>:07Cє 282G5==O 

A?5:B@C 71C465==O (� >A=>2=89 2=5A>: 2 A<C3C 28?@><V=N20==O (415 =<) 

2=>A8Bь A<C30 ?>3;8=0==O 1V;O 275 =<, I> <0;> 7<V=5=0 ?> 2V4=>H5==N 4> 

<0:A8<C<C A<C38 >?B8G=>W 3CAB8=8 (272 =<). �>4020==O 4> @>7G8=C C 2>4V 

�&( 7 ?>ABV9=>N :>=F5=B@0FVєN (1 × 10-4 ) @>7G8=V2 %-107 7 @V7=8< 2<VAB>< 

2V4 1 × 10-4  4> 1 × 10-3  ?@82>48Bь 4> A:;04=>W ?5@51C4>28 A?5:B@V2 5<VAVW 

B0 71C465==O (� ?@8 »ex = 272 =< V »em = 395 =<. !5>1EV4=> 2V4<VB8B8, I> 

V=B5=A82=VABь A?5:B@V2 5<VAVW V 71C465==O (� @>7G8=V2 C 2>4V �&( A8;ь=> 

?5@528ICNBь V=B5=A82=>ABV 0=0;>3VG=8E A?5:B@V2 %-107 2 � %" (5%). $07>< 

7 B8<, 2:070=V A?5:B@8 70;560Bь 2V4 4>268=8 E28;V 71C465==O »ex, 25;8G8=8 

pH V 2 <5=HV9 <V@V 2V4 B5<?5@0BC@8 2 V=B5@20;V 2V4 20°% 4> 40°%. 

!0 $8A. 3.13. ?@54AB02;5=> A?5:B@8 5<VAVW V 71C465==O (� @>7G8=V2 C 

2>4V �&( B0 �&( 3 %-107 70 @V7=8E :>=F5=B@0FV9 :0;V:A[4]0@5=C B0 

B5<?5@0BC@. 

�84=>, I> 7V 7@>AB0==O< :>=F5=B@0FVW %-107 V=B5=A82=VABь A<C3 (� 

A?040є, 0 ?>;>65==O A<C38 5<VAVW B0 71C465==O (� 715@V30єBьAO 1V;O 395 =< V 

284 =<, 2V4?>2V4=>. �0AV==O 5<VAVW (� ?@8 ?V428I5==V B5<?5@0BC@8 2V4 20°% 

4> 40°% 7@>AB0є, 0;5 7<V=NєBьAO  70;56=> 2V4 :>=F5=B@0FVW :0;V:A[4]0@5=C. 

!0 $8A. 3.14. =02545=> A?5:B@8 5<VAVW B0 71C465==O (� @>7G8=V2 C 2>4V 

�&( 3 %-107 ?@8 ?>ABV9=V9 :>=F5=B@0FVW �&( B0 ?@8 71V;ьH5==V 2<VABC  

%-107 70 @V7=8E B5<?5@0BC@ [76]. 
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 (1) 20°C
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$8A.3.13. %?5:B@8 5<VAVW (a, 2, 4) B0 71C465==O (1, 3, 5) (� @>7G8=V2 C 2>4V 

�&( 7 ?>ABV9=>N :>=F5=B@0FVєN %�&( = 3 × 10-4
   (a, 1) B0 �&( 3 %-107 

(2<VAB � %" 0.5%) 7 :>=F5=B@0FVO<8 %%-107  1 × 10-9
   (2, 3), 1 × 10-8

   (4, 5) 

70 B5<?5@0BC@ 20°% (1), 30°% (2), 40°% (3) (»71=285=< V »e<= 395 =<, pH= 6,5). 

 



$8A. 3.13. (?@>4>265==O). 
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$8A.3.13. (?@>4>265==O). %?5:B@8 5<VAVW (є,7) B0 71C465==O (6, 8) (� @>7G8=V2 

C 2>4V �&( 7 :>=F5=B@0FVO<8 %%-107 1 × 10-5
   (є, 6), 1 × 10-4

   (7,V) 70 

B5<?5@0BC@ 20°% (1), 30°% (2), 40°% (3) (»71=285=< V »e<= 395 =<, pH= 6,5). 

� ?V428I5==O< :>=F5=B@0FVW %-107 30AV==O (� є ?><VB=8<. $07>< 7 B8<, 

=02545=5 30AV==O (� A?>AB5@V30єBьAO  2 H8@>:><C V=B5@20;V :>=F5=B@0FV9 2V4 

1 × 10-9  4> 1 × 10-4 .  
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$8A. 3.14. %?5:B@8 5<VAVW (a, 2, 4) B0 71C465==O (1, 3, 5) (� 4;O @>7G8=V2 C 2>4V 

�&( 3 %-107  ?@8 ?>ABV9=V9 :>=F5=B@0FVW �&( %�&( = 3 × 10-4
   B0 

:>=F5=B@0FVOE % 3 107 %%-107  0 (1), 1 × 10-9
   (2), 1 × 10-8

   (3), 1 × 10-5
   (4), 

1 × 10-4
   (5) ?@8 B5<?5@0BC@0E 20°% (a, 1), 30°% (2, 3), 40°% (4, 5), (»71 = 

285 =< V »5<=395=<, pH=6,5). 

 



�V;ьH5 B>3>, <0є <VAF5 VAB>B=0 2V4<V==VABь C 25;8G8=0E 30AV==O 4;O 

:>=F5=B@0FV9 %-107  1 × 10-9 , 1 × 10-8  B0 1V;ьH8<8 7=0G5==O<8 

:>=F5=B@0FV9 1 × 10-5 , 1 × 10-4 . �:070=89 @>7@82 2 30AV==V (� 4>1@5 

?><VB=89 2 H8@>:><C V=B5@20;V :>=F5=B@0FV9 %-107 4;O <5=H>3> 2<VABC 

�&(. 

%?5:B@8 5<VAVW V 71C465==O (� 4;O @>7G8=V2 C 2>4V �&( 3 %-107 2 

V=B5@20;V :>=F5=B@0FV9 :0;V:A[4]0@5=C 2V4 1 × 10-12  4> 1 × 10-4  ?@8 »71 = 

285 =< =02545=> =0 $8A. 3.15. 

a                        1 

395 A@

395 A@

395 A@

ДB6:<A4 х6<?V, A@

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

 (1) ATF (10-4+ H2O)

 (2) ATF + %107 10-12� + DMSO 
 (3) ATF + %107 10-11� + DMSO
 (4) ATF + %107 10-10� + DMSO
 (5) ATF + %107 10-9� + DMSO
 (6) ATF + %107 10-8� + DMSO
 (7) ATF + %107 10-7� + DMSO
 (8) ATF + %107 10-6� + DMSO
 (9) ATF + %107 10-5� + DMSO
 (10) ATF + %107 10-4� + DMSO
 (11) %107 10-4� + DMSO

275 A@

280 A@

280 A@

ІA
F9
A
E<
6A
VE
Fь
 Ф
�
, 6
V8
A
.B
8
.

ДB6:<A4 х6<?V, A@

 (2) ATF + %   + DMSO 
 (3) ATF + %   + DMSO
 (4) ATF + %   + DMSO
 (5) ATF + %   + DMSO
 (6) ATF + %   + DMSO
 (7) ATF + %   + DMSO
 (8) ATF + %   + DMSO
 (9) ATF + %   + DMSO
 (10) ATF + %   + DMSO
 (11) %   + DMSO

 

$8A. 3.15. %?5:B@8 5<VAVW (0) B0 71C465==O (2) (� 4;O @>7G8=V2 C 2>4V �&( 3 

%-107 (4;O %-107 � %" 5%) 7 ?>ABV9=>N :>=F5=B@0FVєN �&( %�&( = 1 × 10-

4  B0 :>=F5=B@0FVO<8 :0;V:A[4]0@5=C %%-107  0 (1), 1 × 10-12  (2), 1 × 10-11  

(3), 1 × 10-10  (4), 1 × 10-9  (5), 1 × 10-8  (6), 1 × 10-7  (7), 1 × 10-6  (8), 1 × 

10
-5  (9), 1 × 10-4  (10), 0 B0:>6 4;O @>7G8=C C 2>4V % 3 107 7 � %" (5%) 

?@8 %%-107 = 1 × 10-4  (11) (4;O �&( 3 %-107 (1-10) »71 = 282 =<, »5< = 395 =<, 

4;O %-107 (11) »71 = 275 =<, »5< = 415 =<, (pH =6,5, T = 21°%). 

�84=>, I> 2 A?5:B@0E є 42V @V7=8E 4V;O=:8 30AV==O (�. #5@H0 2:;NG0є 

@>7G8=8 C 2>4V �&( 7 :>=F5=B@0FVO<8 %-107 2V4 1 × 10-12  4> 1 × 10-9 , 0 

4@C30 4V;O=:0 2V4?>2V40є @>7G8=0< 7 2<VAB>< % 3 107 2V4 1 × 10-8  4>  

1 × 10-4 . 



"1842V 4V;O=:8 <VABOBь :V;ь:0 ?>@O4:V2 7=0G5=ь 2<VABC :0;V:A[4]0@5=C. 

�0AV==O (� 2 >:@5<8E V=B5@20;0E є =57=0G=8<, =572060NG8 =0 A8;ь=C 7<V=C 

2<VABC %-107. &0:0 ?>254V=:0 30AV==O (� є =5728G=>N 4;O 1030Bь>E 

<>;5:C;O@=8E A8AB5<, 2 ?5@HC G5@3C, ?@>B5W=V2 �%�, HAS B0 ;V:0@Aь:8E 

?@5?0@0BV2 [77-81].  >6=0 ?@8?CAB8B8, I> 4;O 40=>W A8AB5<8 =5<>6;82> 

770AB>A>2C20B8 2V4><V <5E0=V7<8 30AV==O (�, I> >?8ACNBьAO @V2=O==O<8 

,B5@=0 3 (>;ь<5@0 01> 9>3> <>48DV:0FVO<8. "G5284=>, I> 30AV==O (� 

=0O2=5, 0;5 9>3> 1V;ьH A:;04=0 ?>254V=:0 7C<>2;5=0 A:;04=8< E0@0:B5@>< 

<V6<>;5:C;O@=>W 270є<>4VW, 28:;8:0=>W @V7=8<8 A8;0<8 72’O7C20==O, 

<>6;828<8 4;O @>73;O=CB8E <>;5:C;. #@8 Fь><C 25;8G8=0 30AV==O (� =5 є 

?@>?>@FV9=>N :>=F5=B@0FVW ;V30=40 (@5F5?B>@0). �>4=>G0A, 2 >:@5<8E 

V=B5@20;0E :>=F5=B@0FV9 2:070=0 70;56=VABь <>65 715@V30B8AO. #@8 Fь><C 2 

>1>E V=B5@20;0E :>=F5=B@0FV9 <>65 715@V30B8AO 2:070=0 70;56=VABь. �;5 2 

>1>E V=B5@20;0E :>=F5=B@0FV9, =572060NG8 =0 @V7=V <5E0=V7<8 72’O7C20==O, 

25;8G8=0 270є<>4VW 2 :><?;5:A0E 70;8H0єBьAO <0;>N. 

�;O A8AB5<8 �&( 3 %-107 C 28?04:C 71C465==O ?@8 »71 = 272 =< 

715@V30єBьAO 0=0;>3VG=0 ?>254V=:0 30AV==O (�. �V4?>2V4=V A?5:B@8 5<VAVW B0 

71C465==O (� =02545=> =0 $8A. 3.16. �1C465==O »71 = 272 =<, I> 2V4?>2V40є 

A<C7V ?>3;8=0==O % 3 107 =5 7<V=Nє ?>;>65==O A<C38 5<VAVW �&( 1V;O »5< = 

395 =<. �84=> =57=0G=5 30AV==O (� 70 <0;8E :>=F5=B@0FV9 % 3 107 4> 

7=0G5==O 1 × 10-10
  . �0AV==O (� @V7:> 7@>AB0є ?@8 =0ABC?=V9 :>=F5=B@0FVW 1 

× 10-9
  , 0 ?@8 :>=F5=B@0FVW 1 × 10-8

   A?>AB5@V30єBьAO 9>3> AB@81>:. �;O 

1V;ьH 28A>:8E :>=F5=B@0FV9 % 3 107 30AV==O (� 7=>2C AB0є =57=0G=8<. 

�030;ь=0 V=B5=A82=VABь (� 4;O AC<VH59 �&( 3 % 3 107 VAB>B=> 7<5=HCєBьAO. 

�0AV==O (� CA:;04=NєBьAO 4;O 1V;ьH 28A>:8E :>=F5=B@0FV9 %-107 2 

V=B5@20;V 2V4 1 × 10-4
   4> 10 × 10-4

   ?@8 »71 = 275 =<. � 40=V9 >1;0ABV 

:>=F5=B@0FV9 ?VA;O @V7:>3> ?04V==O V=B5=A82=>ABV 5<VAVW (� 4;O AC<VHV �&( 

7 2<VAB>< %-107  %%-107  = 1 × 10-4
   ?> 2V4=>H5==N 4> V=B5=A82=>ABV A<C38 

�&( 7 %�&( = 3 × 10-4
   A?>AB5@V30єBьAO =57=0G=5 30AV==O. �>4=>G0A, 7 



?V428I5==O< 2<VABC %-107 2V41C20єBьAO 7<VI5==O A<C38 (� 2V4 395 =< 4> 

415 =<, B>1B> ?>;>65==O <0:A8<C<C (� 4;O :0;V:A[4]0@5=C %-107 [76]. 

