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,  ,  ,  ,  
, Q

. 
Q  T

, , -
S . , -

 (1) 
TdS = dU + PdV,

dU = TdS – PdV.
-

. ,

d(TS)  d(PV).
dH = TdS + VdP,
dF = – SdT – PdV,
dG = – SdT + VdP.

H = (U + PV) – ; F = (U – TS) – 
 ( );

 G =  (H – TS) –  (
).

-
.

, dG
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P T

G GdG dT dP
T P
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G S
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T

G V
P

, .
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i

x d

, T
n . ,

o o

,

,

ln .
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G G nRT P P
Po – , .

Po = 1 
. n T P,

o oln .RT P P

 « » .
-

.
o oln .i i iRT P P
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 A1  A2

1A1 + 2A2 = 0,
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 A1,   A2.  « »
 A1  A2

, , -
, .

1 2

1 2

.dn dn

 (3) T P

2
1 1 2 1

1

.dG dn dn
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i

0.i i
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.
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o oln 0,i i i i
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RT P P

o oln 0,i

i i i
i
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o oln 0.i
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, 
,  ,rG . . 

. 

 « » 
,   –  «reaction quotient» 

Q Qrxn.
o ln .r rG RT G                                   (4)

 (4) .
0,rG

oln ,P rK G RT                                   (5)
KP – .

KP . 
 (5) P = const , 

o o o ,r T r T r TG H T S                                (6)

o

2

ln ,P rd K H
dT RT

                                   (7)

, -
.

r
o

. :
o o

298
298

,
T

r T r r PH H C dT                            (8)

r
o
298 –  298 , r  –

, 
. 

, -
r :

2 2,r P r r r rC a b T c T c T
ra, rb, r rc  – a, b,

 c , -
.
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o o
298
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.
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r T r

CS S dT
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                             (9)

 (8)  (9)  (7), 

T:
o o o

298 298
298 298

.
T T

r P
r T r r P r

CG H C dT T S T dT
T

       (10)

 (10) 
o o o

298 298 0 1 2 2 .r T r r r r r rG H T S T a M b M c M c M
0, 1, 2, –2 , 

.  -
. o

r TG
 – .

1. 

 – , 

, -
 «  – » [1].

 « » . . -
 1913 .  « », 

, -
, .

 [2–4].

1.1. 
-
.
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-

:

,
HdP

dT T V
(1.1)

H – 
, ), V – 

, .
 «  – »  (1.1) 

, , 
. 

 (1.1) ,RTV V V V
P

 – :

2

ln .d P H
dT RT

    (1.2)

, .
 (

), -
 (1.2) 

T1 T:

1 1

1 1ln .P H H S
P R T T RT R

P P1 T T1. P1 = Po = 1 , 
o o o

o o

1 1ln ,P H H S
P R T T RT R

(1.3)

To – , oH
o o oS H T  – .

 (1.3) 
, o.H

. 1.1.
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. 1.1. 

1.2.  «  – » 
 «  – » -

, 
, :

1 1 1 2 2 2, ,P P x P P x

1P 2P – -
, 1x 2x  –  ,

T = const. P
:

1 1 2 2 .P P x P x
, , , , 

 + ».
, -

 ( ) -
, . 1.2 

 (1) +  (2). , -
.
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P
1x  ( ) .

,  1 
1 1 1

1
1 2 1 1 2 2

.P P xx
P P P x P x

, 
1 1x x -

. . 1.2  A -
 C .

P–x . 1.2 – 
 ( ) 

: 
, .

. 1.2. P–x- «  + » = 360 

, ,
, 

,  .  
 (x; P) . 1.2 -

, , :
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. 
,  (x = 0,4; P =  1,0),  ,  

,  ( -
) : 

)  ( ).
T–x  1.3 

,  1 :
o

1 1 2 2 1 ,P x P x P

1 ,P 2P  – -
. 2 11 ,x x

o
1 1 2 1(1 )P x P x P

o
2

1
1 2

.P Px
P P

,  (1.3), 
o

o 1
1 o

1

1 1( ) exp ,HP T P
R T T

o
o 2

2 o
2

1 1( ) exp ,HP T P
R T T

( )iP T  – ,T
o
iH  – , o

iT  – 
. 

T :
o
2

o
2

1 o o
1 2

o o
1 2

1 11 exp
( ) .

1 1 1 1exp exp

H
R T T

x T
H H

R T T R T T
-

T–x
, 

 «  + » ( . 1.3).
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. 1.3. T–x-  « » 
 + »  1 

, , , 
. 

o( ) 1 ,P T P
o

1 1 1
1 1o o o

1

o
2

o
2

o o
1 2

o o
1 2

( ) ( ) 1 1( ) ( ) exp

1 11 exp
.

1 1 1 1exp exp

P T P T Hx T x T
P P R T T

H
R T T

H H
R T T R T T

, -
, . . -

-
. . 1.3, 

, ,
. , 

, .
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T–x -
, 

. , ,
. 

,  – .
,   360  

 c 1 0,4x

1x  = 0,29 , 

1 0,51.x , -
.

.  1.2   1.3  ,
 « ». 

, . 

.
-

 ( ),  .  .  ,
, ,

: .x x
 ( . 1.4).

0,0 0,2 0,4 0,6 0,8 1,0

65

70

75

80

,

 CCl4

. 1.4. T–x  « »:
 +  = 1 
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 «  – » -
 – .

: ,

-
. 

, 
: , 

.
:  

.

1.3.  «  – » 
. 

 «  – » -
–x .

, 
, -

 [5, 6].
, -

. . 1.5.

. 1.5.
  

, P = 1 :  – Au + Pt;  – Na2CO3 + Na2SO4

T–x -
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 «  – »  « »  « » ( .
. 1.3, 1.4). -

, -
, . -

, 

. 
,  ,  Ag  +  Pb,  Bi  +  Cd,  

KCl  +  LiCl,  AgBr  +  KBr,   ( -
), , NaNO3 + H2O.

. 1.6 -
: -, - .

 ( . 1.6).

. 1.6.  « » 

, P = 1 :
 –  ( ) +  (B);  –  ( ) +  (B);  –  ( ) +  (B)

. -
.

. 1.6,
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- .

, -
- . 
. , 

-
, .

 BD, , 
. , 

 – . 
, 

, , 
. 

.
. , -

 1  2 -
,  ( ). 

,  
, i.

( ) ( )i i
o o( ) ln ( ).i i iRT a

o o( ) ( )ln .i i
ia

RT

:
o o o o

2

ln ( ) ( ) ,i i i i

P P P

a G H
T T RT T RT RT

o
iH  – i .

o

2

ln ,i i

P

a H
T RT

                              (1.4)
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o

2

ln ,i i

P

x H
T RT

                               (1.5)

.

 (7)  –  (1.2),
.

, o
iH ,  

 (1.5)

o

o

2
1

ln ,
i

i i

x T
i

i
x T

Hd x dT
RT

:
o

o

1 1ln ,i
i

i

Hx
R T T

                           (1.6)

o
iT  – i .

 ( T x ) 
, :

1

1

2

2

1 1ln(1 ) ,

1 1ln .

Hx
R T T

Hx
R T T

                     (1.7)

:  I  –  ;  II  –  
; III – ; IV –

.
, -

, . -

o

o

1 1ln .i i

i i

x H
x R T T

. 1.7.
 II, II  V, , .
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. 1.7.  NaNO3 + KNO3.
 (I) – ; (II) –  + .  KNO3  NaNO3;

(III) –  + .  NaNO3  KNO3; (IV) – .  KNO3  NaNO3;
(V) – . ; (VI) – .  NaNO3  KNO3

-
,   AE  DE,  -

,  AB  DF. 
 BF 

 BC  FG.
. -

, -
. 

 – » 
). , 

, 
. 

, , -
, 

 [7].
 Au + Pt

. 1.8, )  ( . 1.8, ). 
 ( 1 . 1.8, ) 
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. 1.8.  ( )  ( ) «Au + Pt»

6 . 1.8, )  (1338 
2045 ) 

.  1338  2045  Au 
Pt. -

,  -
, . -

. 
1 6.

2 ,  20 %
.  1567 .

, -
, .  1405 

, 
-

. T–x ,
2, 

 ( . 1.8, ). 
 ( -

3–5). 



33

,  – 
.

, , .

,  Y -
,   (dT /dt) 

-
, .

 X , 
. 

 ( ).
. 1.9. , 

 KNO3 + NaNO3 -
 NETZSCH

STA 409.

. 1.9.  (A–B–C) 
(C–D–E) : KNO3 (70 . %) + NaNO3 (30 . %).

A –  KNO3 ; B – 
; D – ,

E – .  – .
 2 .  50 
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1.4.

1.4.1. -1.

: -
 ( ) 

 ( , -
). ,

.
. -

, -

. ,
. 

,  «  –  –
». , 

. 1.10. 

, 

, -
, .

. 
-

P = const
, , 

, -
.
-

, -
. 

, 
, 

, -
.
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, 
, . 1.10.

1 2. 
, 

, ,
. -

3
4, . 

. 
5 .  

6 . -
7, 

8, 
.

2 -
 ( . 1.11). 

1 , 
.

. 1.11. : 1 – ;
2 – ; 3 – ; 4 – ;
5 – ; 6 – 

; 7 – ; 8 – 
; 9 – 
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 U- 2
3. 

.  ,  
4, , -

5
. 6

. , 
.  7

, 8
.

oH o .S

-
. -

-
 60  120 °  ( , , ,

, , .).

