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1. Introduction
The cultures of all seafaring nations have

legends of ships being swamped by gigantic waves,
and of sightings of waves of unbelievable size. These
waves appear suddenly, swallow a ship, and then
vanish as quickly as they arise [1]. However, when
Captain Dumont d’Urville, a French scientist and
naval officer in command of an expedition in 1826,
reported encountering waves up to 30 meters high,
he was openly ridiculed [1].

ÌÀÒÅÌÀÒÈÊÀ  È  ÌÅÕÀÍÈÊÀ
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LAGRANGIAN  DESCRIPTION  OF  EXTREME  OCEAN  WAVES

© Sh.U. Galiev, B.R. Mace

Catastrophic (extreme) ocean waves differ from tsunamis. Tsunamis become dangerous only when they
come to the coastal zone. On the contrary, catastrophic ocean waves most often arise far from the coast. Only
during recent years these waves have drawn the attention of the public and of scientists. Indeed, over the last
20 years more than 200 super-carrier-cargo ships over 200 m long have been lost at sea. Eyewitness reports
suggest that many were sunk by high and violent walls of water that rose up out of calm seas. However, many
marine scientists clung to statistical models stating that monstrous deviations from the normal sea state occur once
every 1000 years. 

Engineers, who now are designing ships and building offshore platforms that are further and further from land,
obviously require detailed knowledge of structural loads imposed by these extreme waves. A typical wave having
12 m height impacts with six tons weight per square metre. The majority of modern ships can sustain up to 15 tons
weight per square metre. In the case of the extreme (catastrophic) waves the pressure on the hull may be much more.
The pressure can reach 100 tons weight on per square metre (nearby 980,000 Pascals). The action of overturning
(breaking) extreme waves is especially dangerous, because in certain conditions they can produce very short and
intense loadings that are similar in character to the pressure time-histories caused from underwater explosions.

An extreme ocean wave is a rare event, and may be recorded only if long-time regular measurements are
conducted. Instrumental registrations show the appearance of them in shallow seas where they may be described as
shallow, weakly dispersive waves. Much more rarely an extreme wave appears in the deep ocean. In this case they
are described by the nonlinear Schrödinger equation. It is stressed that the nonlinear Schrödinger equation is based on
the Eulerian approach. Here a theory of nonlinear ocean waves, based on the Lagrangian formulation, is developed.

The paper is organized as follows. Section 1 is Introduction. In Section 2 the starting equations and the
depth-averaged process are described. Resulting equations taking into account quadratic and cubic nonlinear
effects are derived in Section 3. A solution describing a solitary quadratic nonlinear wave is presented in Section 4.
The last Section is a brief conclusion.

Key words: Lagrangian coordinates, nonlinear wave equations, ‘dangerous’ denominators, solitary wave.

Perhaps the Beagle met a similar extreme wave
near Cape Horn. Charles Darwin wrote ‘…On the
13th the storm raged with its full fury; our horizon
was narrowly limited by the sheets of spray borne
by the wind.... At noon a great sea broke over us,
and filled one of the while-boats,... The poor
Beagle trembled at the shock, and for a few
minutes would not obey her helm; but soon, like
a good ship that she was, she righted and came
up to the wind again. Had another sea followed

GALIEV Shamil Usmanovich – Professor of the University of Auckland, Faculty of Engineering, the University
of Auckland, Auckland, New Zealand, å-mail: s.galiyev@auckland.ac.nz
MACE Brian Richard – Professor of the University of Auckland, Faculty of Engineering, the University of
Auckland, Auckland, New Zealand, å-mail: b.mace@auckland.ac.nz
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the first, our fate would have been decided soon
and for ever...’ [2, pp. 264–265].

This description indicates that the Beagle met
a storm transforming into a hurricane. According to
the standard scale of Sir Francis Beaufort, during a
storm there are extremely high waves whose crests
are blown off in foam. The maximum height of these
waves is up to 16 m, an average height is 11.5, while
the wind speed is 28.5 – 32.6 m/s. During a hurricane
the wind speed may be larger, the air is filled with
foam and splashes, and the visibility is very bad. Thus,
according to the scale, the storm described by
Darwin was a hurricane, for which the ocean around
Cape Horn is famous. Huge waves reaching 16 m
kept the crew under extreme pressure. However,
during such an event, which would not be unfamiliar
to the crew, the vessel was shaken by a single huge
wave. From Darwin’s description, it appears that
this wave may be described as catastrophic. Its height
might be much more than 20 meters.

For many years these tales of towering monsters
were written off as fantasy; many marine scientists
clung to statistical models stating that monstrous
deviations from the normal sea state occur once
every 1000 years. Even a decade ago researchers
considered these waves as legends and the myths of
sailors [1].

Here the extreme wave problem is considered
as a part of the problem of generation and evolution
of nonlinear ocean waves. It is an unsolved problem
although there are many researches into these waves.
Good account of them may be found in the recent
book [1] and many reviews, papers and books [2–
21]. In particular, it was found that Ma and
Akhmediev soliton-like solutions may be used for
modelling extreme waves [17]. Strongly localised
extreme waves are described thus in [1, pp. 17–
18]: ‘…Russian kayakers lucky to have observed
and taken photos of strange waves 25 km from
Cape Olga, Kronotsky Peninsula, about 1–
1.5 km offshore. They reported that the weather
was calm with only very gently sloping surge
waves coming from the open ocean every 15–
20 s. About 10 strange waves were observed in
the same area with irregular lengths. Freak waves
arose, propagated, and collapsed during tens of
second….Wave heights were about 2–4 m…They
seem to be a solitary wave variety…’. We

underline that the length of the wave in Fig. 1 is
approximately similar to its height.

The aim of this research is to describe similar
strange waves. First, we derive new equations for
nonlinear ocean waves. Then, the solution describing
the solitary wave is presented and discussed.

2. A depth-averaged model
It is most common in the literature to model

extreme waves using an Eulerian approach. An
alterative approach is based on a Lagrangian
approach [4–6, 22–27]. Here, we present a theory
of nonlinear ocean waves, based on the Lagrangian
formulation. The choice of the Lagrangian approach
together with suitable assumptions, allows us to
derive nonlinear wave equations for extreme waves.

Following [4–6] we write the depth-averaged
equation for ocean waves

0

0 0 0

[ (1 ) ]

[ (1 ) ] .

tt a a tt a
h

tt c tt c a
h c c

u u g w w dc

u u dc w w dc dc

    

   



       
 (1)

Here ( , , )u u a c t  and ( , , )w w a c t  are the
horizontal and vertical displacements of water
particles, a and c are the Lagrangian coordinates in
the horizontal and vertical directions respectively, g
is the acceleration due to gravity, h is the depth and
  is the water surface elevation. Subscripts t, a and
c indicate derivatives with respect to time and the
Lagrangian coordinates. The incompressible model
of water is used, therefore the equation of continuity
is written in the form

1 (1 )(1 )c aw u   .                (2)

Now, using different approximations for the
variation of  w with c, we can derive further equations

Fig.  1.  Photo (A.V. Sokolovsky) of strange wave [1]
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from (1), (2). Using the result of classical linear
analysis [23 we first assume that  w varies with depth
as a hyperbolic sine, i. e.

sinh ( )w k h c   .               (3)

Here 1[sinh( )]kh    , 12k    and λ is
the wavelength. Using (3), we find the following
expressions for the terms in Eq. (1) which depend
on w:
0 0

1 1( cosh sinh ) ,tta tta
h c

w dcdc k h kh k kh      (4)

0
1 21 1

2 2( sinh 2 )a tt a tt
h

w w dc k kh kh      ,  (5)

0 0
2 11 1

4 2( ) ( sinh 2

cosh 2 )( ) .

tt c a
h c

tt a

w w dc dc k kh

h kh

  

 

 
 
  (6)

Since 1 (1 )(1 )c aw u   (2), we can approxi-
mately write

2 2 2 2

3 3 3 3

cosh ( )

cosh ( )

cosh ( )

u k k h c da

k k h c da

k k h c da

    

    

   





           (7)

and

0

0

2 21 1
2 2

0
3 3 3 3

sinh

( sinh 2 )

cosh ( ) ,

tt tt
h

tt

tt
h

u dc kh da

k kh kh da

k k h c dc da

   

    

   

 



 
 
(8)

0
21 1

2 2

0
3 3 3

2 2

( sinh 2

)

cosh ( )

( ),

tt a
h

tt a

h

tt a tt a

u u dc k kh

kh da da

k k h c dc

da da da da

   

   

   

     



 



   

 (9)

0 0
2 21

4

11
2

0
3 3 3 31

3

2 2

( )

( cosh 2 sinh 2 )( )

[cosh cosh ( )]

( 2 ) .

tt c a
h c

tt a

h

tt tt a

u u dc dc k

h kh k kh da da

k kh k h c

dc da da da da



  

     

    

     

 

 



   

In (8)–(10)
0

3

1 21
3

cosh ( )

sinh (cosh 2)
h

k h c dc

k kh kh

 

  


.        (11)

Substituting (7)–(10) into (1) it follows that
2

21
4

2

2 3 21
9

2 2

3 2

2 2 11
4

21
8

( cosh

sinh ) (sinh 2 2 )

[ ( ) ]

sinh (cosh 2)

[2 ( )

3 ( ) ( )

2 ] ( sinh 2 2 )

(2 cos

tt a tta

tt tt

tt tt

tt tt

tt a tt

da gh k kh kh

kh k kh kh

da da

k kh kh

da da

da da

da k kh h

k kh





     

    

    

   

     

     

        

 



 

 
 


3 3 3 21
3

2 21
8

1

h 2 sinh 2 )

( )

cosh [ ( )

2 ]

(2 cosh 2 sinh 2 )( ) .

tt a

tt

tt a

tt a

kh kh

da da

k h kh da da

da da

h kh k kh

 

  

    

     

  

 
 

 

We recall that the solution (3) approximates
the variation of w with depth according to the
hyperbolic sine. Thus, the influence of nonlinearity
on this variation is not taken into account. Linear-
dispersive relation. Let us consider the following
linearized version of Eq. (12):

1

1

( cosh

sinh ) 0.
tt a ttada gh k h kh

k kh





     

 


   (13)

Let
exp ( )i ka t   .                  (14)

(10)

(12)
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In this case, Eq. (12) yields the classical
expression

2 tanh( )gk kh  .               (15)
This relation describes the interaction between

inertia and gravitational forces. (15) may be written
in terms of the wave speed C as

2 1 tanh( )C gk kh .             (16)
For a deep ocean 1kh   then relation (16)

reduces to
1C gk  .                     (17)

This means that the phase speed of gravity
waves in deep water is proportional to the square
root of the wavelength.

3. Guadratic and cubic – nonlinear
equations for gravity waves in a deep ocean

Let us consider the guadratic and cubic terms
of (12) assuming that 1kh  . It is easy to see that
for this case

2 3 2 21
9

2 3 2

2 3 3 31
3

2 2

sinh (cosh 2)(2

3

2 ) cosh

( 2 ) .

tt

tt tt tt

tt

tt tt a

k kh kh da

da da da

da k h kh

da da da da

    

      

     

     


  


   

 (18)

Consider first the quadratic terms. It is
convenient to introduce dimensionless variables

* /a a h , * / /t ght h Ct h  ,
* / A   .                                       

 (19)

Now dimensionless expressions for the terms
in Eq. (12) may be introduced. For example,

*
1

*a Ah
a

 
 


, 

*
1

*t Ah C
t

 
 


,

 
2

2 2 *
2 2

/
( / )tt tt

AC A Ah C
h Ct h


   

 .       
(20)

Using the dimensionless variables we rewrite
correspondingly the quadratic-nonlinear terms of Eq.
(12) in the form

1 2 2 21
4

2

(sinh 2 2 )

( ),tt tt

kh A C kh kh

da da

   

          (21)

1 3 2 2 21
4 (sinh 2 2 ) a ttk h A C kh kh 

     ,    (22)

1 2 2 21
4 ( cosh 2 0.5sinh 2 )

( ) ,tt a

kh A C kh kh kh

da da

   

   
 (23)

1 3 2 2 21
8 (2 cosh 2

sinh 2 )( ) .tt a

k h A C kh kh
kh

   

            (24)

For clarity we drop the asterisks in (21)–(24).
It is easy to see that for deep water waves the
expression (23) is much larger than (21), (22) and
(24). Now taking into account only the most
important quadratic and cubic-nonlinear terms, we
rewrite Eq. (12) in the form

1

1 2 21
4

3 3 3 21
3

2

( cosh

sinh ) cos 2 ( )

cosh (

2 ) .

tt a tta

tt a

tt

tt a

da gh k h kh

k kh k h kh da da

k h kh da da

da da





      

     

    

  


 

 
 

Since 1kh  , we assume that tanh 1kh  .
In this case, Eq. (25) yields

1 21
2

3 2 21
3

( )

( 2 ) .

tt a tta tt a

tt tt a

da gh hk hk da da

hk da da da da

        

     

  
   

Finally, we introduce the elevation potential Ô,
defined such that

a                               (27)
and rewrite Eq. (26) in the form

1 21
2

3 2 21
3

( )

[ ( ) 2 ] .
tt aa ttaa tt a

a tt tt a a

gh hk hk

hk da da

        

           (28)

The quadratic-nonlinear version of this
equation is

1 21
2 ( )tt aa ttaa tt agh hk hk        .  (29)

We shall use the nonlinear wave equation(29)
to study the possibility of extreme wave generation.
Recent observations show that the probability of
generation of extreme large waves in the open ocean
is much larger that was expected from ordinary
wave-amplitude statistics [1, 10]. Although
considerable efforts have been directed towards

(25)

(26)
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understanding this phenomenon, the complete picture
remains unclear. However, it is known that the
generation of large ocean waves may be explained
by the resonant interaction of several surface waves
[1, 12].

4. Solitary ocean waves
We assume that the elevation of water has a

form of a solitary wave
 2sech ( )a A t ka                (30)

Substituting (30) in (29) we obtain

2 2 2

2 3 2 2 2

2 2 2 2 2

2

( ) sech ( )
[6 sech ( ) tanh ( )

2 sech ( )] sech
( ) tanh ( ) .

k gh A t ka
h k k A t ka t ka
k A t ka h A
t ka t ka c





    

      

      

     

Here c is a constant of integration. We assume
that

c = 0.                          (32)
In this case Eq. (31) determines the dispersion

equation in the form
 2 2 2 1( ) 2 0k gh h k                  (33)

and the wave amplitude
1 16 3A k     .                  (34)

Here λ is the wavelength. Expressions (30),
(33) and (34) describe a solitary wave which exist
in deep ocean according to Eq. (29). According to
(34) – the longer the wave length, the higher the
amplitude. We underline that according to the
presented theory the length of the wave may be
comparable to its height ( A   ). On the whole,
this conclusion is supported by Fig.1.

However, the last conclusion is not correct if
the amplitude is very large. In that case we should
take into account cubic nonlinear effects.

5. Conclusion
“Rogue waves”, “freak waves”, “killer waves”

and similar names have been the topic of several
recent publications related to giant single waves
appearing in the ocean “from nowhere”. Hitherto,
we do not have a complete understanding of this
phenomenon due to the difficult and risky
observational conditions. Those who experience
these phenomena while being on a ship would be

busy saving their lives rather than making
measurements. It is difficult to explain the high
amplitudes that can occur in the open ocean using
linear theories based on the superposition principles.
Nonlinear theories of ocean waves are more likely
than linear theories to explain why the waves can
“appear from nowhere”. The reason for the
phenomenon can lie in the instability of a certain class
of initial conditions that tend to grow exponentially
and hence have the possibility of increasing up to
very high amplitudes. It was found that the nonlinear
Schrödinger equation [28] is applicable in deep
water [1], and that solitons can appear there. In this
paper, we have presented new equations for
nonlinear waves in deep water. It was found that the
quadratic nonlinear equation (29) has the precise
solution (36) describing a soliton-like wave.
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ËÀÃÐÀÍÆÅÂÎ  ÎÏÈÑÀÍÈÅ  ÊÀÒÀÑÒÐÎÔÈ×ÅÑÊÈÕ  ÎÊÅÀÍÑÊÈÕ  ÂÎËÍ

© Ø.Ó. Ãàëèåâ, Á.Ð. Ìåéñ

Îêëåíäñêèé óíèâåðñèòåò, Îêëåíä, Íîâàÿ Çåëàíäèÿ
Private Bag 92019, Auckland, New Zealand

Êàòàñòðîôè÷åñêèå (ýêñòðåìàëüíûå) îêåàíñêèå âîëíû îòëè÷àþòñÿ îò öóíàìè. Öóíàìè ñòàíîâÿòñÿ îïà-
ñíûìè òîëüêî â ïðèáðåæíîé çîíå. Â îòëè÷èå îò íèõ, êàòàñòðîôè÷åñêèå îêåàíñêèå âîëíû ÷àùå âñåãî âîçíè-
êàþò äàëåêî îò áåðåãà. Òîëüêî â ïîñëåäíèå ãîäû ýòè âîëíû ïðèâëåêëè âíèìàíèå îáùåñòâåííîñòè è ó÷åíûõ.
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Çà ïîñëåäíèå 20 ëåò ìîðå ïîãëîòèëî áîëåå 200 ñâåðõòÿæåëûõ ãðóçîâûõ ñóäîâ äëèíîé ñâûøå 200 ì. Ïî
ñîîáùåíèÿì î÷åâèäöåâ, ìíîãèå èç íèõ çàòîíóëè èç-çà îãðîìíûõ ñòðåìèòåëüíûõ âîëí, âñòàâøèõ ñòåíîé íà
ïîâåðõíîñòè ñïîêîéíîãî ìîðÿ. Îäíàêî çíà÷èòåëüíîå ÷èñëî ó÷åíûõ-îêåàíîëîãîâ ïðèäåðæèâàåòñÿ ñòàòèñòè-
÷åñêèõ ìîäåëåé, ñîãëàñíî êîòîðûì ïîäîáíûå ÷óäîâèùíûå îòêëîíåíèÿ îò íîðìàëüíîãî ñîñòîÿíèÿ ìîðÿ ïðî-
èñõîäÿò òîëüêî ðàç â òûñÿ÷ó ëåò. 

Èíæåíåðû, ïðîåêòèðóþùèå â íàñòîÿùåå âðåìÿ êîðàáëè è ñòðîÿùèå ìîðñêèå ïëàòôîðìû âñå äàëüøå îò
áåðåãà, áåçóñëîâíî, íóæäàþòñÿ â äåòàëüíûõ ñâåäåíèÿõ î ñòðóêòóðíûõ íàãðóçêàõ, íàêëàäûâàåìûõ ýêñòðå-
ìàëüíûìè âîëíàìè. Îáû÷íàÿ âîëíà âûñîòîé 12 ì îêàçûâàåò äàâëåíèå 6 òîíí íà êâàäðàòíûé ìåòð. Áîëüøèí-
ñòâî ñîâðåìåííûõ êîðàáëåé ìîãóò âûäåðæàòü äàâëåíèå äî 15 òîíí íà êâàäðàòíûé ìåòð. Â ñëó÷àå ýêñòðå-
ìàëüíûõ (êàòàñòðîôè÷åñêèõ) âîëí äàâëåíèå íà êîðïóñ ñóäíà ìîæåò áûòü çíà÷èòåëüíî áîëüøå, äîñòèãàÿ
100 òîíí íà êâàäðàòíûé ìåòð (ïî÷òè 980.000 ïàñêàëü). Äåéñòâèå îïðîêèäûâàþùèõ (ðàçðóøàþùèõ) ýêñòðå-
ìàëüíûõ âîëí îñîáåííî îïàñíî, ïîñêîëüêó â îïðåäåëåííûõ óñëîâèÿõ îíè ìîãóò îêàçûâàòü êðàòêîâðåìåííûå
èíòåíñèâíûå íàãðóçêè, ñõîäíûå ïî ñâîåìó õàðàêòåðó ñ äèíàìèêîé äàâëåíèÿ âî âðåìåíè ïðè ïîäâîäíûõ
âçðûâàõ.

Ýêñòðåìàëüíûå âîëíû – ÿâëåíèå ðåäêîå. Îíè ìîãóò áûòü çàðåãèñòðèðîâàíû òîëüêî â õîäå äîëãîâðåìåí-
íûõ ðåãóëÿðíûõ èçìåðåíèé. Èíñòðóìåíòàëüíûå íàáëþäåíèÿ ðåãèñòðèðóþò èõ âîçíèêíîâåíèå â ìåëêîâîäíûõ
ó÷àñòêàõ ìîðÿ, ãäå îíè ìîãóò áûòü îïèñàíû êàê äëèííûå ñëàáîäèñïåðñíûå âîëíû. Ðåæå ýêñòðåìàëüíûå
âîëíû âîçíèêàþò â ãëóáîêîâîäíûõ ó÷àñòêàõ îêåàíà. Â ýòîì ñëó÷àå îíè îïèñûâàþòñÿ íåëèíåéíûì óðàâíåíè-
åì Øðåäèíãåðà. Ïîä÷åðêèâàåòñÿ, ÷òî â îñíîâå íåëèíåéíîãî óðàâíåíèÿ Øðåäèíãåðà ëåæèò ýéëåðîâ ïîäõîä.
Çäåñü, íà îñíîâå ëàãðàíæåâîé ôîðìóëèðîâêè, ðàçðàáàòûâàåòñÿ òåîðèÿ íåëèíåéíûõ îêåàíñêèõ âîëí.

Ñòàòüÿ âêëþ÷àåò ñëåäóþùèå ðàçäåëû. Ðàçäåë 1 – Ââåäåíèå. Â ðàçäåëå 2 îïèñûâàþòñÿ íà÷àëüíûå óðàâ-
íåíèÿ è îñðåäíåííûé ïî ãëóáèíå ïðîöåññ. Â ðàçäåëå 3 ïðèâîäÿòñÿ ïîëó÷åííûå óðàâíåíèÿ ñ ó÷åòîì êâàäðà-
òè÷íûõ è êóáè÷åñêèõ íåëèíåéíûõ ýôôåêòîâ.  Â ðàçäåëå 4 äàíî ðåøåíèå, îïèñûâàþùåå îäèíî÷íóþ êâàäðà-
òè÷íóþ íåëèíåéíóþ âîëíó Ïîñëåäíèé ðàçäåë ïðåäñòàâëÿåò ñîáîé êðàòêîå çàêëþ÷åíèå.

Êëþ÷åâûå ñëîâà: ëàãðàíæåâû êîîðäèíàòû, íåëèíåéíûå âîëíîâûå óðàâíåíèÿ, «îïàñíûå» çíàìåíàòåëè,
îäèíî÷íàÿ âîëíà.
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Äèíàìè÷åñêèå õàðàêòåðèñòèêè òå÷åíèÿ âî
ìíîãîì îïðåäåëÿþòñÿ âÿçêîñòüþ æèäêîñòè. Êàê
ïðàâèëî, çàäà÷è ãèäðîäèíàìèêè ðåøàþòñÿ â
ïðåäïîëîæåíèè ïîñòîÿíñòâà ôèçè÷åñêèõ
ñâîéñòâ æèäêîñòè. Ìåæäó òåì âÿçêîñòü ÿâëÿ-
åòñÿ òåì ïàðàìåòðîì, êîòîðûé äîñòàòî÷íî ÷óâ-
ñòâèòåëåí ê èçìåíåíèþ òåìïåðàòóðû [1]. Áîëü-
øèíñòâî ìîäåëåé, îïèñûâàþùèõ çàâèñèìîñòü
âÿçêîñòè îò òåìïåðàòóðû èìåþò âèä ýêñïîíåí-
öèàëüíî óáûâàþùèõ ôóíêöèé, êîòîðûå íàçû-
âàþòñÿ ìîäåëÿìè àððåíèóñîâñêîãî òèïà [2].
Â ðàáîòå [3] ïðîâåäåí äîñòàòî÷íî ïîäðîáíûé
÷èñëåííûé àíàëèç âëèÿíèÿ ïàðàìåòðîâ òåì-
ïåðàòóðíîé çàâèñèìîñòè íà ðåæèìû òå÷åíèÿ
â ïëîñêèõ êàíàëàõ. Äàëüíåéøèå óñëîæíåíèÿ
ìîäåëåé, âêëþ÷àþùèå íåìîíîòîííóþ çàâèñè-
ìîñòü âÿçêîñòè îò òåìïåðàòóðû, ïðèâåëè ê åùå
áîëüøèì îòëè÷èÿì ïàðàìåòðîâ òå÷åíèÿ ïî
ñðàâíåíèþ ñ êëàññè÷åñêèì ñëó÷àåì ïîñòîÿí-
íîé âÿçêîñòè [4].

Ïðè àíàëèçå ðåæèìîâ òå÷åíèÿ æèäêîñòåé
íàèáîëüøèé èíòåðåñ ïðåäñòàâëÿåò ïåðåõîä

ÓÄÊ 532.5.013.4

Î  ÂËÈßÍÈÈ  ÇÀÂÈÑÈÌÎÑÒÈ  ÂßÇÊÎÑÒÈ  ÎÒ  ÒÅÌÏÅÐÀÒÓÐÛ
ÍÀ  ÓÑÒÎÉ×ÈÂÎÑÒÜ  ÒÅ×ÅÍÈß  ÆÈÄÊÎÑÒÈ

© À.Ä. Íèçàìîâà, Â.Í. Êèðååâ, Ñ.Ô. Óðìàí÷ååâ

Ðàññìîòðåíà çàäà÷à î âëèÿíèè òåìïåðàòóðíîé çàâèñèìîñòè âÿçêîñòè íà óñòîé÷èâîñòü òå÷åíèÿ æèäêîñòè
â ïëîñêîì êàíàëå ñ íåîäíîðîäíûì òåìïåðàòóðíûì ïîëåì. Ïîëó÷åíà ñèñòåìà äâóõ îáûêíîâåííûõ äèôôåðåí-
öèàëüíûõ óðàâíåíèé äëÿ àìïëèòóä âîçìóùåíèé ñêîðîñòè è òåìïåðàòóðû, êîòîðàÿ â ñëó÷àå èçîòåðìè÷åñêîãî
òå÷åíèÿ ìîæåò áûòü ñâåäåíà ê óðàâíåíèþ Îððà–Çîììåðôåëüäà. ×èñëåííî èññëåäîâàíû ñïåêòðû ñîáñòâåí-
íûõ çíà÷åíèé äëÿ òå÷åíèÿ Ïóàçåéëÿ ñ ðàçëè÷íûìè çàâèñèìîñòÿìè âÿçêîñòè æèäêîñòè îò òåìïåðàòóðû. Ïîêà-
çàíî, ÷òî òåìïåðàòóðíàÿ çàâèñèìîñòü âÿçêîñòè îêàçûâàåò âëèÿíèå íà óñòîé÷èâîñòü òå÷åíèÿ æèäêîñòè è ñó-
ùåñòâóþò çíà÷èòåëüíûå ðàçëè÷èÿ ìåæäó ñïåêòðàìè ñîáñòâåííûõ çíà÷åíèé äëÿ òå÷åíèÿ òåðìîâÿçêîé æèäêî-
ñòè è æèäêîñòè ñ ïîñòîÿííîé âÿçêîñòüþ.

Êëþ÷åâûå ñëîâà: ãèäðîäèíàìè÷åñêàÿ óñòîé÷èâîñòü, óðàâíåíèå Îððà–Çîììåðôåëüäà, òåìïåðàòóðíàÿ
çàâèñèìîñòü âÿçêîñòè, ñïåêòðàëüíàÿ çàäà÷à.

îò ëàìèíàðíîãî ðåæèìà òå÷åíèÿ ê òóðáóëåíò-
íîìó, êîòîðûé îïðåäåëÿåòñÿ êðèòè÷åñêèì ÷èñ-
ëîì, âû÷èñëÿåìûì ïðè ðåøåíèè çàäà÷è î ãèä-
ðîäèíàìè÷åñêîé óñòîé÷èâîñòè. Â ïðåäñòàâ-
ëåííîé ñòàòüå ïîñòàâëåíà çàäà÷à îá èññëåäî-
âàíèè óñòîé÷èâîñòè òå÷åíèÿ òåðìîâÿçêîé
æèäêîñòè â ïëîñêîì êàíàëå ñ íåîäíîðîäíûì
ðàñïðåäåëåíèåì òåìïåðàòóðû è ïðèâåäåíû
ðåçóëüòàòû ÷èñëåííîãî àíàëèçà.

Îñíîâíûìè óðàâíåíèÿìè, îïèñûâàþ-
ùèìè òå÷åíèå íåñæèìàåìîé òåðìîâÿçêîé
æèäêîñòè, ÿâëÿþòñÿ óðàâíåíèÿ íåðàçðûâíî-
ñòè, Íàâüå–Ñòîêñà è ñîõðàíåíèÿ ýíåðãèè:

2

0,

1 ( ) ,

,

i

i

i i i
j

j i j j

j
j j j

u
x

u u upu T
t x x x x

T T Tu
t x x x




                    
     
    
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ãäå 1 2 3( , , )u u u u
  – âåêòîð ñêîðîñòè, ð – äàâ-

ëåíèå, Ò – òåìïåðàòóðà, ρ – ïëîòíîñòü, ( )T –
êèíåìàòè÷åñêàÿ âÿçêîñòü, α – êîýôôèöèåíò
òåìïåðàòóðîïðîâîäíîñòè, èíäåêñû i è j ïðè-
íèìàþò çíà÷åíèÿ 1, 2, 3.

Ðàññìîòðèì òå÷åíèå íåñæèìàåìîé òåð-
ìîâÿçêîé æèäêîñòè â ïëîñêîì êàíàëå, ñòåíêè
êîòîðîãî èìåþò ðàçëè÷íûå òåìïåðàòóðû Tc è
Th, ïðè÷åì Tc < Th. Ïîìåñòèì íà÷àëî ñèñòåìû
êîîðäèíàò íà ñðåäíåé ëèíèè êàíàëà, à îñü
àáñöèññ íàïðàâèì ïàðàëëåëüíî ñòåíêàì êà-
íàëà (ðèñ. 1).

Ââåäåì áåçðàçìåðíûå ïåðåìåííûå ñëå-
äóþùèì îáðàçîì:

2

22 2 ˆˆ ˆ ˆ, , , ,

ˆ ˆˆ ˆ, , , ,

m

m

c

m m h c m

u tx y px y t p
H H H u

T Tu vu v T
u u T T

   


 
    

 

ãäå H – øèðèíà êàíàëà, mu  – õàðàêòåðíàÿ ñêî-
ðîñòü, mv  – õàðàêòåðíàÿ âÿçêîñòü.

Òàêèì îáðàçîì, èñõîäíóþ ñèñòåìó óðàâ-
íåíèé ìîæíî ïåðåïèñàòü â áåçðàçìåðíîì
âèäå (çäåñü è äàëåå çíà÷êè íàä áåçðàçìåðíû-
ìè âåëè÷èíàìè îïóùåíû):

ãäå Re
2

m

m

u H



 – ÷èñëî Ðåéíîëüäñà,

      Pe
2
mu H




 – ÷èñëî Ïåêëå.
Áåçðàçìåðíûå ãðàíè÷íûå óñëîâèÿ áóäóò

èìåòü âèä:

( 1) (1) 0,
( 1) (1) 0,

( 1) 0,
(1) 1.

u u
v v

T
T

  
  

 


Â íàñòîÿùåé ðàáîòå ìû ðàññìîòðèì ëè-
íåéíóþ òåìïåðàòóðíóþ çàâèñèìîñòü âÿçêî-
ñòè âèäà

 1 1 1
11 , 0
2

T k T k    

è ýêñïîíåíöèàëüíóþ çàâèñèìîñòü âèäà

  2
2 2, 0.k TT e k  

Ñ÷èòàÿ, ÷òî âÿçêîñòü èçìåíÿåòñÿ íåçíà÷è-
òåëüíî, ïðåäïîëîæèì, ÷òî íåâîçìóùåííîå òå-
÷åíèå ÿâëÿåòñÿ ïëîñêîïàðàëëåëüíûì è ðàñïðå-
äåëåíèå ñêîðîñòè èìååò ïðîôèëü Ïóàçåéëÿ

    2
0, , 1u x y t u y y   ,

 , , 0,v x y t 

à íåâîçìóùåííûå ðàñïðåäåëåíèÿ äàâëåíèÿ
è òåìïåðàòóðû èìåþò âèä:

   
   

0

0

, , ,

, , .

p x y t p x

T x y t T y





Ëåãêî âèäåòü, ÷òî íåâîçìóùåííàÿ òåìïå-
ðàòóðà èçìåíÿåòñÿ ëèíåéíî ïî ñå÷åíèþ êà-
íàëà:

    0 1 .T y y 
Äëÿ èññëåäîâàíèÿ ãèäðîäè-

íàìè÷åñêîé óñòîé÷èâîñòè ðàñ-
ñìàòðèâàåìîãî òå÷åíèÿ ïðåäïî-
ëàãàåì, ÷òî

   
 

   
   

0

0

0

, , ,

, , ,

, , ,

, , ,

u u y u x y t

v v x y t

p p x p x y t

T T y T x y t

 



 

 









 

x

hTT 

cTT 
2

H

2
H

 yT0 yu0

y

Ðèñ.  1.  Ñõåìà òå÷åíèÿ â ïëîñêîì êàíàëå

2 2

2 2

0,

1 ( ) ( ) ,
Re

1 ( ) ( ) ,
Re

1 ,
Pe

u v
x y

u u u p u uu v T T
t x y x x x y y

v v v p v vu v T T
t x y y x x y y

T T T T Tu v
t x y x y

    
                               
                                 

     
         





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ãäå ( , , ),u x y t  ( , , ),v x y t  ( , , ),p x y t  ( , , )T x y t  –
âîçìóùåíèÿ ïðîäîëüíîé è ïîïåðå÷íîé ñêî-
ðîñòåé, äàâëåíèÿ è òåìïåðàòóðû. Ïðåäñòàâèì
âîçìóùåíèÿ â âèäå áåãóùåé âîëíû:

 

 

 

 

1

2

( ) ,

( ) ,

( ) ,

( ) ,

ik x ct

ik x ct

ik x ct

ik x ct

u y e

v y e

p y e

T y e









  

  

  

  









ãäå        1 2, , ,y y y y     – àìïëèòóäû
âîçìóùåíèé ñêîðîñòè, äàâëåíèÿ è òåìïåðà-
òóðû, 1 2ñ ñ ic   – êîìïëåêñíàÿ ñêîðîñòü ðàñ-
ïðîñòðàíåíèÿ âîçìóùåíèé, 0k   – âîëíîâîå
÷èñëî.

Èç ýòîãî ïðåäñòàâëåíèÿ ñëåäóåò, ÷òî åñëè
ìíèìàÿ ÷àñòü õîòÿ áû îäíîãî ñîáñòâåííîãî
çíà÷åíèÿ ïîëîæèòåëüíà, òî ìàëûå âîçìóùå-
íèÿ áóäóò ñî âðåìåíåì ýêñïîíåíöèàëüíî íà-
ðàñòàòü, à ýòî, â ñâîþ î÷åðåäü, ïðèâåäåò ê ðàç-
âèòèþ òóðáóëåíòíîãî òå÷åíèÿ.

Èñïîëüçóÿ ðàçëîæåíèå â ðÿä Òåéëîðà,
âûðàçèì âÿçêîñòü ÷åðåç íåâîçìóùåííóþ ÷àñòü
è òåìïåðàòóðíîå âîçìóùåíèå:

   0 0 0( ) ( ) .T T T T T T         

Â ðåçóëüòàòå ïîëó÷èì ñëåäóþùóþ ñèñòå-
ìó îáûêíîâåííûõ äèôôåðåíöèàëüíûõ óðàâ-
íåíèé äëÿ àìïëèòóä âîçìóùåíèé:

   

     
     
     

   

2 4
0 0

2 2
0 0

0 0 0 0 0

0 0 0 0

2
0 0

2 Re

2

2

2 0,

Pe Pe 0.

IVT k k ik u c

k u T k

T ik T u u u

T u u T u

k ik u c T

            
                 
                    


               


        

Ãðàíè÷íûìè óñëîâèÿìè äëÿ ñèñòåìû ÿâ-
ëÿþòñÿ:

( 1) ( 1) 0,
(1) (1) 0,
( 1) (1) 0.

     
   

    
Ïåðâîå óðàâíåíèå ñèñòåìû ñîäåðæèò

äîïîëíèòåëüíûå ñëàãàåìûå, õàðàêòåðèçóþ-
ùèå èçìåíåíèå êàê òåìïåðàòóðû, òàê è âÿçêî-

ñòè ïî ñå÷åíèþ êàíàëà. Åñëè òå÷åíèå ÿâëÿåò-
ñÿ èçîòåðìè÷åñêèì, òî ýòî óðàâíåíèå ñâîäèò-
ñÿ ê õîðîøî èçâåñòíîìó óðàâíåíèþ Îððà–
Çîììåðôåëüäà [5]. Ïîëó÷åííàÿ ñèñòåìà ÿâëÿ-
åòñÿ ìîäèôèöèðîâàííûì óðàâíåíèåì Îððà–
Çîììåðôåëüäà äëÿ òåðìîâÿçêîé æèäêîñòè.
Âûðàæàÿ àìïëèòóäó âîçìóùåíèÿ ñêîðîñòè èç
ïîñëåäíåãî óðàâíåíèÿ ñèñòåìû è ïîäñòàâëÿÿ
åãî â ïåðâîå, ìû ïîëó÷àåì îäíî îáûêíîâåí-
íîå äèôôåðåíöèàëüíîå óðàâíåíèå 6-ãî ïîðÿä-
êà, êîòîðîå ìîæåò áûòü ðåøåíî äëÿ ñîáñòâåí-
íûõ çíà÷åíèé è ñîáñòâåííûõ ôóíêöèé.

Â äàííîé ðàáîòå ìû ðàññìîòðèì òîëüêî
ñëó÷àé, êîãäà ÷èñëî Ïåêëå äîñòàòî÷íî âåëèêî
(Pe 100) , è ñèñòåìà óðàâíåíèé ìîæåò áûòü
ïåðåïèñàíà êàê îäíî îáûêíîâåííîå äèôôå-
ðåíöèàëüíîå óðàâíåíèå 4-ãî ïîðÿäêà.

Íà ðèñ. 2 ïðåäñòàâëåíû ñïåêòðû ñîá-
ñòâåííûõ çíà÷åíèé ìîäèôèöèðîâàííîãî
óðàâíåíèÿ Îððà–Çîììåðôåëüäà äëÿ ñëó÷àÿ
ëèíåéíîé çàâèñèìîñòè âÿçêîñòè îò òåìïåðà-
òóðû è çíà÷åíèé ïàðàìåòðîâ Re = 104, k = 1,
âûáðàííûõ ñ öåëüþ ñîïîñòàâëåíèÿ ñ ðåçóëü-
òàòàìè èçâåñòíîé ðàáîòû [6].

Àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ ïîêà-
çûâàåò, ÷òî ïðè ñäåëàííûõ ïðåäïîëîæåíèÿõ
ñïåêòð ñîáñòâåííûõ çíà÷åíèé ïðè ìàëûõ
çíà÷åíèÿõ ïàðàìåòðà k1, õàðàêòåðèçóþùåãî
ñòåïåíü çàâèñèìîñòè âÿçêîñòè îò òåìïåðàòó-
ðû (k1 = 0,1 íà ðèñ. 2, à), êà÷åñòâåííî ñîâïà-
äàåò ñî ñïåêòðîì, ñîîòâåòñòâóþùèì êëàññè-
÷åñêîìó óðàâíåíèþ Îððà–Çîììåðôåëüäà [5–
7]. Ñîáñòâåííûå çíà÷åíèÿ ïðèáëèæàþòñÿ ê
âåùåñòâåííîé îñè, ãðóïïèðóÿñü âäîëü îäíîé
âåðòèêàëüíîé âåòâè, à çàòåì ðàñõîäÿòñÿ íà
äâå âåòâè íàïðàâî è íàëåâî. Òàêóþ êàðòèíó
ïðèíÿòî íàçûâàòü «ñïåêòðàëüíûé ãàëñòóê».
Ïðè óâåëè÷åíèè çíà÷åíèÿ ïàðàìåòðà k1
ñïåêòð ñîáñòâåííûõ çíà÷åíèé ñóùåñòâåííî
èçìåíÿåòñÿ. Ïðè çíà÷åíèÿõ ïàðàìåòðà
k1 > 0,2 íèæíÿÿ âåðòèêàëüíàÿ âåòâü íà÷èíà-
åò ðàñïàäàòüñÿ íà äâå îòäåëüíûå âåòâè
(k1 = 0,3 íà ðèñ. 2, à).

Íà ðèñ. 2, à  õîðîøî âèäíî, ÷òî ñóùåñòâó-
åò îäíî ñîáñòâåííîå çíà÷åíèå ñ ïîëîæèòåëü-
íîé ìíèìîé ÷àñòüþ, ÷òî ñîîòâåòñòâóåò íåóñ-
òîé÷èâîìó õàðàêòåðó òå÷åíèÿ ïðè âûáðàííûõ
çíà÷åíèÿõ ÷èñëà Ðåéíîëüäñà è âîëíîâîãî ÷èñ-
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ëà. Îäíàêî ïðè òåõ æå çíà÷åíèÿõ ïàðàìåòðîâ
òå÷åíèå æèäêîñòè ñ áîëåå ñèëüíîé çàâèñèìî-
ñòüþ âÿçêîñòè îò òåìïåðàòóðû áóäåò óñòîé÷è-
âûì (ðèñ. 2, á).