0 

ІA
F9
AE
<6
AV
EF
ь Ф
�,
 6V
8A
.B
8.

ДB6:<A4 х6<?V, A@

415 A@395 A@

395 A@  (2) ATF + %   + DMSO 
 (3) ATF + %   + DMSO
 (4) ATF + %   + DMSO
 (5) ATF + %   + DMSO
 (6) ATF + %   + DMSO
 (7) ATF + %   + DMSO
 (8) ATF + %   + DMSO
 (9) ATF + %   + DMSO
 (10) %   + DMSO

 

         1 

 A@

272 A@

ІA
F9
AE
<6
AV
EF
ь Ф
�,
 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

 (2) ATF + %   + DMSO 
 (3) ATF + %   + DMSO
 (4) ATF + %   + DMSO
 (5) ATF + %   + DMSO
 (6) ATF + %   + DMSO
 (7) ATF + %   + DMSO
 (8) ATF + %   + DMSO
 (9) ATF + %   + DMSO
 (10) %   + DMSO

 

$8A. 3.16. %?5:B@8 5<VAVW (0) B0 71C465==O (1) (� 4;O @>7G8=V2 C 2>4V �&( 3 

%-107 7 ?>ABV9=>N :>=F5=B@0FVєN �&( %�&( = 1 × 10-5
   V 2<VAB>< 

:0;V:A[4]0@5=C (2<VAB � %" 5%) %-107  0 (1), 1 × 10
-12

   (2), 1 × 10-11
   (3),  

1 × 10-10
   (4), 1 × 10-9

   (5), 1 × 10-8
   (6), 1 × 10-7

   (7), 1 × 10-6
   (8),  

1 × 10-5
   (9) ?@8 »71 = 282 =<, »5< = 395 =<, 0 B0:>6 4;O @>7G8=C C 2>4V %-107 

(2<VAB � %" 5%) 7 :>=F5=B@0FVєN %%-107  1 × 10-4
   ?@8 »71 = 275 =<,  

»5< = 415 =< (10), (pH =6,5, T = 21°%). 



3.2. �><?;5:A А&( 7 :0;V:A[4]0@5=>< %-107 B0 Ag+
 

 

�V4><>, I> �&( D>@<Cє =5 ;8H5 AC?@0<>;5:C;O@=V :><?;5:A8, I> 

AC?@>2>46CєBьAO 2?;82>< =0 ?@>F5A8 3V4@>;V7C, 0 B0:>6 :><?;5:A8 7 

<5B0;0<8, 2 O:8E B0:>6 2V41C20єBьAO <>4C;OFVO ?0@0<5B@V2 72’O7C20==O 

:V=F528E 0=3V4@84=8E 72’O7:V2.  

!0 $8A. 3.17. ?>:070=> E0@0:B5@ 30AV==O (� <>;5:C; �&( 2 @>7G8=0E C 

2>4V ?@8 7@>AB0==V :>=F5=B@0FVW AgNO3 2V4 1 × 10-4
   4> 10 × 10-4

   2 

?@8ACB=>ABV :0;V:A[4]0@5=V2 %-107. �;O 2AVE @>7G8=V2 2<VAB %-107 715@V30єBьAO 

?>ABV9=8< (1 × 10-4
  ). 

0                                                                                                                1                  

 

$8A. 3.17. %?5:B@8 5<VAVW (0) B0 71C465==O (2) (� 4;O @>7G8=V2 C 2>4V �&( 

?@8  ?>ABV9=8E :>=F5=B@0FVOE %�&( = 1 × 10-4
   (1) �&( 3 %-107 ?@8 

?>ABV9=V9 :>=F5=B@0FVW %%-107  = %�&( = 1 × 10-4
   (2), �&( 3 %3107 - AgNO3 7 

:>=F5=B@0FVO<8 CAg+ = 1 × 10-4
   (3), 2 × 10-4

   (4), 4 × 10-4
   (5), 6 × 10-4

   

(6), 8 × 10-4
   (7), 1 × 10-3

   (8) (»71 = 280 =<, »5< = 395 =<, pH =5,8, T = 20°%). 

ДB6:<A4 х6<?V, A@

ІA
F9
A
E<
6A
VE
Fь
 Ф
�
, 6
V8
A
.B
8.

280 A@  (1) ATF, %  
 (2) ATF + %-107, %%%-107  

 (3) ATF + %-107 + AgNO
M + %-107 
M + %-107
M + %-107
M + %-107
M + %-107

ІA
F
9
A
E
<
6
A
VE
F
ь
 Ф
�
, 
6
V8
A
.B
8
.

ДB6:<A4 х6<?V, A@

395 A@
 (1) ATF, %  
 (2) ATF + %-107, %%%-107  

 (3) ATF + %-107 + AgNO
M + %-107 
M + %-107
M + %-107
M + %-107
M + %-107



�84=>, I> 4>4020==O <>;5:C; %-107 (1 × 10-4 ) 4> @>7G8=C C 2>4V �&( 

?@82>48BьAO 4> 7<5=H5==O V=B5=A82=>ABV (� <0965 242VGV. #>40;ьH5 

B8B@C20==O @>7G8=C C 2>4V �&( 3 %-107 V>=0<8 A@V1;0 Ag+
 (1 × 10-4 ) 

2V41C20єBьAO ?>40;ьH5 30AV==O (�, O:5 7<V=NєBьAO <0;> V7 71V;ьH5==O< 

2<VABC <5B0;C 4> 1 × 10-3 .  

�0@B> 2V4<VB8B8, I> C 2V4ACB=>ABV 2 @>7G8=0E V>=V2 Ag+
 70 B0:8E A0<8E 

:>=F5=B@0FV9 %-107 ?@8 71V;ьH5==V 2<VABC :0;V:A[4]0@5=C A?>AB5@V30єBьAO 

7<VI5==O A<C38 (� V 4> WW ?>;>65==O 4;O @>7G8=V2 %-107 ?@8 7@>AB0==V 

V=B5=A82=>ABV. � ?@8ACB=>ABV Ag+
 ?5@51C4>20 2:070=>W A<C38 (� =5 

2V41C20єBьAO ?@8 30AV==V (�, I> 2:07Cє =0 AB01V;V70FVN :><?;5:AV2 �&( 3 %-

107 70 =0O2=>ABV V>=V2 Ag+ 
[76]. 

 

3.3.  �><?’NB5@=5 <>45;N20==O <>;5:C; А&( B0 :0;V:A[4]0@5=C 

�;O 4>A;V465==O :><?;5:A>CB2>@5==O <>;5:C; :0;V:A0@5=C B0 �&( 

A?>G0B:C 28:>=0=C20;>Aь <>45;N20==O <5B>4>< <>;5:C;O@=>3> 4>:V=3C B0 

48=0<V:8 7 <5B>N >B@8<0==O 3@C1>W >FV=:8 <>6;828E :>=DV3C@0FV9 40=8E 

:><?;5:AV2, WE 5=5@3VW 72’O7C20==O B0 ABV9:>ABV C 2>4=><C @>7G8==8:C [82], 

[83-101]. � @0<:0E <>45;N20==O 2@0E>2CNBьAO ;8H5 A;01:V A8;8 270є<>4VW 

<>;5:C; C :><?;5:A0E: 5;5:B@>AB0B8G=V, �0=-45@-�00;ьAV2Aь:V, 2>4=52V 

72’O7:8, 3V4@>D>1=0 270є<>4VO.  >45;N20==O ?@>2>48;>Aь C ?@>3@0<=8E 

?0:5B0E AutoDock 4.2 7 =0?V25<?V@8G=>N A:>@V=3-DC=:VєN B0 Desmond 7 

?>;5< A8; OPLSe.   

� @57C;ьB0BV <>45;N20==O <>;5:C;O@=>3> 4>:V=3C 2AB0=>2;5=> 

45:V;ь:0 <>6;828E =01;865=8E :>=DV3C@0FV9 73040=8E <>;5:C;O@=8E 

:><?;5:AV2, =09>?B8<0;ь=VHV 7 O:8E (7 5=5@35B8G=>W B>G:8 7>@C) =02545=> =0 

$8A.3.17. 

�;O :><?;5:AC ($8A.3.17) ?@>2545=> <>45;N20==O <>;5:C;O@=>W 

48=0<V:8 C 2>4=><C @>7G8==8:C ?@>BO3>< 3 =A. �><?;5:A 28O282AO ABV9:8< 7 

=57=0G=8<8 2V4E8;5==O<8 1-2 A 4;O 2AVE 0B><V2 270є<>4VNG8E <>;5:C;, 



7>:@5<0 =09<5=H @CE><>N є 1VG=0 G0AB8=0 :0;V:A0@5=>2>W «G0HV», 

?@54AB02;5=>W G>B8@ь><0 2C3;5F528<8 :V;ьFO<8, B0 045=V=>20 3@C?0 <>;5C;8 

�&(. !091V;ьH @CE><8< є D>AD0B=89 «E2VAB» �&( B0 NH3-3@C?8 

:0;V:A0@5=C. #@>0=0;V7>20=> 2V4E8;5==O <>;5:C; :0;V:A[4]0@5=C B0 �&( 2 

<>;5:C;V@=V9 48=0<VFV. �0=V @57C;ьB0B8 =02545=> =0 $8A. 3.18. 

 

0      1 

 

2 

$8A. 3.17.  >6;82V :>=DV3C@0FVW 270є<=>3> @>7B0HC20==O <>;5:C; 

:0;V:A0@5=C B0 �&( C :><?;5:AV: (0) 045=V=>289 >AB>2 2 «G0HFV» :0;V:A0@5=C; 

(1) 045=V=>289 >AB>2 71>:C, D>AD0B=89 «E2VAB» =04 :0;V:A0@5=>2>N 

«G0H:>N»; (2) 045=V=>289 >AB>2 B0 D>AD0B=V 3@C?8 71>:C 2V4 «G0H:8». �VB5@8 

B0 2V4?>2V4=V :>;ь>@8 =0 @8AC=:C ?>7=0G0NBь EV<VG=V 5;5<5=B8 1C4>28 

<>;5:C;.  



 

 

0 

 

  

 

 

 

 

 

 

1 

$8A. 3.18. �=0;V7 2V4E8;5=ь <>;5:C; :0;V:A0@5=C (0) B0 �&( (1) 2 

<>;5:C;O@=V9 48=0<VFV. 



�>;>2=>N :><?;5:A>D>@<CNG>N A8;>N є π-π-AB5:>20 270є<>4VO ($8A. 

3.19.), O: >48= V7 B8?V2 3V4@>D>1=>W 270є<>4VW. �70є<>4VO 28=8:0є <V6 

:V;ьFO<8 045=V=>2>W 3@C?8 <>;5:C;8 �&( B0 G>B8@ь><0 2C3;5F528<8 

:V;ьFO<8 :0;V:A0@5=C (V=B5=A82=VABь 270є<>4VW 7 B8<8 G8 V=H8<8 :V;ьFO<8 

7<V=NєBьAO 2 ?@>F5AV A8<C;OFVW). 

 

$8A. 3.19.  >;5:C;O@=89 :><?;5:A 7 045=V=>289 >AB>2>< 2 «G0HFV» 

:0;V:A0@5=C B0 ?>7=0G5=>N ?C=:B8@>< π-π-AB5:>2>N 270є<>4VєN. (�>;ь>@>20 

2V4?>2V4=VABь EV<VG=8< 5;5<5=B0< 0=0;>3VG=0 $8A. 3.17.). 

 

(>@<C20==O :><?;5:AV2 <>;5:C; �&( 7 :0;V:A0@5=0<8 

?V4B25@46CєBьAO V :20=B>2>-EV<VG=V @>7@0EC=:8 <5B>4>< DC=:FV>=0;C 

3CAB8=8, Gaussia 09, DFT (B3LYP, 3-21G). �><?;5:A8 7 <>;5:C;>N �&(, I> 

@>7B0H>20=0 =04 1V;ьH8< 4V0<5B@>< :0;V:A0@5=C B0 1V;O 9>3> ABV=:8 

E0@0:B5@87CєBьAO 7<V=0<8 2 >1;0ABV 5=5@35B8G=>W IV;8=8, C ?>@V2=O==V 7V 

7=0G5==O<8 5;5:B@>==8E @V2=V2 4;O >:@5<8E :><?>=5=B. &0:, @>7B0HC20==O 

<>;5:C;8 �&( =04 :0;V:A0@5=>< ?@82>48Bь 4> 7<V=8 D>@<8 9>3> 

<>;5:C;O@=>W >@1VB0;V HOMO, O:0 ;>:0;V7CєBьAO =0 ?>;>28=V ABV=:8 



:0;V:A0@5=C C :><?;5:AV C ?>@V2=O==V V7 A8<5B@8G=>N 45;>:0;V70FVєN 274>26 

CAVєW ABV=:8 2 =570;56=><C AB0=V. (>@<CєBьAO B0:>6 >@1VB0;ь LUMO, I> 

@>7B0H>20=0 >4=>G0A=> =0 �&( B0 25@E=V9 G0AB8=V :0;V:A0@5=C.  