1. 2 ( . . 1.10) 
60 . 

.
2. 8 ( . . 1.11), 

1 6
. 

 250 . . 6. , 
,  ,  

, P – -
P P.
3. 6.
4. 

.
5. , , 

, 
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 40–50 .  5 
,

.
6. : ) ; ) P, -

; ) -
, .

7. 8 , -
 40–50 . . 

. 
, 

.
8. , 

. 
.

9.  10–12 . 
 –  

. . 1.1.
 1.1

P P , P =
P  – P ln(P) T,  103/T

 ln(P) – (1000 / T), 
. H , 

 1 S , .

:
– ;
– ;
– H , -
 1 S , ;

– ;
– . 1.1;
–  ln(P) – (1000 / T).
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1.4.2. -2.  «  – »

. , -
        

. 1.12.

-
. 

,
, 

. 1.12.
-

1 15.

, 

. 
3,

5
4, -

. 
9.

6 10, 
.  ,  -

11, 8
12, 13, 

. 
. 

,
, . -

10 , 
. 

14 15. 
16. 

2 . 
, , 



39

 – , -
.

–x
-

.

:  +  (
);  +  ( -

). ,
. 1.12.

-
, , 

.
, -

,  
. -

, 
, . . 

.
-

 – nD
. 

. 
: , 

.  -
. 

 0,5  (0,5; 1,0; 1,5; 2,0; 2,5; 3,0; 3,5; 4,0;
4,5  4,5; 4,0; 3,5; 3,0; 2,5;
2,0; 1,5; 1,0; 0,5 ). -

. 

.
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,  
-

, . . 
. , 

, , 
k = S1/(S1 + S2), S1 S2 – -

, k
.

1.  40 -
. 

, 

.
2. .

. 
, 8
 40 .

3. , 
 10 , 

 (~  0,1  )  14 15.

.
. 

, .
4. , , -
 5 . nD

, . ,
. 

. .
5. , 

16
. -

.. 
1.
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6. , -
.

7. -
, .

. 1.2.
 1.2

T , , 
. .

nD
.

nD
.

–x. 
. 

.
 ( ),

-
.

, 
.

-
 ( -

).
:

– ;
– ;
– . 1.2;
– –x;
– 

;
– -

;
– .

1.4.3. -3.
KNO3 + NaNO3

, 
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 KNO3 + NaNO3 ,
. 1.7. 

, -
 KNO3  NaNO3  NaNO3  KNO3.

-
 ( ), 

 ( ), , 
.

-

, 
. 

.
-

, 
.  KNO3 + NaNO3

. -
, 

 – . 
, 

.
 KNO3 + NaNO3 , -

-
.  «  – » 

.
-

 KNO3  129 ° . -
 NaNO3 (276 ° ) 
 (306,6 ° ) , 

KNO3 + NaNO3 .
-

 KNO3 + NaNO3.

– ;
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–  – 9 ;
–  – 3 ;
– ;
– , , 

;
– .

:
– ;
– ;
–  ( );
– ;
–  ( ).

. 1.13  1.14.
, -

. . -
,

, -
. . ,

 0,  – 
, 

.

. 1.13. : 1 – ;
2 – ; 3 – ; 4 – ;

5 – ; 6 – 
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. 1.14.

.   «  –
» , 

.
-

 / . 
, . 1.3.

 1.3

A-1 A-2 A-3 B-1 B-2 B-3 C-1 C-2 C-3

KNO3 - 1,0 0,0 0,85 0,75 0,6 0,5 0,4 0,25 0,15

. 370 370 370 340 340 340 340 340 340

, , ,
.
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1. 
 ~ 4,5 .  KNO3  NaNO3

. 
, 

.  KNO3  NaNO3,   4,5  ,
, , ,

.
2. . -

. ,  0,
.

3. 
, .

4. . -
.

5. . -
,  

20 ,  –  10 .
6. .
7. 

.
8.   5–10  ,  -

.
9. , , 

 129  °  276  ° ,  
 «  – »  KNO3  NaNO3. 

, .
10. , , -

, .
11.  150 ° ,

.  -
 jpg,  -

 Paint.
12. 1,

2  3,  
.
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13. -
 B1–B3.  10 

, -
. -

, 1– 3.

, 
,  -

.

, ,
 Origin,  worksheet 

.

. 1.15. , 
 KNO3 (70 . %) + NaNO3 (30 . %).

A –  KNO3 ; B – 
; D – ,

E – 

.  -
, 
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. 
-

. . 1.15. 
:  A  –   KNO3; B – 

; D – 
 E – . -

. , , 
,  ( .

. 1.9  1.15).
.  1.4.  

. 1.15. 
T–x.

 D . -
-

, . 
 KNO3

. 

.
 1.4

 ( . 1.15)

KNO3
,

A B D E
1,00 –
0,85
0,70 129 223 253 219
…

, , 

.

,  (1.6). -
 KNO3  NaNO3, 

.
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:
– ;
– , 

. 1.4;
– -

 KNO3  NaNO3;
– ;
–  (

, , . 1.15);
– . 1.4;
–  ln(x) – 1000/T, -

 (1.6).

-1 – -3
1.  « », « », « -

».
2. .
3. . 

.
4.  «  – » .

 – .
5.  «  – » .

. .
6. –x –x

. , . .
7. 

 – » - ?
8.  «  – » 

. .
9. . , -

. .
10. :

) ;
) ;
) .

11. 
 – » ?

12. .



49

1. . ., . ., . . -
. .: , 1976.

2. .  . : . . -
: , 2003.

3. . ., . ., . . -
 –   /  .  .  .  .  .:  ,

1987.
4. . ., . ., . . .

 –   /  .  .  .  -
. .: , 1989.

5. . . -
. .: . ., 1980.
6. . . , 

. .: , 1987.
7. . ., . . . 

. .: , 1999.
8. . . .: , 1978.
9. Brown M. E. Introduction to thermal Analysis. New York, Boston,

Dordrecht, London, Moscow: Kluwer Academic Publishers, 2001.

 1.1

 1.5
T , 

 «  – », 

T , , 1, , 2, , H0

KNO3 400 77 129 335 9,80
NaNO3 380 – 276 30 15,09



50

2. .

2.1. 
 ( ) – 

 [1]. 
 20–30 -

, , . 
 1–2 .

 1903 .
. , , 

-
. -

. 
 « ».

.  40- . -
.  1941 . 

, 

. 
 50- ., -

 (  – ,  –
) .

, . , 
, -

, .

, 
. 2.1). 

 « »  « » 
.

, 
, .



51

. 2.1.

-
 4  1–3 . 

, -
. 

, -
.  -
, -

,  ( ), 
. , 

. , 

- . -
-



52

.  
.

-
, , 

. -1 
,  ( ,

). 
, -

. 
,  ,  -

, , -
, 

. 
, , 

.  -

, . 
 ( )

,  
 « ». 

. 
-

 ( ). -
: . ,

, .

2.2. 
-

, 
, 
. 

 – . 
,  – 

. 
.  – -

, , , 
, . ,

 – 



53

.
-

: 1) ; 2) 
; 3) -

. , -
, 

, 
, , 

.

, , 
, -

. 
. 

.
 (CuCr) 

 (CuSi) 
. 

. 
CuCr 

,   CuSi  – -
. 

. 2.1. 
.

-
.

 ( ) .
, -
,     200 ,  
 –  185–190 . 

300 .



54

 2.1

u Cu0, 

A
Cu0,

2

(CuCr) 0,27 CuCr2O4
Cu0/CuCr2O4 10–15 7

(CuSi) 0,45 * Cu0/SiO2 3–8 24

*  – 
Cu4H4[Si4O10](OH)8 nH2O, -

 700 .

-
 300 .  -

 – -
, 

, 
 2 .

2.3. -1. 

-

, . . 
. 

, -
,  ,  

. 
, , .

 140,
130  120 :

3)2   =  ( 3)2   +  2.



55

2 2

0

o o

( )
,H

P

P P P P P
K

P P P
                       (2.1)

 – -
 ( ); 0

2HP 2HP  –  
 ( ) , P – , 

,  .  .  1  .  
, 

, 

, .

K
; r

0 ; r
0 K -

.

– ;
– ;
–  U- ;
– ;
–  10 % ;
– ;
–  (100 );
– .

. 2.2. -
:

–  (  10 % );
–  ( );
– ;
– ;
– ;
– ;
– .



56

. 2.2. : 1, 2 – 
2 + ); 3 – ; 4 – MFC; 5 – ;

6 – ; 7 – ; 8 – ; 9 – ;
10 – ; 11 12 –  1  2;
13 – ; 14 – 

, 
,  10 %

,  ,  
 mass-flow-controller (MFC). 

: . -
. 2.3.

5, -
, 6

7,  .  
, -

. 
 9 10, 

-
.



57

. 2.3.  MFC: 1 – ; 2 – ;
3 – ; 4 – ; 5 – ,

; 6 – ;
7 – ; 8 – ; 9 – ;

10 – ; 11 – ; 12 – ; 13 – 

, . 2.3, -
12.

, 10
9  MFC .  

, .
.

 MFC , 
, 

.
, ,

.  MFC 
, , 

 0 . .
-

. 
. -

.



58

-
-

. , -
.

. 2.4.

-

.  1 -
: 

 ( ) 

).  2 -

.

. 2.4. 
-

 2.
,  2  1,

 1. 
.