Ñïåêòðû ñîáñòâåííûõ çíà÷åíèé äëÿ çà-
äà÷è ñ ýêñïîíåíöèàëüíîé çàâèñèìîñòüþ âÿç-
êîñòè îò òåìïåðàòóðû àíàëîãè÷íû óæå ðàñ-
ñìîòðåííûì.

Íà ðèñ. 3 ïðåäñòàâëåíû íåéòðàëüíûå
êðèâûå äëÿ òå÷åíèÿ æèäêîñòè ñ ýêñïîíåíöè-
àëüíîé çàâèñèìîñòüþ âÿçêîñòè îò òåìïåðàòó-
ðû (k2 = 0,3) è æèäêîñòè ñ ïîñòîÿííîé âÿçêî-
ñòüþ (k2 = 0). Îáëàñòè íåóñòîé÷èâîãî òå÷åíèÿ
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Ðèñ.  2.  Ñïåêòðû ñîáñòâåííûõ çíà÷åíèé äëÿ ñëó÷àÿ ëèíåéíîé çàâèñèìîñòè âÿçêîñòè îò òåìïåðàòóðû: k1 = 0,1 (à);
k1 = 0,3 (á)

ñîîòâåòñòâóåò îáëàñòü âíóòðè ñîîòâåòñòâóþ-
ùåé íåéòðàëüíîé êðèâîé. Êðèâûå ñâèäåòåëü-
ñòâóþò îá óìåíüøåíèè êðèòè÷åñêîãî çíà÷åíèÿ
÷èñëà Ðåéíîëüäñà ïðè òå÷åíèè òåðìîâÿçêîé
æèäêîñòè è, ñîîòâåòñòâåííî, ïåðåõîä îò ëà-
ìèíàðíîãî ðåæèìà ê òóðáóëåíòíîìó äëÿ òåð-
ìîâÿçêîãî òå÷åíèÿ ïðîèñõîäèò ïðè ìåíüøèõ
çíà÷åíèÿõ ÷èñëà Ðåéíîëüäñà.

Çàâèñèìîñòü êðèòè÷åñêîãî ÷èñëà Ðåé-
íîëüäñà îò ïàðàìåòðà k2, õàðàêòåðèçóþùåãî çà-
âèñèìîñòü âÿçêîñòè îò òåìïåðàòóðû, ïðåäñòàâ-
ëåíà íà ðèñ. 4. Â ðàññìîòðåííîì äèàïàçîíå
ïðè óâåëè÷åíèè çíà÷åíèÿ k2 êðèòè÷åñêèå ÷èñ-

Ðèñ.  4.  Çàâèñèìîñòü êðèòè÷åñêîãî ÷èñëà Ðåéíîëüäñà îò
ïàðàìåòðà k2, õàðàêòåðèçóþùåãî òåìïåðàòóðíóþ çàâè-
ñèìîñòü âÿçêîñòè
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Ðèñ.  3.  Íåéòðàëüíûå êðèâûå: 1 – ïîñòîÿííàÿ âÿçêîñòü,
2 – ýêñïîíåíöèàëüíàÿ çàâèñèìîñòü âÿçêîñòè îò òåìïå-
ðàòóðû (k2 = 0,3)

à                                                                            á
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ëà Ðåéíîëüäñà óìåíüøàþòñÿ äî íåêîòîðîãî ìè-
íèìàëüíîãî çíà÷åíèÿ, à çàòåì âîçíèêàåò òåí-
äåíöèÿ ê èõ óâåëè÷åíèþ, ÷òî ìîæåò ñâèäåòåëü-
ñòâîâàòü î íåîáõîäèìîñòè ó÷åòà âëèÿíèÿ èç-
ìåíåíèÿ âÿçêîñòè íà ïîëå ñêîðîñòè è ðàññìîò-
ðåíèÿ áîëåå îáùåãî âèäà ïðîôèëÿ ñêîðîñòè.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå Ðîññèé-
ñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé
(ãðàíò ¹ 14-01-97034), Ïðîãðàìì ôóíäàìåí-
òàëüíûõ èññëåäîâàíèé Ïðåçèäèóìà ÐÀÍ ¹25 è
ÎÝÌÌÏÓ ÐÀÍ ¹13, ãðàíòà ÍØ-2669.2014.1.
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INFLUENCE  OF  TEMPERATURE  DEPENDENCE  OF  VISCOSITY
ON  STABILITY  OF  LIQUID  FLOWS

© A.D. Nizamova1, V.N. Kireev1,2, S.F. Urmancheev1,2

1Mavlutov Institute of Mechanics, Ufa Scientific Centre, RAS, Ufa, Russia
2Bashkir State University, Ufa, Russia

The paper considers the problem in regard to the influence of temperature dependence of viscosity on
stability of liquid flows in a plane channel with non-uniform temperature field. We have developed a system of two
ordinary differential equations for perturbation amplitudes of velocity and temperature that can be reduced to the
Orr–Sommerfeld equation in the case of isothermal flow. The spectra of eigenvalues for Poiseuille flow with
different temperature dependences of viscosity have been numerically studied. It is shown that the temperature
dependence of viscosity affects the stability of fluid flows, and there are considerable differences between the
spectra of eigenvalues for the flow of thermoviscous fluid and fluid with constant viscosity.

Key words: hydrodynamic stability, Orr–Sommerfeld equation, temperature dependence of viscosity, spectral problem.
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Ââåäåíèå. Èñïîëíèòåëüíûì ìåõàíèç-
ìîì (ÈÌ) íàçûâàþò óñòðîéñòâî â ñèñòåìå àâ-
òîìàòè÷åñêîãî ðåãóëèðîâàíèÿ è óïðàâëåíèÿ,
íåïîñðåäñòâåííî îñóùåñòâëÿþùåå ìåõàíè-
÷åñêîå ïåðåìåùåíèå (èëè ïîâîðîò) ðåãóëèðó-
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óïðàâëåíèÿ.

Ïðè ðàçðàáîòêå ÈÌ íåîáõîäèìî ïðèíè-
ìàòü âî âíèìàíèå âëèÿíèå äèíàìè÷åñêèõ
ïðîöåññîâ íà ðàáîòó ýëåìåíòîâ, èç êîòîðûõ
ñîñòîèò óñòðîéñòâî. Ôèçè÷åñêèå ïàðàìåòðû,
òàêèå êàê òåìïåðàòóðà æèäêîñòè, âÿçêîñòü,
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Àíàëèç ðåçóëüòàòîâ íàòóðíûõ èñïûòàíèé èñïîëíèòåëüíûõ ìåõàíèçìîâ ïîêàçàë, ÷òî òåîðåòè÷åñêèé è çàìå-
ðåííûé ðàñõîäû ðàáî÷åé æèäêîñòè íå ñîâïàäàþò. Çàìå÷åíî òàêæå, ÷òî äàííîå íåñîâïàäåíèå óâåëè÷èâàåòñÿ ñ
ïàäåíèåì òåìïåðàòóðû òîïëèâà. Ñâÿçàíî ýòî â ïåðâóþ î÷åðåäü ñ òåì, ÷òî ïðè ìàòåìàòè÷åñêîì ìîäåëèðîâàíèè
äèíàìè÷åñêèõ ïðîöåññîâ, ïðîòåêàþùèõ â èñïîëíèòåëüíîì ìåõàíèçìå, íåîáõîäèìî ïðèíèìàòü âî âíèìàíèå
âëèÿíèå ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ òîïëèâà íà ðàáîòó ýëåìåíòîâ, èç êîòîðûõ ñîñòîèò óñòðîéñòâî.

Â äàííîé ðàáîòå îáîñíîâûâàåòñÿ íåîáõîäèìîñòü èñïîëüçîâàíèÿ óðàâíåíèé Íàâüå–Ñòîêñà äëÿ ðàñ÷åòà
õàðàêòåðèñòèê ýëåìåíòîâ èñïîëíèòåëüíûõ ìåõàíèçìîâ. Äëÿ ýòîãî ïðîâîäèòñÿ ÷èñëåííîå ìîäåëèðîâàíèå
òå÷åíèÿ æèäêîñòè â êàíàëå êðóãëîãî ñå÷åíèÿ è îïðåäåëÿåòñÿ ðàñõîä æèäêîñòè è ìàêñèìàëüíàÿ ñêîðîñòü
òå÷åíèÿ æèäêîñòè â çàâèñèìîñòè îò ïåðåïàäà äàâëåíèÿ, ïðèëîæåííîãî êî âõîäó è âûõîäó êàíàëà. Ïîêàçàíà
çàâèñèìîñòü ïîðîãîâîãî ïåðåïàäà äàâëåíèÿ è ðàñõîäà òîïëèâà îò òåìïåðàòóðû ñ ó÷åòîì èçìåíåíèÿ âÿçêîñòè
è ïëîòíîñòè òîïëèâà. Ñðàâíèâàþòñÿ ðåçóëüòàòû, ïîëó÷åííûå äâóìÿ ìåòîäàìè ðàñ÷åòà: íà áàçå óðàâíåíèÿ
Áåðíóëëè, íà êîòîðîì îñíîâàíû èíæåíåðíûå ðàñ÷åòíûå ìåòîäèêè, è íà áàçå óðàâíåíèé Íàâüå–Ñòîêñà, ó÷è-
òûâàþùèõ âÿçêîñòü æèäêîñòè.

Â äàëüíåéøåì ïðåäïîëàãàåòñÿ èñïîëüçîâàòü ïîëó÷åííûå ðåçóëüòàòû äëÿ ðàçðàáîòêè êàê ìàòåìàòè÷å-
ñêîé ìîäåëè èñïîëíèòåëüíîãî ìåõàíèçìà, òàê è èíæåíåðíîé ìåòîäèêè, îðèåíòèðîâàííîé íà âíåäðåíèå íà
ïðîôèëüíûõ ïðåäïðèÿòèÿõ.

Êëþ÷åâûå ñëîâà: êàíàë, óðàâíåíèå Áåðíóëëè, óðàâíåíèÿ Íàâüå–Ñòîêñà, ïåðåïàä äàâëåíèÿ, ðàñõîä æèä-
êîñòè.

ïëîòíîñòü, ìîãóò ñóùåñòâåííî ìåíÿòüñÿ â õîäå
ðàáîòû ÈÌ, â êîíå÷íîì èòîãå âëèÿÿ íà åãî
ðàáîòó.

Íà ñåãîäíÿøíèé äåíü äëÿ èíæåíåðíîãî
ðàñ÷åòà ðàñõîäà æèäêîñòè (òîïëèâà), ïðîòå-
êàþùåãî ïî êàíàëàì èñïîëíèòåëüíîãî ìåõà-
íèçìà, èñïîëüçóþò óðàâíåíèå Áåðíóëëè. Ïî
ýêñïåðèìåíòàëüíûì äàííûì, êîòîðûå ñîáðà-
íû â åäèíóþ òàáëèöó, ïîäáèðàþòñÿ ïàðàìåò-
ðû ýòîãî óðàâíåíèÿ, ÷òîáû ïðîñ÷èòàòü ðàáî-
òó ýëåìåíòîâ ÈÌ [1]. Ïðè ýòîì òåîðåòè÷å-
ñêèå ðåçóëüòàòû ðàñ÷åòà îòëè÷àþòñÿ îò ýêñ-
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ïåðèìåíòàëüíûõ âåñüìà ñóùåñòâåííûì îáðà-
çîì (äî ~50% òåêóùåãî çíà÷åíèÿ ðàñõîäà). Îò-
ëè÷èå áóäåò òåì áîëüøå, ÷åì âûøå òåìïåðàòó-
ðà òîïëèâà. Íåîáõîäèìî îòìåòèòü, ÷òî äî ñèõ
ïîð ïðîñ÷èòûâàåòñÿ òîëüêî ðàáîòà èñïîëíè-
òåëüíîãî ìåõàíèçìà â ñòàòèêå. Òàêîé ïîäõîä íå
ó÷èòûâàåò âëèÿíèå äèíàìè÷åñêèõ ïðîöåññîâ,
âîçíèêàþùèõ ïðè ðàáîòå óñòðîéñòâà, ÷òî ñíè-
æàåò êà÷åñòâî óïðàâëåíèÿ òðàíñïîðòíûì ñðåä-
ñòâîì è ìîæåò ïðèâåñòè ê àâàðèè [2].

Ñîâðåìåííûå ìåòîäèêè, ðåàëèçîâàííûå
â âèäå âû÷èñëèòåëüíûõ ïàêåòîâ, ïîçâîëÿþò
ïðîâîäèòü ÷èñëåííîå ìîäåëèðîâàíèå äèíàìè-
÷åñêèõ ïàðàìåòðîâ ÈÌ êàê ýëåìåíòà ñèñòåìû
àâòîìàòè÷åñêîãî óïðàâëåíèÿ. Îäíîé èç òàêèõ
ïðîãðàìì ÿâëÿåòñÿ îòêðûòûé ïîëíîôóíêöèî-
íàëüíûé èíæåíåðíûé ïàêåò êîíå÷íî-ýëåìåíò-
íîãî ìîäåëèðîâàíèÿ Elmer FEM. Ñ ïîìîùüþ
äàííîãî ïàêåòà ìîæíî ïðîâåñòè ñðàâíåíèå
ðåçóëüòàòîâ ÷èñëåííîãî ìîäåëèðîâàíèÿ óðàâ-
íåíèé Íàâüå–Ñòîêñà è óðàâíåíèÿ Áåðíóëëè.

Â äàííîé ðàáîòå îáîñíîâûâàåòñÿ íåîáõî-
äèìîñòü èñïîëüçîâàíèÿ óðàâíåíèé Íàâüå–Ñòî-
êñà äëÿ ðàñ÷åòà õàðàêòåðèñòèê ýëåìåíòîâ èñïîë-
íèòåëüíûõ ìåõàíèçìîâ. Äëÿ ýòîãî ðàññìàòðè-
âàåòñÿ òå÷åíèå æèäêîñòè (òîïëèâà) â êàíàëå è
ïðîâîäèòñÿ àíàëèç ïîëó÷åííûõ àíàëèòè÷åñêèõ
ðàñ÷åòíûõ äàííûõ, à òàêæå ñðàâíåíèå ðåçóëüòà-
òîâ ÷èñëåííîãî ìîäåëèðîâàíèÿ ñ ïîìîùüþ
óðàâíåíèé Áåðíóëëè è Íàâüå–Ñòîêñà.

Ïîñòàíîâêà çàäà÷è è îñíîâíûå óðàâ-
íåíèÿ. Ðàññìàòðèâàåòñÿ öèëèíäðè÷åñêèé
êàíàë äèàìåòðîì d = 10–2 ì è äëèíîé
L = 4⋅10–2 ì (ðèñ. 1). Íà ðèñ. 1 ââåäåíû ñëå-
äóþùèå îáîçíà÷åíèÿ: Ã1 – âõîäíîå îòâåðñòèå
êàíàëà; Ã2 – íåïîäâèæíàÿ ñòåíêà êàíàëà; Ã3 –
âûõîäíîå îòâåðñòèå êàíàëà, ïî äëèíå ðàâ-
íîå âõîäíîìó; Ã4 – îñü ñèììåòðèè.

Çàïèøåì ôîðìóëó äëÿ ðàñõîäà æèäêîñòè
÷åðåç îòâåðñòèå êàíàëà ñ ïëîùàäüþ f0 = πd2/4,
ïîëó÷åííóþ ñ ïîìîùüþ óðàâíåíèÿ Áåðíóë-
ëè [1]:

2 2*
4Á
d pQ  

 
 ,                  (1)

ãäå μ* – êîýôôèöèåíò ðàñõîäà, ðàâíûé îòíî-
øåíèþ äåéñòâèòåëüíîãî ðàñõîäà QÁ ê òåîðå-
òè÷åñêîìó Qòåîð, ò.å. μ* = QÁ/Qòåîð; Δp – ïåðå-
ïàä äàâëåíèÿ; ρ – ïëîòíîñòü æèäêîñòè.

Îòìåòèì, ÷òî ïðè îòëàäêå ãèäðàâëè÷å-
ñêèõ ñîïðîòèâëåíèé îáû÷íî èñïîëüçóþòñÿ íå
ãåîìåòðè÷åñêèå ïàðàìåòðû ñîïðîòèâëåíèé, à
èõ ïðîëèâî÷íûå äàííûå. Ýòî ïðèâîäèò ê
òîìó, ÷òî ïîÿâëÿåòñÿ íåîáõîäèìîñòü ïîäáè-
ðàòü áîëüøîå êîëè÷åñòâî ïàðàìåòðîâ äëÿ ðå-
øåíèÿ óðàâíåíèÿ Áåðíóëëè è èñêàòü îïòè-
ìàëüíûå êîýôôèöèåíòû äëÿ ðàçëè÷íûõ ãåî-
ìåòðèé ñîïðîòèâëåíèé.

Äâèæåíèå âÿçêîé æèäêîñòè â êàíàëå îïè-
ñûâàåòñÿ óðàâíåíèåì íåðàçðûâíîñòè äëÿ íå-
ñæèìàåìîé æèäêîñòè è óðàâíåíèÿìè Íàâüå–
Ñòîêñà [3]:

0 u , ( ) ,p
t

        
u u u u   (2)

ãäå u – âåêòîð ñêîðîñòè æèäêîñòè; ∇ – îïåðà-
òîð íàáëà; Δ – îïåðàòîð Ëàïëàñà; ∇p – ãðàäè-
åíò äàâëåíèÿ; μ – äèíàìè÷åñêàÿ âÿçêîñòü.

Â äàííîé ðàáîòå çàäà÷à äâèæåíèÿ æèä-
êîñòè â êàíàëå ÿâëÿåòñÿ îñåñèììåòðè÷íîé è
äâóìåðíîé. Ïóñòü îñü êàíàëà Ã4 ñîâïàäàåò ñ
îñüþ ñèììåòðèè Ox, à ðàäèàëüíàÿ êîîðäèíà-
òà y èçìåðÿåòñÿ îò îñè êàíàëà. Â òàêîé ïîñòà-
íîâêå îñòàåòñÿ òîëüêî ñîñòàâëÿþùàÿ ñêîðîñ-
òè â îñåâîì íàïðàâëåíèè, êîòîðàÿ çàâèñèò îò
ïîïåðå÷íîãî ïåðåìåùåíèÿ, ò.å. u = u(y), è
óðàâíåíèå íåðàçðûâíîñòè â (2) âûïîëíÿåòñÿ
àâòîìàòè÷åñêè.

Ðèñ. 1. Ãåîìåòðèÿ è ñåòêà êàíàëà
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Â ñëó÷àå ñòàöèîíàðíîãî òå÷åíèÿ æèäêî-
ñòè ( / 0u t   ) è äëÿ ïîñòîÿííîãî âäîëü ñëîÿ
ãðàäèåíòà äàâëåíèÿ

,pp
L


  

ãäå 1 2p p p   , ïîëó÷èì, ÷òî â (2) èç òðåõ
óðàâíåíèé Íàâüå–Ñòîêñà îñòàíåòñÿ òîëüêî
îäíî, êîòîðîå ïðèìåò ñëåäóþùèé âèä:

2

2

d 1 d
d d

u u p
y y y L

  
    
 

.            (3)

Ðåøåíèåì óðàâíåíèÿ (3) ÿâëÿåòñÿ ôóíêöèÿ
2

2( )
4 4

p du y y
L
 

    
, êîòîðàÿ îïðåäåëÿåò ïà-

ðàáîëè÷åñêèé ïðîôèëü ñêîðîñòè â ïîïåðå÷íîì
íàïðàâëåíèè ñ ìàêñèìóìîì â öåíòðå ñëîÿ:

2

max 16
p dU

L


 
 .

Ñëåäîâàòåëüíî, ôîðìóëà äëÿ ðàñõîäà
æèäêîñòè ÷åðåç ïîïåðå÷íîå ñå÷åíèå (îòâåð-
ñòèå êàíàëà), ïîëó÷åííàÿ ñ ïîìîùüþ óðàâíå-
íèé Íàâüå–Ñòîêñà, îïðåäåëÿåòñÿ ñëåäóþùèì
îáðàçîì:

2 /2 4

0 0

( ) d d
128

d

ÍÑ
d pQ u y y y

L

 
    

  . (4)

Ôîðìóëà (4) íàçûâàåòñÿ çàêîíîì Õàãåíà–
Ïóàçåéëÿ äëÿ òå÷åíèÿ â êðóãëîé òðóáå [4].

Èç óðàâíåíèÿ (4) ñëåäóåò, ÷òî äëÿ òîãî
÷òîáû ðàññ÷èòàòü ðàñõîä òîïëèâà ïî óðàâíå-
íèþ Íàâüå–Ñòîêñà ïðè çàäàííîì ïåðåïàäå
äàâëåíèÿ, íåîáõîäèìî çíàòü êîýôôèöèåíò
äèíàìè÷åñêîé âÿçêîñòè μ, êîòîðûé ñèëüíî çà-
âèñèò îò òåìïåðàòóðû T (÷òî ìû ïîêàæåì äà-
ëåå). Äëÿ òîãî ÷òîáû ðàññ÷èòàòü ðàñõîä æèä-
êîñòè ïî óðàâíåíèþ Áåðíóëëè (1), èç ôèçè-
÷åñêèõ ïàðàìåòðîâ íåîáõîäèìî çíàòü òîëüêî
ïëîòíîñòü æèäêîñòè ρ, êîòîðàÿ ìàëî çàâèñèò
îò òåìïåðàòóðû, à êîýôôèöèåíò ðàñõîäà μ*,
êàê ïðàâèëî, ïîäáèðàåòñÿ îïûòíûì ïóòåì â
õîäå ýêñïåðèìåíòîâ. Íàïðèìåð, ïðè L < 2d
êîýôôèöèåíò ðàñõîäà äëÿ öèëèíäðè÷åñêîãî
êàíàëà ðàâåí μ* = 0.81 [1].

Ïîêàæåì, êàê ïëîòíîñòü ρ è äèíàìè÷å-
ñêàÿ âÿçêîñòü μ òîïëèâà çàâèñÿò îò òåìïåðà-

òóðû. Ñâÿçü ìåæäó äèíàìè÷åñêîé âÿçêîñòüþ
è òåìïåðàòóðîé îïðåäåëÿåòñÿ óðàâíåíèåì Ðî-
ëàíäà [5]:

lg(lg ) lg(1 /135 C) lg ,A B T C        (5)

ãäå A – êîíñòàíòà, ñâÿçàííàÿ ñ ðàçìåðíîñòüþ
âÿçêîñòè; B – áåçðàçìåðíûé êîýôôèöèåíò, îï-
ðåäåëÿþùèé ñâÿçü ìåæäó âÿçêîñòüþ è òåìïå-
ðàòóðîé; C – áåçðàçìåðíûé êîýôôèöèåíò, îï-
ðåäåëÿþùèé êëàññ âÿçêîñòè. Äâà ïîñëåäíèõ
êîýôôèöèåíòà îïðåäåëÿþòñÿ ýêñïåðèìåíòàëü-
íî. Åñëè èçâåñòíî çíà÷åíèå âÿçêîñòè ïðè äâóõ
ðàçíûõ òåìïåðàòóðàõ 1 1( )T   , 2 2( )T   , òî
çíà÷åíèÿ êîýôôèöèåíòîâ îïðåäåëÿþòñÿ êàê:

1 2

2 1

( ) ( )
( ) ( )

f fB
f T f T
  


 ,

1 2 2 1

2 1

( ) ( ) ( ) ( )lg
( ) ( )

f f T f f TC
f T f T

  



,       

 (6)

ãäå ( ) lg(lg )f A    , ( ) lg(1 /135 C)f T T   .
Èç ôîðìóëû (5) ñëåäóåò çàâèñèìîñòü äè-

íàìè÷åñêîé âÿçêîñòè îò òåìïåðàòóðû â âèäå:
(1 /135 C)( ) 10

BC T AT
    .             (7)

Ïëîòíîñòü æèäêîñòè çàâèñèò îò òåìïå-
ðàòóðû ëèíåéíî. Åñëè èçâåñòíû çíà÷åíèÿ
ïëîòíîñòè ïðè äâóõ òåìïåðàòóðàõ 1 1( ),T

2 2( )T , òî çíà÷åíèå ïëîòíîñòè îïðåäåëÿåòñÿ
ñîîòíîøåíèåì [5]:

2 1 1 2 1 2

1 2 1 2

( ) .T TT T
T T T T

   
  

 

Ïîñêîëüêó â ÃÎÑÒ [6] óêàçûâàåòñÿ çíà-
÷åíèå ïëîòíîñòè êåðîñèíà ρ0 òîëüêî ïðè

0 20 CT   , òî äëÿ îïðåäåëåíèÿ ïëîòíîñòè ïðè
äðóãèõ çíà÷åíèÿõ èñïîëüçóåòñÿ ýìïèðè÷åñêàÿ
ôîðìóëà, êîòîðàÿ ïîëó÷àåòñÿ èç ôîðìóëû Ìåí-
äåëååâà ïîñëå íåêîòîðûõ ïðåîáðàçîâàíèé:

0 0( ) ( )T T T      ,             (8)

ãäå α – òåìïåðàòóðíàÿ ïîïðàâêà ïëîòíîñòè íà
1°Ñ, êîòîðàÿ ìîæåò áûòü âû÷èñëåíà ëèáî ïî
ôîðìóëå [7]

4
0(18310 13.233 ) 10     ,

ëèáî îïðåäåëåíà ïî òàáëèöå (ñì., íàïðèìåð,
[8]), çíà÷åíèÿ â êîòîðîé ïîëó÷åíû â ñîîòâåò-
ñòâèè ñ ÃÎÑÒ [9].
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Àíàëèòè÷åñêîå ñðàâíåíèå ðåçóëüòà-
òîâ, ïîëó÷åííûõ ïî óðàâíåíèþ Áåðíóëëè
è ïî óðàâíåíèÿì Íàâüå–Ñòîêñà. Ðàñ÷åòû
ïðîâåäåíû äëÿ òîïëèâà ÒÑ-1 (ïåðâûé ñîðò),
äëÿ êîòîðîãî ïðè òåìïåðàòóðå 0 20 CT    èìå-
åì ñëåäóþùèå çíà÷åíèÿ ïàðàìåòðîâ: ïëîò-
íîñòü 0 775   êã/ì3; òåìïåðàòóðíàÿ ïîïðàâ-
êà α = 0.805; êîýôôèöèåíòû â ôîðìóëå (7)
A = 4.2, B = 1.086444 è C = 1.378309.

Íà ðèñ. 2 è 3 ïîêàçàíû çàâèñèìîñòè äèíà-
ìè÷åñêîé âÿçêîñòè è ïëîòíîñòè îò òåìïåðàòó-
ðû, ðàññ÷èòàííûå ïî ôîðìóëàì (7) è (8) ñîîò-
âåòñòâåííî. Âÿçêîñòü ñóùåñòâåííî íåëèíåéíî
çàâèñèò îò òåìïåðàòóðû òîïëèâà (îòíîñèòåëü-
íîå îòëè÷èå íà÷àëüíîé âåëè÷èíû ê êîíå÷íîé

ðàâíî 
( 40 C) (160 C)

100% 2600%
(160 C)

    
 

  ,

ðèñ. 2). Çàâèñèìîñòü ïëîòíîñòè îò òåìïåðàòó-
ðû ëèíåéíàÿ (îòíîñèòåëüíîå îòëè÷èå ðàâíî

( 40 C) (160 C)
100% 24%

(160 C)
    

 
  , ðèñ. 3).

Òå÷åíèå æèäêîñòè òåðÿåò ñâîþ óñòîé÷è-
âîñòü ïðè äîñòèæåíèè íåêîòîðîãî êðèòè÷å-
ñêîãî çíà÷åíèÿ ãðàäèåíòà äàâëåíèÿ. Â òåîðèè
ïîäîáèÿ ââîäèòñÿ ÷èñëî Ðåéíîëüäñà, êîòîðîå
äëÿ öèëèíäðè÷åñêîãî êàíàëà îïðåäåëÿåòñÿ ïî
ñëåäóþùåé ôîðìóëå:

maxRe
2

U dud
 

 
,                (9)

ãäå u  – ñðåäíÿÿ ñêîðîñòü; /     – êèíåìà-
òè÷åñêàÿ âÿçêîñòü. Ýêñïåðèìåíòàëüíî óñòà-
íîâëåíî, ÷òî â öèëèíäðè÷åñêîé òðóáå ýòî êðè-
òè÷åñêîå ÷èñëî ðàâíî êðRe 2300 , à ñ ïîìî-
ùüþ ñïåöèàëüíîé îáðàáîòêè ïîâåðõíîñòè
(ñíèæåíèå øåðîõîâàòîñòè ñòåíîê) ïîðîãîâîå
÷èñëî Ðåéíîëüäñà ìîæåò äîñòèãàòü çíà÷åíèé

5
êðRe 10  [4].

Èç (9) ïîëó÷àåòñÿ ñëåäóþùàÿ ôîðìóëà äëÿ
îöåíêè ïîðîãîâîãî (êðèòè÷åñêîãî) ïåðåïàäà
äàâëåíèÿ:

2

êð êð3

32 ReLp
d


 
 .             (10)

Íà ðèñ. 4 è 5 ïîêàçàíû çàâèñèìîñòè îò
òåìïåðàòóðû ïîðîãîâîãî ïåðåïàäà äàâëåíèÿ,
ðàññ÷èòàííîãî ïî ôîðìóëå (10), è ñîîòâåòñòâó-
þùèõ åìó ðàñõîäîâ æèäêîñòè, ðàññ÷èòàííûõ
ïî ôîðìóëàì (1) è (4). Âèäíî, ÷òî ïðè óâåëè-

Ðèñ.  2.  Çàâèñèìîñòü äèíàìè÷åñêîé âÿçêîñòè îò òåìïå-
ðàòóðû äëÿ òîïëèâà ÒÑ-1

Ðèñ.  3.  Çàâèñèìîñòü ïëîòíîñòè îò òåìïåðàòóðû äëÿ òîï-
ëèâà ÒÑ-1

Ðèñ.  4.  Çàâèñèìîñòü ïîðîãîâîãî ïåðåïàäà äàâëåíèÿ îò
òåìïåðàòóðû
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÷åíèè òåìïåðàòóðû ïðîèñõîäèò çíà÷èòåëüíîå
óìåíüøåíèå êàê ïîðîãîâîãî ïåðåïàäà äàâëå-
íèÿ, òàê è ðàñõîäà æèäêîñòè. Êðîìå òîãî, íà
ðèñ. 5 ïðîäåìîíñòðèðîâàíî ñóùåñòâåííîå
îòëè÷èå â çíà÷åíèÿõ äëÿ ðàñõîäîâ òîïëèâà,
ïîëó÷åííûõ íà áàçå óðàâíåíèÿ Áåðíóëëè è
óðàâíåíèÿ Íàâüå–Ñòîêñà. Íàïðèìåð, ïðè òåì-
ïåðàòóðå 0 40 CT     ðàçíîñòü ðàñõîäîâ ðàâ-
íà QÍÑ – QÁ = 1.055⋅10–4 ì3/ñ, à ïðè òåìïåðà-
òóðå 0 160 CT   : QÍÑ – QÁ = 0.0488⋅10-4 ì3/ñ.

Íà ðèñ. 6 ïðåäñòàâëåíû ðàñõîäû äëÿ ôèê-
ñèðîâàííîãî ïåðåïàäà äàâëåíèÿ Δp = 1 Ïà
äëÿ òåìïåðàòóð, ïðè êîòîðûõ âûïîëíÿåòñÿ óñ-
ëîâèå êðp p   , ò.å. â îáëàñòè ïðèìåíèìî-

ñòè ôîðìóëû (4). Âèäíî, ÷òî ôîðìóëà (4) òàê-
æå äàåò îòëè÷íûé îò ôîðìóëû (1) ðåçóëüòàò.

Òàêèì îáðàçîì, ñðàâíåíèå àíàëèòè÷å-
ñêèõ äàííûõ, ïîëó÷åííûõ íà áàçå óðàâíåíèé
Áåðíóëëè è Íàâüå–Ñòîêñà, ïîêàçûâàåò, ÷òî äëÿ
êîððåêòíîãî ðàñ÷åòà äèíàìè÷åñêèõ ïðîöåññîâ
â ýëåìåíòàõ òîïëèâíîé àâòîìàòèêè öåëåñî-
îáðàçíî ó÷èòûâàòü çàâèñèìîñòü ôèçèêî-ìåõà-
íè÷åñêèõ ñâîéñòâ òîïëèâà îò òåìïåðàòóðû.
Ïîñêîëüêó èíæåíåðíûå ìåòîäû îñíîâàíû
èñêëþ÷èòåëüíî íà óðàâíåíèè Áåðíóëëè [1–2],
òî ýòî è ïðèâîäèò ê ðàñõîæäåíèþ ïðàêòè÷å-
ñêèõ è ðàñ÷åòíûõ ðåçóëüòàòîâ.

Ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâà-
íèÿ. ×èñëåííîå ìîäåëèðîâàíèå ïðîâîäèëîñü
ñ ïîìîùüþ îòêðûòîãî ïîëíîôóíêöèîíàëüíî-
ãî èíæåíåðíîãî ïàêåòà Elmer FEM. Ðàñ÷åòíàÿ
ñåòêà, ïðåäñòàâëåííàÿ íà ðèñ. 1, ñîçäàíà ñ
ïîìîùüþ àâòîìàòè÷åñêîãî ãåíåðàòîðà òåòðà-
ãîíàëüíûõ ñåòîê äëÿ äâóìåðíûõ è òðåõìåðíûõ
îáëàñòåé Netgen. Èñïîëüçîâàíà íåðàâíîìåð-
íàÿ ðàñ÷åòíàÿ ñåòêà ñ ðàçìåðàìè ýëåìåíòîâ,
çàâèñÿùèìè îò èçìåíåíèÿ ñêîðîñòè äâèæåíèÿ
æèäêîñòè. Ýòî ñäåëàíî äëÿ òîãî, ÷òîáû óìåíü-
øèòü âû÷èñëèòåëüíóþ ïîãðåøíîñòü, âîçíè-
êàþùóþ ïðè ðàñ÷åòàõ.

Ïàðàìåòðû äëÿ æèäêîñòè (àâèàöèîííûé
êåðîñèí ÒÑ-1, ïåðâûé ñîðò, êàê â ïðåäûäó-
ùåì ïóíêòå) áûëè âçÿòû ïðè òåìïåðàòóðàõ

0 20 CT    è 0 20 CT    .
Ãðàíè÷íûå óñëîâèÿ êàíàëà ñëåäóþùèå:
Ã1, Ã3: 0yu   ì/c;

1 3
[0.1,5]p p p      Ïà;

Ã2: x yu u  0 ì/c (óñëîâèå çàëèïàíèÿ íà
ãðàíèöå);

Ã4: 0yu   ì/c (îñü ñèììåòðèè).
Ïîãðåøíîñòü âû÷èñëåíèé ðàñõîäà òîï-

ëèâà ñ ïîìîùüþ ÷èñëåííîãî ìåòîäà è àíàëè-
òè÷åñêîãî ñîñòàâëÿåò îò 0 äî 3% ïðè âîçðàñ-
òàíèè ïåðåïàäà äàâëåíèé îò 0.1 äî 5 Ïà.

Ïîãðåøíîñòü âû÷èñëåíèé ìàêñèìàëüíîé
ñêîðîñòè æèäêîñòè àíàëèòè÷åñêèì ìåòîäîì è
÷èñëåííûì ñîñòàâëÿåò îò 0.2 äî 8% ïðè âîç-
ðàñòàíèè ïåðåïàäà äàâëåíèé îò 0.1 äî 5 Ïà.

Íà ðèñ. 7 ïðåäñòàâëåíî ñðàâíåíèå ðàñõî-
äîâ òîïëèâà, ïîëó÷åííûõ ÷èñëåííûì ìåòîäîì
ïî óðàâíåíèþ Íàâüå–Ñòîêñà è ñ ïîìîùüþ

Ðèñ.  5.  Çàâèñèìîñòè ðàñõîäà òîïëèâà ïðè ïîðîãîâîì
ïåðåïàäå äàâëåíèÿ îò òåìïåðàòóðû, ðàññ÷èòàííûå ïî
ôîðìóëå (1) (øòðèõîâàÿ ëèíèÿ) è ïî ôîðìóëå (4) (ñïëîø-
íàÿ ëèíèÿ)

Ðèñ.  6.  Çàâèñèìîñòè ðàñõîäà òîïëèâà ïðè ïåðåïàäå
äàâëåíèÿ Δp = 1 Ïà îò òåìïåðàòóðû, ðàññ÷èòàííûå ïî
ôîðìóëå (1) (øòðèõîâàÿ ëèíèÿ) è ïî ôîðìóëå (4)
(ñïëîøíàÿ ëèíèÿ)
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óðàâíåíèÿ Áåðíóëëè, äëÿ äâóõ ðàçëè÷íûõ çíà-
÷åíèé òåìïåðàòóð. Âèäíî, ÷òî çíà÷åíèÿ, ïî-
ëó÷åííûå ïî óðàâíåíèþ Áåðíóëëè, îòëè÷àþòñÿ
íà ïîðÿäîê îòíîñèòåëüíî çíà÷åíèé, ïîëó÷åí-
íûõ ïî óðàâíåíèþ Íàâüå–Ñòîêñà. Çàìåòèì, ÷òî
ðàñõîä òîïëèâà äëÿ óðàâíåíèÿ Áåðíóëëè ïðè
çàäàííûõ òåìïåðàòóðàõ ïðàêòè÷åñêè íå ìåíÿ-
åòñÿ. Îáúÿñíÿåòñÿ ýòî òàêæå òåì, ÷òî â óðàâíå-
íèè Áåðíóëëè íå ó÷èòûâàåòñÿ âÿçêîñòü æèäêî-
ñòè (òîïëèâà), ÷òî ïðèâîäèò ê îøèáêå â ðàñ÷å-
òå äèíàìè÷åñêèõ ïàðàìåòðîâ ÈÌ.

Çàêëþ÷åíèå. Â ñòàòüå ïðèâåäåíî àíàëè-
òè÷åñêîå è ÷èñëåííîå ñðàâíåíèå ðåçóëüòàòîâ,
ïîëó÷åííûõ íà áàçå óðàâíåíèÿ Áåðíóëëè è
óðàâíåíèé Íàâüå–Ñòîêñà, äëÿ çàäà÷è òå÷åíèÿ
æèäêîñòè â öèëèíäðè÷åñêîì êàíàëå ïîä äåé-
ñòâèåì ïåðåïàäà äàâëåíèÿ íà âõîäå è âûõî-
äå. Ïðîäåìîíñòðèðîâàíî âëèÿíèå òåìïåðàòó-
ðû íà ôèçè÷åñêèå ñâîéñòâà æèäêîñòè, òàêèå
êàê âÿçêîñòü è ïëîòíîñòü òîïëèâà. Ïîêàçàíî,
÷òî âÿçêîñòü ñóùåñòâåííî íåëèíåéíî çàâèñèò
îò òåìïåðàòóðû òîïëèâà, â òî âðåìÿ êàê çàâè-
ñèìîñòü ïëîòíîñòè îò òåìïåðàòóðû ñëàáàÿ è
ëèíåéíàÿ.

Ïîêàçàíî, ÷òî äëÿ àäåêâàòíîãî ó÷åòà äè-
íàìè÷åñêèõ õàðàêòåðèñòèê â ýëåìåíòàõ ÈÌ
íåîáõîäèìî èñïîëüçîâàòü ìàòåìàòè÷åñêèå
ìîäåëè òå÷åíèÿ æèäêîñòè (òîïëèâà), îñíîâàí-
íûå íà óðàâíåíèÿõ Íàâüå–Ñòîêñà. Ýòî ñâÿçà-
íî ñ òåì, ÷òî äàííûå óðàâíåíèÿ ó÷èòûâàþò
âÿçêîñòü æèäêîñòè, êîòîðàÿ çíà÷èòåëüíî ìå-

íÿåòñÿ ïðè èçìåíåíèè òåìïåðàòóðû òîïëèâà,
â òî âðåìÿ êàê â óðàâíåíèå Áåðíóëëè, íà áàçå
êîòîðîãî îñíîâàíû âñå èíæåíåðíûå ìåòîäû
ðàñ÷åòà, íå âõîäÿò ïàðàìåòðû, ñóùåñòâåííî
âëèÿþùèå íà äèíàìèêó òå÷åíèÿ æèäêîñòè.
Ýòèì îáúÿñíÿåòñÿ ôàêò ðàñõîæäåíèÿ ïðàêòè-
÷åñêèõ è ðàñ÷åòíûõ ðåçóëüòàòîâ íàòóðíûõ èñ-
ïûòàíèé ÈÌ.