' 28?04:C @>7B0HC20==O �&( 1V;O ABV=:8 :0;V:0A0@5=C <0є <VAF5 

:><?;5:A>CB2>@5==O 70 @0EC=>: π-π-AB5:>2>W 270є<>4VW, I> AD>@<>20=0 

?0@0;5;ь=8< @>7B0HC20==O< V=4>;ь=>3> D@03<5=BC �&( 7 D5=>;ь=8< 

:V;ьF5< :0;V:A0@5=C. $V25=ь !" " 40=>3> :><?;5:AC @>7B0H>20=89 =0 

?>;>28=V :0;V:A0@5=C, 2 B>9 G0A O: LUMO є >@1VB0;;N, @>7B0H>20=>N =0 

V=4>;V B0 ABV=FV G0HV. �0=0 >@1VB0;ь LUMO, O: V C 28?04:C 7 ;>:0;V70FVєN =04 

:0;V:A0@5=><, 5=5@35B8G=> 70;8H0єBьAO <0965 =5 7AC=CB>N 2V4=>A=> @V2=V2 

LUMO >:@5<8E :>?>=5=B, O:V <0NBь <0965 >4=0:>2V 7=0G5==O. #@>B5 !" " 

>@1VB0;ь 2 >1>E 28?04:0E 7AC20єBьAO 225@E: =0 0.5 5� 4;O 1VG=>3> 

@>7B0HC20==O B0 =0 0,2 5� ?@8 ;>:0;V70FVW =04 1V;ьH8< 4V0<5B@>< 

:0;V:A0@5=C. �<5=H5==O 5=5@35B8G=>W IV;8=8 ?@8 D>@<C20==V 40=8E 

:><?;5:AV2 ?>28==> ?@>O2;OB8Aь 2 A?5:B@0E ?>3;8=0==O H;OE>< 7AC2C 2 

G5@2>=C >1;0ABь [76].  

  



В<EAB6>< 8B DB;8V?G 3 

 

ï%?5:B@8 >?B8G=>W 3CAB8=8 @>7G8=V2 C 2>4V <>;5:C; �&( 

E0@0:B5@87CNBьAO =0O2=VABN 42>E <0:A8<C<V2.  0є <VAF5 >48= A8;ь=89 ?V: 

>?B8G=>W 3CAB8=8 B0 :V;ь:0 ?5@538=V2 2 >1;0ABV 1V;ьH8E 4>268= E28;ь. #@8 

?V428I5==V 2<VABC <>;5:C; :0;V:A[4]0@5=C 2 @>7G8=0E C 2>4V A8AB5<8 �&( 3 

%-107 2V41C20єBьAO A:;04=0 ?5@51C4>20 A?5:B@V2 >?B8G=>3> ?>3;8=0==O, 

>A>1;82> ?><VB=0 4;O 28I>W :>=F5=B@0FVW <>;5:C; %-107. 

ï�1C465==O @>7G8=V2 C 2>4V �&( 7 4>268=>N E28;V »71=272=< 

?@872>48Bь 4> 5<VAVW (� 1V;O »5<=395=<, 0 71C465==O @>7G8=V2 C 2>4V 

<>;5:C; :0;V:A[4]0@5=C %-107 7 4>268=>N E28;V 4;O »71=280=< 

AC?@>2>46CєBьAO 5<VAVєN (� 1V;O »5<=408=<. 

ï%?5:B@8 (� 71C465==O @>7G8=V2 C 2>4V <>;5:C; �&(, >B@8<0=V 2 

?>;>65==V <0:A8<C<C 5<VAVW (� »5<=395=<, ?>:07CNBь ?>O2C <0:A8<C<C 4;O 

»=270=<. %?5:B@8 (� 71C465==O @>7G8=V2 C 2>4V <>;5:C; %-107, >B@8<0=V 2 

?>;>65==V <0:A8<C<C 5<VAVW (� »5<=410=<, ?>:07CNBь ?>O2C 42>E ?V:V2 

>?B8G=>3> ?>3;8=0==O 1V;O »=278=< V »=325=<. !091V;ьH89 70 V=B5=A82=VABN 

?V: 5<VAVW (� @>7G8=C C 2>4V A8AB5<8 �&( 3 %-107 7 28A>:8<8 

:>=F5=B@0FVO<8 A:;04>28E A?>AB5@V30єBьAO 1V;O »5<=405=< ?@8 »71=340=<. 

ï%?5:B@8 5<VAVW (� V (� 71C465==O @>7G8=V2 C 2>4V A8AB5<8 �&( 3 %-

107 =5<>=>B>==> 7<V=NNBьAO 7 @>AB>< 2<VABC <>;5:C; :0;V:A[4]0@5=C, I> 

A2V4G8Bь ?@> >4=>G0A=5 ?@>BV:0==O ?@>F5AV2 =55=78<0B8G=>3> 3V4@>;V7C �&( 

B0 :><?;5:A>CB2>@5==O <>;5:C; �&( 7 <>;5:C;0<8 :0;V:A[4]0@5=C %-107. 

ï�;O @>7G8=V2 C 2>4V �&( V :0;V:A[4]0@5=V2 %-107 70 ?>ABV9=>W 

:>=F5=B@0FVW <>;5:C; �&( ?@8 7@>AB0==V 2<VABC %-107 A?>AB5@V30єBьAO 

A:;04=89 E0@0:B5@ 30AV==O (� ?@8 715@565==V ?>;>65==O A<C38 (� 1V;O 

395 =< (»71 = 285 =<). �>3> A:;04=VABь ?>;O30є 7 >4=>3> 1>:C 2 H8@>:><C 

4V0?07>=V :>=F5=B@0FV9 %-107, ?@8 O:><C 2>=> <0є <VAF5, 0 7 V=H>3> VA=CNBь 

@>7@828 2 25;8G8=0E 30AV==O 4;O >:@5<8E :>=F5=B@0FV9 :0;V:A[4]0@5=C, 1V;O 



O:8E 2>=> 7<V=NєBьAO <0;>. �:070=89 E0@0:B5@ 30AV==O (� ?><VB=> 70;568Bь 

2V4 25;8G8=8 »71 B0 B5<?5@0BC@8.  

ï#>4V1=0 ?>254V=:0 30AV==O 715@V30єBьAO ?@8 4>4020==V 4> AC<VH59 

�&( 3 %-107, (%�&( =%%-107 = 1 × 10-4
  ) A>;59 AgNO3 2 V=B5@20;V 

:>=F5=B@0FV9 2V4 1 × 10-4
   4> 1 × 10-3

  . �1V;ьH5==O 2<VABC V>=V2 Ag+, O:V 2 

A2>N G5@3C CB2>@NNBь :><?;5:A8 7 �&(, ?@82>48Bь 4> 7@>AB0==O 30AV==O 

(�, O:5 70;8H0єBьAO =57=0G=8<. �>4=>G0A, 70 =0O2=>ABV V>=V2 Ag+
 2V4ACB=є 

7<VI5==O A<C38 1V;O 395 =< 2 1V: ?>;>65==O A<C38 4;O %-107 ( 415=<). 

ï�><?’NB5@=5 <>45;N20==O ?>:07Cє, I> A8AB5<0 �&( 3 %-107 <>65 

CB2>@N20B8 5=5@35B8G=> ABV9:V :><?;5:A8 70 C<>28 @>7B0HC20==O �&( =0 

25@H8=V :0;V:A[4]0@5=C B0 274>26 9>3> ABV=:8 70 @0EC=>: π-π -AB5:V=3C 

270є<>4VW. �><?;5:A8 E0@0:B5@87CNBьAO 72C65==O< 5=5@35B8G=8E 7>=. 

  



$"���� 4 

��&�$"А%"*�А*�/ А��!"��!&$�("%(А&' 

� �А���%[4]А$�!"  %-107 &А �"!А �  �&А��� 

4.1. �><?;5:A А&( - Ag
+
 

�&( є 2V4?>2V40;ь=8< 70 1V>;>3VG=C 0:B82=VABь >?B8<0;ь=>3> 

B@0=A?>@BC V>=V2 Na
+
, K

+
, Ca

2+
, Mg

2+
 G5@57 :0=0;8 <5<1@0= :;VB8=. �V4><>, 

I> 7030;ь=0 :>=F5=B@0FVO �&( 2 :@>2V, :;VB8=0E, B:0=8=0E ?>28==0 

?V4B@8<C20B8AO AB0;>N. #>@CH5==O F8E 7=0G5=ь ?@82>48Bь 4> @O4C 

70E2>@N20=ь [102].  

"?B8<V7C20B8 1V>;>3VG=C 0:B82=VABь �&( <>6=0 70 @0EC=>: WE 0A>FV0FVW 

7 @V7=8<8 <>;5:C;O@=8<8 B0 =0=>AB@C:BC@0<8, 2=0A;V4>: 

:><?;5:A>CB2>@5==O 7 V>=0<8 <5B0;V2. &0:V9 35B5@>0A>FV0FVW A?@8Oє 

<>;5:C;O@=0 1C4>20 �&(. �V4><>, I> 4> A:;04C �&( 2E>48Bь 045=V= O: 

>A=>20 7 2:;NG5==O<8 0B><V2 =VB@>35=C N 2 @V7=8E ?>;>65==OE B0 =0O2=>ABV 

0<V4>3@C?8 (-NH2). �:070=0 1C4>20 045=V=C A?@8Oє ?V4’є4=0==N V>=V2 @V7=8E 

5;5<5=BV2 B0 28=8:=5==N AB5:>2>W 270є<>4VW. �> 045=V=C ?V4’є4=CєBьAO 

FC:@>20 @81>70, I> 2:;NG0є 3V4@>:A8;ь=V 3@C?8 (-"!) V O: =0A;V4>: 

<>6;82VABь CB2>@5==O 2>4=528E 72’O7:V2. $81>70, 2 A2>N G5@3C, >1’є4=0=0 7 

B@8D>AD0B=8< E2>AB><, I> 70 DV7V>;>3VG=8E C<>2 715@V30є 0=V>==C D>@<C 

1VG=8E 0B><V2 ":A835=C. �:070=V V>=8 AB2>@NNBь =02:>;> B@8D>AD0B=>W 

3@C?8 A8;ь=5 5;5:B@>AB0B8G=5 ?>;5, 740B=5 AB2>@N20B8 �C;>=V2Aь:C 

270є<>4VN 7 ?>;O@=8<8 AB@C:BC@0<8, 2 B><C G8A;V 7 ?>;O@=8<8 10@2=8:0<8, 

I> <>6CBь 28:>@8AB>2C20B8AO O: <>;5:C;O@=V 7>=48 4;O >B@8<0==O 

D;C>@5AF5=B=>3> 7>1@065==O @>7?>4V;C �&(.  5B0;52V 0B><8 B0 WE V>=8 

2V4V3@0NBь 206;82C @>;ь 2 @57C;ьB0BV 270є<>4VW 7 1V><>;5:C;0<8, >A:V;ь:8 

2?;820NBь =0 WE DC=:FV>=0;ь=C 0:B82=VABь. %5@54 @V7=><0=VB=8E 1V>AB@C:BC@ 

>A>1;825 <VAF5 709<0NBь :>>@48=0FV9=V :><?;5:A8 B8?C <5B0; 3 ;V30=4 ((�), 

:><?>=5=B0<8 O:8E 28ABC?0NBь V>=8 Ag+
, Ca

2+
, Mg

2+ B0 =C:;5>7848 01> 

=C:;5>B848. І>=8 <5B0;V2, O: V >@30=VG=V :0BV>=8 ?@8 CB2>@5==V 



:>>@48=0FV9=8E :><?;5:AV2 V7 2:070=8<8 1V>AB@C:BC@0<8 2?;820NBь =0 

<5B01>;V7<, A8=B57 ;V?V4V2 B0 =0 B@0=A?>@B 5=5@3VW V, O: =0A;V4>:, =0 

?@>BV:0==O @O4C 1V>EV<VG=8E ?@>F5AV2. "G5284=>, I> 5D5:B82=VABь B0:8E 

?@>F5AV2 70;568Bь 2V4 ABV9:>ABV 2:070=8E :><?;5:AV2. %5@54 73040=8E V>=V2 

<5B0;V2 7=0G=89 V=B5@5A ?@54AB02;ONBь :>>@48=0FV9=V :><?;5:A8 7 Ag+, 2 

B><C G8A;V 4;O DNA, 2@0E>2CNG8 0=B810:B5@V0;ь=V, =87ь:>B>:A8G=V 

2;0AB82>ABV 40=8E <0B5@V0;V2 [103, 104]. 