, 
.  120

. u =  1  .
 – .

-
. -

S S
. 

. . 2.2.

, 
. -



59

, -
.

 2.2
 ____

T =___ 1 2
u, S0 S0 S S S S

1,0
…

= 0 , 
, . 2.3. -

, 
 – .

 2.3

P . 1 10 40 100 760
–26,1 2,4 23,8 39,5 82,5

S0 -
P0 , -

f = P0  / S0

. 

.
, ,

 (2.1), .
. -

. , 
K

-
. , 

. ,
P P .

, 
, . 2.4.



60

 2.4
 ( )  KP

T, °C KPP P PH2 P P PH2

140 –
130 –
120 –

K
 lnK  1000/T

r
o. K

r
o , 

. 
 – .

:
– ;
– ;
– . 2.2  2.4;
–  ln(KP) – 1000/T;
– r

0, 
.

-1
1. . ,

.
2. , .
3. , .
4.

.
5. .
6. r

o.

1.  .  .,  .  .,  .  . .
.: , 2009. 528 .
2. . . . :

 1. . : .- . 
», 2003.

URL: https://www.booksite.ru/localtxt/hro/mat/ogr/aph/vinarskii.pdf.



61

3. 
. 

 ( ) -
, 

 ( ). 
H0, 

. 1H -
: « »  « ». 

E = 2 H0.
-

, 
h  = E.                                             (3.1)

 (
), , , 

.

0, 
 (3.1) . 

, -
.

 – -
, , 

, . 
. 

 1 .

3.1.  
 – , 

. , 
, -

- . -
. i

: / ,A i c  = r2 – , -
,  – . -

.
, -

, . 



62

,
. .  ( ).

Im . -
, , 

.

. 3.1. I = 1/2
. , 

0H
h I

0 z, 

0 0 ,ZE H H (3.3)

Z  – z.
 (3.3) 

0 .IE m H
, ( 1), ..., .Im I I I  – .

. 3.1 
I =  1/2  .  

.
, ( 1), ..., .Im I I I

0 I( / 2 ) .I H m

E

0H

I
1
2

m

I
1
2

m



63

1.Im

0 .
2I
H (3.4)

1,5–12  (15–120 ). 
, . . .

3.2.  . 
 (3.4),  –  ,  

,  
, 

0. ,
» , H0 H0, 

 – . 

0 (1 ) .
2I

H

  , 
,  = 10–6–10–5. 

, 
,  
.

, -
-

. -
 – .

.

4SiMe

0

.I

4SiMe  – -
 SiMe4, 

, 0 – « » .



64

, I 4SiMe

, -
 – , 

,  10 6.
, 

0 , , ,
.  10 6 -

 ( . .) -
 ( ). 

. .
I –

4SiMe

,  ( )
.

. 3.2.  (1 )
DCl3

. 3.2 -
 (1 ) . , ,

,
. 

:
, 

.

J = 7,5 



65

3.3. -1. 

, -
 – , .

 36 °  20  80 % .

. 3.3. p Cl4
1H   ( .  3.3)  

, ,  –
. K

[ ]K .
[ ]

(3.21)

-

o lnr TG RT K



66

o o ln .r T r TH T S RT K  (3.22)
 (3.22) :

o
o ln .r T

r T
H S R K
T

K, 
o

r TH o .r TS
-

.

–  Bruker DPX-250 NMR ;
–  5 ;
–  0,1–1 

10–100 ;
– ;
– 10–20  ( ).

1.  0,6 
 10 .

2. -
.

3. 
-

H3 ; ,
K  (3.21).

4.  5–8 K.
5. K = f( )  5–10 

80 ° . RlnK 1 ,T
.

6.  ( ) -
, o

r TH o
r TS ,  

RlnK 1 T
o

r TH o
r TS . 

H S , :



67

;y px q (3.23)

22
;i i i i

i i

n x y x y
p

n x x

2

22
;i i i i i

i i

x y x x y
q

n x x
 (3.24)

2

22
;1

y
p

i ix x
n

1
22 2

22
,y i

q

i i

x

n x x
(3.25)

i i – ; y

2
2 ( )

;
1

i i
y

y y
n

yi = R ln(K); xi = 1/T; p = o;rH q = o;rS n – -
; iy  – iy , -

 (3.23) p q, , 
xi.

.

, K o
r H 0H

o
rS 0S

:
– ;
– K , -

o
r TH o

r TS  ( );
–  ( , 

);
–  lnK – 1000/T.

-1
1. .
2. .
3. .
4. .
5. .
6. .



68

7. .
8. 1 .
9. , 

?
10. 1 ?
11.

?
12.

, ?
13. ,  ( , 

) 
.

 Bruker DPX-250 NMR
-

 XwinNMR , 
.  «Student» 

,  1 .  
 «File»  –  «Search»,  

 «Append»,  «Apply»,  «Close».
: 

 p1 ( ), 
 d1 ( ), 

NS  (  8),   TD
(32 k),  (15–20 ppm).

.  -
wobb, 

 «matching»  «tuning» -

. 
-

. 
stop.

-
. 

 – 
. 

lockdisp



69

, lock –
, . -

 ( ) 
gs. 

:  BSMS
,  XwinNMR: «Windows» –

«BSMS  panel»  –  «Shim».  
 «Z», «Z2», «Z3», «X», «Y» , 

 / -
. , 

-
, 

. 
«Stop»  «Return».

-
rga ,

zg.
, 

. 
 / 

em, gm. 

, ft. , , -
,

, 
apk  «PHASE» 
«PH0», «PH1». 

abs ( ) basl ( ).

 ( . . 
 «Calibrate») , 

 ( , -
). -

 (  «Integrate»).



70

4. 
. 

4.1. 
 ( . spectrum – « , »,

. skopéo – « ») 
. 

-
. -

-
,

, , 
. . -

.
,

 ( ,  ,  ,  .  .)  
. -

.
) 

 ( 2), :
 ( ),  ( ),  ( –1).

-
. 4.1.

 4.1

, , –1

10 200 5·104 106

200 400 2,5·104–5·104

400 750 1,3·104 2,5·104

750–2,5·104 400 1,3·104

2,5·104–106 10 400

. 



71

,
 – D. 

, -
,  (I0),

,  (I):
0lg .D I I

D
. 

,
 ( . 4.2).

 4.2

-
, 

400–440 -
440–480
480–490 -
490–500 -
500–560
560–580 -
580–595
595–610 -
610–680 -
680–750

4.1.1. 

 –  – ,
:

0lg ,I I C l D
I I0 – 
; lg – ;  –   ;

l – ;  – ,
, -

. , -
:



72

.D C l
l

,   –  ,   –
, 

–1 –1. , -
, 

1,0 ,  10 .
-

: ,
-

:
( ) .i i

i
D l C

, 
,

. 

s << i. 
. 4.3, -

.

 4.3

, , 
326
210
276
200
210
215
210

280
270

265
210
245
210

4.1.2. 
.  4.1 -

.



73

. 4.1. : 1 – -
; 2, 3 – ; 4, 8 – ; 6 – ; 5, 7 – 

; 9 – ; 10 – 

 360–1000 
. 

200–360 .
-

.
-

 UV-mini-1240 Shimadzu, Thermo Spectronic, Cary-50  Agilent
 8453. 

 4.2.

. .
-

.  
-

. 
. 

 – , 
, 

 1000 . 
, 

. 
, -

. 
,  

 ( . 4.2).



74

. 4.2. 

, 
:

sin / ,m d
m = 0, ±1, ±2, ±3 … – , -

,  – -
m , d –  -

. , , 
. m =  0  

, .

, -
.

 (m = 1),  (m = 2)  
. 

. 

, -
.

-
 – . -

1,6 . 
, , -



75

 –  ,  .  -

. ,  CD- 
DVD- .

4.1.3. 
 –  – -

. 
, 

. , -
.

 –  – . 

. 
D C ( -

), 
. -

, .

.
-

. 
-

. 
, -

,  – .
, ,

, 
.

, 
. 

 0 D  4, 



76

. , 

0,1 < D < 1,4. 

, 
, , , 

.

4.1.4. 
, 

A  B ( . 4.3)  ( ,
 HA  A–),  

HA + A
– = 0 = const.  

HA

A
–.  ,  -

.
,       

. 4.3.
 ( ) 

 ( )
 +  = 0

-
.

2 -
, 

-
, -

-
 (

. 4.3). 0

D
2,   -

 B 
2

B 0
B 2

( ) ,
( )

DC C
D

DB( 2) – 
 B. 1 ,



77

        ,    
HA 1( ) 1A

( ) , HA A
–

 ( .  (4.4)).
, -

, 
HA HA HAA A A

( ).D D D l C C

0 -
, 

0 HA HAA
( ( )),D l C (4.1)

 = ( A
–

0) – .
 (4.1) . 4.3, 

* 
 ( A = B = *), 

D * -
0 . -

, -
.

-
, 

. -
, 

.
 ( – ),

, -
. -

.

4.2. 

.
, ,

 – , . -
-

:



78

1H A H H A ,x y x y

H Ax y  – , 1H Ax y  – .
,

, -
:

1(H ) (H A )
.

(H A )
x y

a
x y

a a
K

a
   (4.2)

, . 
:

2 4 4H SO H HSO ,
+ 2

4 4HSO H + SO .

4HSO
,  – , 

2
4SO . ,  ( -

) 
, , .

:
+ 2 + 3

+.
0(1 – ) 0       0 .