Â äàëüíåéøåì ïëàíèðóåòñÿ ïðîâåñòè èñ-
ñëåäîâàíèÿ ðàçëè÷íûõ âèäîâ ãèäðàâëè÷åñêèõ
ñîïðîòèâëåíèé ïðè ðàçíûõ òåìïåðàòóðàõ, à
òàêæå òå÷åíèÿ æèäêîñòè ïðè áîëåå âûñîêèõ
ïåðåïàäàõ äàâëåíèÿ. Êðîìå òîãî, ïðåäïîëà-
ãàåòñÿ ðàçðàáîòàòü ìàòåìàòè÷åñêóþ ìîäåëü
ÈÌ, ïîñòåïåííî íàðàùèâàÿ åå ñëîæíîñòü.
Öåëåñîîáðàçíî òàêæå ïîëó÷åííûå ðåçóëüòàòû
èñïîëüçîâàòü â âèäå èíæåíåðíîé ìåòîäèêè
äëÿ ïðîôèëüíûõ ïðåäïðèÿòèé.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîä-
äåðæêå ÐÔÔÈ (ïðîåêò ¹ 14-01-97019-ð_ïî-
âîëæüå_à), ïðîãðàììû ÀÍ ÐÁ (ïðîåêò ¹ 40/
74-Ï) è Ïðîãðàììû ¹ 1 ôóíäàìåíòàëüíûõ
èññëåäîâàíèé ÎÝÌÌÏÓ ÐÀÍ «Íàó÷íûå îñíî-
âû ðîáîòîòåõíèêè è ìåõàòðîíèêè».
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FLUID  FLOW  ALONG  A  CHANNEL  AT  LOW  DIFFERENTIAL  PRESSURE:
COMPARISON  OF  BERNOULLI’S  AND  NAVIER–STOKES  EQUATIONS

© E.V. Denisova, I.Sh. Nasibullayev, E.Sh. Nasibullaeva, M.A. Chernikova

Mavlyutov Institute of Mechanics, Ufa Scientific Centre, RAS, Ufa, Russian Federation
71, prospekt Ortyabrya, Ufa, Russia, 450054

The analysis of natural test results of the actuators has shown that the theoretical and measured flow rates of
the working fluid do not coincide. It has also been noted that this incoincidence increases with the fuel temperature
drop. This is primarily due to the fact that in mathematical modeling of dynamic processes occurring in the
actuator it is necessary to take into account the impact of physical and mechanical properties of the fuel on
working elements that make up the device.

The paper demonstrates the necessity of using the Navier–Stokes equations to calculate the characteristics of
the elements of the actuators. For this purpose, numerical simulations of the fluid flow along a channel with a circular
cross section are made, and the fluid flow rate and maximum velocity depending on the differential pressure applied
to the input and output of the channel are determined. It is shown that the fuel viscosity is essentially nonlinear
depending on temperature. The dependence of the threshold differential pressure and fuel rate on temperature is
found with consideration for changes in the fuel viscosity and density. The paper gives a comparison of the results
obtained by the two methods of calculation: (1) using the Bernoulli’s equation based on the engineering design
methodology and (2) using the Navier–Stokes equations that take into account the fluid viscosity.

It is intended that the obtained results will be used in developing both a mathematical model of the actuator
and an engineering technique implemented at relevant enterprises.

Key words: channel, Bernoulli’s equation, Navier–Stokes equations, differential pressure, fluid flow rate.
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Ìèêðîâîëíîâàÿ ñïåêòðîñêîïèÿ – îáëàñòü
ðàäèîñïåêòðîñêîïèè, êîòîðàÿ çàíèìàåòñÿ èçó-
÷åíèåì ñïåêòðîâ ïîãëîùåíèÿ ïîëÿðíûõ ìî-
ëåêóë è ìîëåêóëÿðíûõ ñèñòåì â ãàçîâîé ôàçå
â äèàïàçîíå ïðèìåðíî îò 30 ñì äî 0,1 ìì èëè
ïî ÷àñòîòå ~109 – 3·1012 Ãö (1 ÃÃö – 3 ÒÃö).
Áëàãîäàðÿ ìàëîé ýíåðãèè êâàíòîâ è ìàëîé
åñòåñòâåííîé øèðèíå ñïåêòðàëüíîé ëèíèè â
ìèêðîâîëíîâîì äèàïàçîíå ðàäèîâîëí ìîæ-
íî ïîëó÷èòü âûñîêîå ðàçðåøåíèå ñïåêòðà, à
åãî ïàðàìåòðû (ïîëîæåíèå, èíòåíñèâíîñòü,
øèðèíó è ôîðìó ëèíèé) îïðåäåëèòü ñ áîëü-
øîé òî÷íîñòüþ. Ýòî ïîçâîëÿåò ðåãèñòðèðî-
âàòü ðåçîíàíñíîå ïîãëîùåíèå èëè èñïóñêàíèå

ÓÄÊ 539.193/194

ÌÈÊÐÎÂÎËÍÎÂÀß  ÑÏÅÊÒÐÎÑÊÎÏÈß  Â  ÓÔÅ

© Ì.Ã. Ôàéçóëëèí, Ð.Â. Ãàëååâ, À.Õ. Ìàìëååâ

Ðàññìîòðåí ìåòîä ìèêðîâîëíîâîé ñïåêòðîñêîïèè, èñòîðèÿ åãî âîçíèêíîâåíèÿ è ñîâðåìåííûå âîçìîæ-
íîñòè. Ïðèâåäåíà èñòîðèÿ óôèìñêîé øêîëû ìèêðîâîëíîâîé ñïåêòðîñêîïèè, îñíîâàííîé â 1958 ã. â îòäåëå
õèìèè Áàøêèðñêîãî ôèëèàëà Àêàäåìèè íàóê ÑÑÑÐ Íèêîëàåì Ìàêñèìîâè÷åì Ïîçäååâûì. Ê 1960 ã. Ïîçäååâ
è ÷åòûðå ñîòðóäíèêà åãî ãðóïïû ïî ñõåìàì è ðèñóíêàì èç êíèã è ñòàòåé ïî ðàäèîñïåêòðîñêîïèè ñîáèðàþò
ïåðâûé øòàðêîâñêèé ìèêðîâîëíîâûé ñïåêòðîìåòð, ñ ïîìîùüþ êîòîðîãî èññëåäóþò ñïåêòðû ðÿäà îðãàíè-
÷åñêèõ ñîåäèíåíèé. Â 60-å ãã. óâåëè÷èâàåòñÿ êîëè÷åñòâî ñîòðóäíèêîâ, ñîáèðàþòñÿ íîâûå ñïåêòðîìåòðû, íå
óñòóïàþùèå ïî ñâîèì õàðàêòåðèñòèêàì ëó÷øèì ìèðîâûì îáðàçöàì òîãî âðåìåíè, ðàñøèðÿåòñÿ òåìàòèêà
èññëåäîâàíèé. Â 70–80-å ãã. ãðóïïà ìèêðîâîëíîâîé ñïåêòðîñêîïèè ïðîäîëæàåò àêòèâíî çàíèìàòüñÿ íàó÷íû-
ìè èññëåäîâàíèÿìè, óëó÷øàåò õàðàêòåðèñòèêè ýêñïåðèìåíòàëüíîãî îáîðóäîâàíèÿ. Îäíàêî âîçíèêàåò ðÿä
ñèòóàöèé, êîòîðûå ïðèâîäÿò ê ñîêðàùåíèþ øòàòîâ è ïîòåðå ÷àñòè ïðèáîðíîé áàçû. Â 1976 ã. ãðóïïà Ïîçäå-
åâà ïåðåõîäèò èç îòäåëà õèìèè â îòäåë ôèçèêè è ìàòåìàòèêè. Äåâÿíîñòûå ãîäû îçíàìåíîâûâàþòñÿ ïàäåíèåì
èíòåðåñà ê íàóêå, ìîëîäåæü â íàóêó íå èäåò, â ãðóïïå â ýòî âðåìÿ âñåãî ÷åòûðå ñîòðóäíèêà. Íî íåñìîòðÿ íà
òðóäíîñòè, ïëîäîòâîðíàÿ íàó÷íàÿ ðàáîòà ïðîäîëæàåòñÿ è â äåâÿíîñòûõ ãîäàõ, è â äâóõòûñÿ÷íûõ. Â 1994 ã.
îòäåë ôèçèêè ïðåîáðàçóþò â Èíñòèòóò ôèçèêè ìîëåêóë è êðèñòàëëîâ, à ãðóïïå âîçâðàùàþò ñòàòóñ ëàáîðàòî-
ðèè. Ñ 2000 ã. ëàáîðàòîðèÿ ìèêðîâîëíîâîé ñïåêòðîñêîïèè âîçãëàâëÿåòñÿ ä.ô.-ì.í. Ìàìëååâûì Àéðàòîì
Õàáèáîâè÷åì, ó÷åíèêîì Í.Ì. Ïîçäååâà. Çà âðåìÿ ñóùåñòâîâàíèÿ ëàáîðàòîðèè çàùèùåíî ñåìü êàíäèäàò-
ñêèõ è îäíà äîêòîðñêàÿ äèññåðòàöèÿ, îïóáëèêîâàíî áîëåå 180 íàó÷íûõ ðàáîò. Ðåçóëüòàòû èññëåäîâàíèé
ïîëó÷èëè ïðèçíàíèå ó íàñ â ñòðàíå è çà ðóáåæîì, ïîìåùåíû â ìåæäóíàðîäíûå áàçû äàííûõ, ïðèâîäÿòñÿ â
ìîíîãðàôèÿõ è ó÷åáíèêàõ.

Êëþ÷åâûå ñëîâà: ìèêðîâîëíîâàÿ ñïåêòðîñêîïèÿ, èñòîðèÿ ìåòîäà.

ýëåêòðîìàãíèòíîé ýíåðãèè, âîçíèêàþùèõ
âñëåäñòâèå î÷åíü íåáîëüøèõ ðàñùåïëåíèé
ýíåðãåòè÷åñêèõ óðîâíåé, êîòîðûå íåâîçìîæ-
íî îáíàðóæèòü ñ ïîìîùüþ äðóãèõ ñïåêòðîñêî-
ïè÷åñêèõ ìåòîäîâ. Â ìèêðîâîëíîâîé îáëàñ-
òè ëåæàò ÷àñòîòû ïåðåõîäîâ ìåæäó âðàùà-
òåëüíûìè óðîâíÿìè ýíåðãèè ìíîãèõ ìîëåêóë,
èç-çà ÷åãî åå ÷àñòî íàçûâàþò âðàùàòåëüíîé
ñïåêòðîñêîïèåé. Ñîâðåìåííàÿ ìèêðîâîëíî-
âàÿ ñïåêòðîñêîïèÿ ïîçâîëÿåò ðåøàòü ðÿä áà-
çîâûõ è ïðèêëàäíûõ çàäà÷ ôèçè÷åñêîé õèìèè,
ìîëåêóëÿðíîé ôèçèêè è ñìåæíûõ îáëàñòåé:
îïðåäåëåíèå ìîëåêóëÿðíîé ñòðóêòóðû; èññëå-
äîâàíèå êîíôîðìàöèîííûõ è òàóòîìåðíûõ
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Ì.Ã. Ôàéçóëëèí, Ð.Â. Ãàëååâ, À.Õ. Ìàìëååâ. Ìèêðîâîëíîâàÿ ñïåêòðîñêîïèÿ â Óôå

ïðåâðàùåíèé; ïåðåíîñà çàðÿäà; âíóòðè- è
ìåæìîëåêóëÿðíûõ âçàèìîäåéñòâèé (Âàí-äåð-
Âààëüñà êîìïëåêñû, ýëåêòðîííî-äîíîðíûå
êîìïëåêñû, êîìïëåêñû ñ âîäîðîäíîé ñâÿçüþ);
èçó÷åíèå âíóòðèìîëåêóëÿðíîé äèíàìèêè è
õèìè÷åñêèõ ðåàêöèé. Îáúåêòàìè åå èññëåäî-
âàíèé ÿâëÿþòñÿ ïîëÿðíûå ñîåäèíåíèÿ â ãà-
çîâîé ôàçå, â òîì ÷èñëå: âåùåñòâà, âàæíûå äëÿ
ïîíèìàíèÿ (ôîòî-)õèìè÷åñêèõ ïðîöåññîâ â
àòìîñôåðå; âåùåñòâà, ïðåäñòàâëÿþùèå èíòå-
ðåñ äëÿ àñòðîõèìèè; áèîìîëåêóëû; in situ ïðè-
ãîòîâëåííûå ìîëåêóëÿðíûå îáúåêòû, òàêèå êàê
ðàäèêàëû, èîíû, ïåðåõîäíûå/íåñòàáèëüíûå
ñèñòåìû (ìåòàëëû, ïîëóïðîâîäíèêè, èîííûå
êëàñòåðû), ïîëó÷àåìûå êîìáèíèðîâàíèåì
ýëåêòðè÷åñêîãî ðàçðÿäà, ëàçåðíîé âîçãîíêè
èëè ëàçåðíîãî ôîòîëèçà; âûñîêîäèíàìè÷íûå
ñèñòåìû, â òîì ÷èñëå ñëàáîñâÿçàííûå ìîëå-
êóëÿðíûå êîìïëåêñû.

Ìèêðîâîëíîâàÿ ñïåêòðîñêîïèÿ êàê ýêñ-
ïåðèìåíòàëüíûé ìåòîä èññëåäîâàíèÿ ñòðîå-
íèÿ ìîëåêóë ñôîðìèðîâàëàñü ïîñëå âòîðîé
ìèðîâîé âîéíû. Ó èñòîêîâ ìåòîäà ñòîÿëè àìå-
ðèêàíñêèå ó÷åíûå Êëèòîí è Âèëüÿìñ èç Ìè-
÷èãàíñêîãî óíèâåðñèòåòà, êîòîðûå â 1933 ã. ýê-
ñïåðèìåíòàëüíî äîêàçàëè, ÷òî ìîëåêóëà àì-
ìèàêà ïîãëîùàåò ìèêðîâîëíîâîå èçëó÷åíèå â
ñàíòèìåòðîâîì äèàïàçîíå äëèí âîëí. Îäíà-
êî ñåðüåçíûå ñèñòåìàòè÷åñêèå èññëåäîâàíèÿ
â ìèêðîâîëíîâîì äèàïàçîíå ïîÿâèëèñü òîëü-
êî â 1946 ã. Áóðíîå ðàçâèòèå ðàäèîñïåêòðî-
ñêîïèè â ïîñëåâîåííîå âðåìÿ ñòàëî âîçìîæ-
íûì áëàãîäàðÿ ìíîãî÷èñëåííûì èññëåäîâà-
íèÿì è ðàçðàáîòêàì ïî ðàäèîëîêàöèè, ïðî-
âåäåííûì â ãîäû âòîðîé ìèðîâîé âîéíû.
Â Ñîâåòñêîì Ñîþçå ïåðâûì íà÷àë çàíèìàòü-
ñÿ ìèêðîâîëíîâîé ñïåêòðîñêîïèåé À.Ì. Ïðî-
õîðîâ (âïîñëåäñòâèè àêàäåìèê, ëàóðåàò Íîáå-
ëåâñêîé ïðåìèè ïî ôèçèêå) â Ôèçè÷åñêîì
èíñòèòóòå èì. Ï.Í. Ëåáåäåâà ÀÍ ÑÑÑÐ â
1948 ã. Ýòè èññëåäîâàíèÿ ïðèâåëè åãî ê îò-
êðûòèþ íîâîãî ïðèíöèïà óñèëåíèÿ è ãåíå-
ðàöèè ýëåêòðîìàãíèòíûõ êîëåáàíèé, îñíî-
âàííîãî íà èñïîëüçîâàíèè âûíóæäåííîãî
èçëó÷åíèÿ àòîìîâ è ìîëåêóë. Â ðàáîòàõ, âû-
ïîëíåííûõ èì ñîâìåñòíî ñ Í.Ã. Áàñîâûì â
1953–1955 ãã., áûëè äàíû îáîñíîâàíèå è ðåà-
ëèçàöèÿ ýòîãî ïðèíöèïà, ïîëîæèâøèå íà÷à-

ëî íîâîé îáëàñòè íàóêè è òåõíèêè – êâàíòî-
âîé ýëåêòðîíèêè. Ïîñëå ýòîãî îòêðûòèÿ èñ-
ñëåäîâàíèÿ â îáëàñòè ìèêðîâîëíîâîé ñïåê-
òðîñêîïèè â ÔÈÀÍå áûëè ïðåêðàùåíû, à íà-
ó÷íûé êîëëåêòèâ, âîçãëàâëÿåìûé À.Ì. Ïðî-
õîðîâûì, ïîëíîñòüþ ïåðåêëþ÷èëñÿ íà ðàçðà-
áîòêó ïðîáëåì êâàíòîâîé ýëåêòðîíèêè.

Èñòîðèÿ ìèêðîâîëíîâîé ñïåêòðîñêîïèè
â Óôå íà÷àëàñü â 1958 ã., êîãäà â Îòäåëå õè-
ìèè Áàøêèðñêîãî ôèëèàëà Àêàäåìèè íàóê
ÑÑÑÐ (ÁÔÀÍ ÑÑÑÐ) ïîä ðóêîâîäñòâîì
Í.Ì. Ïîçäååâà íà÷àëèñü ðàáîòû ïî ïîäãîòîâ-
êå èññëåäîâàíèé ôèçè÷åñêèõ ñâîéñòâ îðãàíè-
÷åñêèõ ñîåäèíåíèé ìåòîäîì ìèêðîâîëíîâîé
ñïåêòðîñêîïèè. Â òî âðåìÿ âî âñåì ìèðå èñ-
ñëåäîâàíèÿ ìèêðîâîëíîâûõ ñïåêòðîâ ìîëå-
êóë âûïîëíÿëè íà ñïåêòðîìåòðàõ ëàáîðàòîð-
íîãî èçãîòîâëåíèÿ. Íàèáîëåå ðàñïðîñòðàíåí-
íûìè áûëè ñïåêòðîìåòðû ñ ýëåêòðè÷åñêîé
ìîëåêóëÿðíîé ìîäóëÿöèåé (øòàðêîâñêèå ñïåê-
òðîìåòðû). Îíè îáåñïå÷èâàëè âûñîêóþ ÷óâ-
ñòâèòåëüíîñòü è ïîçâîëÿëè íàðÿäó ñ ëèíèåé
ïîãëîùåíèÿ íàáëþäàòü åå øòàðêîâñêèå êîì-
ïîíåíòû, ÷òî ïîìîãàëî â èäåíòèôèêàöèè âðà-
ùàòåëüíûõ ïåðåõîäîâ. Âìåñòå ñ Í.Ì. Ïîçäå-
åâûì íà÷èíàëè Ë.À. Òèõîìèðîâ, È.Ì. Åâäî-
êèìîâ, Ë.È. Ïàíèêîâñêàÿ è Ô.Ã. Óíãåð. Ïî ñõå-
ìàì è ðèñóíêàì èç êíèã è ñòàòåé ïî ðàäèî-
ñïåêòðîñêîïèè â ëàáîðàòîðíûõ óñëîâèÿõ äå-
ëàëè äåòàëè è óçëû áóäóùåãî ñïåêòðîìåòðà.
Â 1958 ã. áûëè èçãîòîâëåíû èñòî÷íèê ïèòà-
íèÿ äëÿ êëèñòðîíîâ è ãåíåðàòîð äëÿ ýëåêòðè-
÷åñêîé ìîëåêóëÿðíîé ìîäóëÿöèè (ìîäóëÿòîð
Øòàðêà), íà÷àòû ðàáîòû ïî èçãîòîâëåíèþ
ñòàíäàðòà ÷àñòîòû. Ê 1960 ã. øòàðêîâñêèé
ìèêðîâîëíîâûé ñïåêòðîìåòð áûë ñêîíñòðó-
èðîâàí. Ðàáîòàë îí â äèàïàçîíå 7–40 ÃÃö,
ãðóáîå èçìåðåíèå ÷àñòîòû èçëó÷åíèÿ êëèñ-
òðîíîâ îñóùåñòâëÿëè ñ ïîìîùüþ âîëíîìåðîâ,
èçãîòîâëåííûõ ïî ÷åðòåæàì ÔÈÀÍà, äëÿ òî÷-
íîãî èçìåðåíèÿ ÷àñòîò ëèíèé ïîãëîùåíèÿ
ïðèìåíÿëñÿ âòîðè÷íûé ñòàíäàðò ÷àñòîòû.
Íà÷àëè èññëåäîâàíèå ìèêðîâîëíîâûõ ñïåê-
òðîâ òèîôàíà, äèìåòèëñóëüôèäà è ðÿäà äðó-
ãèõ ìîëåêóë. Â òî âðåìÿ ñàìà çàïèñü ñïåêòðà
óæå áûëà áîëüøèì äîñòèæåíèåì [1–2].

Â 1961 ã. íà áàçå îòäåëà õèìèè â ñîñòàâå
ÁÔÀÍ ÑÑÑÐ áûë îðãàíèçîâàí Èíñòèòóò îðãà-
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íè÷åñêîé õèìèè (ÈÎÕ), êîòîðûé ñòàë ãîëîâ-
íûì â Ñîâåòñêîì Ñîþçå ïî «Õèìèè è òåõíî-
ëîãèè ñåðàîðãàíè÷åñêèõ ñîåäèíåíèé». Â êîí-
öå 1962 ã. Í.Ì. Ïîçäååâà íàïðàâèëè íà òðè
ìåñÿöà íà ñòàæèðîâêó â Êàíàäó. Â ëàáîðàòî-
ðèè ó Ê.Ê. Êîñòåéíà – îäíîãî èç âåäóùèõ ñïå-
öèàëèñòîâ â ìèðå â îáëàñòè ìèêðîâîëíîâîé
ñïåêòðîñêîïèè – îí ïðîäîëæèë èññëåäîâàíèå
ìèêðîâîëíîâîãî ñïåêòðà òèîôàíà [3], íà÷àòîå
â Óôå.

Â 1963 ã. â ñâÿçè ñ ðåîðãàíèçàöèåé Áàø-
êèðñêîãî ôèëèàëà Àêàäåìèè íàóê ÈÎÕ áûë
ïåðåäàí â âåäåíèå ÁÃÓ. Â 1964 ã. â ÈÎÕ ÁÃÓ
íà áàçå ãðóïïû ìèêðîâîëíîâîé ñïåêòðîñêî-
ïèè ñîçäàåòñÿ ëàáîðàòîðèÿ ìèêðîâîëíîâîé
ñïåêòðîñêîïèè. Â äåêàáðå ýòîãî æå ãîäà ñî-
ñòîÿëñÿ ïåðååçä Èíñòèòóòà îðãàíè÷åñêîé õè-
ìèè â íîâîå çäàíèå, ïîñòðîåííîå íà ïð. Îê-
òÿáðÿ, 71. Â 1965 ã. â ëàáîðàòîðèè óæå áûëî
8 ñîòðóäíèêîâ (óøåë Ô.Ã. Óíãåð, íî ïîÿâèëèñü
Ë.Í. Ëèñîâñêàÿ, Ð.Ñ. Íàñèáóëëèí, À.Õ. Ìàì-
ëååâ, Â.Ã. Àáäóëëà è ñòóäåíò ÁÃÓ Î.Á. Àêóëè-
íèí), ðàáîòàëè äâà îáû÷íûõ øòàðêîâñêèõ
ñïåêòðîìåòðà, ïî ñâîèì õàðàêòåðèñòèêàì íå
óñòóïàþùèå ëó÷øèì ìèðîâûì îáðàçöàì òîãî
âðåìåíè. Íà÷àëè êîíñòðóèðîâàòü îðèãèíàëü-
íûé ìèêðîâîëíîâûé ñïåêòðîìåòð [4], êîòî-
ðûé äîëæåí áûë ðàáîòàòü êàê â îáû÷íîì
øòàðêîâñêîì ðåæèìå, òàê è â ðåæèìå îäíî-
ïîëîñíîãî ñóïåðãåòåðîäèííîãî ïðèåìà.

Øåñòèäåñÿòûå ãîäû îêàçàëèñü âåñüìà
ïëîäîòâîðíûìè â æèçíè ëàáîðàòîðèè. Îñ-
íîâíûå ðåçóëüòàòû, ïîëó÷åííûå â ýòîò ïåðè-
îä: îïðåäåëåíà ïîëíàÿ rs-ñòðóêòóðà ñåëåíîôå-
íà [5–6]; èññëåäîâàíî âíóòðåííåå âðàùåíèå
â ìîíîìåòèëçàìåùåííûõ ìîëåêóëàõ ñåëåíî-
ôåíà è òèîôåíà [7–9], íàéäåíû âûñîòû ïî-
òåíöèàëüíûõ áàðüåðîâ, òîðìîçÿùèõ âíóòðåí-
íåå âðàùåíèå, ÷àñòîòû êðóòèëüíûõ êîëåáà-
íèé; óñòàíîâëåíû êîíôîðìàöèè ìîëåêóë òè-
îôàíà è ñåëåíîëàíà [10–13]; îïðåäåëåíà ïðè-
áëèæåííàÿ ro-ñòðóêòóðà ìîëåêóëû ïèðàçîëà,
ðàñøèôðîâàíà ñâåðõòîíêàÿ ñòðóêòóðà ìèêðî-
âîëíîâîãî ñïåêòðà ýòîé ìîëåêóëû, íàéäåíû
êîíñòàíòû êâàäðóïîëüíîé ñâÿçè äëÿ ÿäåð àçîòà
(êîìïîíåíòû òåíçîðîâ êâàäðóïîëüíîé ñâÿçè)
[14–16]; èçìåðåíû êîìïîíåíòû äèïîëüíûõ
ìîìåíòîâ âñåõ âûøåïåðå÷èñëåííûõ ìîëåêóë

[5–9; 11; 16–17]. Ñåðàîðãàíè÷åñêèå ñîåäèíå-
íèÿ äëÿ ìèêðîâîëíîâûõ èññëåäîâàíèé ñèí-
òåçèðîâàëè õèìèêè èíñòèòóòà. Ñåëåíñîäåð-
æàùèå ïðåïàðàòû ïîëó÷àëè ñ õèìè÷åñêîãî
ôàêóëüòåòà ÌÃÓ.

Íàó÷íûå èíòåðåñû ñîòðóäíèêîâ ëàáîðà-
òîðèè íå îãðàíè÷èâàëèñü òîëüêî ìèêðîâîë-
íîâîé ñïåêòðîñêîïèåé. Â ëàáîðàòîðèè ñîçäà-
åòñÿ ãðóïïà äëÿ îñâîåíèÿ ìåòîäîâ ëàçåðíîé
ìîëåêóëÿðíîé ñïåêòðîñêîïèè. Ïëàíèðîâàëîñü
èññëåäîâàíèå ñïåêòðîâ ïîãëîùåíèÿ ìîëåêóë
â äàëåêîé èíôðàêðàñíîé (ÈÊ) îáëàñòè ñ èñ-
ïîëüçîâàíèåì ïåðåñòðàèâàåìûõ ïî ÷àñòîòå
ëàçåðîâ, à òàêæå ëàçåðíûõ ñïåêòðîâ êîìáèíà-
öèîííîãî ðàññåÿíèÿ (ÊÐ) âûñîêîãî ðàçðåøå-
íèÿ. Ñîîòâåòñòâóþùóþ ýêñïåðèìåíòàëüíóþ
òåõíèêó äëÿ ïîäîáíûõ èññëåäîâàíèé â ìèðå
òîëüêî íà÷èíàëè ðàçðàáàòûâàòü. Â ïåðñïåê-
òèâå ïðåäïîëàãàëîñü èññëåäîâàíèå âðàùà-
òåëüíûõ ñïåêòðîâ ìîëåêóë â âîçáóæäåííûõ
ëàçåðîì êîëåáàòåëüíûõ ñîñòîÿíèÿõ. Â 1966 ã.
íà÷àëè ïðîåêòèðîâàíèå è èçãîòîâëåíèå ãå-
ëèé-íåîíîâîãî ëàçåðà, à òàêæå ïîäãîòîâèòåëü-
íûå ðàáîòû ïî ïðîåêòèðîâàíèþ ðóáèíîâîãî,
íåîäèìîâîãî, àðãîíîâîãî ëàçåðîâ è ëàçåðà íà
ÑÎ2. Â ëàáîðàòîðèè ïîÿâèëèñü À.Á. Ñàõàóò-
äèíîâ, Ð.Ã. Ëàòûïîâà, Î.Á. Àêóëèíèí,
À.À. Øàïêèí è Ë.Â. Ñïèðèõèí. Â 1967 ã. áûë
èçãîòîâëåí àðãîíîâûé ëàçåð äëÿ ïîëó÷åíèÿ
ñïåêòðîâ ÊÐ âûñîêîãî ðàçðåøåíèÿ; çàãîòîâ-
ëåíû çåðêàëà (17 ñëîåâ) äëÿ ðåçîíàòîðîâ, þñ-
òèðîâî÷íûå ìåõàíèçìû è ò.ä. (Ð.Ã. Ëàòûïîâà,
Ë.Â. Ñïèðèõèí).

Ñ ÿíâàðÿ 1968 ã. â ñâÿçè ñ âîññòàíîâëå-
íèåì Áàøêèðñêîãî ôèëèàëà Àêàäåìèè íàóê
ÈÎÕ ÁÃÓ ñíîâà ñòàíîâèòñÿ ÈÎÕ ÁÔÀÍ, íà-
÷àëèñü êàäðîâûå ïåðåñòàíîâêè, èçìåíèëàñü
òåìàòèêà èíñòèòóòà. Â àïðåëå 1969 ã. ÈÎÕ
ïåðåèìåíîâàí â ÈÕ (Èíñòèòóò õèìèè).
Â èþëå 1970 ã. ëàáîðàòîðèþ ìèêðîâîëíîâîé
ñïåêòðîñêîïèè ïðåâðàòèëè â ãðóïïó, à åå øòà-
òû íà÷àëè ñîêðàùàòü. Â 1971 ã. Í.Ì. Ïîçäååâ
ïîäàåò ïðîøåíèå î ïåðåâîäå ãðóïïû â ñîçäàí-
íûé â ýòîì ãîäó ïðè ÁÔÀÍ ÑÑÑÐ îòäåë ôè-
çèêè è ìàòåìàòèêè (ÎÔÌ), âèäÿ â ýòîì âû-
õîä èç ñëîæèâøåãîñÿ ïîëîæåíèÿ. Ïåðåõîä
ãðóïïû èç Èíñòèòóòà õèìèè â ÎÔÌ ñîñòîÿë-
ñÿ â 1976 ã.
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Ì.Ã. Ôàéçóëëèí, Ð.Â. Ãàëååâ, À.Õ. Ìàìëååâ. Ìèêðîâîëíîâàÿ ñïåêòðîñêîïèÿ â Óôå

Íàó÷íàÿ äåÿòåëüíîñòü ãðóïïû â 70-õ ãã.
íå ïðåêðàùàëàñü. Í.Ì. Ïîçäååâ ïîåõàë â ðà-
íåå çàïëàíèðîâàííóþ êîìàíäèðîâêó â Àí-
ãëèþ íà 1-þ Åâðîïåéñêóþ êîíôåðåíöèþ ïî
ìèêðîâîëíîâîé ñïåêòðîñêîïèè (1970 ã.), ãäå
ïðåäñòàâèë äâà äîêëàäà [18–19]. Â òå÷åíèå
1971–1973 ãã. äâà àñïèðàíòà Í.Ì. Ïîçäååâà
(âûïóñêíèêè ÁÃÓ À.Õ. Ìàìëååâ è À.À. Øàï-
êèí) è äâà ñîèñêàòåëÿ (Ð.Ñ. Íàñèáóëëèí è
Ë.Í. Ãóíäåðîâà) çàùèòèëè êàíäèäàòñêèå äèñ-
ñåðòàöèè. Ðàñøèðåí äèàïàçîí ñïåêòðîìåòðîâ
äî 7–63 ÃÃö, ââåäåí ðåæèì ìîäóëÿöèè ñ èñ-
ïîëüçîâàíèåì ðàäèî÷àñòîòíî-ìèêðîâîëíî-
âîãî äâîéíîãî ðåçîíàíñà, ñ ïîìîùüþ êîòîðî-
ãî óäàëîñü èäåíòèôèöèðîâàòü ñïåêòð 2-ìå-
òèëñåëåíîôåíà [20], îñâîåí ìèêðîâîëíîâûé-
ìèêðîâîëíîâûé äâîéíîé ðåçîíàíñ. Ïðîäîë-
æåíî èññëåäîâàíèå ìèêðîâîëíîâîãî ñïåêòðà
2-ìåòèëòèîôåíà â âîçáóæäåííîì êðóòèëüíîì
ñîñòîÿíèè, îïðåäåëåíà ôîðìà ïîòåíöèàëüíî-
ãî áàðüåðà âíóòðåííåãî âðàùåíèÿ ìîëåêóëû
[21]. Èçó÷åíû öåíòðîáåæíûå èñêàæåíèÿ
â ðÿäå ìîëåêóë [22–25], ïðåäëîæåíà ìåòîäè-
êà èñïîëüçîâàíèÿ «çàïðåùåííûõ» âðàùàòåëü-
íûõ ïåðåõîäîâ äëÿ îïðåäåëåíèÿ êîíñòàíò öåí-
òðîáåæíîãî âîçìóùåíèÿ. Èññëåäîâàíû ìèê-
ðîâîëíîâûå ñïåêòðû ïðîñòûõ ñîïðÿæåííûõ
äèåíîâ, îáëàäàþùèõ ÿâëåíèåì ïîâîðîòíîé
èçîìåðèè â îñíîâíîì è âîçáóæäåííûõ êîëå-
áàòåëüíûõ ñîñòîÿíèÿõ [26–29], ïîëó÷åíû äàí-
íûå î ñòðîåíèè óñòîé÷èâûõ ïîâîðîòíûõ èçî-
ìåðîâ ìîëåêóë è èõ îòíîñèòåëüíûõ íàñåëåí-
íîñòÿõ, îïðåäåëåíû âðàùàòåëüíûå ïîñòîÿí-
íûå â ðàçëè÷íûõ êîëåáàòåëüíûõ ñîñòîÿíèÿõ,
äåôåêòû èíåðöèè, äèïîëüíûå ìîìåíòû, ÷àñ-
òîòû òîðñèîííûõ êîëåáàíèé. Íàéäåíà ïîòåí-
öèàëüíàÿ ôóíêöèÿ òîðñèîííûõ êîëåáàíèé
ìåòàêðèëîèëôòîðèäà. Ðàññìîòðåíî êîëåáà-
òåëüíî-âðàùàòåëüíîå âçàèìîäåéñòâèå â ìî-
ëåêóëàõ ñ âíóòðåííèì àñèììåòðè÷íûì âîë-
÷êîì [30]. Ïîêàçàíî, ÷òî êîëåáàòåëüíî-âðàùà-
òåëüíîå âçàèìîäåéñòâèå âî âðàùàòåëüíîì
ñïåêòðå ìîëåêóë òèïà ìåòàêðèëîèëôòîðèäà
óäîâëåòâîðèòåëüíî îïèñûâàåòñÿ â ðàìêàõ òå-
îðèè Êâîäà è Ëè. Ïðèáëèæåíèå âûñîêîãî
áàðüåðà, ðàçðàáîòàííîå Êâîäîì äëÿ ìîëåêóë
ñ àñèììåòðè÷íûì âîë÷êîì è îñòîâîì, îáëà-
äàþùèì ñèììåòðèåé Ñ2, ïåðåíåñåíî íà áî-

ëåå øèðîêèé êëàññ ìîëåêóë, ó êîòîðûõ îñü
ñèììåòðèè Ñ2 îòñóòñòâóåò. Ïî ìèêðîâîëíî-
âûì äàííûì îïðåäåëåíû rs-ñòðóêòóðû êîëåö
òåòðàãèäðîñåëåíîôåíà [31], öèêëîïåíòàíîíà
[32] è òåòðàãèäðîòèîôåíà [33].

Â 80-õ ãã. èññëåäîâàí ìèêðîâîëíîâûé
ñïåêòð ìåòèëýòèëêåòîíà â îñíîâíîì è âîç-
áóæäåííûõ ñîñòîÿíèÿõ ñêåëåòíîãî è êðóòèëü-
íîãî êîëåáàíèé [34–36]. Ýòà ìîëåêóëà îòíî-
ñèòñÿ ê êëàññó ìîëåêóë ñ äâóìÿ íåýêâèâàëåí-
òíûìè ñèììåòðè÷íûìè âîë÷êàìè (ìåòèëüíû-
ìè ãðóïïàìè). Íà÷àòî òåîðåòè÷åñêîå èññëåäî-
âàíèå çàòîðìîæåííîãî ïñåâäîâðàùåíèÿ â òåò-
ðàãèäðîôóðàíå è 1,3-äèîêñîëàíå, ðàññìîòðå-
íû ðàçëè÷íûå äèíàìè÷åñêèå ìîäåëè, íàéäå-
íà àäåêâàòíàÿ ìîäåëü íèçøåé ìîäû êîëåáà-
íèé äëÿ ýòèõ ìîëåêóë. Èäóò ðàáîòû íàä äâó-
ìåðíîé ìîäåëüþ ñ öåëüþ áîëåå òî÷íî îïè-
ñàòü èìåþùèéñÿ ýêñïåðèìåíòàëüíûé ìàòåðè-
àë [37–38]. Íàïèñàí îáçîð ïî íåæåñòêèì ìî-
ëåêóëàì [39], ðàññìîòðåí âîïðîñ î íåîäíî-
çíà÷íîñòè ðåøåíèÿ îáðàòíîé ñïåêòðàëüíîé
çàäà÷è äëÿ íåæåñòêèõ ìîëåêóë ñ îäíèì ñèì-
ìåòðè÷íûì âíóòðåííèì âîë÷êîì [40], îïóá-
ëèêîâàí êîìïëåêñ ïðîãðàìì äëÿ ðåøåíèÿ çà-
äà÷ ìèêðîâîëíîâîé ñïåêòðîñêîïèè [41–42].
Èññëåäîâàíèÿ ñ ëàçåðàìè âðåìåííî, êàê òîã-
äà êàçàëîñü, ïðèøëîñü îòëîæèòü, õîòÿ áûëè
ïðèîáðåòåíû äâà ïðîìûøëåííûõ ëàçåðà
ËÃ-38 è ËÃ-31.

Â 1984 ã. ãðóïïà ìèêðîâîëíîâîé ñïåê-
òðîñêîïèè âûíóæäåííî ïåðååçæàåò ñ ïð. Îê-
òÿáðÿ, 71 íà Ê. Ìàðêñà, 6. Ýòî áûë âòîðîé
ïåðååçä ãðóïïû. Èç òðåõ ñïåêòðîìåòðîâ ïîñ-
ëå ïåðååçäà âîññòàíîâèëè òîëüêî äâà, à â ðà-
áîòå èñïîëüçîâàëè ëèøü îäèí, ïîñêîëüêó íà
âòîðîì ñïåêòðîìåòðå ïðîñòî íåêîìó áûëî
ðàáîòàòü. Íå æåëàÿ îòñòàâàòü îò ìèðîâîãî
óðîâíÿ, ãðóïïà ïîòðàòèëà íåñêîëüêî ëåò íà
àâòîìàòèçàöèþ ýêñïåðèìåíòàëüíûõ èññëåäî-
âàíèé, íî ïðèáîðíàÿ áàçà íå ïîçâîëèëà äî-
áèòüñÿ ïîëîæèòåëüíîãî ðåçóëüòàòà. Â àíàëè-
òè÷åñêîé çàïèñêå Í.Ì. Ïîçäååâ ïèøåò: «Ìèê-
ðîâîëíîâàÿ ñïåêòðîñêîïèÿ â Ñîâåòñêîì Ñî-
þçå íàõîäèòñÿ â çàãîíå. Ñ ìåæäóíàðîäíûì
êîîðäèíàöèîííûì öåíòðîì ïî ìèêðîâîëíîâîé
ñïåêòðîñêîïèè åæåãîäíî ñîòðóäíè÷àþò ïðè-
ìåðíî 60 ëàáîðàòîðèé. Â 1988 ã. ÑØÀ ïðåä-
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ñòàâëÿëè 17 ëàáîðàòîðèé, ßïîíèþ – 14, Àí-
ãëèþ – 6, ÔÐÃ – 6, ÑÑÑÐ – 2. Íàèáîëåå ïîêà-
çàòåëüíû èçìåíåíèÿ â ßïîíèè, â êîòîðîé â
1969 ã. áûëî 2 ëàáîðàòîðèè, â 1979 – 12, â
1988 – 14. Ëàáîðàòîðèè íàõîäÿòñÿ â óíèâåð-
ñèòåòàõ, ó÷åáíûõ èíñòèòóòàõ, èññëåäîâà-
òåëüñêèõ ó÷ðåæäåíèÿõ. Â ÑØÀ èìååòñÿ íå-
ñêîëüêî äåñÿòêîâ ëàáîðàòîðèé, â òîì ÷èñëå â
Íàöèîíàëüíîì áþðî ñòàíäàðòîâ, â èíñòèòó-
òå êîñìè÷åñêèõ èññëåäîâàíèé, â ëàáîðàòîðèè
ðåàêòèâíîãî äâèæåíèÿ â Ïàñàäåíå. Â ÑØÀ è
åâðîïåéñêèõ ñòðàíàõ ïðîèñõîäèò óêðóïíåíèå
îòäåëüíûõ ëàáîðàòîðèé è ðàñøèðåíèå ïðè-
ìåíÿåìûõ â íèõ ñïåêòðàëüíûõ ìåòîäîâ çà
ñ÷åò îñâîåíèÿ è ðàçðàáîòêè íîâûõ.