4.1.1.�64AFB6B-IV@VKAV DB;D4IGA>< >B@C?9>EG А&( ; VBAB@ Ag+
 

�20=B>2>-EV<VG=V @>7@0EC=:8 :><?;5:AC �&( 7 V>=>< Ag+
 ?@>2>48;8AO 

<5B>4>< DFT 7 DC=:FV>=0;>< B3LYP V 1078A>< 3-31G C ?@>3@0<V Gaussian-

09. "?B8<V70FVO 35><5B@VW <>;5:C;8 �&( B0 �&( 7 V>=>< Ag
+
 ?>:07Cє, I> V>= 

Ag
+
 @>7B0H>20=89 =04 045=V=>< �&(, ($8A.4.1)  

 

$8A. 4.1. "?B8<V7>20=0 35><5B@VO <>;5:C;8 �&( (0) B0 �&( 7 V>=>< Ag
+
 (1) B0 

@>7?>4V; 70@O4C =0 =8E (2), (3) 2V4?>2V4=>. %B@V;:8 ?>:07CNBь =0?@O<:8 

48?>;ь=8E <><5=BV2. �B><8 G5@2>=>3> :>;ь>@C ?>7=0G0NBь =530B82=> 

70@O465=V, 75;5=V 3 ?>78B82=> 70@O465=V 0B><8. 



�V4AB0=ь 2V4 V>=0 Ag
+
 4> 0B><0 !VB@>35=C, ?@>=C<5@>20=0 6-< 2,34 �, 

($8A.4.2.). #@8ACB=VABь V>=0 Ag
+
 ?@872>48Bь 4> 7<V=8 =0?@O<:C 48?>;ь=>3> 

V<?C;ьAC, AB@V;:0 AB0є 1;86G5 4> ?’OB8:CB=>3> :V;ьFO 045=>78=C) V 

71V;ьH5==O 9>3> 25;8G8=8 7 16,5 D 4> 26,7 D. �<V=0 48?>;ь=>3> <><5=BC 

7C<>2;5=89 ?5@5@>7?>4V;>< 70@O4C :><?;5:AC �&(-Ag
+
 ?>@V2=O=> 7 

=570;56=>N <>;5:C;>N �&(, $8A. 4.2, 2, 4. 

 

$8A. 4.2. $>7?>4V; 70@O4V2 =0 0B><0E 045=>78=C <>;5:C;8 �&(: A8=V 

B@8:CB=8:8 2V4?>2V40NBь 0B><0< �&(, 75;5=V B@8:CB=8:8 3 :><?;5:AC �&( 

7 V>=>< Ag
+
. 

�B><8 �0@1>=C 1, 3, 9 =5 GCB;82V 4> ?@8ACB=>ABV V>=0 Ag+, B5 A0<5 

AB>ACєBьAO 0B><0 !VB@>35=C 2 <V6 =8<8, !VB@>35=C 10, O:89 7=0E>48BьAO 

1;87ь:> 4> �0@1>=C 1. !091V;ьH GCB;828< є 0B>< !VB@>35=C 6, 70@O4 O:>3> 

7<5=HCєBьAO 2V4 -0,58 4> -0,7 C.>., !VB@>35=C 4: 2V4 -0,73 C.>. 4> -0,78 V 0B><8 

2C3;5FN 5 V 7 7 0,03 C.>. �3V4=> 7 @>7@0EC=:0<8, V>= Ag+ 2?;820є =0 @V2=V 

HOMO V LUMO �&(: 2V4 -7,27 5� 4;O HOMO �&( 4> -6,7 4;O �&( 7 V>=>< 

Ag
+. $V25=ь LUMO ?V428ICєBьAO 2V4 -7,27 5� 4> -6,7 5� 2V4?>2V4=>, I> 

?@872>48Bь 4> @>7H8@5==O 5=5@35B8G=>W IV;8=8 =0 1,5 5� B0 WW 7<VI5==O 

[105,106]. 



4.1.2. %C9>FD4?ьAV 6?4EF<6BEFV 9@VEVW V ;5G8:9AAO (� 6B8A<I DB;K<AV6  

А&( - AgNO3 

' 28?04:C B8B@C20==O 2>4=>3> @>7G8=C �&( 0=0;>3VG=8< @>7G8=>< 

AgNO3 7 28A>:8< 2<VAB>< A>;V A?>AB5@V30єBьAO 30AV==O 5<VAVW (� 

D;C>@>D>@0, O:8< 2 �&( 28ABC?0є 045=V=. �>4=>G0A, ABC?V=ь 30AV==O V 

25;8G8=0 V=B5=A82=>ABV 5<VAVW (� 70;568Bь 2V4 4>268=8 E28;V 71C465==O ?@8 

715@565==V ?>;>65==O <0:A8<C<C 2V4 =C:;5>B84C »5<=395 =<. 

%?5:B@8 30AV==O 5<VAVW V 71C465==O (� 4;O 2>4=>3> @>7G8=C  �&( - 

AgNO3 ?@8 »71 = 270 =< ?>:070=> =0 $8A. 4.3. 

a                                                                                                        1 

395 A@

ДB6:<A4 х6<?V, A@

ІA
F9
AE
<6
AV
EF
ь Ф
�,
 6V
8A
.B8
.

 (1) %  
 
 
 

ІA
F9
AE
<6
AVE
Fь
 Ф
�,
 6V
8A
.B8
.

ДB6:<A4 х6<?V, A@

270 A@
 (1) ATF, %А&Ф  

 
 
 

$8A. 4.3. %?5:B@8 @>7G8=V2 C 2>4V �&( - AgNO3 5<VAVW (0) B0 71C465==O (2) (� 

7 ?>ABV9=>N :>=F5=B@0FVєN �&( %�&( = 1×10-4
   B0 2<VAB>< AgNO3 0 (1), 

1×10-4
 (2), 2×10-4 (3), 4×10-4

 (4), ?@8 »71 = 270 =< (@! =5,8,&= 293�). 



!0 $8A. 4.4. =02545=> ?>254V=:C A?5:B@V2 (� 4;O @>7G8=V2 C 2>4V �&( - 

AgNO3 7 ?>ABV9=>N :>=F5=B@0FVєN  %�&(, @V7=8< 2<VAB>< AgNO3 7 

?V428I5==O< B5<?5@0BC@8 2V4 20 4> 30 V 40 ç%. 

a                                                                                                                            1 

 

2                                                                                                                      3   

                                                                      

 

$8A. 4.4. %?5:B@8 @>7G8=V2 C 2>4V �&( - AgNO3 7 ?>ABV9=>N :>=F5=B@0FVєN 

�&( (%�&( = 1×10-4
  ) 5<VAVW (a, 2) B0 71C465==O (1, 3) (� 7 2<VAB>< AgNO3 

1,0 (0, 1), 2,0 (2, 3) 70 B5<?5@0BC@ 20 (1), 30 (2), 40°% (3), (@! = 5,8, »71 = 

280 =<, »5< = 395 =<). 

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

395 A@  (1) 20°C
 (2) 30°C
 (3) 40°C

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

280 A@
 (1) 20°C
 (2) 30°C
 (3) 40°C

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

280 A@  (1) 20°C
 (2) 30°C
 (3) 40°C

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

395 A@  (1) 20°C
 (2) 30°C
 (3) 40°C



$8A. 4.4. (?@>4>265==O). 

4 
ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

395 A@
 (1) 20°C
 (2) 30°C
 (3) 40°C

 

5 

280 A@

ІA
F9
AE
<6
AV
EF
ь 
Ф
�,
 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

 (1) 20°C
 (2) 30°C
 (3) 40°C

 

є                                                                             

395 A@

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

 (1) 20°C
 (2) 30°C
 (3) 40°C

 

6 

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

280 A@
 (1) 20°C
 (2) 30°C
 (3) 40°C

 
7                                                                          

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

395 A@  (1) 20°C
 (2) 30°C
 (3) 40°C

 

8 

ДB6:<A4 х6<?V, A@

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
. 280 A@

 (1) 20°C
 (2) 30°C
 (3) 40°C

 
 

$8A. 4.4.(?@>4>265==O). %?5:B@8 @>7G8=V2 C 2>4V �&( - AgNO3 7 ?>ABV9=>N 

:>=F5=B@0FVєN �&( (%�&( = 1×10-4
  ) 5<VAVW (4,є,7) B0 71C465==O (5,6.8) (� 7 

2<VAB>< AgNO3 4,0 (4, 5), 6,0 (є, 6), 8,0 × 10-4
   (7, 8) 70 B5<?5@0BC@ 20 (1), 

30 (2), 40ْ%(3), (@!=5,8, »71=280 =<, »5<= 395 =<).



$8A. 4.4. (?@>4>265==O). 

V                                                                                                              W 
ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

395 A@
 (1) 20°C
 (2) 30°C
 (3) 40°C

280 A@

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

 (1) 20°C
 (2) 30°C
 (3) 40°C

 

$8A. 4.4.(?@>4>265==O). %?5:B@8 @>7G8=V2 C 2>4V �&( - AgNO3 7 ?>ABV9=>N 

:>=F5=B@0FVєN �&( (%�&( = 1×10-4
  ) 5<VAVW (V) B0 71C465==O (W) (� 7 

2<VAB>< AgNO3 1,0 × 10-3
   (V, W) 70 B5<?5@0BC@ 20 (1), 30 (2), 40ْ% (3), (@! = 

5,8, »71 = 280 =<, »5< = 395 =<). 

�84=>, I> 4;O 2AVE :>=F5=B@0FV9 AgNO3 A<C38 (� 715@V30NBь A2>є 

?>;>65==O 1V;O »5< = 395 =<, »71 = 280 =<. $07>< 7 B8<, 25;8G8=0 30AV==O (� 

4;O @V7=8E B5<?5@0BC@ 2V4@V7=OєBьAO <5=H5. *5 A2V4G8Bь ?@> A:;04=89 

E0@0:B5@ ?V4’є4=0==O V>=V2 Ag+
 4> =C:;5>B84C �&(, O:89 287=0G0єBьAO =5 

;8H5 B5<?5@0BC@>N, 0 B0:>6 2<VAB>< =VB@0BC A@V1;0 AgNO3. !5 28:;NG5=>, 

I> B0:89 A:;04=89 E0@0:B5@ 270є<>4VW <V6 V>=>< Ag+
 B0 045=V=>2>N 

A:;04>2>N 28:;8:0=> =5 ;8H5 :>>@48=0FVєN Ag+
 7 0B><>< N7, 0 B0:>6 

?5@5410G0є α 3 5;5:B@>=V2 =0 20;5=B=V9 >@1VB0;V Ag+
 4> ;V30=4C. �@V< B>3>, 

<VAFO<8 72’O7C20==O V>=V2 Ag+
 <>6CBь 28ABC?0B8 V=HV 0B><8 N1 01> N3 

045=V=>28E F8:;V2.  V6 V>=>< Ag+
 B0 0@><0B8G=8< :V;ьF5< B0:>6 <>65 

28=8:0B8 AB5:>20 270є<>4VO. [105-106].  

!0 $8A. 4.5. ?@54AB02;5=> A?5:B@8 5<VAVW V 71C465==O (� 4;O @>7G8=V2 C 

2>4V V �&(  - AgNO3 ?@8 ?>ABV9=V9 :>=F5=B@0FVW D;C>@>D>@0 B0 7<V==>3> 

2<VABC 30A=8:0 70 @V7=8E B5<?5@0BC@. �<VAVO (� 287=0G0;0AO ?@8 »71 = 280 =<, 

0 71C465==O (� 28<V@N20;0AO ?@8 »5< = 395 =<, B>1B> ?0@0<5B@V2 

E0@0:B5@=8E 4;O D;C>@>D>@0 �&(. 



a 

395 A@

ДB6:<A4 х6<?V, A@

ІA
F9
AE
<6
AV
EF
ь 
Ф
�,
 6
V8
A.
B8
.  (1) ATF, %А&F  

 
 
 
 
 
 

 

1 

ІA
F9
AE
<6
AV
EF
ь 
Ф
�,
 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

280 A@
 (1) ATF, %А&Ф  

 
 
 
 
 
 

 

2    

ІA
F9
AE
<6
AV
EF
ь Ф
�,
 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

395 A@
 (1) ATF, %А&F  

 
 
 
 
 
 

 

3 

280 A@

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

 (1) ATF, %А&F  
 
 
 
 
 
 

 

4 

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

395 A@
 (1) ATF, %  

 
 
 
 
 
 

 

5 

ІA
F9
AE
<6
AV
EF
ь 
Ф
�
, 6
V8
A.
B8
.

ДB6:<A4 х6<?V, A@

280 A@

 (1) ATF, %  
 
 
 
 
 
 

 

$8A. 4.5. %?5:B@8 5<VAVW (a, 2, 4) B0 71C465==O (1, 3, 5) (� 4;O @>7G8=V2 C 2>4V 

�&(  - AgNO3 7 ?>ABV9=>N :>=F5=B@0FVєN D;C>@>D>@0 %�&( = 1×10-4
   B0 

2<VAB>< 30A=8:0 AgNO3 0 (1), 1,0 (2), 2,0 (3), 4,0 (4), 6,0 (5), 8,0 × 10-4
   (6) B0 

1,0 × 10-3
   (7), ?@8 & = 20 ْ% (0, 2), & = 30ْ%  (c, d), & = 40ْ% (e,f), (@! = 5,8, »71 

= 280 =<, »5< = 395 =<). 