0A H A H A H
A

HA HA HA 0

,
(1 )a

a a C a C a
K

a C C

H
.

1aK a  (4.3)

, 
-

. – -
,  – . 

.
 (4.1)



79

0 HA HAA
( ( )),D l C

.

, 
. 

HA,

A
. -

 0
 1  2–3 . 

, , 
D D :

HA 0 0A
, ,D l C D l C

 0 < < 1 :

0 HA HA 0 HA 0 0 HAA A
( ( )) ,D l C l C l C l C

,D D D D

A

0

.
C D D
C D D

       (4.4)

 (4.3)  (4.4) 
. 

, -
, 

 – :
20,509lg ,

1
Z I

I
   (4.5)

1 ,
2

2
i i

i
I C Z         (4.6)

I – , i Zi – 
. -

. ,



80

, -
. 

, , 
.

 (4.3) ,  = – lg +, :

lg lg pH lg .
1aK     (4.7)

.

4.3. 

4.3.1. -1. 

. , ,
 – .

,
 3- -4-[(1- -

-2- ]-7- -1-  ( -
, ):

. 

-
-

 pH 
2lg lg pH lg .

1aK  (4.8)

2 2H A +  H O 2
3HA +  H O .



81

-
-

 pH   (4.4).  
 –  (4.5) 

– 2–:
20,509lg .

1
i

i
Z I

I
,  pH i–, 

K .

:
– , 

, 

 (0,1 < D < 1,4);
– 

, 
I. ,

I  0,01 ,  -

 – ;
-

.
:

– -
 pH;

– 
, ;

–  –  – ; -

;
– .

:
–  ( );
–  ( );
–  ( ).



82

:

HCl 0,1 
NaOH 0,1 

 (  I)

 (  II)

pH = 9,16

pH = 6,86

 1,1 -
 100 .

 III (pH = 7,3)   50 
 II,   NaOH.   pH

 «  4101».
 IV (pH = 6,3)   50 

 II,   H3PO4.  pH
 «  4101».

-
 50  ( ):

 1,1 0,1 ,
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3 1,0 5  HCl
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-
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, 
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.
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2 2( ) ( ) .Cu acac Cu acac PyD D D
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:
,i i iD C l –  [ –1 –1];

 –  [ –1]; l –  [ ]. ,
:

2 2 2 2( ) ( ) ( ) ( ) .Cu acac Cu acac Cu acac Py Cu acac PyD C C l    (4.9)

2

2

( )

( ) [ ]
Cu acac Py

Cu acac

C
K

C Py
.

 ( 0) 

2 20 ( ) ( )Cu acac Cu acac PyC C C

2

0
( ) 1 [ ]Cu acacC

K Py
  

2

0
( )

[ ]
.

1 [ ]Cu acac Py
K Py C

C
K Py

     (4.10)

 (4.10)  (4.9),

2 2( ) ( )
0

[ ]
.

1 [ ]
Cu acac Cu acac Py K Py

D C l
K Py

D0 – , -
, 

20 ( ) 0 .Cu acacD C l
 ( D)  

:

2 2( ) ( )
0 0

[ ]
.

1 [ ]
Cu acac Py Cu acac K Py

D D D C l
K Py

    (4.11)
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22 )()( acacCuPyacacCu . 
 ( Py)

, 
Cu(acac)2Py,  [Py] CPy. -

 (4.11),  1/ D:

0 0

1 1 1 1

PyD l C l C K C
.    (4.12)

, 
, 

 1/ D  1/ Py

1 1

Py

A B
D C

   (4.13)

:

.AK
B

    (4.14)

-
(II) .

–  25 ;
–  3–5 ;
–  10–200 ;
– ;
– ,  1 ;
– ;
– (II) – Cu(acac)2 2H2O;
– ;
– .

-
, , 

 20 ° .
 25 -

 0,02 .
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 440–820 . -
l = 1 .

. -
. 4.10.

 4.10
1

1 , 
-

 (<  5  %),  ,  
 (4.12).

VPy,
*

CPy, 1/CPy,
–1 D D 1/ D

1 0
2 10
3 20
4 30
5 40
6 50
7 60
8 70
9 80
10 100
11 120
12 150

 1.   3  -
 0,02 , 

 3–5 .
 2. , -

 10 
.

 3.  10  ( -
 20 ) .

 4–12 .
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 UV-mini-1240 Shimadzu, 

, 
, -

 ( .  4.2).
 Origin, -

 ( , ). 
 ( ) 

D. . 4.10.
 (4.12), 

1/ D ( Y) – 1/CPy ( X). -
, 

A  ( .  (4.13)) -
.  (4.14) K

.

-
-

 ( ,  20–45 ° ). 
, -

 lnK 1000/T.
, 

. 
 ( , -

).

:
– ;
– K;
– , ;
–  ( D );
– . 4.6;
–  1/ D – 1/CPy -

 (4.12);
–  lnK 1000/T -

 (
).
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-1 – -4
1. .
2. .
3. : , .
4. .
5. , , 

.
6. . 

.
7. .
8.  – . -

? ?
9.

.
10. .
11.  (4.4).  (

) D, D D ?
12. .
13. , 

 (4.12), , 

 Cu(acac)2Py.

-1 – -4
. . : .

. .: , 1987.
., ., .

 / . . . . . .: , 1992.
. . : . -

. : , 1991.
 / . -

, . , . ; . . . . . .: ,
1979.

:   2  .  /  .  .  ;  .  .
. . . .: , 1976. . 1.

. .
URL: http://physics.nad.ru/Physics/Cyrillic/DG10/DG.htm.
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 4.1
) (II)

: (II) ( . .), , 
, ,  ( . .).

. 
.

: , -
, , ,  «

», .
(II)  / 

(1:1 ). -
 (  2 -

 1  ).  -

.
 (

 « »), 
, , 

.
, 

(54,99 % ; 3,30 % ; 20,78 % Cu; 20,93 % O).
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 4.2
 ( )

 UV-mini-1240 Shimadzu
 UV-mini-1240 ,

 –
. -

-
: ,

, 
. -

-

.
 « »  –  -

.
 – 

.
, -
.

 Mode Menu ( ).
, -

.   F1  [Params],   F2
[Set], , ,  Enter.

, 
. -

, 
,  Enter.

-
 (

). 
 F1

[BaseCorr].
.
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-
 START / STOP.

-
. 

 6. 
 F4 [FileCurv],  Curve file list ( -

).  F2 [Save] 
 Enter. -
?».   « »   OK

 Enter. , -
 Enter.

 F1 [End].
-

.
1. ,  UV Data Manager,

.
2.  Mode Menu, 

 Return. 
,  F3

[FileTrans].  File  transfer.
 Return.

3.   UV  Data  Manager  
Connect. Port Select  1 OK.

, 
, Connect

Update. , .
4.  data2013 -

), . -
, 

 UV Data Manager, 
Save

 *.csv.  – -
, 

Origin.  *.ors, 
. 

 ( _1.csv).  Origin
. 
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 5.0 , 
 UV-mini-1240 Shimadzu, 

.
 Origin

 Origin .

(Worksheet).
File, Import  >

ASCII, 
.  (Worksheet). 

 – 
. 

,  «B»
. , -

Properties. , 
Column Label, , 

, OK.  «Do you wish to automat-
ically display the column label?»  «Yes».

, ,
File, New Worksheet. -

. . -
 « », 

.

,  Worksheet -
, . Plot

Line.  «A»
X, , 

.  «B»
Y OK. , 

– , . 
, X(Y) axis title

, , .
,

Graph (
,  Worksheet), Add  plot  to  layer  >  Line.

, 
Worksheet, . 
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«A» X,  «B» – Y Add.
 Worksheet

. 
, OK. :

 «B» , – 
, 

.
 Project, File,

Save as, . C -
: 2013\

).
.

 ThermoSpectronic
 ThermoSpectronic -

.
-

 ( ) 
5 -

. -
 Utility. 

–  Utility
. 

. 
, .

. 
.

 « » 
 « » -

, -
 ( , .), 

.
test . 

scanning Stored Tests
. Load internal Test. , -

 ( , 2).
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. Data File
Name, Enter. , 

. 
. 

. Enter
Accept name.

Run test. 
 « »

Collect Baseline.
.

. 
 « »,  

. Measure
Sample. .

. , , 
-

 (  1,  2,  3  .  .).  -
. , 

,  1  10.
-

. data2013 ), 
. 

.

 Agilent  8453
. -

.
-

 (Inst-
rument 1 online). 

Operator Name
and Password  –
Cancel.

-

,   UV 
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Vis   (  Vis   –   UV
).  ,  

Lamp On.

Lamp Off.
blank (

). , 
. 

, 
.  10 

. 
. , 

, . 
.

-
. Sample. -

. ,  
. -

.  ,  
. . -
.

, ,
, 

. 
. 

,
.

, -

. , -
, .

. 
.

-

. .
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Delete Selected Sample
).

Setup
, 

.
Math ( ,  )  -

.  – Add
Subtract ( ). -

Add Subtract. ,
,  ,  

.

 ( ) , 
.  D  «data 2019»

) 
. : [ , -

]. : [ -2_Ivanov].
, 

 ( ),
File, Save

Sample As.  -
.  6 , -

 -.cd.
 ( -

) , File > Save > Selected
Sample As. 

.
 ASCII, -

Origin, , 
. -

, File > Export Selected Spectrum As
 -.csv (  ASCII , 

). 
, . 