Â êîíöå 60-õ è íà÷àëå 70-õ ãîäîâ òåõíè-
÷åñêèå ïàðàìåòðû íàøèõ ëàáîðàòîðíûõ ìèê-
ðîâîëíîâûõ ñïåêòðîìåòðîâ ñîîòâåòñòâîâà-
ëè ìèðîâîìó óðîâíþ, è êàçàëîñü, ÷òî âîò-âîò
óäàñòñÿ ëèêâèäèðîâàòü ðàçðûâ ïî îáùåìó
óðîâíþ èññëåäîâàíèé. Îäíàêî ñ ñåðåäèíû
70-õ ãîäîâ ðàçðûâ ñíîâà ñòàë óâåëè÷èâàòü-
ñÿ. Îñíîâíûìè ïðè÷èíàìè òîìó áûëè: êîìïüþ-
òåðèçàöèÿ ýêñïåðèìåíòàëüíûõ èçìåðåíèé è
ïðèìåíåíèå íîâîé ëàçåðíîé òåõíèêè. Â ðåçóëü-
òàòå êîìïüþòåðèçàöèè ïîÿâèëñÿ íîâûé âåñü-
ìà ïîëåçíûé ìåòîä ìèêðîâîëíîâîé Ôóðüå-
ñïåêòðîñêîïèè. Ñðåäè ìíîãèõ èíòåðåñíûõ
ðåçóëüòàòîâ èñïîëüçîâàíèÿ ëàçåðîâ äëÿ ëàçåð-
íî-ìèêðîâîëíîâûõ ñïåêòðàëüíûõ ýêñïåðèìåí-
òîâ îñîáî ñëåäóåò îòìåòèòü ðàáîòû ïî
ãëóáîêîìó îõëàæäåíèþ è ñïåêòðîñêîïèè ïëå-
íåííûõ àòîìîâ. Åñëè â ïðîáëåìå êîìïüþòå-
ðèçàöèè â íàøåé ñòðàíå íàìåòèëèñü îïðåäå-
ëåííûå ñäâèãè, òî ïåðñïåêòèâà äîñòóïíîñ-
òè ñîâðåìåííîé ëàçåðíîé òåõíèêè, ÷óâñòâè-
òåëüíûõ ïðèåìíèêîâ ÈÊ-èçëó÷åíèÿ è ïîðòà-
òèâíûõ ãåëèåâûõ ðåôðèæåðàòîðîâ îñòàåò-
ñÿ ñîâåðøåííî íåîïðåäåëåííîé».

Â êîíöå 80-õ – íà÷àëå 90-õ ãã. Í.Ì. Ïî-
çäååâ âñå åùå ïûòàåòñÿ ðàñøèðèòü òåìàòèêó
ãðóïïû. Ãîòîâèòñÿ ìàêåò ïðîãðàììèðóåìîãî
ãåíåðàòîðà äëÿ ìèêðîâîëíîâîãî ñïåêòðîìåò-
ðà, ðàáîòàþùåãî â äèàïàçîíå îò 6,6 äî 70 ÃÃö,
ïëàíèðóåòñÿ êîíñòðóèðîâàíèå ñïåêòðîìåòðà
ñóáìèëëèìåòðîâîãî äèàïàçîíà (30–200) ñì–1,
ñïåêòðîìåòðà èíôðàêðàñíîãî-ìèêðîâîëíîâî-
ãî äâîéíîãî ðåçîíàíñà, ìèêðîâîëíîâîãî Ôó-

ðüå-ñïåêòðîìåòðà, íî ðåàëèçîâàòü ýòè ïëàíû
íå óäàëîñü â ñèëó ìàëî÷èñëåííîñòè ãðóïïû è
îòñóòñòâèÿ ìàòåðèàëüíîé áàçû. Â ýòîò ïåðè-
îä â ãðóïïå ïîÿâëÿþòñÿ íîâûå ñîòðóäíèêè –
âûïóñêíèêè ÁÃÓ Ð.Â. Ãàëååâ, È.Î. Àêóëèíèí
è Ã.Ð. Ãàðèïîâà.

14 èþíÿ 1994 ã. Îòäåë ôèçèêè áûë ïðå-
îáðàçîâàí â Èíñòèòóò ôèçèêè ìîëåêóë è êðè-
ñòàëëîâ (ÈÔÌÊ). Ãðóïïå Í.Ì. Ïîçäååâà âîç-
âðàùåí ñòàòóñ ëàáîðàòîðèè. Â ëàáîðàòîðèè â
ýòî âðåìÿ âñåãî ÷åòûðå ñîòðóäíèêà, ìîëîäåæü
â íàóêó íå èäåò, îäíàêî íàó÷íûå èññëåäîâà-
íèÿ íå ïðåêðàùàþòñÿ. Â 90-õ ãã. â ðàìêàõ êîì-
ïëåêñíîé ïðîãðàììû èçó÷åíèÿ ïðîèçâîäíûõ
äèîêñàôîñôîëåíîâîãî ðÿäà ìåòîäîì ìèêðî-
âîëíîâîé ñïåêòðîñêîïèè âûïîëíåíî èññëå-
äîâàíèå 4,5-äèìåòèë-2-õëîð-1,3,2-äèîêñà-
ôîñôîëåíà, ðàñøèôðîâàíû òîíêàÿ è ñâåðõòîí-
êàÿ ñòðóêòóðû âðàùàòåëüíîãî ñïåêòðà ìîëå-
êóëû, îïðåäåëåíà åå êîíôîðìàöèÿ, èçìåðåí
äèïîëüíûé ìîìåíò [43–47]. Ïðîãðàììà áûëà
âûïîëíåíà ïðè ó÷àñòèè ó÷åíûõ èç Ìîñêâû
(ãàçîâàÿ ýëåêòðîíîãðàôèÿ), Êàçàíè (êîëåáà-
òåëüíàÿ ñïåêòðîñêîïèÿ) è óíèâåðñèòåòà øòà-
òà Òåõàñ, ã. Îñòèí, ÑØÀ (êâàíòîâî-õèìè÷å-
ñêèå ðàñ÷åòû ab initio íà ñóïåðêîìïüþòåðå
Cray X-MP/24). Ïðîäîëæåíî èññëåäîâàíèå
ìèêðîâîëíîâîãî ñïåêòðà òåòðàãèäðîñåëåíî-
ôåíà, óñòàíîâëåíà ñòðóêòóðà êîëüöà ìîëåêó-
ëû è α-ìåòèëåíîâûõ ãðóïï, â êîòîðûõ îáíà-
ðóæåíî íàðóøåíèå ëîêàëüíîé C2v-ñèììåòðèè
[48–51]. Îïðåäåëåíû êîíñòàíòû öåíòðîáåæ-
íîãî âîçìóùåíèÿ è èçìåðåí äèïîëüíûé ìî-
ìåíò àöåòèëõëîðèäà [52]. Ìèêðîâîëíîâûé
ñïåêòð s-öèñ-ãëèîêñàëÿ èññëåäîâàí â âîçáóæ-
äåííûõ êîëåáàòåëüíûõ ñîñòîÿíèÿõ [53]. Ïî-
ëó÷åíû íîâûå ýêñïåðèìåíòàëüíûå äàííûå î
çàòîðìîæåííîì ïñåâäîâðàùåíèè â òåòðàãèä-
ðîôóðàíå [54].

Â 1998 ã. ëàáîðàòîðèè ñíîâà ïðèøëîñü ïå-
ðååçæàòü òåïåðü óæå ñ Ê. Ìàðêñà, 6 íà ïð. Îê-
òÿáðÿ, 151. Òàêèå ïåðååçäû îòáèðàþò ìíîãî ñèë
è âðåìåíè. Ïîñëå ïåðååçäà âîññòàíîâëåí ëèøü
îäèí ìèêðîâîëíîâûé ñïåêòðîìåòð. Â 2000 ã.
Í.Ì. Ïîçäååâ ïðåêðàòèë àêòèâíóþ íàó÷íóþ äå-
ÿòåëüíîñòü, à ëàáîðàòîðèþ ìèêðîâîëíîâîé
ñïåêòðîñêîïèè âîçãëàâëÿåò ó÷åíèê Í.Ì. Ïîçäå-
åâà, âûïóñêíèê ÁÃÓ, ä.ô.-ì.í. À.Õ. Ìàìëååâ.
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Ì.Ã. Ôàéçóëëèí, Ð.Â. Ãàëååâ, À.Õ. Ìàìëååâ. Ìèêðîâîëíîâàÿ ñïåêòðîñêîïèÿ â Óôå

Â íà÷àëå 2000-õ ãã. áûëî ïðàêòè÷åñêè çà-
âåðøåíî èññëåäîâàíèå âðàùàòåëüíûõ è êîëå-
áàòåëüíî-âðàùàòåëüíûõ ñïåêòðîâ òåòðàãèäðî-
ôóðàíà è 1,3-äèîêñîëàíà â îñíîâíîì è âîñüìè
âîçáóæäåííûõ ñîñòîÿíèÿõ çàòîðìîæåííîãî
ïñåâäîâðàùåíèÿ. Ðàçðàáîòàí ìåòîä àíàëèçà
ìèêðîâîëíîâûõ ñïåêòðîâ íåæåñòêèõ ìîëåêóë
ñ íèçêèì áàðüåðîì ïñåâäîâðàùåíèÿ ñ ïðèìå-
íåíèåì ýôôåêòèâíûõ âðàùàòåëüíûõ ãàìèëüòî-
íèàíîâ äëÿ äâóõ, òðåõ è ÷åòûðåõ âçàèìîäåé-
ñòâóþùèõ ïñåâäîâðàùàòåëüíûõ ñîñòîÿíèé.
Èäåíòèôèöèðîâàíû «çàïðåùåííûå» êîëåáà-
òåëüíî-âðàùàòåëüíûå ïåðåõîäû ìåæäó ñîñåä-
íèìè ïñåâäîâðàùàòåëüíûìè ñîñòîÿíèÿìè.
Îïðåäåëåíû ýíåðãåòè÷åñêèå èíòåðâàëû ìåæ-
äó ïñåâäîâðàùàòåëüíûìè ñîñòîÿíèÿìè è òèïû
ñèììåòðèè ñåìè ïñåâäîâðàùàòåëüíûõ ñîñòî-
ÿíèé. Âû÷èñëåíû êîìïîíåíòû äèïîëüíûõ
ìîìåíòîâ ïåðåõîäîâ. Ïðåäëîæåíà ìåòîäèêà
âû÷èñëåíèÿ ïîòåíöèàëüíîé ôóíêöèè çàòîðìî-
æåííîãî ïñåâäîâðàùåíèÿ ïî ýíåðãåòè÷åñêèì
èíòåðâàëàì ìåæäó ïñåâäîâðàùàòåëüíûìè ñî-
ñòîÿíèÿìè ñ ó÷åòîì òèïîâ ñèììåòðèè ïñåâ-
äîâðàùàòåëüíûõ ñîñòîÿíèé, îïðåäåëÿåìûõ èç
ñïåêòðàëüíûõ èññëåäîâàíèé. Îïðåäåëåíû ïî-
òåíöèàëüíûå ôóíêöèè çàòîðìîæåííîãî ïñåâ-
äîâðàùåíèÿ òåòðàãèäðîôóðàíà [55] è 1,3-äè-
îêñîëàíà [56] è èõ êîíôîðìàöèè â íèæíèõ
ïñåâäîâðàùàòåëüíûõ ñîñòîÿíèÿõ, ïîêàçàíà
íåäîñòàòî÷íîñòü îäíîìåðíîé ìîäåëè äëÿ îïè-
ñàíèÿ ïñåâäîâðàùåíèÿ â ýòèõ ìîëåêóëàõ.

Ñ 2004 ïî 2012 ã. ëàáîðàòîðèÿ ñîâìåñò-
íî ñ õèìèêàìè Óôèìñêîãî ãîñóäàðñòâåííîãî
íåôòÿíîãî òåõíè÷åñêîãî óíèâåðñèòåòà çàíè-
ìàëàñü èçó÷åíèåì àëêèëçàìåùåííûõ 1,3-äè-
îêñàíîâ [57–66] – øåñòè÷ëåííûõ íàñûùåí-
íûõ ãåòåðîöèêëè÷åñêèõ ñîåäèíåíèé. Èíòåðåñ
ê ñòðóêòóðíûì èññëåäîâàíèÿì 1,3-äèîêñàíîâ
ñâÿçàí ñ îñîáåííîñòÿìè èõ ñòðîåíèÿ, íàëè-
÷èåì öåííûõ ôàðìàêîëîãè÷åñêèõ ñâîéñòâ, à
òàêæå ñ èñïîëüçîâàíèåì èõ â êà÷åñòâå ðåàãåí-
òîâ äëÿ òîíêîãî îðãàíè÷åñêîãî ñèíòåçà. Çíà-
÷èòåëüíûé èíòåðåñ ïðåäñòàâëÿåò èçó÷åíèå
âëèÿíèÿ çàìåñòèòåëåé, ïðèñîåäèíåííûõ ïî
ïåðèìåòðó öèêëà, íà ñòðóêòóðó è äèíàìèêó
êîíôîðìàöèîííûõ ïåðåõîäîâ ìîëåêóë. Â õîäå
âûïîëíåíèÿ ýêñïåðèìåíòîâ áûëè óñòàíîâëå-
íû íàèáîëåå ñòàáèëüíûå êîíôîðìàöèè ðÿäà

ìåòèë- è äèìåòèëçàìåùåííûõ äèîêñàíîâ.
Ñòðóêòóðíûå ïàðàìåòðû óäàëîñü îïðåäåëèòü
äëÿ íåçàìåùåííîãî, 2-ìåòèë- è 5-ìåòèë-1,3-
äèîêñàíîâ, äëÿ ÷åãî áûëè èññëåäîâàíû ìèê-
ðîâîëíîâûå ñïåêòðû ìîíîçàìåùåííûõ èçî-
òîïîìåðîâ óêàçàííûõ ñîåäèíåíèé ñ èçîòîïà-
ìè 13C è 18O â åñòåñòâåííîé êîíöåíòðàöèè (1,1
è 0,2% ñîîòâåòñòâåííî). Òàêèì îáðàçîì, óäà-
ëîñü ïîêàçàòü èçìåíåíèå ñòðóêòóðíûõ ïàðà-
ìåòðîâ è êîëè÷åñòâåííî äîêàçàíî ïîâûøåíèå
êîíôîðìàöèîííîé æåñòêîñòè äèîêñàíîâîãî
öèêëà ïðè ìîíîìåòèëçàìåùåíèè. Ñ 2012 ã. ïî
íàñòîÿùåå âðåìÿ ñîòðóäíèêè ëàáîðàòîðèè çà-
íèìàþòñÿ èçó÷åíèåì êîíôîðìàöèé è íèçêî-
÷àñòîòíûõ äâèæåíèé áîëüøîé àìïëèòóäû â
àëêèëçàìåùåííûõ àíàëîãàõ òåòðàãèäðîôóðà-
íà è 1,3-äèîêñîëàíà. Óñòàíîâëåíû íàèáîëåå
ñòàáèëüíûå êîíôîðìàöèè äëÿ ìîëåêóë 2-ìå-
òèë-òåòðàãèäðîôóðàíà, 2-ìåòèë-1,3-äèîêñîëà-
íà, 2,2-äèìåòèë-1,3-äèîêñîëàíà. Â ïåðâûõ
äâóõ ñîåäèíåíèÿõ áûëè îïðåäåëåíû âðàùà-
òåëüíûå ïîñòîÿííûå â íèæíèõ âîçáóæäåííûõ
ñîñòîÿíèÿõ çàòîðìîæåííîãî ïñåâäîâðàùåíèÿ.

Ðåçóëüòàòû èññëåäîâàíèé ëàáîðàòîðèè
ïîëó÷èëè øèðîêîå ïðèçíàíèå ó íàñ â ñòðàíå
è çà ðóáåæîì, ïîìåùåíû â ìåæäóíàðîäíûå
áàçû äàííûõ, ïðèâîäÿòñÿ â ìîíîãðàôèÿõ è
ó÷åáíèêàõ. Íà îñíîâàíèè ïîëó÷åííûõ äàííûõ
ñîòðóäíèêàìè è àñïèðàíòàìè ëàáîðàòîðèè çà-
ùèùåíû 7 êàíäèäàòñêèõ è 1 äîêòîðñêàÿ äèñ-
ñåðòàöèÿ, îïóáëèêîâàíî áîëåå 180 íàó÷íûõ
ðàáîò. Ñ 1969 ã. ëàáîðàòîðèÿ òåñíî ñîòðóäíè-
÷àåò ñ ìåæäóíàðîäíûì êîîðäèíàöèîííûì
öåíòðîì ïî ìèêðîâîëíîâîé ñïåêòðîñêîïèè,
íàõîäÿùèìñÿ â ÑØÀ.
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Institute of molecule and crystal physics Ufa research center of Russian academy of sciences,
450075, Russian Federation, Bashkortostan, Ufa, Prospect Oktyabrya, 151

The article starts with a brief review of the microwave spectroscopy method, the history of its origin and
also describes its present-day possibilities. In what follows it considers the history of the Ufa school of microwave
spectroscopy founded in 1958 at the Department of Chemistry, Bashkir Branch of the USSR Academy of Sciences,
by Nikolay M. Pozdeev, its unchallenged head until 2000. By the year 1960, Pozdeev and four members of his team
had designed their first Stark microwave spectrometer using diagrams and pictures from books and articles on
radio-frequency spectroscopy that helped them to study the spectra of some organic compounds. The 1960s
turned out to be very fruitful in the life of the laboratory. There was a considerable increase in the number of
employees, the new spectrometer designs met the highest world standards of the time, the subject matter for
research continued to expand. During the 1970s and 1980s, the group of microwave spectroscopy continued to be
actively engaged in research improving the experimental equipment. However, a number of situations occurred
resulting in staff and facilities reduction. In 1976, the Pozdeev’s group left the Department of Chemistry for the
Department of Physics and Mathematics. The 1990s were known for the decline of interest in science, and young
people did not want to devote themselves to science. At this time the team included four members only. But despite
the difficulties, effective research still continued both in the 1990s and 2000s. In 1994, the Department of Physics
was reorganized as the Institute of Molecule and Crystal Physics, and the group regained its laboratory status.
Beginning in 2000, the laboratory of microwave spectroscopy is headed by Pozdeev’s disciple Dr. Ayrat Kh.
Mamleev. Over the period of its existence, there were seven Ph.D. and one doctoral theses defended and more
than 180 scientific papers published. The research results have been recognized in our country and abroad, they
enter international databases and are given in monographs and manuals.

Key words: microwave spectroscopy, history of the method.
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Ââåäåíèå. Àðñåíàë ñîâðåìåííûõ ôèçè-
÷åñêèõ ìåòîäîâ â õèìèè îáøèðåí, íî èõ ñèñ-
òåìàòèçàöèÿ (ñì., íàïðèìåð ìîíîãðàôèþ
Ïåíòèíà Þ.À. è Âèëêîâà Ë.Â. «Ôèçè÷åñêèå
ìåòîäû â õèìèè». Ì.:  Ìèð, 2003. 683 ñ.) ãî-
âîðèò î òîì, ÷òî íàñ÷èòûâàåòñÿ 10 (äåñÿòü!)
îñíîâíûõ ìåòîäîâ. Ýòî: 1) ìåòîäû ìàññ-ñïåê-
òðîìåòðèè (ÌÑ), 2) ìåòîäû, ñâÿçàííûå ñ îï-
ðåäåëåíèåì äèïîëüíûõ ìîìåíòîâ ìîëåêóë,

ÓÄÊ 537.56+539.19:621.384.833(091)

ÈÍÑÒÐÓÌÅÍÒÀËÜÍÛÉ  ÌÅÒÎÄ  ÌÀÑÑ-ÑÏÅÊÒÐÎÌÅÒÐÈÈ
ÐÅÇÎÍÀÍÑÍÎÃÎ ÇÀÕÂÀÒÀ  ÝËÅÊÒÐÎÍÎÂ  ÄËß  ÔÓÍÄÀÌÅÍÒÀËÜÍÛÕ
È  ÏÐÈÊËÀÄÍÛÕ ÈÑÑËÅÄÎÂÀÍÈÉ  ÎÐÃÀÍÈ×ÅÑÊÈÕ  ÑÎÅÄÈÍÅÍÈÉ

© Ì.Â. Ìóôòàõîâ, Ë.Ç. Õàòûìîâà, Ð.Â. Õàòûìîâ, Â.À. Ìàçóíîâ

Îïèñûâàåòñÿ âîçíèêíîâåíèå, ñòàíîâëåíèå è ðàçâèòèå â àêàäåìè÷åñêèõ ó÷ðåæäåíèÿõ ã. Óôû îðèãèíàëüíî-
ãî ôèçè÷åñêîãî ìåòîäà èññëåäîâàíèÿ âåùåñòâà – ìàññ-ñïåêòðîìåòðèè îòðèöàòåëüíûõ èîíîâ ðåçîíàíñíîãî çàõ-
âàòà ýëåêòðîíîâ (ÌÑ ÎÈ ÐÇÝ). Èñòîðèÿ ìåòîäà áåðåò ñâîå íà÷àëî ñ 1960-õ ãã., êîãäà â êîëëåêòèâå óôèìñêèõ
ôèçèêîâ ïîä ðóêîâîäñòâîì Â.È. Õâîñòåíêî (1933–1996 ãã.), âîñïèòàííèêà èçâåñòíîé ìàññ-ñïåêòðîìåòðè÷å-
ñêîé øêîëû ëåíèíãðàäñêîãî ôèçòåõà, áûëè çàëîæåíû îñíîâû ìåòîäà. Â ðåçóëüòàòå ìíîãîëåòíåé öåëåíàïðàâ-
ëåííîé ðàáîòû áûëà ðàçðàáîòàíà òåõíèêà è ìåòîäèêà ýêñïåðèìåíòà, ñôîðìóëèðîâàíû ïðàâèëà ôîðìèðîâàíèÿ
ìàññ-ñïåêòðîâ îòðèöàòåëüíûõ èîíîâ, à òàêæå ïîêàçàíà ñâÿçü ïîëó÷àåìûõ äàííûõ îá ÎÈ ñ äàííûìè öåëîãî
ðÿäà äðóãèõ, êîìïëåìåíòàðíûõ ìåòîäîâ èññëåäîâàíèÿ âåùåñòâà. Ýòîò ìåòîä âîïëîòèëñÿ â íåñêîëüêî áàçîâûõ
óñòàíîâîê, êàæäàÿ ïîñëåäóþùàÿ èç êîòîðûõ èìåëà âñå ëó÷øèå è ëó÷øèå õàðàêòåðèñòèêè, è íà ïðîòÿæåíèè
ìíîãèõ ëåò áûë îïðîáîâàí íà ìíîãèõ êëàññàõ ñîåäèíåíèé. Íà ïðèìåðå ðàçíîîáðàçíûõ ðÿäîâ îðãàíè÷åñêèõ è
ìåòàëëîîðãàíè÷åñêèõ ñîåäèíåíèé, àòîìíûõ êëàñòåðîâ áûëà ïîêàçàíà ïðèìåíèìîñòü è øèðîêèå âîçìîæíîñòè
äàííîãî ôèçè÷åñêîãî ìåòîäà äëÿ àíàëèòè÷åñêèõ è ôèçèêî-õèìè÷åñêèõ èññëåäîâàíèé. Èíôîðìàöèîííàÿ ìîùü
íîâîãî ìåòîäà, çàêëþ÷àþùàÿñÿ â íàëè÷èè äîïîëíèòåëüíîé, ýíåðãåòè÷åñêîé ðàçìåðíîñòè ìàññ-ñïåêòðîâ, ïðè-
âëåêàëà èíòåðåñ ìíîãî÷èñëåííûõ èññëåäîâàòåëåé èç ðàçíûõ íàó÷íûõ ó÷ðåæäåíèé ñòðàíû, ÷òî ñïîñîáñòâîâàëî
íàëàæèâàíèþ òåñíûõ ñâÿçåé è ïðîâåäåíèþ ìàñøòàáíûõ ñîâìåñòíûõ èññëåäîâàíèé. Áûëè ïîïûòêè è ïåðåíÿòü
ìåòîä, îäíàêî ñëîæíîñòü, òðóäîåìêîñòü ìåòîäà, îòñóòñòâèå ãîòîâûõ ïðîìûøëåííûõ ìàññ-ñïåêòðîìåòðîâ ñ
ôóíêöèåé ðàáîòû â ðåæèìå ÐÇÝ, à ãëàâíîå, îòñóòñòâèå íàó÷íîé ñðåäû «îòðèöàòåëüíûõ» ìàññ-ñïåêòðîìåòðè-
ñòîâ â ýòèõ ãîðîäàõ âîñïðåïÿòñòâîâàëî øèðîêîìó ðàñïðîñòðàíåíèþ ìåòîäà. Ýòî è ñòàëî ïðè÷èíîé òîãî, ÷òî
îòå÷åñòâåííûå èññëåäîâàíèÿ ÎÈ è ïðîöåññîâ ÐÇÝ äî ñåãî äíÿ ñêîíöåíòðèðîâàíû ãëàâíûì îáðàçîì òîëüêî â
Óôå, â íåñêîëüêèõ íàó÷íûõ ãðóïïàõ. Â ñòàòüå îáîçíà÷åíû ïðåèìóùåñòâà è îñíîâíûå ýòàïû ðàçâèòèÿ ìåòîäà,
óïîìÿíóòû ïåðñîíàëèè è íàó÷íûå äîñòèæåíèÿ, à òàêæå ïîêàçàíî ñîâðåìåííîå ñîñòîÿíèå è ïåðñïåêòèâû äàëü-
íåéøèõ èññëåäîâàíèé îòðèöàòåëüíûõ èîíîâ è ïðîöåññîâ ðåçîíàíñíîãî çàõâàòà ýëåêòðîíîâ.

Êëþ÷åâûå ñëîâà: ìàññ-ñïåêòðîìåòðèÿ, îòðèöàòåëüíûå èîíû, ðåçîíàíñíûé çàõâàò ýëåêòðîíîâ, èñòîðèÿ
ìåòîäà.
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3) ìåòîäû îïðåäåëåíèÿ ãåîìåòðè÷åñêîãî ñòðî-
åíèÿ ìîëåêóë (ìèêðîâîëíîâàÿ ñïåêòðîñêîïèÿ
è ãàçîâàÿ ýëåêòðîíîãðàôèÿ), 4) ìåòîäû êîëå-
áàòåëüíîé ÈÊ- è ÊÐ-ñïåêòðîñêîïèè, 5) ìåòî-
äû ýëåêòðîííîé è ÓÔ-ñïåêòðîñêîïèè, 6) ìå-
òîäû ðåíòãåíîâñêîé è ôîòîýëåêòðîííîé ñïåê-
òðîñêîïèè, 7) ìåòîäû ìàãíèòíîãî ðåçîíàíñà
(ßÌÐ è ÝÏÐ), 8) ìåòîäû êâàäðóïîëüíîãî è
ãàììà-ðåçîíàíñà, 9) ìåòîäû èññëåäîâàíèÿ
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îïòè÷åñêè àêòèâíûõ âåùåñòâ; 10) ìåòîäû èçó-
÷åíèÿ ïîëÿðèçóåìîñòè è ìàãíèòíîé îïòè÷åñ-
êîé àêòèâíîñòè. Ê ýòîìó ñïèñêó ÷èñòî ôèçè-
÷åñêèõ ìåòîäîâ ìîãóò áûòü äîáàâëåíû åùå
õðîìàòîãðàôèÿ è ìåòîäû, îñíîâàííûå íà ÿâ-
ëåíèè ðàäèîàêòèâíîñòè.

Íàó÷íàÿ Óôà ìîæåò ãîðäèòüñÿ òåì, ÷òî
çäåñü çàðîäèëàñü èäåÿ íîâîãî ìàññ-ñïåêòðî-
ìåòðè÷åñêîãî ìåòîäà, ñâÿçàííîãî ñ èññëåäî-
âàíèÿìè îòðèöàòåëüíûõ èîíîâ (ÎÈ) ñëîæ-
íûõ ìîëåêóë îðãàíè÷åñêèõ ñîåäèíåíèé. Â êîë-
ëåêòèâå ïîä ðóêîâîäñòâîì ïðîôåññîðà Âèê-
òîðà Èâàíîâè÷à Õâîñòåíêî (1933–1996) ìå-
òîä ïðîøåë âñå ñòàäèè ñâîåãî ðàçâèòèÿ îò âîç-
íèêíîâåíèÿ, ñòàíîâëåíèÿ è äî ðàñöâåòà. Ýòîò
ìåòîä âîïëîòèëñÿ â íåñêîëüêî áàçîâûõ óñòà-
íîâîê, êàæäàÿ èç ïîñëåäóþùèõ èìåëà âñå ëó÷-
øèå è ëó÷øèå õàðàêòåðèñòèêè, è íà ïðîòÿæå-
íèè ìíîãèõ ëåò áûë îïðîáîâàí íà ìíîãèõ
êëàññàõ ñîåäèíåíèé, à â öåëîì – íà ìíîãèõ
ñîòíÿõ ðàçëè÷íûõ ñîåäèíåíèé. Íà îñíîâå ýòèõ
èññëåäîâàíèé ñîòðóäíèêàìè àêàäåìè÷åñêîé
Óôû áûëî çàùèùåíî 8 äîêòîðñêèõ è äâà äå-
ñÿòêà êàíäèäàòñêèõ äèññåðòàöèé, íàïèñàíî
áîëåå 1000 ïóáëèêàöèé è íåñêîëüêî ìîíîãðà-
ôèé. Ñðåäè ñîàâòîðîâ – Ïðåçèäåíò ÀÍ ÑÑÑÐ
Íåñìåÿíîâ À.Í., Ïðåäñåäàòåëè Ïðåçèäèóìà
ÁÔÀÍ ÑÑÑÐ è ÁÍÖ ÓðÎ ÀÍ ÑÑÑÐ, ÷ëåíû
ÐÀÍ, ÷ëåíû-êîððåñïîíäåíòû ÀÍ ÐÁ è èçâåñò-
íûå ïðîôåññîðà è äîêòîðà íàóê èç Ìîñêâû è
äðóãèõ ãîðîäîâ íàøåé ñòðàíû. Ïðèîðèòåò
ãðóïï èç äâóõ èíñòèòóòîâ Óôû â ñîçäàíèè ýòî-
ãî óíèêàëüíîãî ìåòîäà îáùåèçâåñòåí. Èçâå-
ñòåí îí ñðåäè ñïåöèàëèñòîâ ôèçèêî-õèìè÷å-
ñêîãî ïðîôèëÿ è çà ðóáåæîì, îñîáåííî ñðåäè
òåõ, êòî èññëåäóåò ÎÈ ìîëåêóë.

Èíñòðóìåíòàëüíûé ìåòîä. Ïðåäñòàâëÿ-
åìûé ìåòîä îñíîâàí èñêëþ÷èòåëüíî íà îä-
íîì ïðîöåññå – ðåçîíàíñíîì çàõâàòå (ïðèñî-
åäèíåíèè, ïðèëèïàíèè) ýëåêòðîíîâ (ÐÇÝ),
èìåþùåì ìåñòî äëÿ ìîëåêóë â äèàïàçîíå
ýíåðãèè 0–15 ýÂ, è ñîâåðøåííî íå ïîõîæ íà
äðóãèå ìàññ-ñïåêòðîìåòðè÷åñêèå ìåòîäû.
Ìàññ-ñïåêòðû ÐÇÝ òðåõìåðíû (ðèñ. 1) – ýòî
íàáîð êðèâûõ ýôôåêòèâíîãî âûõîäà äëÿ âñåõ
òèïîâ îáðàçóþùèõñÿ ÎÈ, ïîýòîìó èõ òàáëè÷-
íàÿ ôîðìà ïðåäñòàâëåíèÿ èìååòñÿ (óêàçûâà-

þòñÿ ìàêñèìóìû ðåçîíàíñîâ), íî îíà äîñòà-
òî÷íî ñëåïà. Èíôîðìàöèîííóþ ìîùü íåñåò
èìåííî ýíåðãåòè÷åñêàÿ «êîîðäèíàòà», çàòåì
ìàññîâîå ÷èñëî (m/z) è, â ìåíüøåé ñòåïåíè,
èíòåíñèâíîñòü ïèêîâ.

Ïðîìûøëåííîñòü è àíàëèòè÷åñêîå ïðè-
áîðîñòðîåíèå íå âûïóñêàþò ìàññ-ñïåêòðî-
ìåòðû, ïðèãîäíûå äëÿ ðàáîòû ñ ÎÈ â ðåæè-
ìå ÐÇÝ, íî ëþáîé ìàññ-ñïåêòðîìåòð ìîæíî
ìîäåðíèçèðîâàòü äëÿ ýòîãî. Ìíîãèå èññëåäî-
âàòåëè èç Ìîñêâû, Ïîäìîñêîâüÿ, Òóëû, Ëå-
íèíãðàäà, Âëàäèâîñòîêà è äð. ïðèåçæàëè â
Óôó ñ òåì, ÷òîáû «íàáðîñàòü» ïëàí-ñõåìó ïå-
ðåîáîðóäîâàíèÿ ïðèáîðà, íî íà ýòîì âñå è
çàêàí÷èâàëîñü èç-çà òðóäíîñòåé ìîäåðíèçà-
öèè (ðàçâåðòêà ýíåðãèè ýëåêòðîíîâ è âñå ïè-
òàíèå èñòî÷íèêà ïîä âûñîêèì íàïðÿæåíèåì,
îïòðîííàÿ ðàçâÿçêà ñèãíàëà è ò.ä., – ñì. ðèñ. 2)
è îòñóòñòâèÿ ñðåäû «îòðèöàòåëüíûõ» ìàññ-
ñïåêòðîìåòðèñòîâ. Óôèìñêàÿ ãðóïïà äîëãî
øëà ê ñîçäàíèþ ïðèáîðà è ìåòîäà, íà÷èíàÿ
îò èñòî÷íèêà èîíîâ (ïåðåäåëûâàëñÿ ìíîãî-
êðàòíî, – ñì., íàïðèìåð, ïåðâóþ ïóáëèêàöèþ
â æóðíàëå «Ïðèáîðû è òåõíèêà ýêñïåðèìåí-
òà» çà 1969 ã.) è çàêàí÷èâàÿ ìîíîõðîìàòîðîì
ýëåêòðîíîâ (äâàæäû – â 1985 ã. è 1990 ã., ñòà-
òüè â ýòîì æå æóðíàëå) è ðåãèñòðàöèåé ÎÈ ñ
íàêîïëåíèåì ñèãíàëà è îáðàáîòêîé ðåçîíàí-
ñíûõ êðèâûõ íà êîìïüþòåðå. Ñóòü îñíîâíûõ
ïåðåäåëîê âïåðâûå â ïîëíîé ìåðå îïèñàíà â
æóðíàëå «Õèìè÷åñêàÿ ôèçèêà» çà 1982 ã. Ïåð-
âûì ìîäåðíèçèðîâàííûì ìàññ-ñïåêòðîìåò-
ðîì áûë ÌÑ-2Ì. Â äàëüíåéøåì ïåðåäåëûâà-
ëèñü è äðóãèå ñåðèéíûå ïðèáîðû (íàïðèìåð,
ÌÕ-1306), íî îñîáåííî óäîáíûì ñ òî÷êè çðå-
íèÿ äîîñíàùåíèÿ äëÿ èññëåäîâàíèÿ ÎÈ îêà-
çàëñÿ èçîòîïíûé ìàññ-ñïåêòðîìåòð ÌÈ-1201
(ã. Ñóìû, Óêðàèíà). Ïðè ýòîì â ïåðåäåëàííûõ
ïðèáîðàõ îñòàâëÿëàñü âîçìîæíîñòü ðàáîòàòü
â øòàòíîì ðåæèìå (ýëåêòðîííîé èîíèçàöèè):
â ëþáîé ìîìåíò îïåðàòîð ìîæåò èçìåíèòü
ïîëÿðíîñòü ìàãíèòà àíàëèçàòîðà è íåñêîëü-
êèõ ýëåêòðîäîâ èîííîé îïòèêè è çàïèñàòü ïî-
íÿòíûé äëÿ ëþáîãî õèìèêà 70-ýëåêòðîíâîëüò-
íûé ìàññ-ñïåêòð ïîëîæèòåëüíûõ èîíîâ èëè
êðèâóþ çàâèñèìîñòè ýôôåêòèâíîñòè èîíèçà-
öèè îò ýíåðãèè èîíèçèðóþùèõ ýëåêòðîíîâ
(àíàëîã êðèâûõ ýôôåêòèâíîãî âûõîäà äëÿ ÎÈ).
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Ìåòîä íåïðîñò. Åñëè òðàäèöèîííûå
ìàññ-ñïåêòðû ýëåêòðîííîãî óäàðà ìîãóò áûòü
ïîëó÷åíû çà äåíü äëÿ äåñÿòêîâ ñîåäèíåíèé
(òàêèå ïîëîæèòåëüíî-èîííûå ìàññ-ñïåêòðû
êàòàëîãèçèðîâàíû äëÿ íåñêîëüêèõ ñîòåí òû-
ñÿ÷ ñîåäèíåíèé), òî îäèí ïîëíûé ìàññ-ñïåêòð
ÎÈ ÐÇÝ ïîëó÷àåòñÿ íå ìåíåå ÷åì çà äåíü, à ñ
èññëåäîâàíèåì òåìïåðàòóðíûõ çàâèñèìîñòåé
ñïåêòðîâ – äîëüøå; ïîýòîìó ê íàñòîÿùåìó
âðåìåíè èõ ñíÿòî âñåãî ëèøü îêîëî 3–4-õ òû-
ñÿ÷. Ïîñòàâëÿåìàÿ ìåòîäîì èíôîðìàöèÿ äëÿ

õèìèêîâ-îðãàíèêîâ íåîáû÷íà è íåïðèâû÷íà.
Âî-ïåðâûõ, â áîëüøèíñòâå ñëó÷àåâ ìàññ-
ñïåêòðû ÎÈ ÐÇÝ ìàëîëèíåé÷àòû. Âî-âòîðûõ,
ñå÷åíèÿ îáðàçîâàíèÿ ÎÈ (è èíòåíñèâíîñòè
ïèêîâ) ìîãóò îòëè÷àòüñÿ íà ìíîãî ïîðÿäêîâ
(106 è áîëåå). Â òðàäèöèîííîé ìàññ-ñïåêòðî-
ìåòðèè ïîëîæèòåëüíûõ èîíîâ ìîæíî ñìåëî
âûáðàñûâàòü è íå ðàññìàòðèâàòü ïèêè ñ èí-
òåíñèâíîñòüþ â íåñêîëüêî ïðîöåíòîâ, íî â
ðàìêàõ ìåòîäà ÌÑ ÎÈ ÐÇÝ ìîæíî óâåðåííî
ðàáîòàòü ñ ïèêàìè, èíòåíñèâíîñòü êîòîðûõ

Ðèñ.  1.  Ìàññ-ñïåêòð îòðèöàòåëüíûõ èîíîâ ðåçîíàíñíîãî çàõâàòà ýëåêòðîíîâ â òðåõìåðíîì ïðåäñòàâëåíèè (ñâåðõó)
è èëëþñòðàöèÿ òðàäèöèîííûõ äâóìåðíûõ ìàññ-ñïåêòðîâ (â äàííîì ñëó÷àå – ìàññ-ñïåêòð ïîëîæèòåëüíûõ èîíîâ
ýëåêòðîííîé èîíèçàöèè) (âíèçó). Âñå ðàçíîâèäíîñòè ìàññ-ñïåêòðîìåòðèè (ñ èîíèçàöèåé ýëåêòðîííûì óäàðîì,
áûñòðûìè àòîìàìè, ýëåêòðè÷åñêèì ïîëåì, ÿäðàìè êàëèôîðíèÿ 252, ôîòîèîíèçàöèåé, õèìè÷åñêîé èîíèçàöèåé
è ò.ä.) ïîñòàâëÿþò äâóìåðíûå ìàññ-ñïåêòðû, è òîëüêî ðàçðàáîòàííûé â Óôå ìåòîä ìàññ-ñïåêòðîìåòðèè ðåçîíàí-
ñíîãî çàõâàòà ýëåêòðîíîâ ïîñòàâëÿåò òðåõìåðíûå ìàññ-ñïåêòðû [îòðèöàòåëüíûõ èîíîâ], èìåþùèå «ýíåðãåòè÷åñêóþ
êîîðäèíàòó»; ïîñëåäíåå è îáóñëîâëèâàåò, ÷òî ìåòîä ÿâëÿåòñÿ íå òîëüêî àíàëèòè÷åñêèì, íî è ñïåêòðîñêîïè÷åñêèì
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Ì.Â. Ìóôòàõîâ, Ë.Ç. Õàòûìîâà, Ð.Â. Õàòûìîâ, Â.À. Ìàçóíîâ. Èíñòðóìåíòàëüíûé ìåòîä...