4.1.3. �BAEF4AF< ;6O;G64AAO F4 F9D@B8<A4@VKAV C4D4@9FD< 6B8A<I DB;K<AV6  

А&( - AgNO3 

 

' 28?04:C 48=0<VG=>3> 30AV==O (�, 7C<>2;5=>3> 7VB:=5==O< 4>=>@0 B0 

0:F5?B>@0 71C465=>W 5=5@3VW D;C>@>D>@0 70 G0A 68BBO C 71C465=><C AB0=V τ0, 

287=0G0єBьAO 48DC7VєN :><?>=5=B 2>4=>3> @>7G8=C. � A2>N G5@3C, G5@57 

:>5DVFVє=B8 48DC7VW 4;O 40=>3> <5E0=V7<C 30AV==O <>6=0 287=0G8B8 

:>5DVFVє=B H284:>ABV 30AV==O (� kq. ' 2V4?>2V4=>ABV 4> @V2=O==O ,B5@=0 3 

(>;ь<5@0 [59-60] :>5DVFVє=B kq 28ABC?0є ?0@0<5B@>< ;V=V9=>W 70;56=>ABV <V6 

2V4=>H5==O< V=B5=A82=>AB59 F0/F B0 :>=F5=B@0FVєN 30A=8:0 [Q] C 283;O4V: 

 

               ( F0/F) = 1 + kqτ0[Q]                                             (4.1) 

 

45 F0 V F 3 V=B5=A82=>ABV (� D;C>@>D>@0 C 2V4ACB=>ABV B0 ?@8ACB=>ABV 

30A=8:0, 2V4?>2V4=>, τ0 3 CA5@54=5=89 G0A 68BBO D;C>@>D>@0 C 2V4ACB=>ABV 

30A=8:0, O:5 4>@V2=Nє 1 × 10-8A. 

�>1CB>: kqτ0 2V4?>2V40є :>=AB0=BV 30AV==O ,B5@=0 3 (>;ь<5@0 KSV  

(KSV = kqτ0) V =02545=5 @V2=O==O  (4.1) 70?8H5BьAO: 

 

  (F0/F) = 1 + KSV[Q]                                           (4.2) 

 

�5;8G8=0 kq 287=0G0єBьAO 2  -1A-1, 0 KSV 2  -1. ' 28?04:C 48=0<VG=8E 

7VB:=5=ь D;C>@>D>@0 V 30A=8:0 <0:A8<0;ь=5 7=0G5==O kq 4>AO30є 3@0=8G=>3> 

7=0G5==O kq, max = 2,0 × 1010
  -1A-1. #@8 ?5@528I5==V Fь>3> 7=0G5==O 

<5E0=V7< 30AV==O (� 7<V=NєBьAO 2V4 48=0<VG=>3> 4> AB0B8G=>3> 30AV==O, O:5 

2V41C20єBьAO =5 H;OE>< 157?>A5@54=ь>3> :>=B0:BC :><?>=5=B @>7G8=C, 0 

D>@<C20==O :><?;5:AV2 2 <560E WE ?5@51C20==O 2 45O:V9 AD5@V >1<565=8E 

@>7<V@V2, O:0 =07820єBьAO AD5@>N AB0B8G=>3> 30AV==O (�. 

!0 $8A. 4.6. ?@54AB02;5=> ;V=V9=V 70;56=>ABV ,B5@=0 3 (>;ь<5@0, O:V 

4>1@5 C73>46CNBьAO 7 5:A?5@8<5=B0;ь=8<8 @57C;ьB0B0<8.  



 

$8A. 4.6. �0;56=>ABV ,B5@=0 3 (>;ь<5@0 4;O @>7G8=V2 C 2>4V �&(  - AgNO3 

70 B5<?5@0BC@ 20ْ%, 30ْ%, 40ْ%. (%8<2>;8 2V4?>2V40NBь 5:A?5@8<5=B0;ь=8< 

40=8<, 0 ;V=VW 0?@>:A8<0FVW ,B5@=0 3 (>;ь<5@0). 

 

%:>@8AB02H8Aь ?V43>=:>N 5:A?5@8<5=B0;ь=8E @57C;ьB0BV2 7 

4>?><>3>N ;V=V9=8E 70;56=>AB59 ,B5@=0 3 (>;ь<5@0, <>6=0 @>7@0EC20B8 

:>=AB0=BC 30AV==O KSV B0 :>=AB0=BC H284:>ABV 30AV==O k, O:V =02545=V 2 

&01;8FV 4.1. 

� >B@8<0=8E 7=0G5=ь 284=>, I> kq ?5@528ICє <0:A8<0;ь=5 7=0G5==O, 

I> 2:07Cє =0 ?@8ACB=VABь AB0B8G=>3> <5E0=V7<C 30AV==O. 

 

 

 



&01;8FO 4.1. 

�BAEF4AF< 74EVAAO ШF9DA4 – (B?ь@9D4 KSV F4 L6<8>BEFV 74EVAAO kq 8?O 

DB;K<AV6 G 6B8V А&( - AgNO3 ;4 DV;A<I F9@C9D4FGD. 

 

*5 B0:>6 ?V4B25@46CєBьAO B8<, I> KSV =09<5=H5 4;O =0928I>W B5<?5@0BC@8, 

I> B0:>6 =5 2V4?>2V40є 48=0<VG=><C <5E0=V7<C 30AV==O (�. 

� B5>@VW )V;;0 CB2>@5==O 35B5@>0A>FV0BV2, <5B0; 3 ;V30=4, >?8ACєBьAO 

<>48DV:>20=8< @V2=O==O< ,B5@=0 3 (>;ь<5@0, 2 O:><C ?@8ACB=V 420 

?0@0<5B@8 72’O7C20==O K� V n C 283;O4V:  

 

                 (F0 3 F) / F = K� + [Q]
n
                                      (4.3) 

 

45 K� 3 :>=AB0=B0 72’O7C20==O (A?>@V4=5=>ABV) <V6 D;C>@>D>@>< V 30A=8:><, 

n 3 G8A;> <VAFь 72’O7C20==O <V6 V>=>< <5B0;C B0 ;V30=4><. $V2=O==O (4.3) 

?5@5206=> 28:>@8AB>2CNBь 2 ;>30@8D<VG=><C 283;O4V, O:89 2V4?>2V40є 

70;56=>ABV )V;;0 [61, 62]: 

 

           log (F0 - F )/ F = log K� + n log[Q] (4.4) 

 

!0 $8A. 4.7. ?@54AB02;5=> 70;56=>ABV )V;;0 4;O @>7G8=C C 2>4V �&( - 

AgNO3
 
 ?@8 @V7=8E B5<?5@0BC@0E.  

T(K)   
#0@0<5B@8 30AV==O 

�>=AB0=B0 H284:>ABV 30AV==O Kq(M−1c−1)  �>=AB0=B8 ,B5@=0 - (>;ь<5@0 KSV(M−1)  
293 0.66 ∗ 1011 0.66 ∗ 103 

303 0.48 ∗ 1011 0.48 ∗ 103 

313 0.36 ∗ 1011 0.36 ∗ 103 



 

$8A. 4.7. �0;56=>ABV )V;;0 4;O @>7G8=C C 2>4V  �&( - AgNO3
 
 70 B5<?5@0BC@ 

20ْ%, 30 ْ%, 40ْ%. (%8<2>;8 2V4?>2V40NBь 5:A?5@8<5=B0;ь=8< 40=8<, ;V=VW 

?@54AB02;ONBь ?V43>=:C 7 28:>@8AB0==O< @V2=O==O )V;;0). 

 

�=0G5==O ?0@0<5B@V2 72’O7C20==O KA V n =02545=> 2 &01;8FV 4.2. �84=>, 

I> 2 35B5@>0A>FV0B0E n j 1 , B>1B> A?V22V4=>H5==O V>=V2 V ;V30=4V2 A:;040є 1:1. 

�>=AB0=B0 72’O7C20==O є =57=0G=>N V @V7:> 7<5=HCєBьAO 7 ?V428I5==O< 

B5<?5@0BC@8. *5 A2V4G8Bь ?@> 7=0G=> <5=H5 72’O7C20==O 2 :><?;5:A0E <5B0; 

3 ;V30=4 2 ?>@V2=O==V 7 <V6<>;5:C;O@=>N 270є<>4VєN <V6 1V>AB@C:BC@0<8. 

 

 

 



&01;8FO 4.2. 

 �4D4@9FD< ;6’O;G64AAO KA V n 8?O DB;K<AV6 G 6B8V А&( - AgNO3
 
 ;4 DV;A<I 

F9@C9D4FGD. 

#0@0<5B@8 72’O7C20==O T(K) lg⁡KA n 

293 2.39
 

0.88 

303 2.33 0.87 

313 2.14 0.87 

 

"A:V;ь:8 7 ?V428I5==O< :>=F5=B@0FVW AgNO3
 
 30AV==O (� 7@>AB0є, 0 

H284:VABь 30AV==O 7<V=NєBьAO 7 B5<?5@0BC@>N, B> >G5284=> ?@8?CAB8B8, I> 

2>=> є =0A;V4:>< ?5@5=5A5==O 5=5@3VW. �1C465==O 2V4 <>;5:C;8 �&( 4> V>=0 

<5B0;C Ag
+
 C 28?04:C CB2>@5==O :><?;5:AC �&( - Ag

+. ' 2V4?>2V4=>ABV 4> 

B5>@VW (ь>@AB5@0 15728?@><V=N20;ь=5 @57>=0=A=5 ?5@5=5A5==O 5=5@3VW 

70;568Bь 2V4 2V4AB0=V r <V6 4>=>@>< V 0:F5?B>@>< B0 :@8B8G=>W 2V4AB0=V R0, 

?@8 O:V9 ABC?V=ь ?5@5=5A5==O 5=5@3VW <V6 D;C>@>D>@>< V 30A=8:>< � A:;040є 

50%. ' 2:070=V9 B5>@VW 72’O7>: <V6 ABC?5=5< ?5@5=5A5==O 5=5@3VW B0 

?0@0<5B@0<8 r V R0 <0є 283;O4 [63, 64]: 

E = 1 3 F/F0 = R06⁡/ R06⁡+ r
6
                                   (4.5) 45, R06⁡= 8.8 × 10-25

 k
2
 I(N

-4. � Fь><C 28@07V k2
 3 D0:B>@ ?@>AB>@>2>W 

>@Vє=B0FVW :><?>=5=B @>7G8=C, O:89 ?@8 E0>B8G=V9 >@Vє=B0FVW 4>@V2=Nє 2/3, N 

3 ?>:07=8: 70;><;5==O A5@54>28I0, I> 4;O @>7G8=C C 2>4V 4>@V2=Nє 1.336, 

:20=B>289 28EV4 ( = 0.052. �=0G5==O І 2V4?>2V40є V=B53@0;C ?5@5:@820==O 

A?5:B@V2 D;C>@5AF5=FVW F (») �&( B0 :>5DVFVє=B0 ?>3;8=0==O ε (») @>7G8=V2 C 

2>4V, O:89 287=0G0єBьAO 7 @V2=O==O: 

 І = Σ F(») ε(») »4
 Δ» / Σ F(») Δ»                            (4.5) 



�:070=89 V=B53@0; ?5@5:@8BBO 287=0G0єBьAO 7 ?;>IV ?5@5:@820==O 

A?5:B@V2 (� �&( V ε (») AgNO3
 
 2 >1;0ABV A<C38 D;C>@5AF5=FVW, $8A.4.8. 

 

$8A. 4.8. #5@5:@8BBO A?5:B@V2 F (») V ε (») 4;O @>7G8=V2 C 2>4V �&( V AgNO3
 
 

(%A&( = %AgNO3 = 1×10-4  ). 

 

"B@8<0=5 7=0G5==O V=B53@0;0 ?5@5:@8BBO 2V4?>2V40є I = 1.097*10
9
 

nm
4/(M*cm). %:>@8AB02H8Aь =02545=8<8 7=0G5==O<8, 25;8G8=0 :@8B8G=>W 

2V4AB0=V 4>@V2=Nє R0 = 0.95 =<. #@8 � = 0.075 2V4AB0=ь <V6 :><?>=5=B0<8 

:><?;5:AC 4>@V2=Nє r = 1.44 =<. '<>20 ?5@5=5A5==O 5=5@3VW, O:028?;820є 7 

B5>@VW (ь>@AB5@0 <0є 283;O4: 

                                       0.5 R0 < r < 1.5 R0                                               (4.6) 



"B@8<0=5 7=0G5==O r 2V4?>2V40є =02545=V9 C<>2V, I> 4>72>;Oє 

AB25@46C20B8 ?@> <>6;82VABь 30AV==O (� �&( V>=0<8 <5B0;V2 ?@8 CB2>@5==V 

:><?;5:AC 2 @>7G8=0E C 2>4V 70 <5E0=V7<>< (ь>@AB5@0 (FRET). %BC?V=ь 

?5@5=5A5==O 5=5@3VW � 287=0G82AO 7 25;8G8= F0 4;O @>7G8=C C 2>4V G8AB>3> 

�&(, ?@8 %A&( = 1×10-4   (& = 293�) B0 F 4;O 0=0;>3VG=>3> @>7G8=C �&( 2 

?@8ACB=>ABV AgNO3
 
 7 %AgNO3 = 1×10-4   ?@8 & = 293�. 