, , -
.
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, 
 ( ),

File > Load Sample. 
, .

.
, -

,  « ».

 Cary-50
-

,
,

 Scan ( -
) 

.
-

, Setup

.
 Y,

 « », 
-

.  ,  Scan Controls Simple
 – Medium. 

Overlay data,  
.

Baseline Baseline Correction. ,
Accessories . -

Reports , 
. , 

, : «User data form»,
«Graph», «All traces», «All picks». Autoconvert

Select for ASCII(csv), -
 Origin 

. Auto store Storage on
(promt at start). OK, .

-
. 

Baseline, OK. 
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,  2–3 . 
, 

.
-

Start. 
 dsw.

Save OK. . 
, 

 – .

, 
OK. 

Finish . 
.

, 
. ,

Pick labels .
, Print OK.

, , 
D

. 
 Origin,  

.  Origin
 WorkSheet, 

D
.

-
 –  – 

, 

, -
.
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5. .

5.1. 
 (R) -

:
,I U R

I –  ,  , E – 
. R

, . 
 [ ].

 – , -
.  [ ].

1  = 1 /  = 1 1 2·c2 A2.
 ( ) – 

 1 ,

1 2, , 
 ( . . 5.2). 

–1 –1 –1. 
–1.

–1 –1

–1.
 ( )

, -
-

,  1 -
,  

 1 . :
0 ,

m
0  – -

,  m –  ( -
) .   -

2 .–1 ,  
1,1- , 2 –1.
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. -
,  ( ), c  ( ) 

 ( ). , -
-

, . -
. 

, 
–1 2 .–1,  – 3.  

, 
./ .

-
i.  1,1-

,
+ – .

-
 ( . .

) 
0, -

. . 5.4).

 ( ):

0 ,A m
0 – -

m ,
A – , , .

 –  – , 
,  1,1-

0:

0 1 2 0b b C 0 0
1 2 ,i i ib b C       (5.1)

0
i – ,i  – . 

b1 b2, 
, 
2

3 2 1
1 6,07 10 ( );

6A

F Bb
N

        (5.2)
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2
1

2
0

2,3 10 ( ),
8A

F Bb
N RT

                  (5.3)

9 1
02 / 3,29 10 ( ).B F RT               (5.4)

 (5.1)–(5.4)  – , 
 0,1953; F –  ;

 – ;  – . .
b1,  b2  25 ,

, .
, 

(5.1)–(5.4), .
-

 0,001–0,1 C

1 ,a C bC

*, a b  – .
, 

, , 
0 :

0 .                                         (5.5)
 1,1-   -

0 1 2 0 .b b C                        (5.6)

-
. Vi [ –1] -

E
–1]:

Vi = Wi E.
Wi [ 2 –1 –1] 

. Wi – 
 ( )  1 .

.  = 1 -
 (96 500 .):
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F W    .F W
ti, -

, :
Wt

W W
   .Wt

W W
V -

r F

.
6

FV
r

-
, , 

( e – ):

.
6

i
i

i

Z eW
r

 –  ( . . 6.1.8), 
, 

.
-

. , 
, -

. , -
. , 

, 
. , 

, , -
. .

ra, 
2

1

0

2 ,a
Fr I B I

RT
 25

9 1 3 9 1
02 / 0,103 10 ) 3,29 10 ).B F RT ( (
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 10–2  3 .
 – -

 (5.6).
, b1  b2:

2 ,B

, / , :
1 .B

, 

,
2 2

= = .

 (b1  I1/2)  -
:

2 2 1 1/ 2 1/ 2

1 1

2 2 3 2 2
1 2 1

) ( )
6 )

.

A

F Bb I I
N

b2 I1/2 :
2 1/ 2 2 1/ 2 2 1/ 2 1/ 2

1/ 2
2 2 1/ 2

0

1.
A

F B Ib I
N RT

b1  b2

1 21 2 1
1 ,b

1 2
2 .b

5.2. 
.

, . . -
. 

 – , 
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. -
, , -

. -
,  

.

, 
.  « »

, , . 5.1, 

,  « » 
. , -

, , 
, . .  « » .

. 5.1.

, , 
-

 ( )  ( -
). , 

,  ( . 5.2). 
, 

,  .  
, 

,  ,  
, 
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, .
, -

.

+
+
+
+
+
+

-
-
-
-
-
-

+
+
+
+
+
+ -

-
-

-
-
-

-

-

-

+

+

+

. 5.2.

-
,  

. 
. 

, . 

. , 
-

. , -
 (

, .) 
.

-
R, 

, 
. 

, 
-

. 
R . 
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, 
.

-
R

. 
 0,1  0,01 M .

 25
0,1  = 0,01289 –1, 0,01  = 0,001411 –1.

R . -
-
.

, 

X
X

.
R

, , -
 ( ) .

-
.

, -
, 

. 
 «  4120».

, 
 ( . 5.3). 
 1–10 .  ( ) 

. 

 KCl (0,1 M  0,01 )  25
-

.
,
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-
, .

. 5.3.  «  4120»

 « » 
 99  199 ), -

.
 « » 

-
Windows.

Dcom.exe,  
.

-
, 

,            « ». 

. 5.4. .

, ,

.
-

. : -
 « -

», . . .
, -

, , 
 Dcom.exe,

-
.
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 «  4120» 
, .

. ,
 ( . 5.4).

. 5.5. .
,  1  2, 

 3  4

, 
, 

.  
, .

, . 5.5. 
,  1  2, 

, 
»  3  4. 

.
-

-
. 
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, 
, -

.

5.3. 
5.3.1. -1. 

, -
.

, , -
. 

, 
.

:
2KOH HCl KCl H O.

, 
, -

. , 
, 

. a  –
, y  – 

, .
 (y < a) 

( )
K K H H Cl Cl K H Cl

C C C y a y a

.
Cl H H K

a y
  (5.7)

 (y > a) :
( )

K K OH OH Cl Cl K OH Cl
C C C y y a a

.
K OH OH Cl

y a
(5.8)

K Cl
a .                                   (5.9)

( ) 0,
H K

,  (5.7) 
(5.8), 
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,  – . 
, y
,  ( . 5.6).

y

. 5.6.

, 
 HCl   KOH.

:
– ,

K Cl H
;

OH

– HCl ;KOH

– 
H

W ;
OH

W

– OH H  HCl  KOH;
– K OH .

:
–  0,01 M KCl, 

;
–  HCl  KOH (  0,01 M HCl, 

,  0,2  M  KOH,  
);

–  100–150 ;
– , -

,  25 ;
– ;
–  50 ;
– .
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1.  ( -
).

2. ,  25 .
3.  50  0,01 M  KCl,

, 
15 . . -

,  (  5.1,
. 5.5). .

4.  60–70  HCl, -
.

5.  
50  HCl, ,

 15 . 
, -

.
6.  KOH. 

 KOH , 
, . 

, 
. 

.  KOH
, . 

.

1. , 
. 

 25
. .

2. . 
,  3–4  KOH 

. . 
.

3.  3–4  KOH. -
.

4. 
 KOH .
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 5.1.
 5.1

 =______ )

 KOH

, –1

-
. 

, , 
.

-
-

.

 KCl,  KCl 0,01 
 0,001411 –1 –1  25 . 

 KCl.
, 

(5.7)–(5.9), ,
K

,
Cl H

,
OH

, .
K Cl

 H+  OH– -
 HCl  KOH.

 K+  Cl–.

:
– ;
– , ;
– ;
– ,

H
,

OH
,

K Cl
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,  « »;
–  ( . 5.1);
– , . 5.6.

-1
-1 . 

, : 1) 
 KOH; 2) 

, -

; 3) .
: 0

aC a  – 
, y – , 

.
 1. . -

-1.
 2. . ,

, :
2KOH HA KA H O .

, 
. 

, .
,  KA , -

, , 
.  « » 

(y  <  a)  KOH 
,  A–  K+

. 
:

.H A H
a

HA

C C C y
K

C a y
, 

(a – y) a, . . 
, , ,  H+ -

y:
.aH

C K a y const y
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 « » 

( / ) ( ) .
H H K K A A H K A

C C C const y y

, 
. -

, , 
.

 « »  (y > a) :
( )

K K OH OH A A K OH A
C C C y y a a

.
K OH OH A

y a

:
.

K A
a

,  « » 
, . .  KOH.

, y  « »  « »
. -

y ,  
d
dy

y – .

 2 , -
 KOH. 

:
– 

A
. 

,
K

, , ;
–  0,01 M

, 
.

, 
. 
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 « » 
. 

 1.
 3. . -

. aw
(weak) as (strong).

.
 1» {y < as}. -

, 
, .

H ,  K+, Cl
. 

.
, ,

 1.
 2» {as<  y  < (as +  aw)}. , 

 ( ) ,
. 

,y  2.
» {y > (as + aw)}. ,

.  « »,  1 
2,  ,  

.
 «  1»  «  2» 
,   « ».  

.
 4.  ( , )

. 
,  – , 

 3.
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5.3.2. -2. 

:

3 2 3 3CH COOH H O CH COO H O .
, 

, 

3 3

3 2 2 3 2

2

,
(1 )

CH COO H O A

CH COOH H O H O CH COOH H O

a a CK
a a C

       (5.10)

 – ;  – 
;

2H OC  – ; i – -

;
2A H OC C .

, 
, 

2
.a H OK K C

, 
 – , 

 ( ) 
, 

, 
:

, lg ,
1

A I
B I

I – ; A B – ; lg  – 
.  25  1,1-

A = 0,509, B  1.
 (5.10) 

2 22 0,509
lg lg lg .