ñîñòàâëÿåò äàæå 0,001%, ïîñêîëüêó ðåçîíàí-
ñíûå îáëàñòè ðàçíûõ òèïîâ èîíîâ ìîãóò íå
ñîâïàäàòü è íå íàêëàäûâàòüñÿ äðóã íà äðóãà
è ò.ä., è ò.ï. (ñì., íàïð., Â.À. Ìàçóíîâ è äð. //
Ìàññ-ñïåêòðîìåòðèÿ, 2006. Ò. 3, ¹ 1. Ñ. 11–
32). Ðàçâèòûé îðèãèíàëüíûé ìåòîä ÌÑ ÎÈ
ÐÇÝ óíèêàëåí. Àíàëîãè÷íûõ êîëëåêòèâîâ,
âëàäåþùèõ ýòèì ìåòîäîì, â Ðîññèè íåò. Èç-
âåñòíà ëèøü åäèíñòâåííàÿ ãðóïïà èç òðåõ ÷å-
ëîâåê â ÒÈÁÎÕ ÄÂÎ ÐÀÍ, èñïîëüçóþùàÿ ÐÇÝ
â ðåæèìå î÷åíü áûñòðîãî ñêàíèðîâàíèÿ ýíåð-
ãèè ýëåêòðîíîâ, íî ïîëó÷àåìûå çäåñü ìàññ-
ñïåêòðû ÎÈ äâóìåðíû, áåç ðåçîíàíñíûõ êðè-
âûõ; ýòîò ìåòîä èñïîëüçóåòñÿ äëÿ àíàëèòè÷å-
ñêèõ öåëåé è ðåçóëüòàòû íà ÿçûêå ìîëåêóëÿð-
íûõ îðáèòàëåé íå ðàññìàòðèâàþòñÿ. Çà ðóáå-
æîì ýòèì ìåòîäîì àêòèâíî ïîëüçóþòñÿ ïîë-
òîðà äåñÿòêà íàó÷íûõ ãðóïï.

Èñòîðèÿ ñîçäàíèÿ, äîñòèæåíèÿ. Ïîñëå
îêîí÷àíèÿ Ëåíèíãðàäñêîãî ãîñóíèâåðñèòåòà

Âèêòîð Èâàíîâè÷ Õâîñòåíêî ïîñòóïèë â àñ-
ïèðàíòóðó Ëåíèíãðàäñêîãî ôèçèêî-òåõíè÷å-
ñêîãî èíñòèòóòà èì. À.Ô. Èîôôå (ËÔÒÈ) è â
1959 ã. çàùèòèë êàíäèäàòñêóþ äèññåðòàöèþ,
ïîñâÿùåííóþ èçó÷åíèþ îáðàçîâàíèÿ ïîëî-
æèòåëüíûõ è îòðèöàòåëüíûõ èîíîâ â âîäî-
ðîäå ýëåêòðîííûì óäàðîì è ïîâåðõíîñòíîé
èîíèçàöèåé. Â.È. Õâîñòåíêî, êîíå÷íî, ïëàíè-
ðîâàë îñòàòüñÿ ðàáîòàòü â ËÔÒÈ, íî ñóäüáà
ðàñïîðÿäèëàñü èíà÷å. Îí áûë âûíóæäåí ñêî-
ðîïàëèòåëüíî ïîêèíóòü ñåâåðíóþ ñòîëèöó, íî
â Óôó îí ïðèáûë íå ñðàçó, à ïîåõàë ñíà÷àëà â
Íîâîñèáèðñêèé àêàäåìãîðîäîê, ãäå ñëó÷àéíî
âñòðåòèëñÿ ñ ä.õ.í. Ðîìàíîì Äìèòðèåâè÷åì
Îáîëåíöåâûì – çàâåäóþùèì Îòäåëà õèìèè
(ïîçäíåå – Èíñòèòóòà õèìèè) Áàøêèðñêîãî ôè-
ëèàëà Àêàäåìèè íàóê (ÈÕ ÁÔÀÍ) ÑÑÑÐ â Óôå.
Ð.Ä. Îáîëåíöåâ ïðèãëàñèë Â.È. Õâîñòåíêî â
Óôó, îáåùàÿ åìó æèëüå, ãðóïïó, âîçìîæíîñòü
çàíèìàòüñÿ ïðåæíèì íàïðàâëåíèåì è ðàçâè-
òèåì ìàññ-ñïåêòðîìåòðèè. Èíñòèòóò õèìèè

Ðèñ.  2.  Áëîê-ñõåìà ìàññ-ñïåêòðîìåòðà îòðèöàòåëüíûõ èîíîâ â ðåæèìå ðåçîíàíñíîãî çàõâàòà ýëåêòðîíîâ (àíàëèçà-
òîð ìîæåò áûòü íå òîëüêî ìàãíèòíûì, íî è âðåìÿïðîëåòíûì, êâàäðóïîëüíûì è ò.ä.)
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áûë ãîëîâíûì â ÑÑÑÐ ïî ñåðîîðãàíèêå, ïðî-
âîäèë êîíôåðåíöèè è èçäàâàë ñîëèäíûå
ñáîðíèêè ïî ýòîé òåìàòèêå. Óæå íà ñëåäóþ-
ùèé ãîä (â 1960 ã.) â Óôå ðàáîòàë ìàññ-ñïåêò-
ðîìåòð ÌÑ-2Ì – àáñîëþòíàÿ êîïèÿ ïðèáî-
ðîâ ËÔÒÈ ñ ðåãèñòðàöèåé îòðèöàòåëüíûõ
èîíîâ. Â êîëëåêòèâ ó÷åíèêîâ-ñïîäâèæíèêîâ
Â.È. Õâîñòåíêî ïåðâîíà÷àëüíî âîøëè
Ô.Õ. Óíãåð (1960–1964), À.Ø. Ñóëòàíîâ
(ñ 1961 ã.), È.È. Ôóðëåé (ñ 1962 ã.), ïîçäíåå
ïðèñîåäèíèëèñü Â.À. Ìàçóíîâ è Â.Ñ. Ôàëüêî
(ñ 1964 ã.), È.Õ. Àìèíåâ (1965–1974),
Î.Ã. Õâîñòåíêî, Á.Ã. Çûêîâ (ñ 1973 ã.),
Â.Ê. Ìàâðîäèåâ (ñ 1974 ã.). Â 1970 ã. ê ðàáî-
òå ïî ÌÑ ÎÈ ÐÇÝ ïîäêëþ÷èëàñü áîëüøàÿ
ãðóïïà õèìèêîâ – Ã.À. Òîëñòèêîâ, Ñ.Ð. Ðàôè-
êîâ, Â.Ï. Þðüåâ, Ã.Â. Ëåïëÿíèí è ìíîãèå
äðóãèå. Òàêæå ê èññëåäîâàíèþ ÎÈ íà òîì èëè
èíîì ýòàïå ïîäêëþ÷àëèñü ìàññ-ñïåêòðîìåò-
ðèñòû èç Ìîñêâû è Ëåíèíãðàäà – Â.Í. Áî÷-
êàðåâ, Ð.Ã. Êîñòÿíîâñêèé, Þ.Ñ. Íåêðàñîâ,
Â.Ë. Òàëüðîçå, Â.Â. Òàõèñòîâ è äð. Âñåãî çà
ãîäû ñóùåñòâîâàíèÿ ìåòîäà ÷åðåç ãîðíèëî
ÌÑ ÎÈ ÐÇÝ ïðîøëî áîëåå ñòà ÷åëîâåê (îá
èñòîðèè âîçíèêíîâåíèÿ ìåòîäà ñì. òàêæå â
Õàòûìîâà Ë.Ç. è äð. // Èñòîðèÿ íàóêè è òåõ-
íèêè. 2011. ¹ 3. Ñ. 11–25.).

Ñ 1966 ã. íà÷àëèñü ñèñòåìàòè÷åñêèå èñ-
ñëåäîâàíèÿ ÎÈ îðãàíè÷åñêèõ ñîåäèíåíèé.
Áûëî âûÿñíåíî, ÷òî êðîìå íàñûùåííûõ óã-
ëåâîäîðîäîâ âñå èëè ïî÷òè âñå ñîåäèíåíèÿ
îáðàçóþò ÎÈ ñ ýôôåêòèâíûìè ñå÷åíèÿìè íå
íèæå 10–19 ñì2, òàêèì îáðàçîì, ÌÑ ÐÇÝ íå
èìååò îãðàíè÷åíèé ñ òî÷êè çðåíèÿ êëàññîâ
îðãàíè÷åñêèõ ñîåäèíåíèé. Áûëà íàãëÿäíî
ïðîäåìîíñòðèðîâàíà ñåëåêòèâíîñòü è èçáè-
ðàòåëüíîñòü ìàññ-ñïåêòðîâ ÎÈ. Â 1968–
1975 ãã. è ïîçæå óôèìñêàÿ ãðóïïà âûøëà íà
àêòèâíûå êîíòàêòû ñ ÈÕÔ è ÈÍÝÎÑ ÀÍ
ÑÑÑÐ, ÌÃÓ, ÃÍÈÈÕÒÝÎÑ è äð., ÷òî íåèç-
ìåííî ïðèâîäèëî ê âûÿâëåíèþ íîâûõ è íî-
âûõ âîçìîæíîñòåé ìåòîäà ÌÑ ÎÈ ÐÇÝ è ê
«ïå÷àòíîé ïðîäóêöèè» â àêàäåìè÷åñêèõ æóð-
íàëàõ. Áûëè èññëåäîâàíû äåñÿòêè ðÿäîâ ñî-
åäèíåíèé, â ðåçóëüòàòå ÷åãî äîêàçàíà õàðàê-
òåðèñòè÷íîñòü ìåòîäà, ÷óâñòâèòåëüíîñòü, âîñ-
ïðîèçâîäèìîñòü è ò.ä. Êðîìå ñîñòàâà îñêî-
ëî÷íûõ ÎÈ, äîáûâàëèñü äîêàçàòåëüñòâà

ñòðóêòóðû èîíîâ è èõ èçáûòî÷íîé ýíåðãèè.
Íàêàïëèâàëàñü èíôîðìàöèÿ î ðàçðûâå ïðî-
ñòûõ ñâÿçåé è î ïåðåãðóïïèðîâî÷íûõ ïðîöåñ-
ñàõ. Ïðèøëè ê âûâîäó, ÷òî êîððåëÿöèè ìåæäó
ðàñïàäàìè ìîëåêóëÿðíûõ èîíîâ òîãî è äðó-
ãîãî çíàêà íåò. Îäíîé èç âàæíûõ ðàáîò òîãî
âðåìåíè áûëè ñòàòüè 1973 ã. â Èçâ. ÀÍ ÑÑÑÐ,
Ñåð. õèì. è Äîêë. ÀÍ ÑÑÑÐ, â êîòîðûõ áûëî
ïîêàçàíî, ÷òî íàðÿäó ñ ìîëåêóëÿðíûìè, è îñ-
êîëî÷íûå ÎÈ íåñòàáèëüíû îòíîñèòåëüíî
âûáðîñà ýëåêòðîíà è ÷òî âðåìÿ æèçíè èîíîâ
ìîæíî èçìåðèòü, åñëè îíè äîëãîæèâóùè
(τ ≥ 1 ìêñ); ïðàêòè÷åñêè âî âñåõ ñëó÷àÿõ èí-
òåíñèâíûõ ïèêîâ ÎÈ ìû ñ òåõ ïîð èçìåðÿåì
èõ âðåìåíà æèçíè, â òîì ÷èñëå èõ èçìåíåíèå
â ïðåäåëàõ ðåçîíàíñà èç-çà êîëåáàòåëüíîãî
âîçáóæäåíèÿ. Ýòîò ïåðèîä äàë èíòåðåñíûé
ìàòåðèàë ïî âëèÿíèþ ôóíêöèîíàëüíûõ ãðóïï
íà ïðîöåññû ôîðìèðîâàíèÿ ìàññ-ñïåêòðîâ
ÎÈ, ïî ñòðóêòóðíûì îïðåäåëåíèÿì, âêëþ÷àÿ
àñïåêòû èçîìåðèè è ñòåðåîõèìèè. ÌÑ ÎÈ
ÐÇÝ, íàïðèìåð, ïîêàçàëà ñâîþ ïðèìåíèìîñòü
äëÿ ðàçëè÷åíèÿ èçîìåðîâ ïî ïîÿâëåíèþ íî-
âûõ ðåçîíàíñîâ èëè ïî èõ ñäâèãó íà øêàëå
ýíåðãèè. Îñòàíîâèìñÿ íà îäíîì ïðèìåðå. Ìå-
òîäîì ÌÑ ÎÈ íàáëþäàåòñÿ ïèê ìîëåêóëÿð-
íûõ èîíîâ Ì– èç îðòî-êàðáîðàíà, à ïèê Ì–

èç ìåòà- è ïàðà-èçîìåðîâ îòñóòñòâóåò âïëîòü
äî 0,0001% (!), õîòÿ îñêîëî÷íûå èîíû âî âñåõ
òðåõ èçîìåðàõ ïðèìåðíî îäèíàêîâû. Òðàäè-
öèîííàÿ ìàññ-ñïåêòðîìåòðèÿ ïðîñòî íå çíà-
åò ïîäîáíûõ ïðèìåðîâ òàêîãî ðàçèòåëüíîãî
îòëè÷èÿ èçîìåðîâ. Ñòàëî ïîíÿòíûì è òî, ÷òî
ìàññ-ñïåêòðû ÎÈ ìàëîëèíåé÷àòû. Äåëî â
òîì, ÷òî ê ýòîìó ïðèâîäèò ñèëüíàÿ êîíêóðåí-
öèÿ ïðîöåññà àâòîîòùåïëåíèÿ ýëåêòðîíà
ìåäëåííûì ïåðåãðóïïèðîâî÷íûì ïðîöåñ-
ñàì, è âèäåí òîëüêî ðåçóëüòàò áûñòðûõ ïðî-
öåññîâ äèññîöèàòèâíîãî çàõâàòà ýëåêòðîíîâ
(ÄÇÝ). Ýòî îáñòîÿòåëüñòâî ïîìîãàåò îïðå-
äåëÿòü ïîñëåäîâàòåëüíîñòü çâåíüåâ â òåõ èëè
èíûõ ìîëåêóëàõ, òàê êàê ðâóòñÿ ïðåèìóùå-
ñòâåííî ïðîñòûå ñâÿçè. (Ìàññ-ñïåêòðû ÎÈ
ÐÇÝ ìîãóò áûòü è áîãàòû ïèêàìè, âêëþ÷àÿ
ïèêè ïåðåãðóïïèðîâî÷íûõ èîíîâ, ÷òî èìå-
åò ìåñòî äëÿ áîëüøèõ îðãàíè÷åñêèõ ìîëåêóë
ñ ðàçâåòâëåííîé äåëîêàëèçîâàííîé ýëåê-
òðîííîé ñèñòåìîé è íàáîðîì ýëåêòðîíîàê-
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Ì.Â. Ìóôòàõîâ, Ë.Ç. Õàòûìîâà, Ð.Â. Õàòûìîâ, Â.À. Ìàçóíîâ. Èíñòðóìåíòàëüíûé ìåòîä...

öåïòîðíûõ àòîìîâ (íàïðèìåð, F) è ãðóïï (íà-
ïðèìåð, NO2)).

Â ðåçóëüòàòå öåëåíàïðàâëåííûõ èññëåäî-
âàíèé ìíîãî÷èñëåííûõ ðÿäîâ îðãàíè÷åñêèõ
ñîåäèíåíèé ê 1975 ã. áûëè óñòàíîâëåíû îñ-
íîâíûå çàêîíîìåðíîñòè îáðàçîâàíèÿ ÎÈ.
Â 1975 ã. Â.È. Õâîñòåíêî çàùèòèë äîêòîðñêóþ
äèññåðòàöèþ íà òåìó «Ìàññ-ñïåêòðîìåòðèÿ
îòðèöàòåëüíûõ èîíîâ»; ïîä åãî ðóêîâîäñòâîì
äî ýòîãî áûëè çàùèùåíû êàíäèäàòñêèå äèñ-
ñåðòàöèè È.È. Ôóðëååì («Äèññîöèàòèâíûé
çàõâàò ýëåêòðîíîâ ìîëåêóëàìè ãåòåðîöèêëè-
÷åñêèõ ñîåäèíåíèé»), È.Õ. Àìèíåâûì
(«Ìàññ-ñïåêòðû îòðèöàòåëüíûõ èîíîâ íåêî-
òîðûõ êëàññîâ îðãàíè÷åñêèõ ñîåäèíåíèé»).
À.Ø. Ñóëòàíîâûì («Ìàññ-ñïåêòðîìåòðè÷å-
ñêîå èçó÷åíèå îáðàçîâàíèÿ îòðèöàòåëüíûõ è
ïîëîæèòåëüíûõ èîíîâ â ðåàêöèÿõ âçàèìîäåé-
ñòâèÿ ýëåêòðîíîâ ñ ìîëåêóëàìè ãàëîãåíèäîâ
íåêîòîðûõ ýëåìåíòîâ III ãðóïïû»), Â.À. Ìà-
çóíîâûì («Àâòîèîíèçàöèîííûå ñîñòîÿíèÿ
îòðèöàòåëüíûõ èîíîâ ìíîãîàòîìíûõ ìîëå-
êóë»). ×óòü ïîçæå â 1981 ã. Â.È. Õâîñòåíêî ïîä-
âåë èòîã ìíîãîëåòíåé ðàáîòû â ìîíîãðàôèè
«Ìàññ-ñïåêòðîìåòðèÿ îòðèöàòåëüíûõ èîíîâ â
îðãàíè÷åñêîé õèìèè» â èçäàòåëüñòâå «Íàóêà».
Ñ êîíöà ýòîãî ïåðèîäà ñòàë àêòèâíî èñïîëü-
çîâàòüñÿ ñèììåòðèéíûé ïîäõîä (êîððåëÿöèÿ
ñèììåòðèè ýëåêòðîííûõ ñîñòîÿíèé ìîëåêó-
ëÿðíîãî èîíà è ïðîäóêòîâ åãî ðàñïàäà), ÷òî
äàëî âîçìîæíîñòü ïðîãíîçèðîâàòü ïîÿâëåíèå
èëè îòñóòñòâèå òåõ èëè èíûõ ÎÈ äëÿ êîíêðåò-
íûõ ñîåäèíåíèé. Ïîñëå ýòîãî ýòàïà ñòàëè öå-
ëåíàïðàâëåííî ñâÿçûâàòü ïðîöåññû îáðàçîâà-
íèÿ ÎÈ ñ ýëåêòðîííûì ñòðîåíèåì ìîëåêóë.

Â 1980 ã. Â.È. Õâîñòåíêî âîçãëàâèë Îò-
äåë ôèçèêè è ìàòåìàòèêè (ÎÔÌ) ÁÔÀÍ ÑÑÑÐ
(â 1994 ã. – Èíñòèòóò ôèçèêè ìîëåêóë è êðèñ-
òàëëîâ ÓÍÖ ÐÀÍ), â êîòîðûé ïåðåøëè ñîòðóä-
íèêè Â.À. Ìàçóíîâ, Â.Ñ. Ôàëüêî, Á.Ã. Çûêîâ,
Î.Ã. Õâîñòåíêî (ëàáîðàòîðèÿ ôèçèêè àòîìíûõ
ñòîëêíîâåíèé); îñòàâøóþñÿ ëàáîðàòîðèþ
(ýëåêòðîííî-ìîëåêóëÿðíûõ âçàèìîäåéñòâèé)
â Èíñòèòóòå õèìèè âîçãëàâèë È.È. Ôóðëåé.
Â ïåðâîå âðåìÿ ðàáîòà ÷àñòè îòäåëà áûëà íà-
ïðàâëåíà íà óëó÷øåíèå ïðèáîðíîé òåõíèêè
è ìåòîäèêè ýêñïåðèìåíòà, èçó÷åíèå ýëåêòðîí-
íîé ñòðóêòóðû ðåçîíàíñîâ, óñòàíîâëåíèå ìå-

õàíèçìîâ çàõâàòà ýëåêòðîíîâ è ôðàãìåíòàöèè
ìîëåêóëÿðíûõ ÎÈ. Áûëè îáíàðóæåíû ñîâïà-
äåíèÿ ýíåðãåòè÷åñêèõ ðàññòîÿíèé ìåæäó ðå-
çîíàíñàìè è ñîîòâåòñòâóþùèìè èì ïîòåíöè-
àëàìè èîíèçàöèè, êîòîðûå áûëè ïîëó÷åíû
äðóãèì ýêñïåðèìåíòàëüíûì ìåòîäîì – ôîòî-
ýëåêòðîííîé ñïåêòðîñêîïèåé (ÔÝÑ). Â ðå-
çóëüòàòå áûë îñâîåí ìåòîä ÔÝÑ, ïðèáîðû,
íåîáõîäèìûå äëÿ ÔÝÑ áûëè òàêæå èçãîòîâ-
ëåíû ñèëàìè ëàáîðàòîðèè è ìàñòåðñêîé Èí-
ñòèòóòà õèìèè. Ïîìîùü è ó÷àñòèå â îñâîåíèè
íîâîãî ìåòîäà îêàçàëà êàôåäðà ôîòîíèêè ôè-
çè÷åñêîãî ôàêóëüòåòà ËÃÓ, ãäå è çàðîäèëàñü
ÔÝÑ. Ïî íàðàñòàþùåé ñòàë èñïîëüçîâàòüñÿ
ìåòîä ìîëåêóëÿðíûõ îðáèòàëåé. Áûëè ñôîð-
ìóëèðîâàíû äâà ïðèíöèïà ïðè àíàëèçå ïðî-
öåññîâ îáðàçîâàíèÿ ÎÈ: 1) ïðèíöèï îðáè-
òàëüíîé êîððåëÿöèè ïðè ÄÇÝ (áîëåå æåñò-
êîå óñëîâèå, ÷åì êîððåëÿöèÿ ñèììåòðèè
ýëåêòðîííûõ ñîñòîÿíèé ìîëåêóëÿðíîãî èîíà
è ïðîäóêòîâ åãî ðàñïàäà; 2) ðàâåíñòâî ýíåð-
ãåòè÷åñêèõ ðàññòîÿíèé ìåæäó ðåçîíàíñàìè
è ïîëîñàìè ÔÝ-ñïåêòðà, ãîâîðÿùåå î ðàçëè-
÷èè ðåçîíàíñîâ òîëüêî ïî ïîëîæåíèþ âàêàí-
òíîé äûðêè â çàíÿòûõ ìîëåêóëÿðíûõ îðáè-
òàëÿõ. Îñíîâûâàÿñü íà íèõ, áûëè îïèñàíû
ìàññ-ñïåêòðû ÎÈ ÄÇÝ áîëüøîãî êîëè÷åñòâà
ñîåäèíåíèé ðàçíûõ êëàññîâ.

Èòàê, ïðè ÄÇÝ ìîëåêóëàìè ôðàãìåíòà-
öèÿ ïðîèñõîäèò àäèàáàòè÷åñêè ïî îäíîé
ïîâåðõíîñòè ïîòåíöèàëüíîé ýíåðãèè èëè
êâàçèàäèàáàòè÷åñêè, òî åñòü ñ ïåðåõîäîì íà
ïîâåðõíîñòü òîé æå ñèììåòðèè, ÷òî ëåãêî
ñâåñòè ê îäíîé ïîâåðõíîñòè. Òàêîé âûâîä
ñàì ïî ñåáå ïîòðåáîâàë, êîíå÷íî, ñêðóïóëåç-
íûõ äàëüíåéøèõ ýêñïåðèìåíòîâ. Ïîçäíåå
âûÿñíèëîñü, ÷òî êîððåëÿöèÿ ìàññ-ñïåêòðîâ
ÎÈ âîçìîæíà íå òîëüêî ñ ÔÝ-ñïåêòðàìè, íî
è ñî ñïåêòðàìè ïîãëîùåíèÿ â âèäèìîé è
ÓÔ-îáëàñòè, ÷òî ïðèâåëî ê óñòàíîâëåíèþ
íîâîãî ìåõàíèçìà ýëåêòðîííîãî çàõâàòà –
ìåæîáîëî÷å÷íîãî ðåçîíàíñà. Â ïîñëåäóþùèõ
ðàáîòàõ óñòàíàâëèâàëèñü ñïåêòðîñêîïè÷åñ-
êèå ñîñòîÿíèÿ ìîëåêóëÿðíûõ ÎÈ è îáúÿñíÿ-
ëèñü îñîáåííîñòè èõ äèññîöèàöèè. Ðàçâèòèå
ìåòîäà è åãî ïðèìåíåíèå ïîøëî ñ ýòèõ ïîð
íå âøèðü, à âãëóáü, ñ îáÿçàòåëüíûì âûÿñíå-
íèåì ìåõàíèçìîâ ýëåêòðîííîãî çàõâàòà ìî-
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ëåêóëàìè, ñ ïîñòðîåíèåì êîððåëÿöèîííûõ
äèàãðàìì è óñòàíîâëåíèåì ñ èõ ïîìîùüþ
ñïåêòðîñêîïè÷åñêèõ ñîñòîÿíèé.

Èòîãîì ýòîé äëèòåëüíîé ðàáîòû ñòàëè
çàùèòû äîêòîðñêèõ äèññåðòàöèé ó÷åíèêîâ
Â.È. Õâîñòåíêî: È.È. Ôóðëåé «Ðåçîíàíñíûé
çàõâàò ýëåêòðîíîâ ìîëåêóëàìè îðãàíè÷åñêèõ
ñîåäèíåíèé» (1990), Â.À. Ìàçóíîâ «Îáðàçî-
âàíèå è ðàñïàä îòðèöàòåëüíûõ èîíîâ ìíî-
ãîàòîìíûõ ìîëåêóë â ãàçîâîé ôàçå (ìàññ-
ñïåêòðîìåòðèÿ ðåçîíàíñíîãî çàõâàòà ýëåê-
òðîíîâ)» (1992), Î.Ã. Õâîñòåíêî «Ñïåêòðîñêî-
ïè÷åñêèå ñîñòîÿíèÿ îòðèöàòåëüíûõ ìîëåêó-
ëÿðíûõ èîíîâ, îáðàçóþùèõñÿ ïðè ðåçîíàíñ-
íîì çàõâàòå ýëåêòðîíîâ ìîëåêóëàìè» (2005),
Â.Ê. Ìàâðîäèåâ «Îáðàçîâàíèå ãàçîôàçíûõ îò-
ðèöàòåëüíûõ èîíîâ ìîëåêóëàìè îðãàíè÷åñêèõ
ñîåäèíåíèé è π-êîìïëåêñàìè ïåðåõîäíûõ
ìåòàëëîâ IV ïåðèîäà» (2005). Áûëè òàêæå çà-
ùèùåíû ñâûøå äåñÿòêà êàíäèäàòñêèõ äèññåð-
òàöèé ìîëîäûìè ñîòðóäíèêàìè.

Êðîìå óñïåõîâ, áûëè íåóäà÷è è ðàçî÷à-
ðîâàíèÿ. Â.È. Õâîñòåíêî ïðèñòàëüíî ñëåäèë
çà ñèòóàöèåé â íàóêå è íàó÷íîì ïðèáîðî-
ñòðîåíèè, ãîðÿ èäåÿìè îïðîáîâàòü íîâûå ïîä-
õîäû äëÿ ðàçâèòèÿ ñîçäàííîãî èì ìåòîäà è
ðàñøèðåíèÿ êðóãà çàäà÷, ðåøàåìîãî ñ åãî ïî-
ìîùüþ. Îäíîé èç áëåñòÿùèõ èäåé, îñòàâøèõ-
ñÿ òàê è íåîñóùåñòâëåííûìè, áûëî ñåëåêòèâ-
íîå âîçáóæäåíèå ìîëåêóëÿðíûõ êîëåáàíèé ñ
ïîìîùüþ ëàçåðíîãî èçëó÷åíèÿ. Ïðåäïîëàãà-
ëîñü, ÷òî «íàêà÷àííûå» òàêèì ñïîñîáîì ìî-
ëåêóëû ïðè çàõâàòå ýëåêòðîíà íåïðåìåííî
äîëæíû ïðîÿâèòü îñîáûå ñâîéñòâà, çíàíèé î
êîòîðûõ òàê íå õâàòàëî äëÿ êîëè÷åñòâåííîãî
òåîðåòè÷åñêîãî îñìûñëåíèÿ ïðîöåññà ÐÇÝ.
Îäíàêî ðÿä òåõíè÷åñêèõ òðóäíîñòåé è îòñóò-
ñòâèå â Óôå ñïåöèàëèñòîâ-ëàçåðùèêîâ íå
ïîçâîëèëè äîâåñòè èäåþ äî ïðàêòè÷åñêîãî
âîïëîùåíèÿ. Äðóãàÿ èäåÿ Â.È. Õâîñòåíêî, â
îïðåäåëåííîì ñìûñëå äîâåäåííàÿ äî ðåàëü-
íîãî ðåçóëüòàòà, íî çàêîí÷èâøàÿñÿ íåóäà÷åé:
â 1974 ã. ïîÿâèëñÿ íîâûé ìàññ-ñïåêòðîìåò-
ðè÷åñêèé ìåòîä àíàëèçà èîíîâ – èîííî-öèê-
ëîòðîííûé ðåçîíàíñ (ÈÖÐ). Êàê è ëþáîé ðå-
çîíàíñíûé ìåòîä, îí îáëàäàë ôàíòàñòè÷åñêîé
ðàçðåøàþùåé ñïîñîáíîñòüþ (ïî ìàññàì) è
âûñîêîé ÷óâñòâèòåëüíîñòüþ. Â ñèëó ðàçíûõ

ïðè÷èí êóïèòü ìàññ-ñïåêòðîìåòð ÈÖÐ íå
áûëî âîçìîæíîñòè, è Â.È. Õâîñòåíêî ðåøàåò
èçãîòîâèòü åãî â ëàáîðàòîðíûõ óñëîâèÿõ. Äî-
ñòàòî÷íî áûñòðî ïðèáîð áûë ïîñòðîåí è â
äåìîíñòðàöèîííûõ öåëÿõ áûëè ïîëó÷åíû
êðèâûå ýôôåêòèâíîãî âûõîäà íåêîòîðûõ ôðàã-
ìåíòíûõ ÎÈ. Íî, ê ñîæàëåíèþ, âñêîðå âûÿñ-
íèëîñü, ÷òî ìåòîä ÈÖÐ îáëàäàåò îäíèì ñó-
ùåñòâåííûì è ïðèíöèïèàëüíûì íåäîñòàò-
êîì – ðåêîðäíûå õàðàêòåðèñòèêè ìîæíî ïî-
ëó÷èòü òîëüêî äëÿ ñòàáèëüíûõ èîíîâ ñ áåñêî-
íå÷íî äëèòåëüíûì âðåìåíåì æèçíè. Ñ ýòîé
ïðîáëåìîé íèêòî íå ñòàëêèâàëñÿ, è î íåé ìàëî
êòî ïîäîçðåâàë, ïîñêîëüêó ïðàêòè÷åñêè âñÿ
ìàññ-ñïåêòðîìåòðèÿ èìåëà äåëî òîëüêî ñ ïî-
ëîæèòåëüíûìè èîíàìè. Îòðèöàòåëüíûå æå
ìîëåêóëÿðíûå èîíû, ÿâëÿÿñü êâàçèñòàöèîíàð-
íûìè (êîðîòêîæèâóùèìè) ÷àñòèöàìè, ðåãèñ-
òðèðîâàëèñü ñ ðàçðåøåíèåì ïîðîé äàæå õóæå,
÷åì íà îäíîñòóïåí÷àòîì ñòàòè÷åñêîì ïðèáî-
ðå, ÷òî, ïðÿìî èëè êîñâåííî, è ðåøèëî ñóäüáó
óíèêàëüíîãî ïðèáîðà… Âñêîðå ïîÿâèëèñü
íîâûå ïåðñïåêòèâíûå îáúåêòû – ôóëëåðåíû,
îáëàäàþùèå, â ÷àñòíîñòè, î÷åíü áîëüøèì
âðåìåíåì æèçíè ÎÈ. Äëÿ èõ èññëåäîâàíèÿ
ÈÖÐ ìîã áû î÷åíü ïðèãîäèòüñÿ, íî ïðèáîðà
óæå íå áûëî… Òàêàÿ æå ñóäüáà ïîñòèãëà è
ñêîíñòðóèðîâàííûé ðàíåå òàíäåìíûé ìàññ-
ñïåêòðîìåòð äëÿ èññëåäîâàíèÿ ïðîöåññà îá-
ðàçîâàíèÿ èîííûõ ïàð: èç-çà îòñóòñòâèÿ ïîä-
õîäÿùèõ îáúåêòîâ ïðèáîð áûë äåìîíòèðîâàí,
à ìíîãî ïîçæå òàêèå îáúåêòû ïîÿâèëèñü.

Ñ íåêîòîðûõ ïîð çà ðóáåæîì ïðè èçó÷å-
íèè ÎÈ è ìîëåêóë ñòàëè ïðèìåíÿòü ýëåêòðîí-
íûå ìîíîõðîìàòîðû, êîòîðûå îáåñïå÷èâàëè
ìîíîêèíåòèçàöèþ ýëåêòðîíîâ äî ñîòûõ è
äàæå òûñÿ÷íûõ äîëåé ýëåêòðîí-âîëüòà, ÷òî
îáåñïå÷èëî êà÷åñòâåííî íîâûå ðåçóëüòàòû.
Ïîä ðóêîâîäñòâîì Â.È. Õâîñòåíêî áûë èçãî-
òîâëåí ìîíîõðîìàòîð Þçå-Ðîæàíñêîãî, èìåâ-
øèé íåïëîõèå ïàðàìåòðû, íî îí áûë ãðîìîç-
äêèì è íå âïèñûâàëñÿ â ðàçìåðû èîííûõ èñ-
òî÷íèêîâ èñïîëüçóåìûõ ìàññ-ñïåêòðîìåòðîâ.
Íåãàòèâíóþ ðîëü â «îòñòàâêå» ìîíîõðîìàòî-
ðà ñûãðàë òàêæå âõîäèâøèé â ìîäó ìåòîä êâà-
çèìîíîõðîìàòèçàöèè Ôîêñà, äàþùèé àíàëî-
ãè÷íîå «ðàçðåøåíèå» áåç ïîòåðè èíòåíñèâíî-
ñòè ñèãíàëà. Ìíîãî ïîçæå âåðíóëèñü ê èäåå
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Ì.Â. Ìóôòàõîâ, Ë.Ç. Õàòûìîâà, Ð.Â. Õàòûìîâ, Â.À. Ìàçóíîâ. Èíñòðóìåíòàëüíûé ìåòîä...

«÷åñòíîé» ìîíîêèíåòèçàöèè ýëåêòðîíîâ, è âî
âíîâü ñîçäàííîé ëàáîðàòîðèè (î êîòîðîé ðå÷ü
ïîéäåò íèæå) áûë ñêîíñòðóèðîâàí ìîíîõðî-
ìàòîð òðîõîèäàëüíîãî òèïà, ñîâìåùåííûé ñ
èîííûì èñòî÷íèêîì ìàññ-ñïåêòðîìåòðà
ÌÈ-1201.

Â 1985 ã. ïî èíèöèàòèâå çàâåäóþùåãî
ÎÔÌ ÁÔÀÍ ÑÑÑÐ Â.È. Õâîñòåíêî áûëà îðãà-
íèçîâàíà ëàáîðàòîðèÿ ìàññ-ñïåêòðîìåòðèè
îòðèöàòåëüíûõ èîíîâ (ËÌÑÎÈ), íà äîë-
æíîñòü çàâåäóþùåãî êîòîðîé áûë èçáðàí
Â.À. Ìàçóíîâ (1942–2011). Â ïåðâîå âðåìÿ ðà-
áîòà ëàáîðàòîðèè (êàê è â ñëó÷àå ëàáîðàòî-
ðèè Â.È. Õâîñòåíêî) áûëà íàïðàâëåíà íà óëó÷-
øåíèå ïðèáîðíîé òåõíèêè è ìåòîäèêè ýêñ-
ïåðèìåíòà. Áûëà ïðåäïðèíÿòà ïîïûòêà ïåðå-
äåëêè äâóõñòóïåí÷àòîãî ìàññ-ñïåêòðîìåòðà ñ
ïðèñòàâêîé äëÿ õèìè÷åñêîé èîíèçàöèè ñ öå-
ëüþ ðåàëèçàöèè ìåòîäèê ñâÿçàííûõ ðàçâåð-
òîê äëÿ èçó÷åíèÿ ïîñëåäîâàòåëüíûõ ðàñïàäîâ
ÎÈ è èññëåäîâàíèÿ èîííî-ìîëåêóëÿðíûõ ðå-
àêöèé â ãàçîâîé ôàçå, íî ïî òåõíè÷åñêèì ïðè-
÷èíàì îíà îêîí÷èëàñü íåóäà÷åé. Áîëåå ïðî-
äóêòèâíîé îêàçàëàñü èäåÿ èçãîòîâëåíèÿ èîí-
íîãî èñòî÷íèêà ñ ýëåêòðîííûì ìîíîõðîìà-
òîðîì, è âñêîðå áûëè ïîëó÷åíû ïðîáíûå ðå-
çóëüòàòû. Â äàëüíåéøåì åãî êîíñòðóêöèÿ áûëà
óëó÷øåíà è îêîí÷àòåëüíûé âàðèàíò äî ñèõ ïîð
èñïîëüçóåòñÿ â ýêñïåðèìåíòàõ, òðåáóþùèõ
âûñîêîãî ðàçðåøåíèÿ ïî ýíåðãèè ýëåêòðîííî-
ãî ïó÷êà. Äðóãèì âàæíûì äîñòèæåíèåì áûëà
àâòîìàòèçàöèÿ ïðèáîðà, ïîñëå òîãî êàê ñòàëè
øèðîêî äîñòóïíû äåøåâûå ïåðñîíàëüíûå êîì-
ïüþòåðû. Ýòî ïîçâîëèëî êîïèòü ìàëîèíòåí-
ñèâíûå ñèãíàëû (îñîáåííî ïðè èñïîëüçîâà-
íèè ìîíîõðîìàòîðà) è ïîëó÷àòü ýêñïåðèìåí-
òàëüíûå äàííûå â ýëåêòðîííîì âèäå, ÷òî
î÷åíü óäîáíî äëÿ èõ îáðàáîòêè, ïðåäñòàâëå-
íèÿ â ïóáëèêàöèÿõ è õðàíåíèÿ. Áûëà âûïîë-
íåíà áîëüøàÿ ðàáîòà ïî èññëåäîâàíèþ âîñ-
ïðîèçâîäèìîñòè ìàññ-ñïåêòðîâ ÎÈ ÐÇÝ, óñ-
òàíîâëåíèþ ïðè÷èí âîçíèêàþùåé íåëèíåé-
íîñòè øêàëû ýëåêòðîííîé ýíåðãèè, ïîèñêó
íîâûõ ðåïåðîâ, âûÿâëåíèþ ðàíåå íå èñïîëü-
çóåìûõ âîçìîæíîñòåé ïðèáîðà äëÿ ðàáîòû ñ
âûñîêèì ðàçðåøåíèåì (êàê ïî ýíåðãèè, òàê è
ïî ìàññàì) èëè ñ âûñîêîé ÷óâñòâèòåëüíîñòüþ.
Îäíèì èç äîñòèæåíèé ëàáîðàòîðèè ÿâëÿåòñÿ

ðàçðàáîòêà ìåòîäèêè èçìåðåíèÿ àáñîëþòíî-
ãî ñå÷åíèÿ ÄÇÝ (âàæíåéøàÿ õàðàêòåðèñòèêà
ÎÈ), îñíîâàííîé íà îäíîâðåìåííîé ðåãèñ-
òðàöèè ìàññ-ñïåêòðîâ ïîëîæèòåëüíûõ èîíîâ
èññëåäóåìîãî ñîåäèíåíèÿ è ðåïåðà ñ ïîñëå-
äóþùåé ðåãèñòðàöèåé õàðàêòåðèñòè÷íûõ ïè-
êîâ ÎÈ ýòèõ îáúåêòîâ. Â îòëè÷èå îò ïðèìå-
íÿåìûõ ìåòîäèê «ïîñòîÿííîãî îáúåìà» èëè
«ïîñòîÿííîãî äàâëåíèÿ», ñâÿçàííûõ ñî ñëîæ-
íîé êîíñòðóêöèåé óçëà íàïóñêà îáðàçöîâ, íî-
âàÿ ìåòîäèêà ïðîùå è òðåáóåò çíà÷èòåëüíî
ìåíüøå âðåìåíè. Ýêñïåðèìåíòû ñ ðÿäîì ñî-
åäèíåíèé ïîêàçàëè, ÷òî ïîëó÷åííûå íàìè
ñå÷åíèÿ îòëè÷àþòñÿ íåçíà÷èòåëüíî îò äàí-
íûõ äðóãèõ àâòîðîâ, òî åñòü äîñòèãàåòñÿ ïðè-
åìëåìàÿ òî÷íîñòü.