� CB2>@5==O< :><?;5:AV2 2V41C20єBьAO 7<V=0 B5@<>48=0<VG=8E 

?0@0<5B@V2 2V;ь=>W 5=5@3VW �V11A0 &G, 5=B0;ь?VW &!, 5=B@>?VW &S. �:070=V 

7<V=8 C 2V4?>2V4=>ABV 4> B5>@VW 20= �>DD0 72’O70=V 7 :>=AB0=B0<8 72’O7C20==O 

�� 70 @V7=8E B5<?5@0BC@. 

�;O B5<?5@0BC@8 & 7<V=0 &G 4>@V2=Nє [65]:   

 

                       &G = - RTln��                                                                (4.7) 

45 R = 8,314 є 307>2>N ?>ABV9=>N.  

/:I> B5<?5@0BC@8 2V4@V7=ONBьAO <0;>, B> :>=AB0=B0 72’O7C20==O <>65 

1CB8 287=0G5=0 G5@57 @V2=O==O 20= �>DD0:  

ln �� = -&!/RT + &S/R                                       (4.8) 

 

%:>@8AB02H8Aь 7=0G5==O<8 :>=AB0=B 72’O7C20==O �� 4;O @V7=8E 

B5<?5@0BC@ ��(&) 7 2:070=>3> @V2=O==O <>6=0 287=0G8B8 &! V &S. �@V< B>3>, 

<>6=0 A:>@8AB0B8AO 4>40B:>28< @V2=O==O<: 

 

                       &G = &! - &&S                                       (4.9) 

�V4><>, I> 7=0:8 7<V= B5@<>48=0<VG=8E ?0@0<5B@V2 B0 WE 25;8G8=8 

2:07CNBь =0 ?@8@>4C A8; A?5F8DVG=>W 270є<>4VW 2 :><?;5:A0E.  



�<V=8 ?0@0<5B@V2 &G, &S B0 &! =02545=> 2 &01;8FV 4.3. #@8?CA:0єBьAO, I> 

&! 70;8H0єBьAO =57<V==8< 4;O @V7=8E B5<?5@0BC@. 

 

&01;8FO 4.3.  

З@VA< F9D@B8<A4@VKA<I C4D4@9FDV6 CD< GF6BD9AAV >B@C?9>EV6 6 DB;K<A4I G 

6B8V А&( - AgNO3 ;4 DV;A<I F9@C9D4FGD. 

&5@<>48=0<VG=V ?0@0<5B@8 T(K)  ΔG(>Д6/@о?ь)  ΔS(Д6 ∙ @о?ь−1 ∙ K−1)  ΔH(>Д6/@о?ь)  
293 -13.41 -28.72 -21.83 

303 -13.53 -27.41 -21.83 

313 -12.83 -28.75 -21.83 

 

"A:V;ь:8 &G < 0 B> ?@>F5A CB2>@5==O :><?;5:AV2 є A?>=B0==8<. �>4=>G0A, 

&S < 0 V &! < 0, I> A2V4G8Bь ?@> 7=0G=C V 5;5:B@>AB0B8G=C, V 20= 45@ �0;ьA>2C 

270є<>4VW, ?@8 <5=H><C 2=5A:C 3V4@>D>1=8E V 2>4=528E 72’O7:V2 [106]. 

 

  



4.2. �><?;5:A А&( – Mg
2+

 

 

/: 707=0G0;>AO, V>=8 <03=VN Mg2+
 2V4V3@0NBь 206;82C @>;ь 2 6828E 

>@30=V7<0E, >A>1;82> 2 10;0=AV ?>B>:V2 G5@57 :;0?0=8 <5<1@0= :;VB8=. 

�>4=>G0A, FV V>=8 <0NBь A8;ь=C :0B0;VB8G=C 0:B82=VABь, I> 7C<>2;5=0 

740B=VABN 2?;820B8 =0 4>268=8 0=3V4@84=8E 72’O7:V2 P 3 O 3 P, >B65 =0 

ABC?V=ь 3V4@>;V7C �&( [107]. #@54AB02;Oє V=B5@5A 4;O 287=0G5==O 

:>>@48=0FVW V>=V2 2 :><?;5:A0E V>= 3 ;V30=4  ?@>25AB8 :20=B>2> 3 EV<VG=5 

<>45;N20==O 35B5@>0A>FV0BV2 �&( 7 V>=0<8 Mg2+
[108,109-125]. 

 

4.2.1. �64AFB6B-IV@VKAV DB;D4IGA>< >B@C?9>EG А&( ; VBAB@ Mg2+ 

 

"?B8<V70FVN 35><5B@VW <>;5:C;8 �&( B0 �&( 7 V>=>< Mg2+
 =02545=> 

=0 $8A. 4.9. �84=>, I> V>= Mg2+
 @>7B0H>20=89 C ?;>I8=V V=4>;C �&(, =0 

2V4AB0=V 2V4 0B><0 !VB@>35=C, ?@>=C<5@>20=><C O: 6-9 2V4?>2V4=> 4> 

$8A. 4.10., I> 4>@V2=Nє 3 �. 

#@8ACB=VABь V>=0 Mg2+
 ?@872>48Bь 4> 7<V=8 =0?@O<:C B0 25;8G8=8 

48?>;ь=>3> <><5=BC. !0?@O<>: 48?>;ь=>3> <><5=BC :><?;5:AC ?0@0;5;ь=89 

?;>I8=V V=4>;C, 9>3> 25;8G8=0 7<5=HCєBьAO 2V4 9,9 D 2 G8ABV9 <>;5:C;V �&  

4> 7,24 D 2 :><?;5:AV. �<V=0 48?>;ь=>3> <><5=BC 7C<>2;5=0 ?5@5@>7?>4V;>< 

70@O4C :><?;5:AC �&(-Mg
2+

 ?>@V2=O=> 7 =570;56=>N <>;5:C;>N �&(, $8A. 

4.10., 2, 3.

'AV 0B><8 V=4>;ь=>3> F8:;C >B@8<0;8 1V;ьHV 70@O48 2 ?@8ACB=>ABV V>=0 

Mg2
+. �B><8 !VB@>35=C, ?@>=C<5@>20=V O: 2, 4, 6 V 10, 71V;ьHCNBь 70@O4 

?@81;87=> =0 0,1 C.>. V =572060NG8 =0 B5, I> 6-9 07>B є =091;86G8< 4> V>=0 

Mg2
+, 9>3> 7<V=8 70@O4C =5 =091V;ьHV. !091V;ьH0 7<V=0 70@O4C 

A?>AB5@V30єBьAO 4;O 8-3> 0B><0 !VB@>35=C, O:89 71V;ьHCє 9>3> 7=0G5==O 7 -1 

C.>.  4> -0,7 C.>. �B>< �0@1>=C 5 є 0B><><, =0 O:89 =091V;ьH5 2?;820є V>= 

Mg2
+
: 9>3> 70@O4 7<V=NєBьAO 2V4 -0,6 C.>. 4> 0,2 C.>. 

 



 

 

0                                                                1 

 

2                                                                          3 

 

$8A. 4.9. "?B8<V7>20=0 35><5B@VO <>;5:C;8 �&( (0) B0 �&( 7 V>=>< Mg2+
 (1) 

B0 @>7?>4V; 70@O4C =0 =8E (2), (3) 2V4?>2V4=>. %B@V;:8 ?>:07CNBь =0?@O<:8 

48?>;ь=8E <><5=BV2. �B><8 G5@2>=>3> :>;ь>@C ?>7=0G0NBь =530B82=> 

70@O465=V, 75;5=V 3 ?>78B82=> 70@O465=V 0B><8. 

 

 



 

$8A. 4.10. $>7?>4V; 70@O4V2 =0 0B><0E 045=>78=C <>;5:C;8 �&(: A8=V 

B@8:CB=8:8 2V4?>2V40NBь 0B><0< �&(, 75;5=V B@8:CB=8:8 3 :><?;5:AC �&( 

7 V>=>< Mg2+
. 

 

�3V4=> 7 @>7@0EC=:0<8, V>= Mg+
 2?;820є =0 @V2=V HOMO B0 LUMO �&(: 2V4 -

8,4 5� 4;O HOMO �&( 4> -4,9 5� 4;O �&( 7 V>=>< Mg+, $8A.4.11. 

$V25=ь LUMO 7=86CєBьAO 7 3,4 5� 4> -2,33 5�, 2V4?>2V4=>, I> 

?@872>48Bь 4> A:>@>G5==O 5=5@35B8G=>W IV;8=8 =0 7 5�. �=0G=0 7<V=0 

5;5:B@>==>W IV;8=8 28:;8:0=0 ?5@5@820==O< <5B0;528E >@1VB0;59 C 

<>;5:C;O@=C AB@C:BC@C <>;5:C;8 �&(. *5 284=> 7 <>;5:C;O@=8E >@1VB0;59 

:><?;5:AC, $8A. 4.11.,0, 9>3> >@1VB0;ь �� " @>7B0H>20=0 =0 d->@1VB0;V V>=0 

Mg
2+

.  



 

$8A.4.11. �;5:B@>==0 1C4>20 B0 D>@<8 <>;5:C;O@=8E >@1VB0;59 <>;5:C;8 

�&( (;V289 AB>2?5Fь) V :><?;5:AC �&( 7 V>=>< Mg2+
 (?@0289 AB>2?5Fь) (0). 

 

HOMO �&( AB0є HOMO-1 C :><?;5:AV B0 @V7:> 7<V=Nє A2>N 5=5@3VN 

2V4 -8,4 4> -5,1 5�, B>4V O: LUMO AB0є LUMO+1 C :><?;5:AV 7V 7<V=>N 5=5@3VW 

2V4 3,4 4> -2 ,3 5� [126]. 

 

4.2.2. �4D4@9FD< ;6’O;G64AAO 6 79F9DB4EBJV4F4I  А&( –  Mg
2+

   

 

� 4>4020==O< 4> @>7G8=C �&( A>;59 MgCl2 B0 %0Cl2 2 V=B5@20;V 

:>=F5=B@0FVW 2V4 1 × 10-4
   4> 1 × 10-3

   25;8G8=0 >?B8G=>W 3CAB8=8 707=0є 

=57=0G=8E 7<V= 4;O >1>E A<C3. �>4=>G0A, A<C30 71C465==O (� VAB>B=> 

7<VI5=0 2 G5@2>=C >1;0ABь 4> » = 280 =<, O:0 28:>@8AB>2C20;0AO 4;O 



>B@8<0==O A<C38 5<VAVW (� �&(, <0:A8<C< O:>W 7=0E>48BьAO 1V;O »5< = 

395 =<.  

!0 $8A. 4.12. ?@54AB02;5=> ?04V==O V=B5=A82=>ABV 5<VAVW B0 71C465==O 

(� @>7G8=V2 C 2>4V �&( B0 �&( - MgCl2 70 @V7=8E B5<?5@0BC@. 

a                                                                                                                    1 

  

 

 

 

 

 

 

 

2                                                                                                                 3 

  

$8A.4.12. %?5:B@8 5<VAVW (a, 2) B0 71C465==O (1, 3) (� @>7G8=V2 C 2>4V 7 �&( 7 

?>ABV9=>N :>=F5=B@0FVєN %�&( = 1 × 10-4
   B0 �&( - MgCl2 7 

:>=F5=B@0FVO<8 A>;V MgCl2 , %MgCl2 0 (0, 1), 1,0 (2, 3) × 10-4
 M 70 B5<?5@0BC@ 

293� (1), 303� (2), 313� (3) (»71  = 280 =<, »5<  = 395 =<, pH =5,8). 

 

 

ДB6:<A4 х6<?V, A@
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ДB6:<A4 х6<?V, A@

280 A@



$8A. 4.12. (?@>4>265==O).  
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$8A.4.12.(?@>4>265==O). %?5:B@8 5<VAVW (4, є, 7) B0 71C465==O (5, 6, 8) (� 

@>7G8=V2 C 2>4V 7 �&( 7 ?>ABV9=>N :>=F5=B@0FVєN %�&( = 1 × 10-4
   B0 �&( - 

MgCl2 7 :>=F5=B@0FVO<8 A>;V MgCl2 , %MgCl2 2,0 (4, 5), 4,0 (є, 6), 6,0 (7, 8) × 

10
-4

 M 70 B5<?5@0BC@ 293� (1), 303� (2), 313� (3) (»71  = 280 =<, »5<  = 395 =<, 

pH= 5.8). 

ІA
F9
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EF
ь Ф
�,
 6V
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8.

ДB6:<A4 х6<?V, A@

395 A@
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ДB6:<A4 х6<?V, A@
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ДB6:<A4 х6<?V, A@
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ДB6:<A4 х6<?V, A@
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ДB6:<A4 х6<?V, A@
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ДB6:<A4 х6<?V, A@

280 A@



$8A. 4.12. (?@>4>265==O). 
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ДB6:<A4 х6<?V, A@
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ДB6:<A4 х6<?V, A@
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ДB6:<A4 х6<?V, A@

280 A@

 

 

$8A. 4.12. (?@>4>265==O). %?5:B@8 5<VAVW (V, 9) B0 71C465==O (W, :) (� @>7G8=V2 

C 2>4V 7 �&( 7 ?>ABV9=>N :>=F5=B@0FVєN %�&( = 1 × 10-4
   B0 �&( - MgCl2 7 

8,0 × 10-4 
M (V, W), 1,0 × 10-3

 (9, :) ?@8 B5<?5@0BC@0E 293� (1), 303� (2), 313� 

(3) (»71  = 280 =<, »5<  = 395 =<, pH =5,8). 