(1 ) (1 )1 1
A AA A

a
A A

C CC CK
C C

,  1,1-
.

 –  –  (5.6), 
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0 1 2 0

.
Ab b C

,
, 

0

.

, 
0 .

1
0 1 2 0

.i
i Ab b C

.
 – 

 25 .

–  100  – 10 .;
– ;
– ;
– ;
– .
–  KCl 0,01 , 

;
–  (C1  0,5 M

C2  0,1 , 
);

– ;

 100 
3

  . 
10  0,3  0,005 . -
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: 0,3 ; 0,25 ; 0,2 ; 0,15 ; 0,1 ; 0,075 ;
0,05 ; 0,03 ; 0,01 ; 0,005 . 
25 . 

, ,
.

-
 (  0,5 ) . 

 100 
3 , .

, .
-

 0,1 .
 KCl,

. 
.

 10  1  

. . 

. 
 4.

.  25 -
. 

 2  .  .  ,  
 ( . 5.2).

 5.2

.
,

. -
, –1

-
,

2 –1

.,

.),
1 = / 0

.,

.),
2

-

1
…
10
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. 5.3.

 5.3

 / 
2 AC

2

lg
(1 )

AC
1

A

A

C
C

lgKa Ka

1
…
10

: , , . .

:
– ;
– , ;
– 

;
– . 5.2  5.3.

-1 -2
1. ?

?
2. : -

, , -
, , .

3. 
? 

.
4. , 

?
5. .
6.  – . 

? ?
7. , 

.
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 5.1

 5.4
i
0

 25  [ 2 –1]

i
0

i
0

H+ 349,8 OH– 198,3
Li+ 38,6 F– 55,4
Na+ 50,10 Cl– 76,35
K+ 73,50 Br– 78,14
Rb+ 77,81 I– 76,8
Ag+ 61,90 ClO4

– 67,36
NH4

+ 73,55 BrO3
– 55,74

1/2 Ca2+ 59,50 NO3
– 71,46

1/2 Ba2+ 63,63 HCOO– 54,6
1/2 Mg2+ 53,0 CH3COO– 40,9
1/2 Cd2+ 54,0 C2H5COO– 35,8
1/3 La3+ 69,7 C3H7COO– 32,6

 5.5
 KCl –1

KCl, 
,

0 20 25
0,01 0,0776 0,1278 0,1413
0,02 0,1521 0,2501 0,2765
0,1 0,715 1,167 1,288
1,0 6,541 10,207 11,180
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6. .

6.1. 
 – 

, -
, -

.

 ( ), 
 ( ).

, 
, 
. 

, 
 [1–6]. -
, -

 [7–10].

6.1.1. ?
, 

,  – -
,  

-
. , 

, ,
-

. ,
.

 –  -
, , -

.
 2000 .  200-  « », ,

. , 
, , 

». 
) , 

.
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 – , 
.  

. .
 –  (1836 .),

, -
,   –  

. 
, -

, 
 KCl  ( ) ( . 6.1).

. 6.1. –

,   –  -
, 

, , 
.

 –
: 

-
 « », -

. -
.

 –  ( 2+

+ 2 –  M), -
. -
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, , 2+.
.  –

 ( 2+ + 2 –), 
. 

, 
.  – 

,  – .  « »  « »

 (  60050-482-2011,  01.07.2012).
 « »

,
, 

 Fe2+  Fe3+.  ,  -
, 

Fe3+ + – Fe2+. 
 – 

. , 
, 

«Pt | ». , 
, (III)
, , -

, . , -
, 

,  – Fe2+. 
,

.
-

, -
 ( ). -

, 
 ( ). 

), 
(P = 1 , a(H+) = 1 ) T = 25 .

, 
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.  -
, 

,  « -
» . 

-
 « » -

. -

-
 ( ), 

.

. , 
, 

.

6.1.2. .

, 
). -

, -
, 

. 
 – , , , 

, .
,  -

 ( ) 
, 

. ,
q [ ] 

 [ ] W = q E . ,
 1 , -

 1  ( ),  1,6 10–19 . -
 1 , 
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, Z , 

,W Z F E     (6.1)
F = 96 485  – , Z – 
, .

, W’,
:

.dG SdT VdP W
, -

, 
, :

.rG W    (6.2)

rG W’ . 
(6.1)  (6.2), 

E
:

.rG ZFE       (6.3)
 – .

 – , 

0 2 2 0Zn Cu Zn Cu .
E -

, rG
. , 

 (6.3) , 
:

.r
r

P P

G ES ZF
T T

, 

.
-

 – :
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2
o

2

( )ln ,
( )r r

a ZnG G RT
a Cu

a(Zn2+) a(Cu2+) – -
, o

rG – . 
 (–Z F) -

 (6.3), 
 – :

2
o

2

( )ln ,
( )

RT a ZnE E
ZF a Cu

Z – , 
, Eo (0,916 ) – -

.

o ln ,i
i

RTE E a
ZF

      (6.4)
o – -

, . . , , 
, -

, . Eo K
:

o ln .RTE K
ZF

, 
. 

, .

, .

,  .  
, -

. -
 (  Zn2+|Zn) 

Zn2+ + 2e–  Zn,
 (  Cu2+|Cu) – 
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Cu2+ + 2e–  Cu.

o 2ln ( ),
2
RT a Zn

F
o 2ln ( ).

2
RT a Cu

F
 Pt Fe3+, Fe2+

3
o

2

( )ln .
( )

RT a Fe
F a Fe

o ( )ln ,
( )

RT ox
ZF red

    (6.5)

( )ox ( )red  – 
.

, 
P,  = const 0G .  

 (6.3) -
,  > 0. -

, 
.

1. 
, 
),  –  (

). ,  – 
 Zn  Zn2+ + 2e– ( ), 

 Cu2+ +  2e–  Cu ( ). 
 Zn|Zn2+||Cu2+|Cu. -

,  – 
. , 

, .
2. -

 ( )  ( )  =  – .
3. , -

, , 



139

. 
, -

,  – .
, -

, , -
, , T = 25 P = 1 .

6.1.3. 
, 

, . 
,  -
.  –

.
 Ag+|Ag,

Ag e Ag,
. 

o ln ( ).RT a Ag
F

                (6.6)

, 

,  ,  
. 

, 
.

, 
, , 

, -
.

.
Cl–, AgCl | Ag – -

. -
,

, -
. Cl–

, , 
, , -

. , :
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AgCl. 
. , -

L(AgCl) = [a(Ag+)] [a(Cl–)],

 (6.6) 
o o

o o
2

( )        ln ( ) ln
( )

ln ( ) ln ( ) ln ( ).

RT RT L AgCla Ag
F F a Cl

RT RT RTL AgCl a Cl a Cl
F F F

  (6.7)

.
o – 

, 2
o – -

. , 

.
-

AgCl e Ag Cl .
-

. 
.

 Cl–, Hg2Cl2 | Hg -
, 

). 
 KCl  KCl  1,0  3,8 .

-
:

1/2 2 2Hg Cl e Hg Cl .
, -

,  Cl–:
o ln ( ).RT a Cl

F
 (Pt,  Au,

Pd, Ir). -
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. 
 Pt, H2|H+, . 6.2, -

2H e 1 2H .
, -

, , , 
 2–3 . -

2

o
0,5

( )ln .
H

RT a H
F P

   (6.8)

6.1.4. 
, , 

, . 
, -

. -

.
-

: 
. 

, 

. 6.2.

 1

 1 , 

 ( ).  -
 25 -

. 
-

.  -
-

 4 , 
–  17 . 

-
.
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, ,  KCl
. 

, 
 K+  Cl– (73,5  76,3 2 –1 –1,

) . 
, 

KCl, 
.

, 

. , -
, 

, ,
, -

. , 
, 

, -
, . 

. , 
 KNO3, NH4NO3, RbCl.

. , 
, 

. , , 
, 

 HCl, . 
.

6.1.5. 
,  .  .  

, ,
. ,

-
, , 

. 
-

 ( ). -
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- , -
.

6.1.6. 

. , -
,  ( )

. , , 
, .   

.  1 , 

2

o o
0,5

( )ln ,
H

RT a H
F P

2

o o
0,5

( )ln ln ( ),
H

RT a H RT a H
F P F

2,3ln ( ) .RT RTE a H pH
F F

-
, -

. 
, 

 ( ).

.  
, .

, 
, , ,

.
, -

, 
 ( ) 
, -

+. 
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 0,1 M,  ( -
) 

, . 
+ , 

. ,
,

.
-

+

. 
, 

:
o ln ( ) ,H H

RT a H
F

o
H , 

. 

 0  10, . .  H+

 10 .
-
-

, 
 ( . . 6.1.1). 

, , 
, -

. , 
.

, 
 (

, ) 
.

,  –  ( . 6.3).
, 

«K». , , -
, , -

.
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HCl
0.1 N) )

HCl
0.1 N )

. 6.3.

 0,1 M HCl. 
: 

HCl ( -
),  KCl 

.
,  HCl -

, ,
. 6.4.  pH

.

                       
         HCl                  

. 6.4.

-
. 

, -
. 

 ( . 6.5).
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,  AgCl
 KCl

. 6.5.