Áûëà âûïîëíåíà ìåòîäè÷åñêàÿ ðàáîòà ïî
âûÿñíåíèþ ïðèìåíèìîñòè ñòàòèñòè÷åñêèõ
òåîðèé (ÊÐÒ, ÐÐÊÌ) äëÿ êîëè÷åñòâåííîãî
îïèñàíèÿ ïðîöåññîâ ðàñïàäà ÎÈ, êàê â ñëó-
÷àå ïîëîæèòåëüíûõ èîíîâ. Â ðåçóëüòàòå ðàç-
ðàáîòàíà è àïðîáèðîâàíà íà ðàçëè÷íûõ îáúåê-
òàõ ïàðàìåòðè÷åñêàÿ ìîäåëü äëÿ èíòåðïðåòà-
öèè ìåòàñòàáèëüíûõ ðàñïàäîâ ÎÈ. Îíà ïî-
çâîëÿåò óñòàíîâèòü ñâÿçü ìåæäó ðåçóëüòàòàìè
ýêñïåðèìåíòà è òåîðåòè÷åñêè ðàññ÷èòàííûìè
êîíñòàíòîé ñêîðîñòè ðàñïàäà è ôóíêöèåé ðàñ-
ïðåäåëåíèÿ èîíîâ ïî âíóòðåííåé ýíåðãèè, ÷òî
ïðåäîñòàâëÿåò èíôîðìàöèþ î êèíåòèêå, ýíåð-
ãåòè÷åñêèõ è ñòðóêòóðíûõ ïàðàìåòðàõ ôðàã-
ìåíòàöèè ðàçëè÷íûõ âèäîâ èîíîâ – ìîëåêó-
ëÿðíûõ è îñêîëî÷íûõ, îäíî- è äâóõçàðÿäíûõ –
äëÿ ëþáûõ êëàññîâ ñîåäèíåíèé. Ðåçóëüòàò ýòîé
ðàáîòû îòðàæåí â êàíäèäàòñêîé äèññåðòàöèè
Ï.Â. Ùóêèíà (íûíå ñ.í.ñ. ËÌÑÎÈèÑÌ) «Ïðå-
äèññîöèàòèâíûå ïðîöåññû â ãàçîôàçíûõ îò-
ðèöàòåëüíûõ èîíàõ» (2006). Àíàëîãè÷íûé
ðåçóëüòàò áûë ïîëó÷åí è äëÿ îïèñàíèÿ ïðî-
öåññà àâòîîòùåïëåíèÿ ýëåêòðîíà.

Çà âðåìÿ ñóùåñòâîâàíèÿ ëàáîðàòîðèè
áûëè èññëåäîâàíû äåñÿòêè êëàññîâ ñîåäèíå-
íèé, âêëþ÷àþùèõ ìåòàëëîêîìïëåêñû, îðãàíè-
÷åñêèå ìîëåêóëû è ðàäèêàëû, óãëåðîäíûå
(ôóëëåðåíû) è áîðîóãëåðîäíûå (êàðáîðàíû)
êëàñòåðû. Íà ïðèìåðå ìàëûõ öèêëè÷åñêèõ
ìîëåêóë èçó÷àëñÿ ýíåðãåòè÷åñêèé àñïåêò ÄÇÝ,
ïðè÷åì ðå÷ü èäåò áîëüøå íå îá îöåíêå òåð-
ìîäèíàìè÷åñêèõ êîíñòàíò (ýíòàëüïèè îáðà-



46

ÔÈÇÈÊÀ

çîâàíèÿ, ýëåêòðîííîå ñðîäñòâî è ò.ä.), à î
ñòðóêòóðå ÎÈ, ÷òî îòðàæåíî â êàíäèäàòñêîé
äèññåðòàöèè Ì.Â. Ìóôòàõîâà (ñ 2003 ã. – ïî
íàñòîÿùåå âðåìÿ çàâ. ëàá. ËÌÑÎÈèÑÌ)
«Ýíåðãåòèêà ðåçîíàíñíîãî çàõâàòà ýëåêòðîíîâ
ìîëåêóëàìè ïÿòè÷ëåííûõ ãåòåðîöèêëè÷åñêèõ
ñîåäèíåíèé» (1991). Ýòè èññëåäîâàíèÿ áûëè
ïðîäîëæåíû è áûëà ïîêàçàíà âîçìîæíîñòü
èñïîëüçîâàíèÿ ïðîöåññà àâòîîòùåïëåíèÿ
ýëåêòðîíà îñêîëî÷íûìè èîíàìè äëÿ îïðåäå-
ëåíèÿ èõ ñòðóêòóðû è ñâÿçàííûõ ñ íèìè ñõåì
ôðàãìåíòàöèè âûñîêîýíåðãåòè÷åñêèõ ñîñòî-
ÿíèé ìîëåêóëÿðíûõ èîíîâ, êîãäà ñïîñîá, îñ-
íîâàííûé ëèøü íà àíàëèçå ýíòàëüïèé îá-
ðàçîâàíèÿ èîíîâ, ñåáÿ íå îïðàâäûâàåò. Â êàí-
äèäàòñêîé äèññåðòàöèè Ð.Â. Õàòûìîâà (íûíå
ñ.í.ñ. ËÌÑÎÈèÑÌ) «Ðåçîíàíñíîå îáðàçîâà-
íèå îòðèöàòåëüíûõ èîíîâ ìîëåêóëàìè äèáåí-
çî-ïàðà-äèîêñèíà è íåêîòîðûõ ðîäñòâåííûõ
ñîåäèíåíèé è èõ ðàñïàä» (2002) óñòàíîâëå-
íû ìåõàíèçìû ðåçîíàíñíîãî çàõâàòà è ñïåê-
òðîñêîïè÷åñêèå ñîñòîÿíèÿ îòðèöàòåëüíûõ
èîíîâ èçîìåðîâ õëîðôåíîëà è õëîðäèîêñè-
íîâ, ïîêàçàíî, ÷òî ïðè îáëó÷åíèè íèçêîýíåð-
ãåòè÷åñêèìè ýëåêòðîíàìè íàèáîëåå èíòåí-
ñèâíûì êàíàëîì ðàñïàäà âñåõ ìîëåêóë äàí-
íîãî ðÿäà ÿâëÿåòñÿ îòùåïëåíèå àíèîíà õëîðà
ïðè íèçêèõ ýíåðãèÿõ. Îñíîâíûå âûâîäû ðà-
áîòû ïðåäñòàâëÿþò öåííîñòü äëÿ ðàçðàáîòêè
ìåòîäîâ ðàçðóøåíèÿ ýòèõ ìîëåêóë, îòíîñÿ-
ùèõñÿ ê êëàññó âåùåñòâ-ýêîòîêñèêàíòîâ, à òàê-
æå äëÿ ïîíèìàíèÿ ìåõàíèçìîâ èõ òîêñè÷å-
ñêîãî äåéñòâèÿ â îðãàíèçìàõ. Â êàíäèäàòñêîé
äèññåðòàöèè Þ.Â. Âàñèëüåâà (ñ 1984 ã. ïî
1999 ã. ñîòðóäíèê ËÌÑÎÈ) «Ìåõàíèçì íå-
äèññîöèàòèâíîãî ðåçîíàíñíîãî çàõâàòà òåï-
ëîâûõ è íàäòåïëîâûõ ýëåêòðîíîâ ìîëåêóëà-
ìè àçîáåíçîëà è åãî çàìåùåííûõ» (1991) íà
ïðèìåðå îäíîãî êëàññà ñîåäèíåíèé áûëà ðå-
øåíà äàâíÿÿ ïðîáëåìà îáðàçîâàíèÿ äîëãîæè-
âóùèõ ìîëåêóëÿðíûõ ÎÈ ïîñðåäñòâîì ýëåê-
òðîííî-âîçáóæäåííîãî ðåçîíàíñà èëè ðåçî-
íàíñà ôîðìû, ÷òî ïîëîæèëî íà÷àëî èçó÷åíèþ
áåçûçëó÷àòåëüíûõ ïåðåõîäîâ â ÎÈ. Â äàëü-
íåéøåì èññëåäîâàíèÿ ïðèîáðåëè ñèñòåìàòè-
÷åñêèé õàðàêòåð, è áûëè îáíàðóæåíû ìíîãî-
÷èñëåííûå ïðèìåðû ñ ïðèçíàêàìè ýòèõ ïðî-
öåññîâ: ïèêè ïåðåãðóïïèðîâî÷íûõ èîíîâ â

ìàññ-ñïåêòðàõ, ìåòàñòàáèëüíûå ðàñïàäû îñ-
êîëî÷íûõ ÎÈ èëè èõ îáðàçîâàíèå â àâòîîò-
ðûâíîì ñîñòîÿíèè, ðåãèñòðàöèÿ ñ ïîìîùüþ
ýëåêòðîííîãî ìîíîõðîìàòîðà êîëåáàòåëüíîé
ñòðóêòóðû êðèâûõ ýôôåêòèâíîãî âûõîäà îñ-
êîëî÷íûõ èîíîâ. Ýòè ôàêòû ïîçâîëèëè â äîê-
òîðñêîé äèññåðòàöèè Ì.Â. Ìóôòàõîâà «Ïðå-
äèññîöèàöèÿ è ïåðåãðóïïèðîâî÷íàÿ ôðàãìåí-
òàöèÿ îòðèöàòåëüíûõ èîíîâ, îáðàçîâàâøèõ-
ñÿ ðåçîíàíñíûì çàõâàòîì ýëåêòðîíîâ ìíîãî-
àòîìíûìè ìîëåêóëàìè» (2012) ïðèéòè ê ïà-
ðàäîêñàëüíîìó, íà ïåðâûé âçãëÿä, çàêëþ÷å-
íèþ î òîì, ÷òî áîëüøèíñòâî îñêîëî÷íûõ
èîíîâ, ðåãèñòðèðóåìûõ â ýêñïåðèìåíòàõ ïî
äèññîöèàòèâíîìó çàõâàòó âûñîêîýíåðãåòè÷åñ-
êèõ ýëåêòðîíîâ ìíîãîàòîìíûìè ìîëåêóëàìè,
ýôôåêòèâíî îáðàçóþòñÿ ìåäëåííîé ôðàãìåí-
òàöèåé ìîëåêóëÿðíûõ èîíîâ ïîñðåäñòâîì áå-
çûçëó÷àòåëüíûõ ïåðåõîäîâ. Ýòî ïðîòèâîðå÷è-
ëî ñóùåñòâóþùåé òåîðèè îáðàçîâàíèÿ è ðàñ-
ïàäà ÎÈ ïðè ÐÇÝ. Íî îñíîâû ýòîé òåîðèè çàê-
ëàäûâàëèñü â ýïîõó èññëåäîâàíèÿ ïðîñòåé-
øèõ (íå áîëåå òðåõ àòîìîâ) ÎÈ ñ ìàëûì ÷èñ-
ëîì êîëåáàòåëüíûõ ìîä, âîçáóæäåíèå îäíîé
èç êîòîðûõ è ïðèâîäèëî ê áûñòðîé äèññîöè-
àöèè, è ïîýòîìó îíè íå ó÷èòûâàëèñü ïðè àíà-
ëèçå ïðîöåññîâ. Ìíîãîàòîìíûå ÎÈ õàðàêòå-
ðèçóþòñÿ áîëüøèì ÷èñëîì êîëåáàòåëüíûõ
ìîä, ïîýòîìó äëÿ íèõ âîçìîæíû ýëåêòðîííî-
êîëåáàòåëüíûå ñîñòîÿíèÿ ïðàêòè÷åñêè ëþáîé
ñèììåòðèè, ÷òî îáåñïå÷èâàåò êîððåëÿöèþ
ñèììåòðèè ñîñòîÿíèÿ ìîëåêóëÿðíîãî ÎÈ è
ïðîäóêòîâ åãî ðàñïàäà. Òàêèì îáðàçîì, ýòà
ðàáîòà ïðåäñòàâëÿåò ïîïûòêó àäàïòàöèè ïî-
ëîæåíèé ðàííåé òåîðèè ïðèìåíèòåëüíî ê
ìíîãîàòîìíûì ÎÈ.

Ñðàâíèòåëüíî íåäàâíî ìû íà÷àëè èññëå-
äîâàíèÿ áèîëîãè÷åñêè çíà÷èìûõ ñîåäèíå-
íèé – àìèíîêèñëîò, ïåïòèäîâ, àçîòèñòûõ îñ-
íîâàíèé, ñàõàðîâ, íóêëåîçèäîâ – ýëåìåíòàð-
íûõ çâåíüåâ áåëêîâ è íóêëåèíîâûõ êèñëîò, è
áûëè ïîëó÷åíû èíòåðåñíûå ðåçóëüòàòû. Äëÿ
ÎÈ îëèãîïåïòèäîâ èäåíòèôèöèðîâàíû õà-
ðàêòåðèñòè÷íûå ðåàêöèè, êîòîðûì îòâîäèò-
ñÿ ðîëü ìîäåëüíûõ ðåàêöèé â ïðîöåññàõ ðàñ-
ïàäà áåëêîâ â ýëåêòðîííî-ìîëåêóëÿðíûõ âçà-
èìîäåéñòâèÿõ; ïðåäïîëàãàåòñÿ, ÷òî ðàçðóøå-
íèå àëèôàòè÷åñêîé ïîëèïåïòèäíîé öåïî÷êè
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Ì.Â. Ìóôòàõîâ, Ë.Ç. Õàòûìîâà, Ð.Â. Õàòûìîâ, Â.À. Ìàçóíîâ. Èíñòðóìåíòàëüíûé ìåòîä...

â èîíèçîâàííîé ôîðìå áåëêîâ ïðîèñõîäèò
ïðîñòûì ðàçðûâîì öåíòðàëüíûõ ñâÿçåé, ïðå-
èìóùåñòâåííî – ñâÿçåé N–Cα è ïåïòèäíûõ
ñâÿçåé. Ìîëåêóëû ñàõàðîâ ðèáîçà è äåçîêñè-
ðèáîçà ìîãóò ðàñïàäàòüñÿ ïðàêòè÷åñêè áåç
ïðèâíåñåíèÿ ýíåðãèè â ìîëåêóëÿðíóþ ñèñòå-
ìó, ò.å. òîëüêî çà ñ÷åò ïðèñîåäèíåíèÿ äîáà-
âî÷íîãî ýëåêòðîíà òåïëîâîé ýíåðãèè. Àíàëî-
ãè÷íûì îáðàçîì ìîæåò ïðîèçîéòè è ðàçðó-
øåíèå äèñóëüôèäíîãî ìîñòèêà â èîíèçîâàí-
íûõ ôîðìàõ áåëêîâ, ÷òî ïðèâîäèò ê ñóùåñòâåí-
íîìó èçìåíåíèþ ñâîéñòâ ìàêðîìîëåêóë. (Èñ-
ñëåäîâàíèÿ ïðîäîëæàþòñÿ).

Ìíîãèå ñîåäèíåíèÿ èç êëàññà ïîëèàðî-
ìàòè÷åñêèõ óãëåâîäîðîäîâ, îáëàäàþùèå ïî-
ëóïðîâîäíèêîâûìè ñâîéñòâàìè, íàõîäÿò âñå
áîëüøåå ïðèìåíåíèå â îðãàíè÷åñêîé ýëåê-
òðîíèêå è ôîòîíèêå. Áîëüøèíñòâî ýòèõ íåçà-
ìåùåííûõ ìîëåêóë îáðàçóþò äîëãîæèâóùèå
ìîëåêóëÿðíûå èîíû ïðè çàõâàòå ýëåêòðîíîâ
íèçêèõ ýíåðãèé. Ýêñïåðèìåíòû âûÿâèëè êîð-
ðåëÿöèþ – ïðè óâåëè÷åíèè ýëåêòðîííîãî
ñðîäñòâà ìîëåêóë â ðàçû (ñ 0,4 äî 1,4 ýÂ) âðå-
ìÿ æèçíè ìîëåêóëÿðíûõ ÎÈ âîçðàñòàåò íà
ïîðÿäêè (ñ 29 äî 30000 ìêñ), – íà îñíîâå êî-
òîðîé ñäåëàí âûâîä, ÷òî ýëåêòðîííîå ñðîä-
ñòâî, ïðåäñòàâëÿþùåå ýíåðãèþ àêòèâàöèè
ïðîöåññà âûáðîñà ýëåêòðîíà, ÿâëÿåòñÿ ìåðîé
äëèòåëüíîñòè óäåðæàíèÿ ìîëåêóëîé äîáàâî-
÷íîãî ýëåêòðîíà. (Èññëåäîâàíèÿ ïðîäîëæà-
þòñÿ). Ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî ÌÑ ÎÈ
ÐÇÝ ïîêàçûâàåò íîâûå âîçìîæíîñòè ìåòîäà
ïðè èññëåäîâàíèè ëþáîãî íîâîãî êëàññà ñî-
åäèíåíèé, ÷òî îñîáåííî ÿðêî ïðîÿâèëîñü ïðè
èçó÷åíèè ôóëëåðåíîâ.

Ïåðâûå æå ýêñïåðèìåíòû ïðîäåìîíñò-
ðèðîâàëè ñïîñîáíîñòü ýòèõ óíèêàëüíûõ
îáúåêòîâ îáðàçîâûâàòü äîëãîæèâóùèå ìîëå-
êóëÿðíûå ÎÈ â øèðîêîì äèàïàçîíå ýíåðãèè
0–15 ýÂ, ÷åãî ðàíåå íå íàáëþäàëîñü, è ÎÈ
õàðàêòåðèçóþòñÿ àíîìàëüíî âûñîêèì âðåìå-
íåì æèçíè â îáëàñòè òåïëîâûõ ýíåðãèé (ñå-
êóíäíûé äèàïàçîí). Èç àíàëèçà ïîëó÷åííûõ
ïðè ðàçëè÷íûõ òåìïåðàòóðàõ äàííûõ ïî âðå-
ìåíè æèçíè íà îñíîâå òåîðèè ÐÐÊÌ áûëî
âûÿñíåíî, ÷òî àâòîîòùåïëåíèå ýëåêòðîíà ÿâ-
ëÿåòñÿ áëèçêèì ê ñòàòèñòè÷åñêîìó ïðîöåññó
è, êàê ñëåäñòâèå, – ìíîãîýêñïîíåíöèàëüíûì

ðàñïàäîì ÎÈ. Ýòè ðåçóëüòàòû ïåðåâåðíóëè
ïðåäñòàâëåíèå î õàðàêòåðå ïðîòåêàíèÿ àâòî-
îòðûâà ýëåêòðîíà â äîëãîæèâóùèõ ÎÈ è
îáúÿñíèëè íåðàçðåøèìóþ ðàíåå çàãàäêó î çíà-
÷èòåëüíîì íåñîâïàäåíèè èçìåðåííûõ â ðàç-
ëè÷íûõ ýêñïåðèìåíòàõ âåëè÷èí âðåìåíè
æèçíè ìîëåêóëÿðíûõ ÎÈ èç øåñòèôòîðèñòîé
ñåðû è äðóãèõ îáúåêòîâ. Äàëüíåéøèå èññëå-
äîâàíèÿ äàëè öåëûé ðÿä èíòåðåñíûõ ðåçóëü-
òàòîâ, íåñìîòðÿ íà æåñòî÷àéøóþ êîíêóðåí-
öèþ èññëåäîâàòåëåé, âîâëå÷åííûõ â «ôóëëå-
ðåíîâûé áóì». Áûëà ïîêàçàíà âîçìîæíîñòü
çàõâàòà s-ýëåêòðîíîâ ìîëåêóëàìè â íèçêîýíåð-
ãåòè÷åñêîé îáëàñòè, ÷òî îòðèöàåò ðàííåå
ïðåäïîëîæåíèå î öåíòðîáåæíîé ïðèðîäå àê-
òèâàöèîííîãî áàðüåðà äëÿ ÐÇÝ Ñ60 è Ñ70; ïî-
ëó÷åíû ýêñïåðèìåíòàëüíûå äîêàçàòåëüñòâà
ïîëîæèòåëüíîñòè ýëåêòðîííîãî ñðîäñòâà ìî-
ëåêóë ãèäðîôóëëåðåíîâ; îáíàðóæåí ïðîöåññ
ãèäðèðîâàíèÿ àçàôóëëåðåíîâ íà ñòåíêàõ
èîíèçàöèîííîé êàìåðû; ýêñïåðèìåíòàëüíî
äîêàçàíî ñóùåñòâîâàíèå íåñêîëüêèõ èçîìåðîâ
ôòîðèðîâàííûõ ôóëëåðåíîâ, ÷òî ðàíåå áûëî
ïðåäñêàçàíî òåîðåòè÷åñêè; àíàëèç ÎÈ âûñøèõ
ôóëëåðåíîâ ïîêàçàë, ÷òî ðîñò óãëåðîäíîãî êàð-
êàñà ñîïðîâîæäàåòñÿ óâåëè÷åíèåì ýíåðãåòè-
÷åñêîãî äèàïàçîíà îáðàçîâàíèÿ äîëãîæèâó-
ùèõ ìîëåêóëÿðíûõ èîíîâ; ïðåäïîëîæåíî, ÷òî
íåêîòîðûå îáíàðóæåííûå îñîáåííîñòè ÎÈ
ôóëëåðåíîâ ñâÿçàíû ñ âîçáóæäåíèåì ïëàçìî-
íîâ â îòäåëüíûõ ìîëåêóëàõ; èçìåðåíû ýíåð-
ãèè èîíèçàöèè ïîëîæèòåëüíûõ îäíîçàðÿäíûõ
è äâóõçàðÿäíûõ èîíîâ; … è ò.ä. è ò.ï. Ïåðå-
÷èñëåííûå ðåçóëüòàòû ñòàëè îñíîâîé äëÿ êàí-
äèäàòñêèõ äèññåðòàöèé Ð.Ô. Òóêòàðîâà (íûíå
ñ.í.ñ. ËÌÑÎÈèÑÌ) «Ðåçîíàíñíûé çàõâàò
ýëåêòðîíîâ ìîëåêóëàìè ôóëëåðåíà Ñ60 è åãî
ïðîèçâîäíûõ» (1998) è Ð.Ð. Àáçàëèìîâà (ñî-
òðóäíèê ËÌÑÎÈ ñ 1997 ã. ïî 2003 ã.; íûíå
çàíèìàåòñÿ ìàññ-ñïåêòðîìåòðè÷åñêèìè èñ-
ñëåäîâàíèÿìè áèîîáúåêòîâ â ÑØÀ) «Îáðà-
çîâàíèå è ðàñïàä ïîëîæèòåëüíûõ è îòðèöà-
òåëüíûõ èîíîâ ìîëåêóë ôóëëåðåíîâ, ãèäðîôóë-
ëåðåíîâ è àçàôóëëåðåíîâ» (2002).

Îñíîâíîé äâèæóùåé ñèëîé è ãåíåðàòî-
ðîì èäåé â èññëåäîâàíèÿõ ôóëëåðåíîâ â íà-
øåé ëàáîðàòîðèè áûë Þ.Â. Âàñèëüåâ, êîòî-
ðûé â ñèëó ðàçíûõ ïðè÷èí (â îñíîâíîì èç-çà
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îòñóòñòâèÿ æèëüÿ) â êîíöå 90-õ ãã. óåõàë çà ðó-
áåæ è ñåé÷àñ çàíèìàåòñÿ ïðîáëåìàìè ïðîòå-
îìèêè â Îðåãîíñêîì óíèâåðñèòåòå (Êîðâàë-
ëèñ). Íåñìîòðÿ íà çàíÿòîñòü, îí íå òåðÿåò ñâÿ-
çè ñ íàøèì Èíñòèòóòîì, ñâèäåòåëüñòâîì ÷åãî
ÿâëÿåòñÿ âûïîëíåííûé ñîâìåñòíûé ñ Îðåãîí-
ñêèì óíèâåðñèòåòîì ìåæäóíàðîäíûé ãðàíò
ÀÔÃÈÐ (CRDF) «Êèíåòèêà ðàñïàäà îòðèöà-
òåëüíûõ èîíîâ àâòîîòùåïëåíèåì ýëåêòðîíîâ
è äèññîöèàöèåé» (2008–2009 ãã.). Ïîñëå îòúåç-
äà Þ.Â. Âàñèëüåâà èíòåíñèâíîñòü èññëåäî-
âàíèé ôóëëåðåíîâ â íàøåé ëàáîðàòîðèè ðåç-
êî ñíèçèëàñü, íî îíè ïðîäîëæàþòñÿ. Èçó÷åíà
ýíåðãåòèêà ïðîöåññîâ ðàñïàäà ÎÈ ôòîðïðî-
èçâîäíûõ ôóëëåðåíà-Ñ60, ñ ýòîé æå öåëüþ ïî-
ëó÷åíû ýêñïåðèìåíòàëüíûå äàííûå äëÿ äðó-
ãèõ ïðîèçâîäíûõ ôóëëåðåíà, â òîì ÷èñëå êðåì-
íèé-ñîäåðæàùèõ. Íî ñàìûì âïå÷àòëÿþùèì
ðåçóëüòàòîì ÿâëÿåòñÿ ýêñïåðèìåíòàëüíàÿ ðå-
ãèñòðàöèÿ äâóõçàðÿäíûõ ÎÈ â ðåæèìå ÐÇÝ.
Ïîëó÷åíû êðèâûå ýôôåêòèâíîãî âûõîäà ìî-
ëåêóëÿðíûõ è îñêîëî÷íûõ èîíîâ â ôóíêöèè
îò ýëåêòðîííîé ýíåðãèè, ÷òî ïî ðàçíûì ïðè-
÷èíàì äî ñèõ ïîð íèêîìó íå óäàâàëîñü. Èç
ýêñïåðèìåíòàëüíûõ äàííûõ îïðåäåëåíî àá-
ñîëþòíîå ñå÷åíèå îáðàçîâàíèÿ ìîëåêóëÿðíûõ
ÎÈ äëÿ ÷åòûðåõ îáúåêòîâ; èç àíàëèçà êèíå-
òèêè ìåòàñòàáèëüíîãî ðàñïàäà ìîëåêóëÿðíûõ
èîíîâ óñòàíîâëåíî, ÷òî êóëîíîâñêèé áàðüåð
ïðîÿâëÿåòñÿ íå òîëüêî ïðè çàõâàòå âòîðîãî
ýëåêòðîíà, íî è ïðè ôðàãìåíòàöèè äâóõçàðÿä-
íîãî ÎÈ íà äâà îäíîçàðÿäíûõ èîíà. (Èññëå-
äîâàíèÿ ïðîäîëæàþòñÿ).

Çà âðåìÿ ñóùåñòâîâàíèÿ ëàáîðàòîðèè
áûëè îïóáëèêîâàíû îêîëî òðåõ ñîòåí íàó÷-
íûõ òðóäîâ, âêëþ÷àÿ ñòàòüè â ðåöåíçèðóåìûõ
æóðíàëàõ, òðóäû êîíôåðåíöèé, äåïîíèðîâàí-
íûå ðàáîòû è äð.; ñîòðóäíèêè ëàáîðàòîðèè
ïðèíèìàëè ó÷àñòèå â èññëåäîâàíèÿõ â ðàì-
êàõ ðàçëè÷íûõ ðåãèîíàëüíûõ è ôåäåðàëüíûõ
ïðîãðàìì, à òàêæå â ðàìêàõ ôîíäîâ INTAS,
CRDF, ÐÔÔÈ.

Ñ 2003 ã. ðóêîâîäèòåëåì ëàáîðàòîðèè áûë
íàçíà÷åí Ì.Â. Ìóôòàõîâ, ïîñêîëüêó ê ýòîìó
âðåìåíè Â.À. Ìàçóíîâ ñòàë äèðåêòîðîì
ÈÔÌÊ. Â 2007 ã. â ñîñòàâ ËÌÑÎÈ âîøëà ëà-
áîðàòîðèÿ ôîòîýëåêòðîííîé ñïåêòðîñêîïèè
(çàâ. ëàá. ËÔÝÑ Î.Ã. Õâîñòåíêî), à â êîíöå

2013 ã. îíà ñòàëà íàçûâàòüñÿ ëàáîðàòîðèåé
ìàññ-ñïåêòðîìåòðèè îòðèöàòåëüíûõ èîíîâ è
ñïåêòðîñêîïèè ìîëåêóë (ËÌÑÎÈèÑÌ), êîã-
äà â ñîñòàâ ËÌÑÎÈ âîøëà ëàáîðàòîðèÿ ìèê-
ðîâîëíîâîé ñïåêòðîñêîïèè (çàâ. ëàá. ËÌÑ
À.Õ. Ìàìëååâ). Òàêèì îáðàçîì, çàâåðøèëîñü
îáúåäèíåíèå òðåõ ëàáîðàòîðèé ñïåêòðàëüíûõ
ìåòîäîâ (î ìåòîäàõ ÔÝÑ è ìèêðîâîëíîâîé
ñïåêòðîñêîïèè â ýòîé ñòàòüå íè÷åãî íå ãîâî-
ðèòñÿ, ïîñêîëüêó ñòàíîâëåíèå êàæäîãî èç íèõ
â ÈÔÌÊ çàñëóæèâàåò îòäåëüíîé ïóáëèêàöèè).

______________
Ðåçþìèðóÿ, ìîæíî ñêàçàòü, ÷òî ìàññ-

ñïåêòðîìåòð â ðåæèìå ÐÇÝ – ýòî íåêàÿ «ëà-
áîðàòîðèÿ» õèìè÷åñêîé ôèçèêè ÎÈ â ãàçîâîé
ôàçå, êîòîðàÿ ìîæåò îïðåäåëÿòü ìîëåêóëÿðíûé
âåñ, ìåñòîïîëîæåíèå äâîéíûõ ñâÿçåé â ìî-
ëåêóëå, èäåíòèôèöèðîâàòü èíäèâèäóàëüíûå
ñîåäèíåíèÿ áåç èõ ïðåäâàðèòåëüíîãî êîíöåí-
òðèðîâàíèÿ èëè ðàçäåëåíèÿ, ðàçëè÷àòü èçî-
ìåðû, ðåãèñòðèðîâàòü ñâîáîäíûå ðàäèêàëû,
îïðåäåëÿòü «ïàñïîðòíûå» äàííûå ìîëåêóë è
èîíîâ è èõ ýëåêòðîííóþ ñòðóêòóðó (èíîãäà
äàæå ñóäèòü î ïðîñòðàíñòâåííîé ñòðóêòóðå),
îáíàðóæèâàòü è îïðåäåëÿòü ñóáìèêðîêîëè÷å-
ñòâà âåùåñòâà, îñóùåñòâëÿòü ïîèñê ñóïåðãà-
ëîãåíîâ è ãàçîâûõ èçîëÿòîðîâ, èññëåäîâàòü
ìåõàíèçì ýëåìåíòàðíûõ àêòîâ ýëåêòðîííî-
ìîëåêóëÿðíîãî âçàèìîäåéñòâèÿ, îáðàçîâàíèå
ÎÈ êëàñòåðîâ, ïîëó÷àòü ïîëíûå ñõåìû ôðàã-
ìåíòàöèè ïðè ÄÇÝ, îñóùåñòâëÿòü ñèíòåç â
ãàçîâîé ôàçå, èíòåðïðåòèðîâàòü ðåçîíàíñíûå
ñîñòîÿíèÿ, ïðåäñêàçûâàòü ìàêðîñêîïè÷åñêèå
ñâîéñòâà âåùåñòâà è «íàâîäèòü ìîñòû» ìåæ-
äó ãàçîâîé è êîíäåíñèðîâàííûìè ôàçàìè.

Âîçìîæíîñòè èñïîëüçîâàíèÿ ìåòîäà è
ðåçóëüòàòîâ, óæå ïîëó÷åííûõ ñ åãî ïîìîùüþ,
áåçãðàíè÷íû, ïîñêîëüêó ñóùåñòâóþò ìèðèà-
äû âèäîâ îðãàíè÷åñêèõ ñîåäèíåíèé è âñå ðàñ-
øèðÿþùèéñÿ êðóã ôóíäàìåíòàëüíûõ è ñòðóê-
òóðíî-àíàëèòè÷åñêèõ çàäà÷. (Çàìåòèì, ÷òî
ìåòîä îñîáåííî ÷óâñòâèòåëåí ê îðãàíè÷åñêèì
ñîåäèíåíèÿì, ìîëåêóëû êîòîðûõ ñîäåðæàò
àòîì ìåòàëëà, àòîì ãàëîãåíà èëè íèòðî- è
äðóãèå àêöåïòîðíûå ãðóïïû). Ïîëó÷åííûå
ðåçóëüòàòû ãîâîðÿò î òîì, ÷òî åñëè èññëåäî-
âàòü íå îòäåëüíûå ñîåäèíåíèÿ, à èõ ðÿäû, òî
ñ ïîìîùüþ ìåòîäà ÌÑ ÐÇÝ ìîæíî ïðîâîäèòü
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ðàáîòû ïî ñîçäàíèþ âåùåñòâ ñ çàäàííûìè
ñâîéñòâàìè. Â çàêëþ÷åíèå íåîáõîäèìî ïîä-
÷åðêíóòü, ÷òî ïðèìåíåíèå ìåòîäà òðåáóåò òåñ-
íîãî ñîòðóäíè÷åñòâà ôèçèêîâ ñ õèìèêàìè,
áèîëîãàìè, àíàëèòèêàìè.

Ïåðñïåêòèâû èñïîëüçîâàíèÿ ìåòîäà ÌÑ
ÎÈ ÐÇÝ çàêëþ÷àþòñÿ â ïðîâåäåíèè ðàáîò ïî
ñõåìå «ñîñòàâ âåùåñòâà – åãî ñòðóêòóðà – åãî
ñâîéñòâà» ïðè èññëåäîâàíèè è ïðîãíîçèðî-
âàíèè áèîëîãè÷åñêîé àêòèâíîñòè îðãàíè÷å-
ñêèõ ñîåäèíåíèé (ñèíòåçèðîâàííûõ èëè
ïðèðîäíûõ); óñòàíîâëåíèè ýëåêòðîííîé
ñòðóêòóðû ìîëåêóë, ìîëåêóëÿðíîãî âåñà, ìå-
ñòîïîëîæåíèÿ êðàòíûõ ñâÿçåé; îïðåäåëåíèÿ
ìèêðîïðèìåñåé â ñìåñÿõ áåç èõ ïðåäâàðè-
òåëüíîãî ðàçäåëåíèÿ è àíàëèçà îñîáî ÷èñòûõ
âåùåñòâ, èäåíòèôèêàöèè íîâûõ ñèíòåçèðó-
åìûõ îðãàíè÷åñêèõ ñîåäèíåíèé, à òàêæå èñ-

ïîëüçîâàíèè ìíîãèõ äðóãèõ âîçìîæíîñòåé
ìåòîäà. Êîíêðåòíî ðàáîòû ïðîâîäèëèñü è
ïðîâîäÿòñÿ ñ Èíñòèòóòîì îðãàíè÷åñêîé õè-
ìèè ÓÍÖ ÐÀÍ, Èíñòèòóòîì íåôòåõèìïåðå-
ðàáîòêè, Áàøãîñóíèâåðñèòåòîì; âîçìîæíî
ñîòðóäíè÷åñòâî ñ Èíñòèòóòîì ãåðáèöèäîâ è
ðåãóëÿòîðîâ ðîñòà ðàñòåíèé, Èíñòèòóòîì
áèîëîãèè ÓÍÖ ÐÀÍ, Èíñòèòóòîì áèîõèìèè
è ãåíåòèêè ÓÍÖ ÐÀÍ, Èíñòèòóòîì áåçîïà-
ñíîñòè æèçíåäåÿòåëüíîñòè ÐÁ, Öåíòðîì õè-
ìè÷åñêîé ìåõàíèêè íåôòè ÀÍ ÐÁ, Áàøêèð-
ñêèì ãîñóäàðñòâåííûì ìåäèöèíñêèì óíè-
âåðñèòåòîì, Óôèìñêèì ãîñóäàðñòâåííûì íå-
ôòÿíûì òåõíè÷åñêèì óíèâåðñèòåòîì, Óôèì-
ñêèì âèòàìèííûì çàâîäîì, Áàøâîäîêàíà-
ëîì, ÔÃÓÏ «Èììóíîïðåïàðàò» (ã. Óôà), çà-
âîäîì «Ïîëèýô» è íåôòåïåðåðàáàòûâàþùè-
ìè çàâîäàìè Ðåñïóáëèêè Áàøêîðòîñòàí è äð.

RESONANT  ELECTRON  CAPTURE  MASS  SPECTROMETRY  AS  A  TOOL  FOR
FUNDAMENTAL  AND  APPLIED  STUDIES

OF  ORGANIC  COMPOUNDS

© M.V. Muftakhov, L.Z. Khatymova, R.V. Khatymov, V.A Mazunov
Institute of Molecule and Crystal PhysicsUfa Research Center of Russian Academy

of Sciences(IÌÑÐ URC RAS)
IÌÑÐ URC RAS, Prospekt Oktyabrya 151, Ufa, Russia, 450075

The article describes the emergence, elaboration and further development of a novel physical technique,
namely, negative ion resonant electron capture mass spectrometry (REC NI MS), in the institutions of the Academy
of Sciences situated in Ufa (Russia). The history of this method began in the 1960s, when a group of physicists in
Ufa was headed by Victor I. Khvostenko (1933–1966), former student of the famous mass spectrometric school
(Ioffe Physical Technical Institute, Leningrad, USSR) and laid down its basis. As a result of the long-term purposeful
work, they have successfully elaborated a new effective experimental method and numerous procedures, formulated
a number of rules concerning the negative ion mass spectrum formation and established the interrelationship
between the obtained data and those derived from complementary techniques in studying substance. The method
found its implementation in several mass spectrometry basic setups, each of which being better than the preceding
one in its performance characteristics, and was repeatedly tested on many classes of chemical compounds. The
applicability of the method and its inexhaustible potentiality for analytical and physicochemical studies were
exemplified by various series of organic and organometallic compounds and atomic clusters. The informational
power of the REC NI MS method consisting in the additional energy dimension of mass spectra (inherent rather to
spectroscopy than to mass spectrometry) was an enormously attractive feature of the new technique for investigators
from different parts of the country, therefore, it contributed to establishing close ties among them and conducting
large-scale collaborative research. There were some attempts to adopt the method, however, its complexity,
laboriousness, lack of industrially produced mass spectrometers functioning in the REC mode and, most importantly,
the lack of scientific environment of “negative” mass spectrometrists in those cities hampered its wide dissemination.
That is why almost all domestic investigations into negative ions and resonant electron capture phenomena are
conducted mainly in Ufa by several small research groups. The article presents a variety of advantages and main
stages of the development of the method, gives personalia and scientific achievements and outlines the current
state and prospects for further research on negative ions and resonant electron capture phenomena.

Key words: mass spectrometry, resonant electron capture, negative ions, history of the method.
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Ïðåäëîæåíà ìîäåëü äëÿ ðàñ÷åòà êîíñòàíò âçàèìîäåéñòâèÿ ìåæäó èîíàìè ðåøåòêè â êðèñòàëëè÷åñêèõ
ñîåäèíåíèÿõ õàëüêîãåíèäîâ ìåäè è ñåðåáðà. Êàæäàÿ ìîëåêóëà ïðåäñòàâëÿåò ñîáîé ëèíåéíóþ òðåõàòîìíóþ
öåïî÷êó èîíîâ, îäèí èç êîòîðûõ – èîí õàëüêîãåíà – èìååò äåôîðìèðîâàííóþ ýëåêòðîííóþ îáîëî÷êó, à äâà
äðóãèå èîíà – ìåòàëëû (íàïðèìåð, Cu è Ag). Ýòà ïðîñòàÿ ìîäåëü ïîçâîëÿåò îïðåäåëèòü ñâÿçü ìåæäó ôèçè÷å-
ñêèìè ñâîéñòâàìè èîíîâ, âõîäÿùèìè â êðèñòàëëè÷åñêóþ ðåøåòêó, è ïîÿâëåíèåì ñóïåðèîííîé ïðîâîäèìîñòè,
÷òî âàæíî äëÿ ïîíèìàíèÿ ïðèðîäû ñóïåðèîííîé ïðîâîäèìîñòè. Îñîáî âàæíî, ÷òî, íåñìîòðÿ íà âîçðàñòàþùåå
êîëè÷åñòâî äàííûõ, êîòîðûå ïîäòâåðæäàþò ñóùåñòâîâàíèå ñóïåðèîííûõ ñîñòîÿíèé â áîëüøîì êëàññå âå-
ùåñòâ, áîëåå èëè ìåíåå óäîâëåòâîðèòåëüíîé ìèêðîñêîïè÷åñêîé òåîðèè ïîêà íåò, è ãëàâíûå ôàêòîðû, ñïîñîá-
ñòâóþùèå ôîðìèðîâàíèþ òàêîãî ñîñòîÿíèÿ, íå âïîëíå ÿñíû. Áîëåå òîãî, èçâåñòíî, ÷òî ñðàâíèòåëüíî ïðîñòîå
êëàññè÷åñêîå ïðèáëèæåíèå, ó÷èòûâàþùåå äèñêðåòíîñòü ðåøåòêè, òàêæå äîñòàòî÷íî ÷àñòî ïðèâîäèò ê ðåçóëü-
òàòàì, îòðàæàþùèì ñóùåñòâåííûå îñîáåííîñòè óïðóãèõ êîëåáàíèé è âîëí â êðèñòàëëàõ. Ýòó ìîäåëü ìîæíî
ïðèìåíèòü è äëÿ ñóïåðèîííûõ ïðîâîäíèêîâ ñî ñòðóêòóðîé MexChy, õîòÿ ýòî ìîæåò áûòü ñâÿçàíî ñ ñóùåñòâåí-
íûì ìàòåìàòè÷åñêèì óñëîæíåíèåì. Èíòåðåñíî, ÷òî î÷åíü ìàëûå ÷èñëåííûå çíà÷åíèÿ êîíñòàíò âçàèìîäåéñòâèÿ
äàæå â íåñóïåðèîííîì ñîñòîÿíèè èìåþò ìåñòî äëÿ òåõ âåùåñòâ, êîòîðûå îáëàäàþò ñóïåðèîííûìè ñâîéñòâàìè.
Ýòà îñîáåííîñòü õàðàêòåðíà äëÿ êîíñòàíò âçàèìîäåéñòâèÿ èîíà õàëüêîãåíà è åãî ýëåêòðîííîé îáîëî÷êè, à
òàêæå äëÿ êîíñòàíò âçàèìîäåéñòâèÿ èîíîâ õàëüêîãåíà è ìåòàëëà. Ðåçóëüòàòû ðàñ÷åòîâ ïîêàçûâàþò, ÷òî óæå â
íåñóïåðèîííîì ñîñòîÿíèè ñèëîâûå êîíñòàíòû äëÿ ñóïåðèîíèêîâ èìåþò ìåíüøèå çíà÷åíèÿ, ÷åì äëÿ ñîåäèíå-
íèé, êîòîðûå íå îáëàäàþò ñóïåðèîííûìè ñâîéñòâàìè. Ýòî ñâîéñòâî ïðîÿâëÿåòñÿ êàê äëÿ êîíñòàíò âçàèìîäåé-
ñòâèÿ èîíà õàëüêîãåíà ñî ñâîåé ýëåêòðîííîé îáîëî÷êîé, òàê è èîíîâ õàëüêîãåíà è ìåòàëëà ìåæäó ñîáîé.