 

�84=>, I> 7 ?V428I5==O< 2<VABC MgCl2 V=B5=A82=VABь 5<VAVW B0 

71C465==O (� A?040є. �>4=>G0A, 70 @V7=8E :>=F5=B@0FV9 MgCl2 2:070=0 

ІA
F9
A
E<
6A
VE
Fь
 Ф
�
, 6
V8
A
.B
8.

ДB6:<A4 х6<?V, A@

280 A@



V=B5=A82=VABь 70;8H0єBьAO =091V;ьH>N ?@8 293�, 0 ?@8 ?V428I5==V 

B5<?5@0BC@8 A?040є. )0@0:B5@ B0:>3> ?04V==O 7<V=NєBьAO V7 7@>AB0==O< 

:>=F5=B@0FVW MgCl2. �:070=V 7<V=8 2 ?>254V=FV (� >G5284=> ?>2’O70=V 7 

CB2>@5==O< 35B5@>0A>FV0BV2 Ag 3 Mg
2+. (>@<C20==O :><?;5:AV2 <>65 

2V41C20B8AO 70 @V7=8E <5E0=V7<V2 :>>@48=0FVW, 2 B><C G8A;V 70 0=0;>3VєN 

?V4’є4=0==O V>=V2 Ag2+
 4> 0B><0 =VB@>35=C N7. �@V< B>3>, 7 ?V428I5==O< 

B5<?5@0BC@8 <>6=0 >GV:C20B8 7<5=H5==O :>=AB0=B8 72’O7C20==O ��. 

%?5:B@8 5<VAVW B0 71C465==O (� @>7G8=V2 C 2>4V �&( ?@8 ?>ABV9=V9 

:>=F5=B@0FVW 7 MgCl2 @V7=>3> 2<VABC 70 @V7=8E B5<?5@0BC@ =02545=> =0 

$8A.4.13. 

!02545=V A?5:B@8 ?04V==O V=B5=A82=>ABV 5<VAVW B0 71C465==O (� 

E0@0:B5@87CNBьAO A<C30<8 28?@><V=N20==O B0 71C465==O, ?>;>65==O O:8E 

70;8H0єBьAO =57<V==8< ?@8 71V;ьH5==V 2<VABC A>;V MgCl2 (»71 = 280 =<, »5<  = 

395 =<). �<5=H5==O V=B5=A82=>ABV 2V4@V7=OєBьAO 70 @V7=8E B5<?5@0BC@. �=0;V7 

30AV==O (� <>6=0 ?@>25AB8, 28:>@8AB>2CNG8 70;56=>ABV ,B5@=0 3 

(>;ь<5@0 V7 7<V=8 5:A?5@8<5=B0;ь=8E 7=0G5=ь 2V4=>H5==O V=B5=A82=>AB59 

F0/F 2V4 :>=F5=B@0FVW A>;V MgCl2. 

!0 $8A. 4.14. ?@54AB02;5=0 2:070=0 70;56=VABь 4;O 5:A?5@8<5=B0;ь=8E 

@57C;ьB0BV2 B0 2 @57C;ьB0BV ?V43>=:8 ?@8 70AB>AC20==V @V2=O==O ,B5@=0 3 

(>;ь<5@0 (4.1)-(4.2). 

�V4?>2V4=>, 2 @V2=O==OE F0 3 V=B5=A82=VABь 5<VAVW (� 1V;O 395 =< C 

2V4ACB=>ABV 2 @>7G8=V A>;V MgCl2, 0 F 3 0=0;>3VG=0 V=B5=A82=VABь 4;O :>6=>3> 

7 @>7G8=V2 2 ?@8ACB=>ABV A>;V MgCl2 7 @V7=>N :>=F5=B@0FVєN 4;O 7040=>W 

B5<?5@0BC@8. �5;8G8=8 KSV V kq 3 :>=AB0=B8 30AV==O ,B5@=0 3 (>;ь<5@0 V 

H284:>ABV 30AV==O, 2V4?>2V4=>, [Q] 3 :>=F5=B@0FVO A>;V MgCl2. 
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$8A.4.13. %?5:B@8 5<VAVW (a, 2, 4) B0 71C465==O (1, 3, 5) (� @>7G8=V2 C 2>4V 7 

�&( 7 ?>ABV9=>N :>=F5=B@0FVєN %�&( = 1 × 10-4
   B0 �&( - MgCl2  7 

:>=F5=B@0FVO<8 A>;V MgCl2 , %MgCl2 0 (1), 1,0 (2), 2,0 (3), 4,0 (4), 6,0 (5), 8,0 × 

10
-4

 M (6), 1,0 × 10-3
 (7) 70 B5<?5@0BC@ 293� (0, 1), 303� (2, 3), 313� (4, 5) (»71 = 

280 =<, »5<  = 395 =<, pH =5,8). 
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ДB6:<A4 х6<?V, A@
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ДB6:<A4 х6<?V, A@
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ДB6:<A4 х6<?V, A@



 

 

$8A. 4.14. �0;56=>ABV ,B5@=0 3 (>;ь<5@0 4;O @>7G8=V2 C 2>4V �&( - MgCl2 70 

B5<?5@0BC@ 293� (1), 303� (2), 313� (3). (%8<2>;8 2V4?>2V40NBь 

5:A?5@8<5=B0;ь=8< 40=8<, ACFV;ь=V ;V=VW є @57C;ьB0B>< ?V43>=:8 >B@8<0=8E 

@57C;ьB0BV2 7 4>?><>3>N ;V=V9=>3> @V2=O==O ,B5@=0 3 (>;ь<5@0). 

 

� >B@8<0=8E 70;56=>AB59 ,B5@=0 3 (>;ь<5@0 284=>, I> =09<5=H89 

=0E8; ?@O<8E 2V4?>2V40є =0928IV9 B5<?5@0BC@V (313�), I> 7C<>2;5=> 

=09<5=H8< 7=0G5==O< :>=AB0=B8 KSV. �5;8G8=8 KSV V kq ?@54AB02;5=V 2 

&01;8FV 4.4.  

�84=>, I> kq ?5@528ICє 7=0G5==O kq, max = 2 × 1010<-1A-1, I> @07>< V7 

70;56=VABN KSV 2V4 B5<?5@0BC@8 A2V4G8Bь ?@> AB0B8G=89 <5E0=V7< 30AV==O 

(�. 



&01;8FO 4.4.  

�BAEF4AF< 74EVAAO KSV F4 L6<8>BEFV 74EVAAO kq 8?O DB;K<AV6 G 6B8V  А&( - 

MgCl2 ;4 DV;A<I F9@C9D4FGD. 

 

�>=AB0=B8 72’O7C20==O K� V G8A;> A09BV2 72’O7C20==O n 287=0G0єBьAO 7 

@V2=O==O )V;;0 (4.4), $8A. 4.15. 

 

$8A. 4.15. �0;56=>ABV )V;;0 4;O @>7G8=V2 C 2>4V �&( - MgCl2 70 B5<?5@0BC@ 

293 � (1), 303 � (2) V 313 � (3) (A8<2>;8 2V4?>2V40NBь 5:A?5@8<5=B0;ь=8< 

Ā(K)   
#0@0<5B@8 30AV==O 

�>=AB0=B0 H284:>ABV 30AV==O ��(M−1c−1)  �>=AB0=B8 ,B5@=0 - (>;ь<5@0 ���(M−1)  
293 0.5 ∗ 1011 0.5 ∗ 103 

303 0.52 ∗ 1011 0.52 ∗ 103 

313 0.61 ∗ 1011 0.61 ∗ 103 



7=0G5==O<, ACFV;ь=V ;V=VW є @57C;ьB0B>< ?V43>=:8 5:A?5@8<5=B0;ь=8E 25;8G8= 

V7 28:>@8AB0==O< @V2=O==O )V;;0). 

� &01;8FV 4.5.  =02545=> :>=AB0=B8 72’O7C20==O K� V G8A;> A09BV2 n 4;O 

@>7G8=V2 C 2>4V �&( - MgCl2 .  

&01;8FO 4.5. 

В9?<K<A< KА V n, 8?O DV;A<I F9@C9D4FGD 6 DB;K<A4I G 6B8V А&( - MgCl2 ;4 

DV;A<I F9@C9D4FGD. 

#0@0<5B@8 72’O7C20==O Ā(K) log⁡�� n 

293 2.62
 

0.81 

303 2.53 0.79 

313 2.51 0.72 

 

�84=>, I> n 1;87ь:5 4> 1, I> 2:07Cє =0 AB5EV><5B@8G=5 2V4=>H5==O 

:><?>=5=B 2 :><?;5:AV �&( 3 Mg
2+ 1:1. � B5<?5@0BC@>N 7=0G5==O >1>E 

2:070=8E ?0@0<5B@V2 A?040є. 

�:070=V 25;8G8=8 K� 4;O :>6=>W 7 B5<?5@0BC@ 28:>@8AB>2C20;8Aь 4;O 

287=0G5==O 7<V= B5@<>48=0<VG=8E ?0@0<5B@V2 &G, &H, &S 7 @V2=O=ь (4.7)-

(4.9). �5;8G8=8 &G, &H, &S 4;O @V7=8E B5<?5@0BC@  2 @>7G8=0E C 2>4V �&( - 

MgCl2  =02545=> 2 &01;8FV 4.6. 

&01;8FO 4.6.  

З@VA< F9D@B8<A4@VKA<I C4D4@9FDV6 8?O DV;A<I F9@C9D4FGD DB;K<AV6 G 6B8V 

А&( - MgCl2 ;4 DV;A<I F9@C9D4FGD. 

&5@<>48=0<VG=V ?0@0<5B@8 Ā(K)  �ÿ(>Д6/@о?ь)  �ÿ(Д6 ∙ @о?ь−1 ∙ �−1)  �Ā(>Д6/@о?ь)  
293 -14.71 16.99 -9.73 

303 -14.69 16.37 -9.73 

313 -15.05 17.01 -9.73 



�5;8G8=8 B0 7=0:8 7<V= B5@<>48=0<VG=8E ?0@0<5B@V2 2:07CNBь, I> 

?@>F5A ?04V==O (� є A?>=B0==8< (&G < 0), 0 25;8G8=8 &H < 0, &S > 0 

A2V4G0Bь ?@> =0O2=VABь <V6 �&( V Mg
+
 5;5:B@>AB0B8G=>W 270є<>4VW [126, 127]. 

  

4.3. �><?;5:A А&( – %02+ 

 

�>4020==O 4> @>7G8=V2 C 2>4V �&( 0=0;>3VG=8E @>7G8=V2 A>;V CaCl2 C 

28?04:C 7@>AB0==O WW :>=F5=B@0FVW, V V>=V2 Ag+
, Mg

2+, AC?@>2>46CєBьAO 70 

@V7=8E B5<?5@0BC@ ?04V==O V=B5=A82=>ABV A<C3 5<VAVW V 71C465==O �&( [128- 

150]. 

 

 4.3.1. �4D4@9FD< ;6’O;G64AAO 6 79F9DB4EBJV4F4I А&( – %42+ 

 

%?5:B@8 5<VAVW B0 71C465==O (� 35B5@>0A>FV0BV2 �&( 3 %02+
 ?>:070=> 

=0 $8A. 4.16. 

�84=>, I> E0@0:B5@ ?04V==O V=B5=A82=>ABV 5<VAVW V (� @>7G8=C C 2>4V 

�&( ?@8 71V;ьH5==V :>=F5=B@0FVW A>;V CaCl2 7<V=NєBьAO 7 B5<?5@0BC@>N ?@8 

715@565==V ?>;>65==O <0:A8<C<C (� (395 =<). �=0;>3VG=> A?>AB5@V30єBьAO 

?04V==O V=B5=A82=>ABV A<C38 71C465==O (� ?@8 ?>ABV9=><C @>7<VI5==V WW 

<0:A8<C<C (280 =<). 

!0 $8A. 4.17. =02545=> 70;56=>ABV ,B5@=0 3 (>;ь<5@0 V )V;;0 4;O 

@>7G8=V2 CaCl2. 

"45@60=V 25;8G8=8 KSV V kq B0 K� V n ?@54AB02;5=> 2 &01;8FOE 4.7. V 

4.8., 2V4?>2V4=>. 