, 
. -

. , 
-

,  «Nafion». 
-

, . , 
, 

, , -
, 

. 
 (72 % SiO2, 8 % CaO, 20 % Na2O), -

 [5]. ,
,  ( 10–4 ) 

. -
 ( -

) . , 
,  –

. , 
. -
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.

. 6.6. : 1 – ;
2, 3, 4 –  (2 – , 3 – ,

4 – ); 5 – 

. 6.6 
.

, 
. 

. 

, 
. , -

, 
, , . 6.7.

5 7.

,  4
.

, 1
.



148

. 6.7. -
 (

): 1 – ; 2 – 
,

  HCl;
3 –  KCl; 4 – 

 KCl
; 5 – 

; 6 – ;
7 – .

 ( )

 ( . 6.8), 
, .

. 6.8.
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6.1.7. 
 – 

, -
, ,

. -
, 

, .
, 

, , 

.

, 
.  6.6.  

, . 
, -

. 
, .

-
, -

 Cl–

. 
, ,  KCl, 

 – ,  Cl– -
. 

,  Cl–

, 
, -

. -

 (  –
).

, 
 ( . .6.6). 

. 
, 
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. 

-
. , 

, 
, 

. 
, :

0,059 lg ( ),E E a Cl   (6.9)
E  – , :

1) -
;

2) ;
3) .

 ( ) ZA aA, 
 (6.9) 

0,058 lg .M A
A

E E a
Z

                  (6.10)

, -
, 

,  (6.10) 
, :

/0,058 lg ( ) ,A B

B

Z Z
M A A B B

aA

E E a K a
Z

aA – ; aB – 
; ZA – , ZB – 

; KA/B – -
. 

 10–5, . .

. 
 – 10–10–10–14. .

.
-

. 
, , - -
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,  .  .  6.9

.

,
-
-

NO3
– 4,3–1,0 2,0–9,0 CO3

2–, Cl–, NO2
–

K+ 5,0–1,0 2,0–9,0 NH4
+, Na+

Ca2+ 5,0–1,0 2,0–9,0 Mg2+, Ba2+, Zn2+

NH4
+ 4,7–1,0 3,0–8,5 K+, Na+

Ag+ 5,0–1,0 3,0–9,0 Hg2
+

F– 5,0–1,0 4,0–7,0 Fe3+, Al3+

S2– 5,0–1,0 13,0–14,0 Hg2
+

Cu2+ 5,0–1,0 3,0–7,0 Hg2
+, Ag+, Fe3+

Cl– 4,0–1,0 3,0–9,0 S2–, I–, Br–

Br– 5,0–1,0 3,0–9,0 S2–, I–, Cl–

I– 5,0–1,0 3,0–9,0 S2–, Cl–, Br–

CN– 5,0–2,0 11,0–13,0 S2–, I–, Ag+

. 6.9.

6.2.  – 
 – 

, . 
, -

, , 
. 

, 
. 

, ,
, , ,

, . , 
, -

, .
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 ( )
, 
. 

, 
, .

E

I) 
(I = 0), :

0 ln .IE RT
, 

21 ,
2 i i

i

I C Z

i – i, Zi – . 
mi.

, -
, 

.
, 

, .
r  ( )

Z

0
0

.
4

Ze
r

. , 
r , , -

. I ( 3) 
:

0

exp( ).
4I

Ze r D
r

D, , 
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1 2

0
2

4 .
8
B

A

k TD
e N I

, -
, 

, , -
. I  0 -
, ,

I 0.
, , 

, 
I 0:

0
0

exp( / ) 1 .
4a I

Ze r D
r

,  << 1, 

r  0:

0 0

(0) 1 1 .
4 4a

Ze r Ze
r D D

Ze
 1 

2 2

0

.
2 4

AZ e NE
D

3
3 2 2

03/2
0

ln 2 10 ,
4 A

B

E e N Z I A Z I
RT k T

kB = 1,38 10–23  – , e – -
 (1,6 10–19 ),  103 , 

.
 CGSE :

3
2 2

03/2 3

2ln ,
( ) 10

A

B

e N Z I A Z I
k T

kB = 1,38 10–16 , e =  4,8 10–10

 CGSE. .
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,
,  25 -

A0  0,509:
2 2lg 0,509 0,5 .Z I Z I

–
-

.  1,1-
 10–2 . 

:
2 2

0 0,5lg .
1 1
A Z I Z I

aB I I
 (aB),

a – ,  – , T. 
,  0,3 , 

,  ( )  1 –1/2 1/2.
 6.1

A B

T, C A, [ –1/2 1/2] B, [ –1 –1/2 1/2]
25 0,509 3,29
30 0,514 3,30
35 0,519 3,31
40 0,524 3,32
50 0,535 3,34
60 0,547 3,37

 10–1

. :
20,5lg .

1
Z I CI

I
 – .

-
, -

I. 
.
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, , -

, 
. 

 KCl  HCl, 
(1,1-  1,1- ), 

.
-

+ – .
-

, 
– , -

:
lg 0,5 ,Z Z I

0,5
lg ,

1
Z Z I

I

0,5
lg .

1
Z Z I

CI
I

-
.  ,  

. -
-

, 
. 

» . 
1,1- a

22ma ,
m – . , 

, 
-

. a , -
, . -

, m < 0,1 
 1 %.
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6.3. 

6.3.1. -1.

-
, 

 HCl :

2Pt | H | HCl( ) | AgCl | Ag.m

1/2 H2( ) + AgCl( ) = HCl( . ) + Ag( ).
 ( ) 

2

o
0,5

( )ln .
H

RT a H
F P

 1 , 

o ln ( ).RT a H
F

 ( ) 

o ln ( ).RT a Cl
F

, 
, 

o oln ( ) ( ) ln ( ),RT RTE E a H a Cl E a HCl
F F

 Eo – .
 H+  Cl– , 

:
o 2 2 2 2ln 0,222 0,0591 lg .RTE E m m

F
E m 0

, -
m . ,

, . 6.2.



157

 6.2

m, E, (0,222 – E), (0,222 )
0,0591

E 2m m

0,001 0,5784 –0,3564 –6,0310 9,31E–07 0,000965 0,965
1 0,2329 –0,0109 –0,1841 0,654481 0,809 0,809

o,  
. 

: o

, . 
– . 

, -
– . , 

HCl I m, 1:Z Z

o o2 ln ln 0,1183 lg( ) lg .RTE E m E m
F

0,5lg .
1

m C m
m

, :

o 0,0590,1183 lg( ) 0,1183 .
1

mE E m C m
m

:
Eo

. -
, , -

Eo. :

o0,0590,1183 lg( ) 0,1183 .
1

mE m E C m
m

E , :
o 0,1183 .E E C m

. 
E m E0 ,

y. E -
m
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, m. E0

.

 H+  Cl– -
.

– , -
. 

-
 ( . 6.10);

– ;
– ;
– , ;
–  1,0 M  HCl;
–  250  – 6 .

 25 , 
. 

, 
. 

.

 HCl  0,005;
0,01; 0,05; 0,1; 0,5; 1,0 , -

, .
,
-

.  10–15 
. , -

, 

. 
, 

 1–2  5 .
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. 6.10. , -1.
1 – ,  2 – 

.
. 6.3.

 6.3
E0

CHCl, mHCl, E, E',  

E' m -
Eo.  Eo, -

. 
. 6.4.

 6.4

m, m ,  lg m lg .
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.
.m -

 Excel, 
 –  Origin  SciDaVis.

:
– ;
– ;
–  6.3;
– E' m Eo;
–  6.4, ;
– m

 – .

6.3.2. -2.

:
– 

;
– -

.

, ,
. . -

.
-

. 
, 

 ( , , 
). 

. 
S , -

. 
, 

.
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. -
 ( ) -

. 
, ,  H+ ,

, 
. , 

, ,
, . 

, 
, .

:
[ ] .
[ ]

H A
a H A

HA

a a AK a
a HA

, [ ].HAa HA
, :

[ ]lg lg lg[ ] lg[ ] lg .
[ ]a A A

ApK pH pH A HA
HA

, 
, 

.
 A–  H+, 

, :
[ ] [ ].A H

, 
, 

lg[ ],apK pH pH HA . .

2 lg[ ].apK pH HA                  (6.11)
, -

, .
, , 

,
. 

-
,  KOH:

HA + KOH = KA + H2O.
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a b – -
; V  – ; V+ – -

; V  – 
; a –  HA  KA;

b –  KOH  KA.
b , a . -

b , a
. , 

( ) / ; ( ) / .a ba C V V b C V V
 KA ,  -

 K+ .
, 

[K+] + [H+] = [A–] + [OH–].

b >> |[H+] – [OH–]|. 
 [A–]  [K+]  b. 

[A–] = b – [OH–] + [H+].
a =  [HA]  +  [A–],

[HA] = a – b,
:

.a H A

bK a
a b

0,506lg .
1a

b IpK pH
a b I

– . -
,

A
, 

lg lg .b
a a

a b

b C VpH pK pK
a b C V C V

            (6.12)

 ( . . 6.2), -
Ca  pKa. .

A

b = a/2, . . , 
, ,  (6.12) :

pKa = pH.    (6.12 )
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, ,
A

0,506 .
1a

IpK pH
I

   (6.12 )

-
.

–          ( ,   
 4101» -10601/7);

– ;
–  100 ;
– ;
–  KOH .

.

,  0,1  (
)

KOH  0,1  (
)

. 6.11.  
  

-
 100  ,

-10601/7, 
-

. 
,  

 ( . 6.11
, ). -

-
. 