Êëþ÷åâûå ñëîâà: ñóïåðèîíèêè, ñóïåðèîííàÿ ïðîâîäèìîñòü, àíãàðìîíè÷åñêèå êîëåáàíèÿ, êâàçèîäíî-
ìåðíûå öåïî÷êè.

Â ïîñëåäíèå ãîäû ñóïåðèîííûå ïðîâîäíè-
êè, îáëàäàþùèå âûñîêîé èîííîé ïðîâîäèìî-
ñòüþ â òâåðäîì ñîñòîÿíèè, âñå ÷àùå èñïîëüçó-
þòñÿ ïðè ñîçäàíèè íîâûõ ïåðñïåêòèâíûõ ìàòå-
ðèàëîâ â êà÷åñòâå èñòî÷íèêîâ ýíåðãèè è ýëåìåí-
òîâ îáðàáîòêè èíôîðìàöèè, ïîýòîìó èçó÷åíèå
ìåõàíèçìîâ ñóïåðèîííîé ïðîâîäèìîñòè ïðåä-
ñòàâëÿåòñÿ î÷åíü âàæíûì. Êðèñòàëëè÷åñêèå ñó-
ïåðèîííûå ñîåäèíåíèÿ ñîäåðæàò äâà òèïà èîíîâ:
îäíè èç íèõ ïîäâèæíû è íåïîñðåäñòâåííî îáåñ-
ïå÷èâàþò èîííóþ ïðîâîäèìîñòü, äðóãèå æå ñî-
õðàíÿþò ñâîå ðåãóëÿðíîå ïîëîæåíèå â êðèñòàë-
ëå. Â íåêîòîðûõ ñëó÷àÿõ (ê ïðèìåðó, â õàëüêîãå-
íèäàõ ìåäè è ñåðåáðà) çíà÷èòåëüíàÿ èîííàÿ ïðî-

âîäèìîñòü âîçíèêàåò íà ôîíå ñîïóòñòâóþùåé
ýëåêòðîííîé ïðîâîäèìîñòè.

Ïðè îïèñàíèè ïðîñòåéøåãî êðèñòàëëè-
÷åñêîãî ñóïåðèîííîãî ïðîâîäíèêà ìîæíî èñ-
ïîëüçîâàòü ëèíåéíûå ìîäåëè äâóõàòîìíûõ
öåïî÷åê. Â íèõ çà÷àñòóþ ó÷èòûâàþòñÿ êâàäðà-
òè÷íûå è äàæå êóáè÷åñêèå âçàèìîäåéñòâèÿ
ìåæäó áëèæàéøèìè è áîëåå äàëåêèìè ñîñå-
äÿìè [1], à òàêæå àíãàðìîíè÷åñêèå ìåæ÷àñòè-
÷íûå âçàèìîäåéñòâèÿ ñàìîãî ðàçíîãî âèäà [2–
3]. Îíè ïðèìåíÿþòñÿ êàê â ôèçèêå ïîëèìåðîâ,
ïðè ðàñ÷åòå ïàðàìåòðîâ âîçáóæäåíèé â íåëè-
íåéíûõ ìîäóëèðîâàííûõ îïòè÷åñêèõ ñðåäàõ,
òàê è â ìàãíåòèêàõ ñ äâóìÿ ïîäðåøåòêàìè.
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Âìåñòå ñ òåì îòëè÷èòåëüíîé îñîáåííî-
ñòüþ ñóïåðèîíèêîâ ÿâëÿåòñÿ íàëè÷èå ïîäâè-
æíûõ èîíîâ, ïîýòîìó òðàäèöèîííûå äâóõ-
àòîìíûå ìîäåëè òðåáóþò ìîäèôèêàöèè. Âïåð-
âûå ëèíåéíàÿ öåïî÷êà ñ ÷åðåäóþùèìèñÿ ïîä-
âèæíûìè è íåïîäâèæíûìè èîíàìè áûëà
ïðåäëîæåíà Ê. Âàêàìóðîé [4] äëÿ îïèñàíèÿ ãà-
ëîãåíèäîâ – òâåðäîòåëüíûõ áèíàðíûõ ñóïåðè-
îííûõ ïðîâîäíèêîâ, îáëàäàþùèõ ÷èñòî èîí-
íîé ïðîâîäèìîñòüþ. Îäíàêî ýòà ìîäåëü ïðè-
ìåíèìà òîëüêî äëÿ ñóïåðèîíèêîâ ñî ñòðóêòó-
ðîé MeCh (Me – àòîì ìåòàëëà, Ch – àòîì õàëü-
êîãåíà). Äëÿ îïèñàíèÿ æå ñîåäèíåíèé òèïà
MexChy òðåáóåòñÿ áîëåå ñëîæíàÿ öåïî÷êà.

Â äàííîé ðàáîòå ïðåäñòàâëåíû äèíàìè-
÷åñêèå óðàâíåíèÿ è âûïîëíåí ðàñ÷åò êîíñòàíò
âçàèìîäåéñòâèÿ èîíîâ â êðèñòàëëàõ ñóïåð-
èîíèêîâ ñî ñòðóêòóðîé Me2Ch íà îñíîâå ìî-
äèôèöèðîâàííîé äâóõêîìïîíåíòíîé òðåõ-
àòîìíîé ìîäåëè. Äàííàÿ ìîäåëü ïîçâîëÿåò óñ-
òàíîâèòü âçàèìîñâÿçü âîçíèêíîâåíèÿ ñóïåð-
èîííîé ïðîâîäèìîñòè ñ ôèçè÷åñêèìè ñâîé-
ñòâàìè èîíîâ, âõîäÿùèõ â êðèñòàëëè÷åñêóþ
ðåøåòêó. Ýòî î÷åíü âàæíî, òàê êàê íåñìîòðÿ
íà îãðîìíîå êîëè÷åñòâî ýêñïåðèìåíòàëüíûõ
äàííûõ, ãîâîðÿùèõ î íàëè÷èè ñóïåðèîííûõ
ñâîéñòâ â áîëüøîì êëàññå ñîåäèíåíèé, äî ñèõ
ïîð îòñóòñòâóåò ïîñëåäîâàòåëüíàÿ ìèêðîñêî-
ïè÷åñêàÿ òåîðèÿ ìåõàíèçìà èîííîãî ïåðåíî-
ñà â ñóïåðèîííûõ ïðîâîäíèêàõ è íåïîíÿòíû
ãëàâíûå ôàêòîðû, ôîðìèðóþùèå òàêîå ñîñòî-
ÿíèå. Êðîìå ýòîãî, èçâåñòíî, ÷òî áîëåå ïðî-
ñòîé, êëàññè÷åñêèé ïîäõîä ïðè ó÷åòå äèñêðåò-
íîñòè ðåøåòêè òàêæå íåðåäêî ïîçâîëÿåò ïî-
ëó÷èòü ðåçóëüòàòû, îòðàæàþùèå ñóùåñòâåí-

íûå îñîáåííîñòè óïðóãèõ êîëåáàíèé è âîëí
â êðèñòàëëàõ.

Îñíîâíûå äèíàìè÷åñêèå óðàâíåíèÿ.
Ðàññìîòðèì îäíîìåðíóþ äâóõêîìïîíåíòíóþ
òðåõàòîìíóþ öåïî÷êó. Ïóñòü â íåé ÷åðåäóþòñÿ
äâà ïîñëåäîâàòåëüíî ñîåäèíåííûõ îäèíàêî-
âûõ àòîìà ìåòàëëà ñ îäíèì àòîìîì õàëüêîãåíà
(ðèñ. 1). Ó÷òåì äåéñòâèå íà êàæäûé èîí óïðó-
ãèõ ñèë ñî ñòîðîíû òîëüêî äâóõ ñîñåäíèõ èîíîâ.
Äåéñòâèåì äðóãèõ, áîëåå îòäàëåííûõ ýëåìåí-
òîâ öåïî÷êè, ïðåíåáðåãàåì. Ñ÷èòàåì òàêæå,
÷òî èîíû â öåïî÷êå ñîâåðøàþò ëèøü ïðîäîëü-
íûå ñìåùåíèÿ îò ïîëîæåíèÿ ðàâíîâåñèÿ.

Â êðèñòàëëè÷åñêèõ ñîåäèíåíèÿõ, äåìîí-
ñòðèðóþùèõ ñóïåðèîííûå ñâîéñòâà, îêàçûâà-
åòñÿ âàæíûì âëèÿíèå íà ìåæèîííûå ñâÿçè
ýëåêòðîíîâ, íàõîäÿùèõñÿ íà ñàìûõ óäàëåííûõ
ýëåêòðîííûõ îðáèòàõ íåïîäâèæíûõ
èîíîâ [4]. Ñëàáîñòü ñâÿçè ýòèõ ýëåêòðîíîâ ñ
ÿäðîì íåïîäâèæíîãî èîíà âûçûâàåò äåôîð-
ìàöèþ åãî âíåøíåé ýëåêòðîííîé îáîëî÷êè.
Ïðè ýòîì âîçíèêàþò äàëüíîäåéñòâóþùèå
ñèëû êóëîíîâñêîãî ïðèòÿæåíèÿ ìåæäó ýòîé
îáîëî÷êîé è äðóãèìè èîíàìè. Èç-çà ðàçìÿã-
÷åííîñòè âíåøíåé ýëåêòðîííîé îáîëî÷êè íå-
ïîäâèæíîãî èîíà ïðè åãî îïèñàíèè ìîæíî
ïîëüçîâàòüñÿ îáîëî÷å÷íîé ìîäåëüþ.

Ðàññìîòðèì ñîåäèíåíèå Cu2Se êàê ïðè-
ìåð ñïîñîáà íàõîæäåíèÿ çàêîíà äèñïåðñèè
 k  óïðóãèõ âîëí â òåðíàðíîì ñóïåðèîííîì

êðèñòàëëå, âêëþ÷àþùåì â ñåáÿ èîíû áëàãî-
ðîäíûõ ìåòàëëîâ è õàëüêîãåíà. Â ýòîì ñîåäè-
íåíèè èîííàÿ ïðîâîäèìîñòü îáåñïå÷èâàåòñÿ
èîíàìè ìåäè, à èîí ñåëåíà íåïîäâèæåí. Ýòî

Ðèñ.  1.  Ìîäåëü îäíîìåðíîé òðåõàòîìíîé öåïî÷êè, êàæäîå çâåíî êîòîðîé ñîäåðæèò  äâà àòîìà ìåòàëëà (íàïðèìåð,
èîíû ìåäè Cu) è èîí  õàëüêîãåíà (â íàøåì ïðèìåðå ñåëåí Se)
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ïîçâîëÿåò ñ÷èòàòü åãî ïîëÿðèçîâàííîñòü ñó-
ùåñòâåííî áîëåå âûñîêîé, ÷åì ó èîíîâ ìåäè.

Îáîçíà÷èì êîíñòàíòó ñâÿçè àòîìíîãî
ÿäðà è ýëåêòðîííîé îáîëî÷êè â ïîëÿðèçóåìîì
èîíå g; êîíñòàíòó ñâÿçè ýëåêòðîííîé îáîëî÷-
êè ïîëÿðèçóåìîãî èîíà è ñîñåäíåãî æåñòêîãî
èîíà f; ìàññó ýëåêòðîííîé îáîëî÷êè ïîëÿðè-
çóåìîãî èîíà ms; ìàññó ÿäðà ïîëÿðèçîâàííî-
ãî èîíà m1; ìàññó æåñòêîãî èîíà m2; ñìåùå-
íèå ÿäðà n-ãî ïîëÿðèçîâàííîãî èîíà un; ñìå-
ùåíèå ýëåêòðîííîé îáîëî÷êè n-ãî ïîëÿðèçî-
âàííîãî èîíà Vn; ñìåùåíèå n-ãî æåñòêîãî
èîíà, íàõîäÿùåãîñÿ â öåïî÷êå ñïðàâà îò ïî-
ëÿðèçîâàííîãî èîíà, Wn; ñìåùåíèå n-ãî æåñò-
êîãî èîíà, íàõîäÿùåãîñÿ â öåïî÷êå ñëåâà îò
ïîëÿðèçîâàííîãî èîíà Zn.

Òîãäà óðàâíåíèÿ äâèæåíèÿ äëÿ ýëåìåí-
òîâ öåïî÷êè èìåþò âèä:

 1 n n nm u g u V    ,              (1)

   
   
 

1

12 ,
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
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    (2)

   2 1n n n n nm W f W V F W Z       ,    (3)

   2 n n n n nm Z f Z V F Z W       .      (4)
Ðåøåíèÿ ýòîé ñèñòåìû óðàâíåíèé èùåì

â âèäå:
 

0( ) i t kna
nu t u e    ,  

0( ) i t kna
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 
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nW t W e    ,  
0( ) i t kna

nZ t Z e    .

Ó÷èòûâàÿ, ÷òî ìàññà ýëåêòðîííîé îáîëî÷-
êè äåôîðìèðîâàííîãî èîíà ñóùåñòâåííî ìåíü-
øå ìàññ èîíîâ 1 2,sm m m , èç óðàâíåíèé (1),
(3) è (4) ïîëó÷àåì ñîîòíîøåíèÿ ìåæäó àìïëè-
òóäàìè êîëåáàíèé êîìïîíåíòîâ öåïî÷êè

 2
0 0 11V u m g    ,              (5)
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Óðàâíåíèå, îïðåäåëÿþùåå ñâÿçü  k ,
ïîëó÷àåòñÿ ïîäñòàíîâêîé (5–7) â (2):
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   22 sin 2 .D F ka 

Ðåøåíèå óðàâíåíèÿ (9) ìîæíî ïîëó-
÷èòü [5], èñïîëüçóÿ ôîðìóëó Êàðäàíî. Ôèçè-
÷åñêèé ñìûñë èìåþò òîëüêî äåéñòâèòåëüíûå
êîðíè. ×èñëî ýòèõ ðåøåíèé çàâèñèò îò çíàêà
äèñêðèìèíàíòà ýòîãî óðàâíåíèÿ:

2 2 2

4

2

3

1 1 ( )
4 108

1 (2 9 ) .
54

D B BD CS
A A

C C BD
A

    
 




   
 (10)

Åñëè 0S  , òî óðàâíåíèå (9) èìååò òðè
äåéñòâèòåëüíûõ êîðíÿ, à ãðàôèê äèñïåðñèè ôî-
íîííîãî ñïåêòðà îäíîìåðíîé öåïî÷êè, ýëåìåí-
òàðíàÿ ÿ÷åéêà êîòîðîé ñîäåðæèò òðè èîíà, èìååò
îäíó àêóñòè÷åñêóþ è äâå îïòè÷åñêèõ âåòâè, òàê
êàê ÷èñëî âåòâåé íà ãðàôèêå ôîíîííîé äèñïåð-
ñèè äîëæíî áûòü ðàâíî ÷èñëó ñòåïåíåé ñâîáî-
äû ðàññìàòðèâàåìîé ñèñòåìû. Âåëè÷èíû A, B,
C è D, îïðåäåëÿþùèå çíàê S, çàâèñÿò îò êîí-
ñòàíò âçàèìîäåéñòâèÿ f, F è g. Ðåøåíèÿ óðàâ-
íåíèÿ (9) äëÿ àêóñòè÷åñêîé A ( )k  è îïòè÷å-
ñêèõ âåòâåé O1( )k  è O2 ( )k  èìåþò âèä:
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2
O1( ) 2 cos ,

3 3 3
p Bk

A
       

 

2
A

2( ) 2 cos ,
3 3 3 3
p Bk

A
         

   (11)

2
O2

4( ) 2 cos .
3 3 3 3
p Bk

A
         

 

Çäåñü: 2 2(3 ) (3 )p AC B A  ,

   3 2 3(2 9 27 ) (27 )q B ABC A D A   ,

        2 3arctg 4 27 2q p q         
.

Âûäåëèâ â âûðàæåíèè 2
A ( )k  êîíñòàíòó

âçàèìîäåéñòâèÿ g è îáîçíà÷èâ

    2 2
1 3m p g    , ïîëó÷èì:

2
A

1

2( ) 2 cos
3 3 3

g Bk
m A

         
 

.   (12)

Íà êðàþ îñíîâíîé çîíû Áðèëëþýíà çíà-
÷åíèå 2

A ( )k èìååò âèä

2

1

1
2

2

1 1

2 2

22 cos
3 3

2 22 cos
3 3 3

2 2 2 .
3 3 3

A
g Ф

a m

mФ ff
g m

m mf F f
g m g m g





               
      

  
 

    
 

    

(13)

Ïðèíÿâ îáîñíîâàííûå îöåíî÷íûå çíà÷å-
íèÿ äëÿ g è ñîîòíîøåíèé f/g è F/g, èç ôîðìó-
ëû (12) ìîæíî ïîëó÷èòü ÷èñëåííîå ïðåäñòàâ-
ëåíèå äëÿ A ( )k . Çàâèñèìîñòè ( )k , ïîëó-
÷åííûå èç (11) äëÿ Cu2Se, ïîêàçàíû íà ðèñ. 2
äëÿ äâóõ ðàçíûõ çíà÷åíèé  f/g, ïîýòîìó îïòè-
÷åñêèõ ìîä 4, à íå 2. Â îòëè÷èå îò îïòè÷åñêèõ
ìîä, àêóñòè÷åñêàÿ ìîäà ïðàêòè÷åñêè íå ÷óâ-
ñòâèòåëüíà ê âûáîðó îòíîøåíèÿ  f/g. Â ðåçóëü-
òàòå äâå àêóñòè÷åñêèå êðèâûå ñëèëèñü.

Ýêñïåðèìåíòàëüíûå çíà÷åíèÿ A ( )a   èç-
ìåðåíû äëÿ ìíîãèõ òâåðäîòåëüíûõ ñóïåðèîííûõ
ñîåäèíåíèé ìåòîäîì íåóïðóãîãî ðàññåÿíèÿ íà
íèõ ìåäëåííûõ íåéòðîíîâ [6]–[11]. Åñëè âçÿòü
ýêñïåðèìåíòàëüíî èçìåðåííûå çíà÷åíèÿ äëÿ

Ðèñ.  2.   Ñõåìàòè÷åñêàÿ äèàãðàììà êðèâûõ ôîíîííîé
äèñïåðñèè óïðóãèõ âîëí, ðàññ÷èòàííàÿ  äëÿ ïðîñòîé
îáîëî÷å÷íîé ìîäåëè ëèíåéíîé öåïî÷êè Cu2Se

Ðèñ.  3.  Çàâèñèìîñòü êîíñòàíòû âçàèìîäåéñòâèÿ  F  ìåæ-
äó ìîáèëüíûìè èîíàìè ìåòàëëà â ñóïåðèîííîì êðèñ-
òàëëè÷åñêîì ñîåäèíåíèè  îò êîíñòàíòû ñâÿçè èîíîâ õàëü-
êîãåíà è ìåòàëëà  f . Cu2O è  Ag2O  íå ÿâëÿþòñÿ ñóïåð-
èîííûìè ñîåäèíåíèÿìè

Ðèñ.  4.   Ñèëîâàÿ êîíñòàíòà f êàê ôóíêöèÿ êîíñòàíòû g.
Ñîåäèíåíèÿ Cu2O è Ag2O íå óêëàäûâàþòñÿ â äàííóþ
çàâèñèìîñòü, òàê êàê îíè íå ÿâëÿþòñÿ ñóïåðèîííûìè
ñîåäèíåíèÿìè
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( )A a  , òî èç âûðàæåíèÿ
(13) ìîæíî íàéòè ñèëîâóþ
êîíñòàíòó g, à çàòåì èç ïðèíÿ-
òûõ íàìè ñîîòíîøåíèé ñèëî-
âûõ êîíñòàíò f/g è F/g ïîëó-
÷èòü òàêæå îöåíêè f è F.

Âçÿâ ýêñïåðèìåíòàëüíî
èçìåðåííûå çíà÷åíèÿ A ( )a 
èç ëèòåðàòóðíûõ èñòî÷íè-
êîâ [8–13], ìû îöåíèëè òà-
êèì îáðàçîì çíà÷åíèÿ ñèëî-
âûõ êîíñòàíò g è f äëÿ õàëü-
êîãåíèäîâ ìåäè è ñåðåáðà,
èìåþùèõ ñóïåðèîííûå ñâîéñòâà, è äëÿ ïî-
ëóïðîâîäíèêîâ Cu2O è Ag2O. Îòìåòèì, ÷òî
âî âñåõ ñëó÷àÿõ ýêñïåðèìåíòàëüíûå èçìåðå-
íèÿ äëÿ ñóïåðèîíèêîâ ïðîâîäèëèñü â íåñó-
ïåðèîííîé ôàçå.

Îáñóæäåíèå ðåçóëüòàòîâ. Ðåçóëüòàòû
ðàñ÷åòîâ ïðåäñòàâëåíû â òðåòüåì, ÷åòâåðòîì
è ïÿòîì ñòîëáöàõ òàáë. Äëÿ ñðàâíåíèÿ â ïîñ-
ëåäíèõ äâóõ ñòðîêàõ ýòîé òàáëèöû ïðèâåäå-
íû ïîëó÷åííûå íàìè ÷èñëåííûå çíà÷åíèÿ
êîíñòàíò âçàèìîäåéñòâèÿ äëÿ Cu2O è Ag2O,
íå èìåþùèõ ñóïåðèîííûõ ñâîéñòâ è ÿâëÿþ-
ùèõñÿ ïîëóïðîâîäíèêàìè.

Ê. Âàêàìóðà [4] ïîêàçàë, ÷òî ñóïåðèîí-
íèêè è íåñóïåðèîííèêè ãðóïï II–IV äåìîí-
ñòðèðóþò ìîíîòîííîå âîçðàñòàíèå âåëè÷èíû
f ïðè ðîñòå g. Íàøè ðàñ÷åòû ïîêàçàëè, ÷òî
êîíñòàíòà ñâÿçè ýëåêòðîííîé îáîëî÷êè f ïî-
ëÿðèçóåìîãî èîíà è ñîñåäíåãî æåñòêîãî èîíà
â ñóïåðèîííîì êðèñòàëëè÷åñêîì ñîåäèíåíèè
òàêæå ÷óâñòâèòåëüíà ê èçìåíåíèþ g. Êðîìå
òîãî, íà ãðàôèêàõ çàâèñèìîñòåé f îò F (ðèñ. 3)

Ò à á ë è ö à

Íåêîòîðûå ôèçè÷åñêèå ïàðàìåòðû õàëüêîãåíèäîâ ìåäè è ñåðåáðà

Ñîåäèíåíèå ô, meV g,104 
dyne/cm 

f, 104 
dyne/cm 

F, 104 
dyne/cm , Sm/cm 

Cu2Se 3,56 [6, 9]  2,79  8,65  0,28   1,51 
Ag2Te 2,0 [8]  1,43  4,72  0,14      1,25 
Cu2Te 4,5 [7]  6,94  16,73  0,56 0,30 
Ag2S 2,0 [10, 11]  1,56  1,87  0,09   4,46 
Cu2S 3,4 [14] 1,84  8,80  0,18 1,60 
Ag2Se 2,0 [9] 1,21 4,71 0,12 3,50 
Cu2O 10,0 [12] 15,77 15,77 1,58 – 
Ag2O 8,3 [13] 8,23 14,82 1,65 – 

Ðèñ.  5.  Çàâèñèìîñòü  (f + g) îò  σ

è f îò g (ðèñ. 4), ïîñòðîåííûõ äëÿ õàëüêîãåíè-
äîâ ìåäè è ñåðåáðà, âèäíî âîçðàñòàíèå âåëè-
÷èíû f ïðè óâåëè÷åíèè çíà÷åíèé F è g, â òî
âðåìÿ êàê äëÿ ñîåäèíåíèé Cu2O è Ag2O, íå
èìåþùèõ ñóïåðèîííûõ ñâîéñòâ, òî÷êè ëåæàò
ïðèìåðíî íà îäíîì óðîâíå è â ñòîðîíå îò ñî-
îòâåòñòâóþùèõ êðèâûõ äëÿ ñóïåðèîííèêîâ.

Íà ðèñ. 5 èçîáðàæåíà çàâèñèìîñòü êîí-
ñòàíòû âçàèìîäåéñòâèÿ (f + g) äëÿ õàëüêîãå-
íèäîâ ìåäè è ñåðåáðà îò âåëè÷èíû èîííîé
ïðîâîäèìîñòè σ. Èç ýòîãî ãðàôèêà âèäíî, ÷òî
óìåíüøåíèå ÷èñëåííûõ çíà÷åíèé ñèëîâûõ
êîíñòàíò âåäåò ê ðîñòó èîííîé ïðîâîäèìîñòè.
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CALCULATION  OF  INTERACTION  CONSTANTS
FOR  Cu  AND  Ag CHALCOGENIDES  BASED

ON  BIOCOMPONENTAL  THREE-ATOM  LINEAR  CHAIN  MODEL
E.S. Shikhovtseva1, A.N. Mikolaychuk2, O.V. Mikolaychuk2

1Institute of Molecule and Crystal Physics, Ufa Scientific Centre, RAS, Ufa, Russia
2Sterlitamak Branch, Bashkir State University, Ufa, Russia

In this paper we propose a mathematical model to calculate interaction constants for crystalline Cu- and Ag-chalcogenides
in a three-atom chain. Each molecule makes a linear three-atom chain of ions, one of which, i.e. the chalcogen ion, has a
deformed electronic shell and the other two are metals (for instance, Cu and Ag). This simple model enables us to determine
the relationship between physical properties of ions entering the crystalline lattice and the occurrence of superionic conductivity
and is helpful in understanding the nature of superionic conductivity. An especially important point is that there is still no
more or less satisfactory microscopic theory despite the growing number of data in support of the presence of superionic
states in a large class of compounds, and major factors conducive to the formation of such states are far from clear.
Moreover, it is known that a relatively simple classical approximation taking into account the discreteness of the lattice often
gives the results reflecting essential peculiarities of elastic oscillations and waves in crystals. Our model can also be used for
superionic conductors with the MexChy structure, although this may lead to greater mathematical complexity. It is interesting
that very low numerical values of the interaction constants occur even in a non-superionic state of compounds having
superionic properties. This peculiar feature is typical for the interaction constants of chalcogen ions and their electronic
shells as well as for the interaction constants of chalcogen and metal ions. The results of our calculations show that force
constants of superionics, already in a non-superionic state, are lower than those of the compounds with no superionic
properties. This makes itself evident both in the interaction constants of chalcogen ions and their electronic shells and in the
interaction constants of chalcogen and metal ions.

Key words: superionics, superionic conductivity, anharmonic oscillations, quasi-one-dimensional chains.
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© Å.Ì. Ïåñòðÿåâ

Ìåòîäîì ìîëåêóëÿðíîé äèíàìèêè èññëåäîâàíû êîýôôèöèåíòû ñàìîäèôôóçèè è âðåìåíà æèçíè ÷àñòèö
â ïåðâîé êîîðäèíàöèîííîé ñôåðå (ÏÊÑ) ñâîèõ ñîñåäåé äëÿ êîýôôèöèåíòîâ óïàêîâêè ìîäåëüíûõ ñèñòåì îò
0,1 äî 0,8. Èñïîëüçîâàëñÿ òðåõìåðíûé êàíîíè÷åñêèé àíñàìáëü èç 4096 ÷àñòèö, âçàèìîäåéñòâóþùèõ ÷åðåç
îòòàëêèâàòåëüíóþ ÷àñòü ïîòåíöèàëà Ëåííàðä-Äæîíñà. Îêàçàëîñü, ÷òî ïëîòíîñòü âåðîÿòíîñòè âðåìåíè æèçíè
÷àñòèö â ÏÊÑ ðàñïðåäåëåíà â èíòåðâàëå íåñêîëüêèõ äåñÿòè÷íûõ ïîðÿäêîâ, êîòîðûé ðàñòåò ñ êîýôôèöèåíòîì
óïàêîâêè ñèñòåìû. Ðàñïðåäåëåíèå õàðàêòåðèçóåòñÿ ïèêîì â îáëàñòè êîðîòêèõ âðåìåí. Ñðåäíåå ïî ðàñïðåäå-
ëåíèþ âðåìÿ æèçíè èìååò îäèí ìàñøòàá ñ îáû÷íî èñïîëüçóåìûì ìåæìîëåêóëÿðíûì âðåìåíåì êîððåëÿöèè,
îáóñëîâëåííûì ñàìîäèôôóçèåé, íî èìååò äðóãîé ôèçè÷åñêèé ñìûñë. Ïîêàçàíî, ÷òî èñïîëüçîâàíèå êîîðäè-
íàöèîííîãî ÷èñëà â êà÷åñòâå àðãóìåíòà èññëåäîâàííûõ õàðàêòåðèñòèê íàãëÿäíî äåìîíñòðèðóåò ïðîöåññ âîç-
íèêíîâåíèÿ è ðàçâèòèÿ êëåòî÷íîãî ýôôåêòà.

Êëþ÷åâûå ñëîâà: êëåòî÷íûé ýôôåêò, êîîðäèíàöèîííîå ÷èñëî, êîýôôèöèåíò ñàìîäèôôóçèè, ïåðâàÿ êî-
îðäèíàöèîííàÿ ñôåðà, âðåìÿ æèçíè ìîëåêóë, ìîëåêóëÿðíàÿ äèíàìèêà.

Ââåäåíèå. Â òåîðèè ðàñòâîðîâ áîëüøàÿ
ðîëü îòâîäèòñÿ ýôôåêòàì ñîëüâàòàöèè è ñî-
ñòàâó ñîëüâàòíîé îáîëî÷êè ðàñòâîðåííûõ
èîíîâ èëè ìîëåêóë [1]. Ïðè÷åì ñîñòàâ
ñîëüâàòíîé îáîëî÷êè èíòåðåñåí íå òîëüêî
ïðè êîíå÷íûõ, íî è ïðè èñ÷åçàþùå ìàëûõ
êîíöåíòðàöèÿõ ðàñòâîðåííîãî âåùåñòâà, êîã-
äà «ðàñòâîðåííàÿ ìîëåêóëà» íàõîäèòñÿ â îê-
ðóæåíèè ñåáå ïîäîáíûõ [1], ïðåäñòàâëÿþùèõ
òåïåðü íå ñîëüâàòíóþ îáîëî÷êó, à ïðîñòî ïåð-
âóþ êîîðäèíàöèîííóþ ñôåðó (ÏÊÑ) ìîëåêó-
ëû. Ïîäâèæíîñòü ìîëåêóë â ÏÊÑ îïðåäåëÿåò
ïîäâèæíîñòü ðàññìàòðèâàåìîé ìîëåêóëû, çà-
ïåðòîé â íåé êàê â êëåòêå, ââåäåííîé íà êà÷å-
ñòâåííîì óðîâíå äëÿ îïèñàíèÿ æèäêîãî ñî-
ñòîÿíèÿ âåùåñòâà åùå Ôðåíêåëåì â 1946 ã. [2].
Ïîïûòêè êîëè÷åñòâåííîãî îïèñàíèÿ äèíàìè-
êè ÷àñòèö â ÏÊÑ ñ ïîìîùüþ êîìïüþòåðíîãî
ìîäåëèðîâàíèÿ íà÷àëèñü ìíîãî ïîçæå è ïðî-
äîëæàþòñÿ äî ñèõ ïîð [3–14]. Ïðè÷èíîé ýòî-
ãî ÿâëÿåòñÿ ñëîæíîñòü òåîðåòè÷åñêîãî îïèñà-
íèÿ äèíàìèêè êëåòêè, êðàéíèì âàðèàíòîì
êîòîðîãî ÿâëÿåòñÿ òåîðèÿ ñâÿçàííûõ ìîä, îïè-
ñûâàþùàÿ äèíàìèêó êëåòêè â óçêîì äèàïàçî-
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íå òåìïåðàòóð âáëèçè òåìïåðàòóðû ñòåêëîâà-
íèÿ [15]. Îäíîé èç îñíîâíûõ õàðàêòåðèñòèê
÷àñòèö ÏÊÑ âî âñåõ óïîìÿíóòûõ èññëåäîâà-
íèÿõ ÿâëÿåòñÿ âðåìÿ æèçíè ÷àñòèö â íåé, êî-
òîðîå èçâëåêàåòñÿ êîñâåííî ÷åðåç êîýôôèöè-
åíò ñàìîäèôôóçèè (ÊÑÄ) ÷àñòèö. Ïðè ýòîì
ñ÷èòàåòñÿ, ÷òî âçàèìíîå ñìåùåíèå ÷àñòèö íà
ëþáîì ìàñøòàáå âðåìåíè íåêîððåëèðîâàíî,
è èñïîëüçóåòñÿ ïðîñòî ñóììàðíûé ÊÑÄ ìî-
ëåêóë ðàñòâîðèòåëÿ è ðàñòâîðåííîãî âåùåñòâà
[18], âåëè÷èíà êîòîðîãî íå çàâèñèò îò ðàññòî-
ÿíèÿ ìåæäó íèìè [19]. Îäíàêî â òå÷åíèå îñåä-
ëîãî âðåìåíè æèçíè çàïåðòàÿ ìîëåêóëà ëèøü
îñöèëëèðóåò ñ âûñîêîé ÷àñòîòîé îòíîñèòåëü-
íî ñâîåé ÏÊÑ [2], òî åñòü õàðàêòåðèçóåòñÿ
íóëåâûì îòíîñèòåëüíûì ÊÑÄ ïî îòíîøåíèþ
ê ìîëåêóëàì ÏÊÑ, íà ÷òî áûëî óêàçàíî â ðà-
áîòàõ [16–17]. Ñðàâíèòåëüíî íåäàâíî ïîÿâè-
ëàñü òåîðåòè÷åñêèå ðàáîòû [20–21], ó÷èòûâà-
þùèå âðåìÿ ñîâìåñòíîé äèôôóçèè ìîëåêóë,
ïîñêîëüêó õîðîøî èçâåñòíî, ÷òî èìåííî âðå-
ìÿ êîíòàêòà ìîëåêóë èëè èõ ôðàãìåíòîâ îï-
ðåäåëÿåò âêëàä â ñêîðîñòü ßÌÐ-ðåëàêñàöèè
[18], à òàêæå âåëè÷èíó ýôôåêòà Îâåðõàóçåðà
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çà ñ÷åò ìåæìîëåêóëÿðíîãî ïåðåíîñà íàìàãíè-
÷åííîñòè [21]. Ýòîò ôàêò ñòàíîâèòñÿ î÷åâèä-
íûì ïðè êîëè÷åñòâåííîì àíàëèçå îáîèõ ýô-
ôåêòîâ, âåëè÷èíà êîòîðûõ óáûâàåò êàê øåñ-
òàÿ ñòåïåíü ðàññòîÿíèÿ [18; 21]. Òî åñòü äî-
ìèíèðóþùàÿ ÷àñòü ýôôåêòîâ ðàçâèâàþòñÿ òîã-
äà, êîãäà ÷àñòèöû íàõîäÿòñÿ â êîíòàêòå è, ñëå-
äîâàòåëüíî, íåïîäâèæíû îòíîñèòåëüíî äðóã
äðóãà. Ïðè óõîäå æå îäíîé èç íèõ èç ÏÊÑ âçà-
èìîäåéñòâèå ñòàíîâèòñÿ ïðèìåðíî â
26 = 64 ðàçà ìåíüøå, è óæå íåñóùåñòâåííî, ñ
êàêèì îòíîñèòåëüíûì ÊÑÄ îíè äèôôóíäèðó-
þò îòíîñèòåëüíî äðóã äðóãà. Íàïðèìåð, â ðà-
áîòå [22] ïîêàçàíî, ÷òî âåëè÷èíà ýêñïåðèìåí-
òàëüíî íàáëþäàåìîãî ýôôåêòà Îâåðõàóçåðà íà
ðàçëè÷íûõ óãëåðîäíûõ àòîìàõ ñëîæíîé ìî-
ëåêóëû ïðîïîðöèîíàëüíà íàñåëåííîñòè èõ
ÏÊÑ ïðîòîíàìè ðàñòâîðèòåëÿ: äëÿ ýòîãî â
êîìïüþòåðíîì ìîäåëèðîâàíèè áûëè èçó÷å-
íû ðàäèàëüíûå ôóíêöèè ðàñïðåäåëåíèÿ ðàç-
ëè÷íûõ ïàð ÷àñòèö.

Îïèñàííûå çàêîíîìåðíîñòè ïðåáûâàíèÿ
ìîëåêóë ðàñòâîðèòåëÿ â ñîëüâàòíîé îáîëî÷êå
ïîëÿðíûõ ìîëåêóë î÷åâèäíû è èçìåðèìû, îä-
íàêî îíè ñóùåñòâóþò è â ïðîñòûõ æèäêî-
ñòÿõ [2], ãäå îáóñëîâëåíû òîëüêî âçàèìíîé äè-
íàìèêîé ìîëåêóë ïðè îòñóòñòâèè âñÿêèõ ñïå-
öèôè÷åñêèõ ïðåäïî÷òèòåëüíûõ âçàèìîäåé-
ñòâèé. Èìåííî ýòè îáùèå äëÿ âñåõ ïðîñòûõ
æèäêîñòåé [13] çàêîíîìåðíîñòè èññëåäóþòñÿ
â äàííîé ðàáîòå íà ïðîöåññå ôîðìèðîâàíèÿ
êëåòêè ïðè óâåëè÷åíèè ïëîòíîñòè ìîäåëüíîé
ñèñòåìû îò ãàçîâîãî ñîñòîÿíèÿ äî çàòâåðäåâà-
íèÿ. Äèíàìèêà ÷àñòèö ïðè ýòîì õàðàêòåðèçó-
åòñÿ êàê îáùåïðèíÿòûì ïàðàìåòðîì – ÊÑÄ, òàê
è âðåìåíåì æèçíè ÷àñòèö τττττ â ÏÊÑ.

Ðàññìîòðåíèå ïðîöåññà âîçíèêíîâåíèÿ
êëåòêè â ïðîöåññå òðàíñôîðìàöèè ñèñòåìû â
ôàçîâîì ïåðåõîäå ïåðâîãî ðîäà – êîíäåíñà-
öèè è ðàçâèòèÿ êëåòêè â ôàçîâîì ïåðåõîäå
âòîðîãî ðîäà – ñòåêëîâàíèè ïîçâîëÿåò òî÷-
íåå èíòåðïðåòèðîâàòü ôèçè÷åñêèé ñìûñë
ïðåäëàãàåìîé êîëè÷åñòâåííîé õàðàêòåðèñòè-
êè êëåòî÷íîãî ýôôåêòà.