/: V 4;O @>7G8=V2 C 2>4V �&( 3 MgCl2, n = 1, 0 K� 7<5=HCєBьAO 7 @>AB>< 

B5<?5@0BC@8. �>4=>G0A, >B@8<0=V 25;8G8=8 KSV V K� 4;O :><?;5:AV2 �&( 3 

Mg
2+

 V �&( 3 Cl
2+

 45I> 2V4@V7=ONBьAO. &0:, :>=AB0=B0 72’O7C20==O 4;O 

:><?;5:AV2 �&( 3 Mg
2+

 є 45I> 28I>N V O: =0A;V4>: 7=0G5==O 5=5@3VW 

72’O7C20==O &G є =86G8< (482. &01;8FN 4.9.), I> A2V4G8Bь ?@> A8;ь=VHC 

0DV==VABь V>=V2 Mg
2+

 4> <>;5:C;8 �&( C ?>@V2=O==V 7 V>=0<8 Ca
2+

.  
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$8A. 4.16. %?5:B@8 5<VAVW (a, 2, 4) V 71C465==O (1, 3, C) (� @>7G8=V2 C 2>4V �&( 

7 ?>ABV9=>N :>=F5=B@0FVєN %�&( = 1 × 10-4  B0 �&( - CaCl2 7 

:>=F5=B@0FVO<8 A>;V 0 (1), 1,0 (2), 2,0 (3), 4,0 (4), 6,0 (5), 8,0 × 10-4
 M (6), 1,0 × 

10
-3 (7) 70 B5<?5@0BC@ 293� (0, 1), 303� (2, 3), 313� (4, 5) (»71  = 280 =<, »5<  = 

395 =<, pH= 5,8). 
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ДB6:<A4 х6<?V, A@
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1 

 

$8A. 4.17. �0;56=>ABV ,B5@=0 3 (>;ь<5@0 (0) B0 )V;;0 (2) 4;O @>7G8=V2 C 2>4V 

�&( - CaCl2 70 B5<?5@0BC@ 293� (1), 303� (2), 313� (3). 

 



&01;8FO 4.7.  

�BAEF4AF< 74EVAAO KSV F4 L6<8>BEFV 74EVAAO kq 8?O DB;K<AV6 G 6B8V А&( - 

CaCl2 ;4 DV;A<I F9@C9D4FGD. 

 

&01;8FO 4.8.  

В9?<K<A< >BAEF4AF< ;6’O;G64AAO KА F4 K<E?4 E4=FV6 ;6’O;G64AAO n 8?O 

DB;K<AV6 G 6B8V А&( - CaCl2 ;4 DV;A<I F9@C9D4FGD. 

#0@0<5B@8 72’O7C20==O Ā(K) log⁡�� n 

293 2,5
 

0,87 

303 2,46 0,86 

313 2,45 0,85 

 

"AB0==є <>65 ?>OA=N20B8Aь 1V;ьH8< @>7<V@>< V>=V2 B0 V=H8<8 

:>>@48=0FV9=8<8 ?5@52030<8 Ca
2+

. 

� &01;8FV 4.9. ?@54AB02;5=> 7<V=8 B5@<>48=0<VG=8E ?0@0<5B@V2 &G, 

&H, &S 4;O @>7G8=V2 C 2>4V �&( - CaCl2. 

�84=>, I> 7=0:8 7<V= B5@<>48=0<VG=8E ?0@0<5B@V2 0=0;>3VG=V 

:><?;5:A0< �&( - MgCl2  B0 2V4?>2V40NBь ?5@52060NGV9 5;5:B@>AB0B8G=V9 

270є<>4VW. �@V< B>3>, A?>AB5@V30NBьAO B0:>6 2V4<V==>ABV <V6 =02545=8<8 

:><?;5:A0<8 B0 35B5@>0A>FV0B>< �&( 3 �g
+
. 

 

 

Ā(K)   
#0@0<5B@8 30AV==O 

�>=AB0=B0 H284:>ABV 30AV==O ��(M−1c−1)  �>=AB0=B8 ,B5@=0 - (>;ь<5@0 ���(M−1)  
293 0,75 ∗ 1011 0,75 ∗ 103 

303 0,67 ∗ 1011 0,67 ∗ 103 

313 0,76 ∗ 1011 0,76 ∗ 103 



&01;8FO 4.9.  

В9?<K<A< ;@VA F9D@B8<A4@VKA<I C4D4@9FDV6 ∆G, ∆H, ∆S 8?O DB;K<AV6 G 6B8V 

А&(-CaCl2 ;4 DV;A<I F9@C9D4FGD. 

&5@<>48=0<VG=V ?0@0<5B@8 Ā(K)  �ÿ(>Д6/@о?ь)  �ÿ(Д6 ∙ @о?ь−1 ∙ �−1)  �Ā(>Д6/@о?ь)  
293 -14.03 32.81 -4.42 

303 -14.28 32.54 -4.42 

313 -14.69 32.82 -4.42 

 

/:I> 4;O :><?;5:AC �&( 3 �g
+ E0@0:B5@ 270є<>4VW є :><?;5:A=8<, I> 

?>2’O70=> 7 2V4=>2;5==O< ?@8 270є<>4VW 7 �&(, B> 4;O  �&( 3 Ca
2+ 

 B0 �&( 3 

Mg
2+

 :><?;5:A>D>@<CNG>N є 5;5:B@>AB0B8G=0 270є<>4VO [126, 127]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



В<EAB6>< 8B DB;8V?G 4 

 

ï � @>7G8=0E C 2>4V �&( 7 AgNO3 D>@<CNBьAO :><?;5:A8 <5B0; 3 ;V30=4, O:V 

?@82>4OBь 4> 30AV==O (�. &0:5 30AV==O A:;04=8< G8=>< 70;568Bь 2V4 

71V;ьH5==O 2<VABC V>=V2 Ag
+
 B0 B5<?5@0BC@8 ?@8 715@565==V ?>;>65==O 

<0:A8<C<C A<C38 D;C>@>D>@0 �&( B0 A<C38 ?>3;8=0==O, >B@8<0=>W 7 

A?5:B@0 71C465==O (�. 

ï �>=F5=B@0FV9=0 ?>254V=:0 30AV==O 5<VAVW (� �&( ?@8 71V;ьH5==V 2<VABC 

AgNO3 4>1@5 >?8ACєBьAO ;V=V9=>N 70;56=VABN ,B5@=0 3 (>;ь<5@0 2 >1;0ABV 

:>=F5=B@0FV9 Ag
+
 2V4 1,0 × 10-4

 4> 1,0 × 10-3 . �>4=>G0A, 25;8G8=8 :>=AB0=B 

30AV==O KSV V H284:>ABV 30AV==O kq B0 WE 70;56=>ABV 2V4 B5<?5@0BC@8 A2V4G0Bь 

?@> 2V4ACB=VABь 48=0<VG=>3> 30AV==O H;OE>< 7VB:=5=ь V>=V2 Ag
+
 7 <>;5:C;0<8 

�&(. 'B2>@5=V 35B5@>0A>FV0B8 2V4?>2V40NBь AB5EV><5B@8G=><C 2V4=>H5==N 

1:1 B0 :>=AB0=B8 72’O7C20==O, I> 7<5=HCNBьAO 7 @>AB>< B5<?5@0BC@8. #@8 

CB2>@5==V :><?;5:AV2 �&( 3 Ag
+
 2V41C20NBьAO 2V4’є<=V 7<V=8 

B5@<>48=0<VG=8E ?0@0<5B@V2, O:V 2:07CNBь =0 A?>=B0==89 ?@>F5A 70@>465==O 

35B5@>0A>FV0BV2 ?@8 ?5@52060NG8E 5;5:B@>AB0B8G=V9 B0 20=-45@-�0;ьA>2V9 

270є<>4VOE. 

ï � @57C;ьB0BV 4>A;V465==O 30AV==O D;C>@5AF5=FVW 2>4=8E @>7G8=V2 �&( 7 

A>;O<8 MgCl2 B0 CaCl2 2AB0=>2;5=0 <>6;82VABь CB2>@5==O ABV9:8E 

:><?;5:AV2 �&( 3 Mg
2+

 B0 �&( 3 Ca
2+

 7 45I> A8;ь=VH>N 0DV==VABN 4;O V>=V2 

Mg2+. %B0B8G=89 <5E0=V7< 30AV==O E0@0:B5@87CєBьAO B5@<>48=0<VG=8<8 

?0@0<5B@0<8 72’O7C20==O, I> A2V4G0Bь ?@> ?5@5206=C 5;5:B@>AB0B8G=C 

?@8@>4C 270є<>4VW C :><?;5:A0E.  

ï �20=B>2>-EV<VG=V @>7@0EC=:8 ?>:07CNBь, I> 2V41C20єBьAO ?5@5@>7?>4V; 

70@O4C :><?;5:AC �&( 3 Mg
2+

 2 ?>@V2=O==V 7 =570;56=>N �&(. � B0:>6, I> 

?@8ACB=VABь V>=0 Mg2+
 ?@872>48Bь 4> 7<V=8 =0?@O<C 48?>;ь=>3> <><5=BC.  

 

 

 



��%!"��� 

 

1. � @57C;ьB0BV 4>A;V465==O A?5:B@V2 71C465==O D;C>@5AF5=FVW ?@8 

4>268=V E28;V 5<VAVW »em = 395 =< @>7G8=V2 �&( C 2>4V ?>:070=> =0O2=VABь 

>4=VєW A<C38 1V;O » = 270 =<, I> 2V4@V7=OєBьAO 2V4 A?5:B@C >?B8G=>W 3CAB8=8 7 

42><0 <0:A8<C<0<8 ?>3;8=0==O 1V;O »max, 1 = 206 =< V  »max, 2 = 259 =<, I> 

2:07Cє =0 A:;04=V ?@>F5A8 4570:B820FVW 5=5@3VW 71C465==O. 

2. �8<V@N20==O A?5:B@V2 71C465==O D;C>@5AF5=FVW »em = 410 =< 

@>7G8=V2 :0;V:A[4]0@5=V2 %-107 C 2>4V ?>:07CNBь =0 28=8:=5==O 42>E A<C3 

1V;O » = 278  =< V » = 325 =<, I> 2V4@V7=OєBьAO 2V4 A?5:B@V2 >?B8G=>W 3CAB8=8 7 

?V:0<8 1V;O 230, 265, 315 =<.  

3. #>:070=>, I> V=B5=A82=VABь A<C3 71C465==O B0 5<VAVW (� 2 @>7G8=0E 

C 2>4V �&( 3 %-107 7 @>AB>< 2<VABC %-107 =5<>=>B>==> 7<V=NєBьAO, I> 

2:07Cє =0 >4=>G0A=> ?@>BV:0==O 2-E :>=:C@CNG8E ?@>F5AV2, 7C<>2;5=8E 

=55=78<0B8G=8< 3V4@>;V7>< �&( B0 WE :><?;5:A>CB2>@5==O<. 

4. �AB0=>2;5=>, I> 4;O @>7G8=V2 C 2>4V �&( 7 :0;V:A[4]0@5=>< %-107 

70 ?>ABV9=>3> 2<VABC <>;5:C; �&( ?@8 71V;ьH5==V :>=F5=B@0FVW %-107 

2V41C20єBьAO A:;04=89 E0@0:B5@ 30AV==O (� ?@8 715@565==V ?>;>65==O 

<0:A8<C<C 1V;V 395 =<. %:;04=89 E0@0:B5@ 30AV==O D;C>@5AF5=FVW є 

=0A;V4:>< @V7=><0=VB=8E ?@>F5AV2 :><?;5:A>CB2>@5==O. 

5. #>:070=>, I> 4>4020==O V>=V2 Ag
+
 4> @>7G8=V2 �&( 3 %-107 

AC?@>2>46CєBьAO AB01V;V70FVєN WE :><?;5:AV2. 

6. �><?’NB5@=8< <>45;N20==O< <5B>4>< <>;5:C;O@=>W 48=0<V:0 

?>:070=>, I> 2 A8AB5<V �&( 3 %-107 CB2>@NNBьAO  5=5@35B8G=> ABV9:V 

:><?;5:A8 70 C<>28 @>7B0HC20==O �&( =0 25@H8=V :0;V:A[4]0@5=C B0 274>26 

9>3> ABV=:8 70 @0EC=>: π-π -AB5:V=3C 270є<>4VW. 

7. �20=B>2>-EV<VG=5 <>45;N20==O A8AB5< �&( 7  Ag
+
 B0 Mg

2+
 ?>:07Cє, 

I> >18420 V>=0 2?;820NBь =0 ?5@5@>7?>4V; 70@O4V2, 7<V=C 48?>;ь=>3> 

<><5=BC B0 5=5@35B8G=>W IV;8=8. �>4=>G0A, 270є<>4VO 2:070=8E V>=V2 



A?>AB5@V30єBьAO 4;O @V7=8E 0B><V2 !VB@>35=C V=4>;ь=>3> F8:;C, I> 2?;820є =0 

?@8@>4C :><?;5:A>CB2>@5==O. 

8. �0AB>AC20==O B5>@VW ,B5@=0-(>;ь<5@0 ?>:07Cє, I> 

:><?;5:A>CB2>@5==O 2 @>7G8=0E C 2>4V �&( 3 Ag
+, �&( 3 Mg

2+
 B0 �&( 3 

Ca
2+

 2V41C20єBьAO 70 AB0B8G=8< B8?>< 270є<>4VW B0 =0O2=>ABV 

5;5:B@>AB0B8G=>W B0 20=45@200;ьA>2Aь:>W A8; 270є<>4VW ?@8 4>4020==V V>=V2 

Ag
+
 =0 2V4<V=C 2V4 ;8H5 5;5:B@>AB0B8G=>W C 35B5@>0A>FV0B0E 7 V>=0<8 Mg2+

 V 

Ca
2+

. 
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