,
.
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, 
, ,

, 
.  20  40 
 100  ,  
.

-
,  pH , . 

.
,   1  -

,  –  0,1 . 
 pH V+

pH V V+.  (V+ – ). 
Ca.

. 6.5.
 6.5

V+, Ca,
M

a,
M

b,
M lg(b/(a – b)) 0,506

1
I

I
pH pKa

 pKa  (6.11), -
 pH ).

 pKa ,  (6.12)
 (6.12 ) ( ). , -

,  (6.12), -
, -

. 
(6.12) .  6.2.

:
– ;
– , ;
– ;
– Ka pKa , ;
– ;
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–  pH ;
–  pH pH V V+;
–  6.5;
–  pKa  (  6.12) 

.

6.3.3. -3.

, 
 HCl .
 « » ,

 (6.3), 
E

:
.rG ZFE

-
:

o o.rG ZFE
, -

:
o o

o .r
r

P P

G ES ZF
T T

  

2Pt | H | HCl( ) | AgCl | Agm

1/2 H2 + AgCl = HCl + Ag.

 ( ) 

2

0
0,5

( )ln .
H

RT a H
F P

 1 , 

0 ln ( ).RT a H
F
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 ( ) 

0 ln ( ).RT a Cl
F

, 
 H+  Cl–

o o 2 2ln ( ) ln .RT RTE E a HCl E m
F F

oE  – .
:

o 2 2ln .RTE E m
F
, o,E

.
-

-
.

, -1. 
, -

.
-

, 
. . 6.10), 

, , 
.

 25 , -
. 

, -
. , 

.
 c 

HCl 0,5 M  1,0 M ( ).
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, Cl, -
,  25 , -

 10–15  .   1  -
,  

.  35,
45  55 . . 6.6.

 6.6

HCl ,° E ,  o,E

oE -
, ( Eo/ T)P

o
rG

o
rS .

, , 

o
rG

o
rS . -

.
:

– ;
– ;
– o

rG
o

rS ;
– o

rG
o

rS , ;
–  6.6;
– oE .

6.3.4. -4.
  

H2A -
, . 

.
1 2 2

2H A H HA 2H A .K K
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 (K1 >> K2). 
2

,  ( ) -
 ( . 6.12).

. 6.12.
.

1 2 – 

2 -
. -

,  (a)  
 [Na+],  .  

, ,
Ca b.

1. :
2

2[ ] [ ] [ ]a H A HA A .
a Ca,  -

.
2. :

1
2

[ ] [ ] ,
[ ]

H HAK
H A
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2

2
[ ] [ ] ,

[ ]
H AK

HA
2 2

1 2
2

[ ] [ ] .
[ ]

H AK K K
H A

3. 2 -
 ( , NaOH):

2[ ] [ ] [ ] 2 [ ] 0
[ ]

wKNa H HA A
H

,

[ ] [ ]wK H OH .
, -

B:
2[ ] [ ] [ ] 2 [ ].

[ ]
wKB Na H HA A

H
a B:

2 .
[ ] 2 [ ]

a a
B HA A

:

1 2 1 2 2
2 2

1 2 1 2 2
2

[ ] [ ][ ]
[ ] [ ] ,[ ] 2 [ ]

[ ] [ ]

K H A K K H AH A
a H H

K H A K K H AB
H H

2
1 1 2

2 2 2

1 1 2
2 2

[ ] [ ]
[ ] [ ] [ ] ,

[ ] 2
[ ] [ ]

H K H K K
a H H H

K H K KB
H H

2
1 1 2

1 1 2

[ ] [ ] ,
[ ] 2

a H K H K K
B K H K K

2
1 1 2 1 1 2[ ] 2 [ ] [ ] 0,a aK H K K H K H K K

B B
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2
1 1 2[ ] 1 2 1 [ ] 0,a aK H K K H

B B

2
1 1 2[ ] [ ] 1 2 1 ,a aH K H K K

B B

2

1 1 2

[ ] 1
[ ] .

2 1 2 1

aH
H BK K K
a a
B B

-
:

2

1 1 2

1
.

2 1 2 1
H H

a a a B
K K K

a B a B
   (6.13)

1 1 2 ,y K x K K
2 1

, .
2 1 2 1

H H
a a a B

y x
a B a B

, K1 K2
, ,

2 1
.

2 1 2 1
H H

a a a B
a B a B

K1 , -
 (K1 K2) – y x = 0.

-
-

.

:
–  100  – 1 .;
–  1  – 2 .;
–  250  – 1 .;
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–  25  – 1 .;
–  0,1 ;
– -02 ( . 6.13);
– 0,1  1 ;
– 0,1  1 ;
– 0,1  1 ;
– ;
–  Parafilm – 5 ;
–  / ;
– .

. 6.13. -
: 1 – , 2 – ,

3 – , 4 – , 5 – 
, 6 – , 7 – , 8 – 

, 9 – , 10 – ,
11 – 

.  
, 
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. , 

, .
2 , 

, -
 10 .

 1  0,1 
,

, 
. 

.   1  
 0,1 -

.
 100  0,025 -

 0,1 -
 0,05–0,2 .

.
, 

Titrate-5.0. 
, ,  « -

». 
.

 100 -
. 

, 
. 

, -
.

 « » 
. 

. 
 «  –  ( )»  « -
 –  ( )».
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. -
 tdc , 

….
, 

. 

. -
.

.

 pKa 
. -

, -
,  pH,  pH 

. 
 Word  WordPad, -
, V
 pH,  « »

 « »  Excel  Origin. -

.  Worksheet Origin  Excel 
. 6.7.

pH V  d(pH)/dV V, 
Ca.  H+  Na+, 

V  pH ,  
B, a/B, y x.  .  6.7

 Origin.
 6.7.

-4

A B C D E F G H
V, pH [H+] [Na+] B a / B y x

2

2 1
H

a
a B

1
.

2 1
Ha a B

a B
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K1 -
,  (6.13).

,  Y, -
 (K1 K2). -

K2, 
 K1  K2).

, -
-

 ( . . 6.12). . 6.7 -
. , 

.
K1 K2,  6.12

6.12  ( . -2). 
: 

-
 (  K1  K2).

-
, 

 ( . 6.14), , , -
. K1

.  
.

. 6.14.

:
– ;
– , ;
– K1,  pK1, K2  pK2, -

, ;
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– Ca;
– ;
– Cb  (NaOH);
– -

 (V, ),  Origin;
– , 

2

2 1
H

a
a B

1
.

2 1
H

a a B
a B

-4
1. . .

: . … . . . ,
2013.

2. .  . . 
. . : , 1971. 456 .

3. . . . : ,
1989. 448 .

4. . . : -
, 

. : , 2009. 141 .
5. . , . ., . .

 // -
.  6. 2008. . 1–10.

-1 – -4
1. ?

 I  II .
2. .
3. ?
4. ?
5. , 

, .
6. . -

?
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7.  
?

8. . . -
. -

.
9. , 

 Ag+ +  I– = AgI. 
-

?
10. .

?
11.  – . ?
12.  – .
13. , , -

 – .
14.  ( ) -

 ( . . 6.11). -
?

15. . 
?

16. .
17. 

.
18. 

?
19. -

.
20. 

?

-1 – -4
1. . . . .: , 2005.
2. . ., . ., . . -

. .: , 2003.
3. . . . -

. .: , 2002.
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4. . ., . ., . . .
.: , 2001.
5. .,  . . .: ,

1979.
6. . ., . .

. .: , 2013.
7. . . , -

 // . 2000.
. 6 (10). . 50–56.

8. . .  // -
. 2001. . 7 (4). . 44–51.

9. . . .  //
. 1998.  1. . 33–39.

10. . .  // 
. 1999.  5. . 60–65.

http://anchem.ru/literature/books/01.asp ( -
. . -

).
http://www.neolab.ru/000004.php?qr=000009&division=5&article

=51&sort=2. ( ).
http://www.xumuk.ru/encyklopedia/2/3657.html ( -

. : , .).
http://multitest.semico.ru/pribor.htm ( : -

-
).

 6.1

 «  4101»

.
, . -

 ( ) ,
 ( ),

, 
. -

http://anchem.ru/literature/books/01.asp
http://www.neolab.ru/000004.php?qr=000009&division=5&article=51&sort=2
http://www.neolab.ru/000004.php?qr=000009&division=5&article=51&sort=2
http://www.xumuk.ru/encyklopedia/2/3657.html
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-
, , 

. -
, .

-
 1,68; 6,86  9,18. -

, -
2.

, .
.

1. . ,
.

2. 
.

3. . 
. 

 1,68 .
4. , 

.
, , 

. .
5.  « .» .

. ,
, . 

.  S
 –57.

6. 
.

.
, 

, ,
.

2  = 0 + S lg(a), S –
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. 8.6. .
, , 

 ( J = 1), -

,  R-  ( J = +1),
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.
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 ( . . 8.5). 
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8.1.5. 

1B 0B -
-

2F(J), :
2 ,R PF J J J

2 1 1 ,R PF J J J

R J         ( –1)    
J  R- , P J  –  P- .

2F 2F  –  ( –1) 
 P-  R- , 

( 2F )  ( 2F ) .
. 8.6 , –1, -

.  ,   P-  
R- , J = 1.
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.  (8.6) 
22 4 8 1 2 ,

1 2
F J

B D J
J

(8.7)

y = a + bx, 
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3
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2
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.
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 (8.7). .

8. .
.

9. .

CO.  CO 
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