1. Õàðàêòåðèñòèêè ìîäåëè. Ìåòîäîì
ìîëåêóëÿðíîé äèíàìèêè ìîäåëèðîâàëàñü ñè-
ñòåìà ñôåðè÷åñêèõ áåññòðóêòóðíûõ ÷àñòèö

â òðåõìåðíîì êàíîíè÷åñêîì àíñàìáëå, âçàè-
ìîäåéñòâèå êîòîðûõ ìåæäó ñîáîé çàäàíî îò-
òàëêèâàòåëüíîé ÷àñòüþ ïîòåíöèàëà Ëåííàðä-
Äæîíñà [23–24]:
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Çäåñü εP – çàâèñÿùàÿ îò ðàññòîÿíèÿ r ìåæ-
äó öåíòðàìè ÷àñòèö ïîòåíöèàëüíàÿ ýíåðãèÿ
äâóõ÷àñòè÷íîãî âçàèìîäåéñòâèÿ; ε – ãëóáèíà
ïîòåíöèàëüíîé ÿìû, êîãäà ðàññòîÿíèå ðàâíî
ðàâíîâåñíîìó rEQ; σ – åäèíèöà äëèíû è âàí-
äåð-âààëüñîâ äèàìåòð âçàèìîäåéñòâóþùèõ
÷àñòèö ìàññîé m; rC – ðàäèóñ îáðåçàíèÿ ïîòåí-
öèàëà (1). Ñòàíäàðòíûé âûáîð âåëè÷èí
m = ε = σ = 1 îïðåäåëÿåò îñòàëüíûå åäèíèöû
èçìåðåíèÿ ìîäåëè, âêëþ÷àÿ åäèíèöó âðåìåíè

0 1m
   


.                     (2)

Áåçðàçìåðíûé ÊÑÄ – D èçìåðÿåòñÿ â
åäèíèöàõ σ2/τττττ0. Îñíîâíûì ïàðàìåòðîì ñî-
ñòîÿíèÿ ñèñòåìû ÿâëÿåòñÿ êîýôôèöèåíò
óïàêîâêè φ, îïðåäåëÿåìûé êàê äîëÿ îáúåìà
ñèñòåìû, çàíÿòàÿ ÷àñòèöàìè [23–24]. Âòîðûì
âíåøíèì ïàðàìåòðîì ìîäåëè ÿâëÿåòñÿ áåç-
ðàçìåðíàÿ ñðåäíÿÿ êèíåòè÷åñêàÿ ýíåðãèÿ îä-
íîé ÷àñòèöû WK, êîòîðàÿ îïðåäåëÿåò åå áåç-
ðàçìåðíóþ òåìïåðàòóðó T [23–24]:

   2 3 KT W   .                (3)
Êóáè÷åñêèé ïî ôîðìå îáúåì ìîäåëüíîé

ñèñòåìû ñ çàâèñÿùèì îò φ ðàçìåðîì ðåáðà îã-
ðàíè÷åí ïåðèîäè÷åñêèìè ãðàíè÷íûìè óñëî-
âèÿìè è ñîäåðæèò 163 = 4096 ÷àñòèö âî âñåõ
ñëó÷àÿõ. Ó÷èòûâàÿ ëîêàëüíîñòü âçàèìîäåé-
ñòâèÿ, îïðåäåëÿþùåãî êëåòî÷íûé ýôôåêò [13],
èñïîëüçîâàííîå êîëè÷åñòâî ÷àñòèö ñóùå-
ñòâåííî ïðåâîñõîäèò ìèíèìàëüíî íåîáõîäè-
ìîå [25–29]. Óðàâíåíèÿ äâèæåíèÿ ÷àñòèö ðå-
øàëèñü ñ ïîìîùüþ àëãîðèòìà Âåðëå â ñêîðî-
ñòíîé ôîðìå ñ øàãîì ïî âðåìåíè îò 0.001⋅τττττ0 –
äëÿ áîëüøèõ φ  è 0.01⋅τττττ0 – äëÿ ìàëûõ. Óñòîé-
÷èâîñòü èíòåãðèðîâàíèÿ è ïîñòîÿíñòâî òåì-
ïåðàòóðû îáåñïå÷èâàëîñü àëãîðèòìîì Nose-
Hoover [23–24]; ïðîãðàììíàÿ ðåàëèçàöèÿ
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èñïîëüçóåìûõ àëãîðèòìîâ îïèñàíà â ðàáîòàõ
[30–33].

2. Îïèñàíèå ïàðàìåòðîâ êëåòî÷íîãî
ýôôåêòà. Ðàäèóñ ÏÊÑ ÷àñòèöû îïðåäåëÿåò-
ñÿ ïî ðàäèàëüíîé ôóíêöèè ðàñïðåäåëåíèÿ g(r)
(ñì. ðèñ. 1) êàê ïîëîæåíèå ïåðâîãî ìèíèìó-
ìà [13], íî â äàííîì ñëó÷àå äëÿ óíèôèêàöèè
âî âñåì äèàïàçîíå èññëåäîâàííûõ φ áûëî
âçÿòî ÷óòü óâåëè÷åííîå çíà÷åíèå – 1,4 σ. Êðî-
ìå òîãî, òàêîå óâåëè÷åíèå ðàäèóñà ÏÊÑ ïðå-
äîòâðàùàåò âêëàä îñöèëëÿöèé ÷àñòèö â ðàñ-
ïðåäåëåíèå âðåìåí æèçíè. Äåéñòâèòåëüíî,
åñëè ÷àñòèöà îñöèëëèðóåò, íàõîäÿñü íà ãðà-
íèöå ÏÊÑ, òî åå öåíòð çà âðåìÿ îñåäëîé æèç-
íè [2] ìíîãîêðàòíî ïîêèäàåò è âîçâðàùàåòñÿ
â ÏÊÑ, ÷òî, î÷åâèäíî, ñîçäàåò îáìàí÷èâîå
âïå÷àòëåíèå î äåéñòâèòåëüíîì âðåìåíè êîí-
òàêòà ÷àñòèö ìåæäó ñîáîé. Â èòîãå âðåìÿ ïðå-
áûâàíèÿ öåíòðà ÷àñòèöû â ïðåäåëàõ ñôåðû,
îãðàíè÷åííîé ðàäèóñîì 1,4 σ èç öåíòðà ðàñ-
ñìàòðèâàåìîé ÷àñòèöû, äàåò áîëåå îáúåêòèâ-
íóþ êàðòèíó âðåìÿ æèçíè â ÏÊÑ è îïèñûâà-
åòñÿ ðàñïðåäåëåíèåì g(τττττ), ïðîñòèðàþùèìñÿ
íà íåñêîëüêî äåñÿòè÷íûõ ïîðÿäêîâ τττττ, ðàñòó-
ùèì ñ φ.

Êîëè÷åñòâî ÷àñòèö â ÏÊÑ èëè êîîðäè-
íàöèîííîå ÷èñëî Z îïðåäåëÿëîñü èíòåãðèðî-
âàíèåì ðàäèàëüíîé ôóíêöèè ðàñïðåäåëåíèÿ
â ýòîì æå èíòåðâàëå [13], à ÊÑÄ – èíòåãðè-
ðîâàíèåì àâòîêîððåëÿöèîííîé ôóíêöèè ñêî-
ðîñòè ÷àñòèö [24].

3. Îáñóæäåíèå ðåçóëüòàòîâ. Ðàñïðåäå-
ëåíèÿ âðåìåí æèçíè g(τττττ) äëÿ ðàçëè÷íûõ φ òàê-
æå ïðèâåäåíû íà ðèñ. 1. Îñíîâíàÿ èõ îñîáåí-
íîñòü – íàëè÷èå ìàêñèìóìà, ïîëîæåíèå êî-
òîðîãî íà âðåìåííîé øêàëå îáîçíà÷åíî τττττM, è
ñðåäíåå ïî ðàñïðåäåëåíèþ çíà÷åíèå âðåìå-
íè æèçíè – τττττAV.

Ïðè óâåëè÷åíèè φ  ñèñòåìû îò 0,1 äî 0,8
ðàñïðåäåëåíèå g(τττττ) òðàíñôîðìèðóåòñÿ èç áè-
ìîäàëüíîãî â óíèìîäàëüíîå. Ïðè÷åì íàèáî-
ëåå ÷åòêî áèìîäàëüíîñòü âûðàæåíà ïðè
φ = 0,4±0,1. Âòîðîé ìàêñèìóì ñ áîëüøèì çíà-
÷åíèåì τττττM ïðàêòè÷åñêè íåçàìåòåí ïîñëå âîç-
íèêíîâåíèÿ êëåòêè, òî åñòü êîíäåíñàöèè ñèñ-
òåìû ïðè çíà÷åíèè Z ≥ 5, ñîîòâåòñòâóþùåãî

òàê íàçûâàåìîé õàîòè÷åñêîé ïëîòíîé óïàêîâ-
êå ñôåð [34–35]. Ïðè ýòèõ φ, â îòëè÷èå îò ãàçî-
âûõ, õàðàêòåðèçóåìûõ ñâîáîäíûì ïðîáåãîì,
íåêîòîðóþ ÷àñòü âðåìåíè ÷àñòèöà ïðîâîäèò â
êîëåáàòåëüíîì ñîñòîÿíèè, íå ìåíÿÿ ñâîèõ ñî-
ñåäåé è äèôôóíäèðóÿ â ïðîñòðàíñòâå âìåñòå ñ
íèìè. Òî åñòü τττττm õàðàêòåðèçóåò íàèáîëåå âå-
ðîÿòíîå âðåìÿ îñåäëîé æèçíè â êëåòêå [2] äëÿ
æèäêîãî è òâåðäîãî ñîñòîÿíèé. Ôëóêòóàöèè
ïëîòíîñòè â ãàçîâîé ôàçå ïîðîæäàþò êëåòî-
÷íîå ñîñòîÿíèå äëÿ íåêîòîðûõ ÷àñòèö è îáóñ-
ëîâëèâàþò áèìîäàëüíîñòü g(τττττ). Ïðè÷åì íàñå-
ëåííîñòü òàêèõ ôëóêòóàöèé, ñóùåñòâóþùèõ
äîñòàòî÷íî äîëãî, ìàêñèìàëüíà ïðè ìèíèìàëü-
íûõ ïëîòíîñòÿõ ãàçà è óáûâàåò ñ ðîñòîì ïëîò-
íîñòè, ñîâñåì èñ÷åçàÿ â êîíäåíñèðîâàííîì
ñîñòîÿíèè. Â ãàçîâîé ôàçå ïîëîæåíèå âòîðîãî
ìàêñèìóìà, ñîîòâåòñòâóþùåå 5–6-êðàòíîé äëè-
òåëüíîñòè ïðåáûâàíèÿ â ÏÊÑ ïî ñðàâíåíèþ
ñ æèäêîñòüþ è òâåðäûì ñîñòîÿíèåì, âåðîÿò-
íî, ñâÿçàíî ñî âðåìåíåì ñâîáîäíîãî ïðîáåãà
ïàðû âìåñòå äâèæóùèõñÿ ÷àñòèö, êîòîðûå ðàç-
áèâàþòñÿ ïðè áèíàðíûõ ñòîëêíîâåíèÿõ.

Ðèñ.  1.  Ðàäèàëüíàÿ ôóíêöèÿ ðàñïðåäåëåíèÿ – g(r) ïðè
T = 4 è ðàñïðåäåëåíèå âðåìåí æèçíè ÷àñòèö â ÏÊÑ –
g(τττττ) ïðè T = 30 äëÿ ðàçëè÷íûõ φ / Z (÷èñëà â êîëîíêå â
òîì æå ïîðÿäêå, ÷òî è ìàêñèìóìû êðèâûõ)
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Ïðè óâåëè÷åíèè φ òðàíñôîðìàöèÿ g(τττττ)
çàêëþ÷àåòñÿ â ðîñòå è ñóæåíèè ïèêà τττττM ñ îä-
íîâðåìåííûì óäëèíåíèåì åãî íèçêî÷àñòîò-
íîé ÷àñòè íà íåñêîëüêî äåñÿòè÷íûõ ïîðÿä-
êîâ, ÷òî ñâèäåòåëüñòâóåò î ïîÿâëåíèè çàìåò-
íîé äîëè ÷àñòèö ñ î÷åíü áîëüøèì âðåìåíåì
îñåäëîé æèçíè. Ýòîò ôàêò, ñâèäåòåëüñòâóþ-
ùèé îá óâåëè÷åíèè äèíàìè÷åñêîé ãåòåðîãåí-
íîñòè ïðè ñòðåìëåíèè òåìïåðàòóðû ñèñòå-
ìû ê òåìïåðàòóðå ñòåêëîâàíèÿ, õîðîøî èç-
âåñòåí [36–38].

Íà ðèñ. 2 ïðèâåäåíû çàâèñèìîñòè õàðàê-
òåðèñòèê g(τττττ) è ÊÑÄ îò êîîðäèíàöèîííîãî
÷èñëà. Àðãóìåíòîâ äëÿ ýòèõ çàâèñèìîñòåé
ìîæíî âûáðàòü íåñêîëüêî, ïî òîé ïðè÷èíå,
÷òî çà ïîñëåäíèå äâàäöàòü ëåò êëåòî÷íûé
ýôôåêò ïîñëóæèë îñíîâîé äëÿ âûâîäà ìíî-
æåñòâà óíèâåðñàëüíûõ çàâèñèìîñòåé ïðè
îïèñàíèè ñâîéñòâ ïðîñòûõ æèäêîñòåé [39–
46]. Îäíàêî êîîðäèíàöèîííîå ÷èñëî ïîçâî-
ëÿåò äàòü íàãëÿäíóþ ôèçè÷åñêóþ èíòåðïðå-
òàöèþ èçìåíåíèÿ îáñóæäàåìûõ âåëè÷èí,
ôèêñèðóÿ ïåðåõîä èç îäíîãî àãðåãàòíîãî ñî-
ñòîÿíèÿ ñèñòåìû â äðóãîå ðåçêèìè ïåðåãèáà-
ìè çàâèñèìîñòåé, â òî âðåìÿ êàê óíèâåðñàëü-
íûå çàâèñèìîñòè òàêèå ïåðåõîäû íå ïðîñòî
ñãëàæèâàþò, à âîîáùå èõ ìàñêèðóþò [39–46].
Êðîìå òîãî, ïðåäñòàâëåíèå äàííûõ îò Z èìå-
åò îáîñíîâàíèå â îäíîé èç òåîðèé ñòåêëîâà-
íèÿ, íàïðÿìóþ ñâÿçûâàþùåé ýòîò ïåðåõîä ñ
êîîðäèíàöèîííûì ÷èñëîì [47], â òîì ÷èñëå
â ïðîñòðàíñòâå ñ ðàçìåðíîñòüþ áîëåå òðåõ
[48]. À â ðàáîòàõ [6–11], íàïðèìåð, ïîêàçàíî,
÷òî äèíàìè÷åñêèå õàðàêòåðèñòèêè ïðîñòûõ
æèäêîñòåé ìîæíî ïðåäñòàâèòü â âèäå óíèâåð-
ñàëüíîé ñêåéëèíãîâîé çàâèñèìîñòè îò êîîð-
äèíàöèîííîãî ÷èñëà, êîòîðîå î÷åâèäíî îï-
ðåäåëÿåò ðåçóëüòèðóþùóþ ýíåðãèþ ñâÿçè ñ îê-
ðóæåíèåì, êîíêóðèðóþùóþ ñ ýíåðãèåé òåï-
ëîâîãî äâèæåíèÿ.

Âñå çàâèñèìîñòè íà ðèñ. 2 ïðåäñòàâëÿþò
ñîáîé íàáîðû êðèâûõ äëÿ ðàçëè÷íûõ òåìïå-
ðàòóð â äèàïàçîíå T = 0,7–33.

Êðèâûå τττττM(Z) ïðè âñåõ òåìïåðàòóðàõ ãî-
ðèçîíòàëüíû äëÿ ãàçîâîãî ñîñòîÿíèÿ ñèñòå-
ìû è äåìîíñòðèðóþò ðåçêîå ïàäåíèå íà ~0,6
ïîðÿäêà â èíòåðâàëå Z îò 5 äî 6, ÷òî ñîîòâåò-
ñòâóåò êîíäåíñàöèè ñèñòåìû. Ïðè äàëüíåé-

øåì óïëîòíåíèè óæå æèäêîãî ñîñòîÿíèÿ τττττM
ïëàâíî óáûâàþò ïðè âûñîêèõ òåìïåðàòóðàõ,
è ëèøü äëÿ T = 0,7 ïîÿâëÿåòñÿ ïåðåõîä â ñòåê-
ëîîáðàçíîå ñîñòîÿíèå – ýòî âòîðîé ïåðåãèá
çà ñ÷åò óâåëè÷åíèÿ íàêëîíà êðèâîé. Òåìïå-
ðàòóðà ñòåêëîâàíèÿ âåùåñòâà ïîâûøàåòñÿ ñ
äàâëåíèåì [49–50], íî îíî ìîæåò îñòàòüñÿ â
æèäêîì ñîñòîÿíèè ïðè íàãðåâå âûøå ýòîé
òåìïåðàòóðû, ÷òî è äåìîíñòðèðóþò çàâèñè-
ìîñòè τττττM ïðè T > 0,7.

Ðèñ. 2. Çàâèñèìîñòè ìàêñèìàëüíîãî τττττM è ñðåäíåãî τττττAV
âðåìåí æèçíè, à òàêæå ÊÑÄ D îò êîîðäèíàöèîííîãî
÷èñëà ïðè ðàçëè÷íûõ òåìïåðàòóðàõ (÷èñëà â êîëîíêàõ –
â òîì æå ïîðÿäêå, ÷òî è êðèâûå)
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Êðèâûå τττττAV(Z) îêàçûâàþòñÿ íå÷óâñòâè-
òåëüíû ê êîíäåíñàöèè ñèñòåìû, íî çàòî äëÿ
òðåõ íèçêèõ òåìïåðàòóð îíè äåìîíñòðèðóþò
ðåçêèé ïîäúåì, ñîîòâåòñòâóþùèé ñòåêëîâà-
íèþ ñèñòåìû. Íå÷óâñòâèòåëüíîñòü ê êîíäåí-
ñàöèè, î÷åâèäíî, ñâÿçíà ñ âêëàäîì â ýòó âå-
ëè÷èíó áîëüøèõ âðåìåí æèçíè â ëþáîì ôà-
çîâîì ñîñòîÿíèè.

D(Z) ïðè âñåõ òåìïåðàòóðàõ ïëàâíî
óìåíüøàþòñÿ, ñëåãêà óìåíüøàÿ íàêëîí ïðè
êîíäåíñàöèè ñèñòåìû â îáëàñòè Z = 4÷5. Çàòî
ðåçêèé ïåðåõîä â ñòåêëîîáðàçíîå ñîñòîÿíèå
ïðè Z > 10 äåìîíñòðèðóþò êðèâûå ïðè òðåõ
íèçêèõ òåìïåðàòóðàõ, ÷òî óêàçûâàåò íà ñâÿçü
ÊÑÄ ñ τττττAV, è íà åå îòñóòñòâèå ñ τττττM.

4. Ñðàâíåíèå ñ òåîðèåé. Îáû÷íî ÊÑÄ
â òàêîì øèðîêîì äèàïàçîíå ïëîòíîñòåé íå èñ-
ñëåäóåòñÿ, ïîýòîìó äëÿ ïðîâåðêè äîñòîâåðíî-
ñòè ïîëó÷åííûõ ðåçóëüòàòîâ ñðàâíèì åãî ñ òå-
îðåòè÷åñêèìè ðåçóëüòàòàìè îäíîé èç ïîñëå-
äíèõ òåîðèé [52], àâòîð êîòîðîé ó÷åë îñíîâ-
íûå ïîëîæåíèÿ áîëåå ðàííèõ òåîðèé è ýì-
ïèðè÷åñêèõ çàêîíîìåðíîñòåé, ñâÿçûâàþùèõ
ÊÑÄ ñî ñòðóêòóðîé âåùåñòâà [14], – â èòîãå
ïîëó÷èëàñü ãðîìîçäêàÿ ôîðìóëà, íî çàòî ïðè-
ìåíèìàÿ â øèðîêîì äèàïàçîíå âàðüèðîâàíèÿ
ïëîòíîñòè âåùåñòâà:

 
 

41/2
EF 1 6exp .
8 2 1

B
EX

k TD S
m

                
 (4)

Çäåñü èç âíîâü ââåäåííûõ ñèìâîëîâ σEF –
 çàâèñÿùèé îò òåìïåðàòóðû ýôôåêòèâíûé äè-
àìåòð ÷àñòèö, îïðåäåëÿåìûé ïîëîæåíèåì ïåð-
âîãî ìàêñèìóìà g(r); kB – ïîñòîÿííàÿ Áîëüö-
ìàíà; SEX – èçáûòî÷íàÿ (âñåãäà îòðèöàòåëüíàÿ)
ïî îòíîøåíèþ ê ãàçîîáðàçíîìó ñîñòîÿíèþ
ýíòðîïèÿ â äâóõ÷àñòè÷íîì ïðèáëèæåíèè

     2

0

2 ( ) ln ( ) ( ) 1 .EXS g r g r g r r dr


     (5)

Ïî ïîâîäó ýòèõ äâóõ ôîðìóë íåîáõîäèìî
îòìåòèòü, ÷òî âõîäÿùèå â íèõ ôóíêöèè φ è
SEX â êîíå÷íîì èòîãå îïðåäåëÿþòñÿ êîîðäè-
íàöèîííûì ÷èñëîì Z – ýòî îáñòîÿòåëüñòâî
òàêæå ñòèìóëèðîâàëî åãî èñïîëüçîâàíèå â
äàííîé ðàáîòå â êà÷åñòâå àðãóìåíòà îáñóæ-
äåííûõ çàâèñèìîñòåé.

Äëÿ ïîëíîãî ñîâïàäåíèÿ òåîðåòè÷åñêîãî
è ìîëåêóëÿðíî-äèíàìè÷åñêîãî ÊÑÄ ïî àáñî-
ëþòíîé âåëè÷èíå íåîáõîäèìî ëèáî äåëàòü
ìàñøòàáèðîâàíèå êîìïüþòåðíûõ äàííûõ,
ëèáî, êàê ýòî îáû÷íî ïðèíÿòî [14], ñðàâíè-
âàòü íîðìèðîâàííûå ÊÑÄ – D* ïî îòíîøå-
íèþ ê òàêîâûì â ãàçîâîé ôàçå, â êîòîðîé îíè
ìàêñèìàëüíû è îò φ çàâèñÿò î÷åíü ñëàáî.

Çàâèñèìîñòè D*(φ) äëÿ äâóõ òåìïåðàòóð
ïðèâåäåíû íà ðèñ. 3: Ò = 1 – íîðìàëüíîå ñî-
ñòîÿíèå ñèñòåìû, Ò = 4 – ïåðåãðåòàÿ ñèñòåìà
ïîä âûñîêèì äàâëåíèåì. Ïðè îáåèõ òåìïå-
ðàòóðàõ òåîðåòè÷åñêèå êðèâûå íà÷èíàþòñÿ
êîðîòêèì ïëàòî ãàçîâîãî ñîñòîÿíèÿ, êîòîðîå
ïåðåõîäèò â ïëàâíî íèñïàäàþùóþ ÷àñòü æèä-
êîãî ñîñòîÿíèÿ. Ïðè ýòîì òåîðåòè÷åñêèå êðè-
âûå ñîîòâåòñòâóþò â 2–3 ðàçà áîëåå âûñîêî-
ìó çíà÷åíèþ D*, íî ïîëîæåíèå ðåçêèõ ïåðå-
ãèáîâ îáåèõ ïàð êðèâûõ, óêàçûâàþùèõ ïåðå-
õîä â ñòåêëîîáðàçíîå ñîñòîÿíèå, õîðîøî ñî-
âïàäàþò êàê äðóã ñ äðóãîì, òàê è ñ àáñîëþò-
íûìè çíà÷åíèÿìè φ, ïîëó÷åííûìè â òåîðèè
ñòåêëîâàíèÿ [47] è êîìïüþòåðíûõ ýêñïåðè-
ìåíòàõ [6–7; 11; 14; 53–54].

Òàêîå ñîâïàäåíèå ïîçâîëÿåò ñïðîåöèðî-
âàòü ïîëó÷åííûå ðåçóëüòàòû íà ïîâåäåíèå
ðåàëüíûõ ñèñòåì è íà ðèñ. 4 ñðàâíèòü âíîâü
ââåäåííûå õàðàêòåðèñòèêè – τM è τAV ñ ôèãó-
ðèðóþùèì â òåîðèè ìàãíèòíîé ðåëàêñàöèè

Ðèñ.  3.  Çàâèñèìîñòè ïðèâåäåííîãî ÊÑÄ îò êîýôôèöè-
åíòà óïàêîâêè íàðÿäó ñ òåîðåòè÷åñêèìè êðèâûìè ïðè
äâóõ òåìïåðàòóðàõ
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âðåìåíåì ìåæìîëåêóëÿðíîé êîððåëÿöèè çà
ñ÷åò ñàìîäèôôóçèè [18–19; 21–22; 29]:

2

.
2D D


 
                         (6)

Âåëè÷èíà τD âî âñåì ïðåäñòàâëåííîì òåì-
ïåðàòóðíîì èíòåðâàëå âäâîå ïðåâûøàåò âå-
ëè÷èíó τAV, óìåíüøàÿñü ñèìáàòíî ñ íèì ïðè
ïîâûøåíèè òåìïåðàòóðû, à âîò τM èç ýòîé òåí-
äåíöèè ÿâíî âûïàäàåò è, êðîìå òîãî, íà äâà
äåñÿòè÷íûõ ïîðÿäêà ìåíüøå, ÷åì τD. Òî åñòü
èñïîëüçóåìîå ïðè èíòåðïðåòàöèè ðåëàêñàöè-
îííûõ äàííûõ âðåìÿ êîððåëÿöèè τD ñîâïàäà-
åò ñ τAV ïî ïîðÿäêó âåëè÷èíû, íî íå ñîâïàäà-
åò ñ íèì ïî ôèçè÷åñêîìó ñìûñëó.

À èìåííî, τD – ýòî õàðàêòåðíîå âðåìÿ îò-
íîñèòåëüíîãî ñìåùåíèÿ äâóõ äèôôóíäèðóþùèõ
ìîëåêóë íà ðàññòîÿíèå ïîðÿäêà ñâîåãî äèàìåò-
ðà. Â òå÷åíèå ýòîãî âðåìåíè âåêòîð, ñîåäèíÿþ-
ùèé âçàèìîäåéñòâóþùèå ñïèíû ýòèõ ìîëåêóë,
ïîâîðà÷èâàåòñÿ íà íåêîòîðûé ïîñòîÿííûé óãîë,
÷òî è îïðåäåëÿåò ìåæìîëåêóëÿðíûé âêëàä â
ñêîðîñòü ìàãíèòíîé ðåëàêñàöèè. Íàëè÷èå æå
êëåòî÷íîãî ýôôåêòà ïðåäïîëàãàåò, ÷òî â òå÷å-
íèå ïî÷òè òàêîãî æå âðåìåíè – τAV ñïèíû êîí-
òàêòèðóþùèõ ìîëåêóë íåïîäâèæíû îòíîñè-
òåëüíî äðóã äðóãà, ñîîòâåòñòâåííî, ñîåäèíÿþ-
ùèé èõ âåêòîð íå âðàùàåòñÿ â ïðîñòðàíñòâå.
Â èòîãå ìåæìîëåêóëÿðíûé âêëàä â ñêîðîñòü ìàã-
íèòíîé ðåëàêñàöèè áóäåò ãîðàçäî áîëüøå.

Çàêëþ÷åíèå. Ñ ïîìîùüþ ïðåäñòàâëåí-
íûõ â ðàáîòå äàííûõ ïî êîìïüþòåðíîìó ìî-
äåëèðîâàíèþ âåùåñòâà â øèðîêîì äèàïàçî-
íå ïëîòíîñòè ïîêàçàíî, ÷òî âðåìÿ îñåäëîé

Ðèñ.  4.  Çàâèñèìîñòè îò òåìïåðàòóðû äèôôóçèîííîãî
âðåìåíè êîððåëÿöèè (dif), ñðåäíåãî âðåìåíè æèçíè â
ÏÊÑ (av) è âðåìåíè æèçíè, ñîîòâåòñòâóþùåãî ìàêñè-
ìóìó g(τττττ) (max)

æèçíè ìîëåêóëû â æèäêîñòè èìååò îäèí ìàñ-
øòàá ñî âðåìåíåì ìåæìîëåêóëÿðíîé êîððåëÿ-
öèè çà ñ÷åò òðàíñëÿöèîííîé ñàìîäèôôóçèè,
÷òî íåîáõîäèìî ó÷èòûâàòü ïðè ðàñ÷åòå âêëà-
äà â ñêîðîñòü ìåæìîëåêóëÿðíîé ìàãíèòíîé
ðåëàêñàöèè.

ËÈÒÅÐÀÒÓÐÀ

1. Ben-Naim A. Molecular theory of solutions //
New York: Oxford Univ. Press, 2006. 380 p.

2. Frenkel J. Kinetic Theory of Liquids // London:
Oxford Univ. Press, 1946. 448 p. Ôðåíêåëü ß.È. Êè-
íåòè÷åñêàÿ òåîðèÿ æèäêîñòåé // Ë.: Íàóêà, 1975.
442 ñ.

3. Impey R.W., Madden P.A., McDonald I.R.
Hydration and Mobility of Ions in Solution //
J. Phys. Chem. 1983. V. 87. ¹ 25. P. 5071–5083.

4. Rabani E., Gezelter J.D., Berne B.J. Direct
Observation of Stretched-Exponential Relaxation in
Low-Temperature Lennard-Jones Systems Using the
Cage Correlation Function // Phys. Rev. Lett. 1999.
V. 82. ¹ 18. P. 3649–3652.

5. Beijeren H.V., Dong W., Bocquet L. Diffusion-
controlled reactions: A revisit of Noyes’ theory //
J. Chem. Phys. 2001. V. 114. ¹ 14. P. 6265–6275.

6. De Souza V.K., Wales D.J. Energy landscape
for diffusion: Analysis of cage-breaking processes //
J. Chem. Phys. 2008.  V. 129. ¹ 16. P. 164507(13).

7. Ikeda M., Aniya M. A model for the temperature
dependence of the viscosity in Cu-As-Se system //
Solid State Ionics. 2009. V. 180. ¹ 6-8. P. 522–526.

8. Ikeda M., Aniya M. Correlation between
fragility and cooperativity in bulk metallic glass-forming
liquids // Intermetallics. 2010. V. 18. ¹ 10. P. 1796–
1799.

9. Aniya M., Ikeda M. Bond strength-coordination
number fluctuations and the fragility of some ion-
conducting oxide and chalcogenide glass-forming
liquids // Ionics 2010. V. 16. ¹ 1. P. 7–11.

10. Aniya M., Ikeda M. A study on the correlation
between fragility and cooperativity in wide class of
glass-forming liquids // Phys. Procedia 2013. V. 48.
P. 113–119.

11. Ikeda M., Aniya M. Understanding the Vogel-
Fulcher-Tammann law in terms of the bond strength-
coordination number fluctuation model // J. Non-
Cryst. Solids. 2013. V. 373-372. ¹ 7. P. 53–57.

12. Toxvaerd S., Dyre J.C. Role of the first
coordination shell in determining the equilibrium
structure of simple liquids // J. Chem. Phys. 2011.
V. 135. ¹ 13. P. 134501(9).

13. Ingebrigtsen T.S., Schroder T.B., Dyre J.C.
What Is a Simple Liquid ? // Phys. Rev. X 2012. V. 2.
¹ 1. P. 011011(20).



62

ÔÈÇÈÊÀ

14. Bomont J.-M., Brettonet J.L. Thermodyna-
mics and dynamics of the hard-sphere systems: From
stable to metastable states // Chem. Phys. 2014. V. 439.
¹ 17. P. 85–94.

15. Dong H., Evans G.T. Effective separation of
forces in a mode coupling theory of self- diffusion //
J. Chem. Phys. 2007. V. 127. ¹ 5. P. 054502(7)

16. Ïåñòðÿåâ Å.Ì. Î âðåìåíè êîíòàêòà ÷àñòèö
â êîíäåíñèðîâàííîé ñðåäå // Äîêëàäû Àêàäåìèè íàóê
2001. Ò. 379. ¹ 1. Ñ. 77–79.

17. Ïåñòðÿåâ Å.Ì. Èññëåäîâàíèå âðåìåíè êîí-
òàêòà ÷àñòèö â êîíäåíñèðîâàííîé ñðåäå ìåòîäîì
ìîëåêóëÿðíîé äèíàìèêè // Æóðí. ôèç. õèì. 2002.
Ò. 76. ¹ 3. Ñ. 465–469.

18. Fries P.H. Model-free nuclear magnetic
resonance study of intermolecular free energy
landscapes in liquids with paramagnetic Ln3+ spotlight:
Theory and application to Arg-Gly-Asp //
J. Chem. Phys. 2012. V. 136. ¹ 4. P. 044504(20).

19. Frezzato D., Rastrelli F., Bagno A. Nuclear
Spin Relaxation Driven by Intermolecular Dipolar
Interactions: The Role of Solute-Solvent Pair
Correlations in the Modeling of Spectral Density
Functions // J. Phys. Chem. B 2006. V. 110. ¹ 11.
P. 5676–5689.

20. Sussman D.M., Schweizer K.S. Theory of
correlated two-particle activated glassy dynamics:
General formulation and heterogeneous structural
relaxation in hard sphere fluids // J. Chem. Phys. 2011.
V. 134. ¹ 6.  P. 064516(13).

21. Gabl S., Schroder C., Braun D., Weingart-
ner H. Pair dynamics and the intermolecular nuclear
Overhauser effect (NOE) in liquids analysed by
simulation and model theories: Application to Ionic
Liquid // J. Chem. Phys. 2014. V. 140. ¹ 18.
P. 184503(17).

22. Moreno M., Castiglione F., Mele A., Pasqui C.,
Raos G. Interaction of Water with the model ionic Liquid
[bmim][BF4]: Molecular Dynamics Simulations and
Comparison with NMR Data // J. Phys. Chem. B 2008.
V. 112. ¹ 26. P. 7826–7836.

23. Áàëàáàåâ Í.Ê., Øàéòàí Ê.Â. Êîìïüþòåðíîå
ìîäåëèðîâàíèå ìîëåêóëÿðíîé äèíàìèêè. // Ìåòîäû
êîìïüþòåðíîãî ìîäåëèðîâàíèÿ äëÿ èññëåäîâàíèÿ
ïîëèìåðîâ è áèîïîëèìåðîâ / îòâ. ðåä. Â.À. Èâàíîâ,
À.Ë. Ðàáèíîâè÷, À.Ð. Õîõëîâ. Ì.: Êíèæíûé äîì
«ËÈÁÐÎÊÎÌ», 2009. Ñ. 35–62.

24. Íîðìàíí Ã.Ý., Ñòåãàéëîâ Â.Â. Ñòîõàñòè÷åñ-
êàÿ òåîðèÿ ìåòîäà êëàññè÷åñêîé ìîëåêóëÿðíîé äè-
íàìèêè // Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå. 2012.
Ò. 24. ¹ 6. Ñ. 3–44.

25. Yeh I.-C., Hummer G. System-Size
Dependence of Diffusion Coefficients and Viscosities
from Molecular Dynamics Simulations with Periodic
Boundary Conditions // J. Phys. Chem. B 2004. V. 108.
¹ 40. P. 15873–15879.

26. Meier K., Laesecke A., Kabelac S. Transport
coefficients of Lennard-Jones model fluid. II. Self-
diffusion // J. Chem. Phys. 2004. V. 121. ¹ 19.
P. 9526–9535.

27. Heyes D.M., Cass M.J., Powles J.G.,
Evans W.A.B. Self-Diffusion Coefficient of the Hard-
Sphere Fluid: System-Size Dependence and Empirical
Correlations // J. Phys. Chem. B 2007. V. 111. ¹ 6.
P. 1455–1464.

28. Schnell S.K., Vlugt T.J.H., Simon J.-M.,
Kruger P., Bedeaux D., Kjelstrup S. Thermodynamics
of small systems imbedded in reservoir: a detailed
analysis of finite size effects // Molec. Phys. 2012.
V. 110. ¹ 11-12. P. 1069–1079.

29. Gabl S., Schroder Ch., Steinhauser O.
Computational studies of to ionic liquids: Size does
matter and time too // J. Chem. Phys. 2012. V. 137.
¹ 9. P. 094501(12).

30. Ïåñòðÿåâ Å.Ì. SSE-àëãîðèòì ìîëåêóëÿðíîé
äèíàìèêè // Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå. 2003.
Ò. 15. ¹ 12. Ñ. 118–128. www.mathnet.ru/mm370.

31. Ïåñòðÿåâ Å.Ì. Î ïåðèîäè÷åñêèõ ãðàíè÷íûõ
óñëîâèÿõ äëÿ öåïíîé ìîëåêóëû â íåðåøåòî÷íîé ìî-
äåëè // Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå. 2004. Ò. 16.
¹ 2. Ñ. 102–110. www.mathnet.ru/mm348.

32. Ïåñòðÿåâ Å.Ì. Ïàðàëëåëüíî-âåêòîðíûé àë-
ãîðèòì ìîëåêóëÿðíîé äèíàìèêè // Ìàòåìàòè÷åñêîå
ìîäåëèðîâàíèå. 2007. Ò. 19. ¹ 4. Ñ. 62–70.
www.mathnet.ru/mm948.

33. Ïåñòðÿåâ Å.Ì. Òåñòèðîâàíèå ìíîãîÿäåðíûõ
ãðàôè÷åñêèõ ïðîöåññîðîâ íà àëãîðèòìå ìîëåêóëÿðíîé
äèíàìèêè // Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå 2014. Ò. 26.
¹ 1. Ñ. 69–82. http://mi.mathnet.ru/eng /mm3439.

34. Kamien R.D., Liu A.J. Why is random close
packing reproducible? // Phys. Rev. Lett. 2007. V. 99.
¹ 15. P. 155501(4).

35. Torquato S., Stillinger F.H. Jammed hard-
sphere packings: From Kepler to Bernal and beyond //
Rev. Mod. Phys. 2010. V. 82. ¹ 3. P. 2633–2672.

36. Heuer A. Exploring the potential energy
landscape of glass-forming systems: From inherent
structures via metabasins to macroscopic transport //
J. Phys. Condens. Matter 2008.  V. 20. ¹ 37.
P. 373101(56).

37. Roland C.M., Fragiadakis D., Coslovich D.,
Capaccioli S., Ngai K.L. Correlation of non-exponen-
tiality with dynamic heterogeneity from four-point
dynamic susceptibility X4(t) and its approximation //
J. Chem. Phys. 2010. V. 133. ¹ 12. P. 1244507(4).

38. Kim K., Saito S. Multiple length and time scales
of dynamic heterogeneities in model glass-forming
liquids: A systematic analysis of multi-point and multi-
time correlations // J. Chem. Phys. 2013.  V. 138. ¹ 12.
P. 12A506(12).

39. Hoyt J.J., Asta M., Sadigh B. Test of the
Universal Scaling Law for the Diffusion Coefficient in



63

Å.Ì. Ïåñòðÿåâ. Ìîëåêóëÿðíî-äèíàìè÷åñêîå èññëåäîâàíèå êëåòî÷íîãî ýôôåêòà...

Liquid Melts // Phys. Rev. Lett. 2000. V. 85. ¹ 3.
P. 594(4).

40. Bretonnet J.-L. Excess entropy scaling for the
diffusion coefficient in expanded liquid metals //
J. Chem. Phys. 2004. V. 120. ¹ 11. P. 11100(7).

41. Samanta A., Ali S.M., Swapan K.G. Universal
scaling laws of diffusion: Application to liquid metals //
J. Chem. Phys. 2005.  V. 123. ¹ 8. P. 4505(4).

42. Tokuyama M. Universality in Self-Diffusion
of Atoms among Distinctly Different Glass-Forming
Liquids // J. Phys. Chem. B 2011. V. 115. ¹ 48.
P. 14030–14045.

43. Fragiadakis D., Roland C.M. On the density
scaling of liquid dynamics // J. Chem. Phys. 2011.
V. 134. ¹ 4. P. 044504(3).

44. Vaz R.V., Magalhaes A.L., Fernandes D.L.A.,
Silva C.M. Universal correlation of self-diffusion
coefficients of model and real fluids based on residual
entropy scaling law // Ind. Eng. Sci. 2012. V. 79. ¹ 9.
P. 153–162.

45. Fomin Yu.D., Brazhkin V.V., Ryzhov V.N.
Transport coefficients of soft sphere fluid at high
densities // J. Exp. Theor. Phys. Lett. 2012. V. 95.
¹ 5–6. P. 349–354.

46. Dyre J.C. NVU perspective on simple liquids’
universality // Phys. Rev. E 2013. V. 87. ¹ 2.
P. 022106(9).

47. Aste T., Coniglio A. Cell theory for liquid solids
and glasses: From local packing configurations to global
complex behaviors // Europ. Phys. Lett. 2004. V. 67.
¹ 2. P. 165–171.

48. Wouterse A., Plapp M., Philipse A.P. On the
caging number of two- and three-dimensional hard
spheres // J. Chem. Phys. 2005. V. 123. ¹ 5.
P. 054507(9).

49. Roland C.M., Hensel-Bielowka S., Poluch M.,
Casalini R. Supercooled dynamics of glass-forming
liquids and polymers under hydrostatic pressure //
Rep. Prog. Phys. 2005. V. 68. ¹ 6. P. 1405–1478.

50. Heyes D.M., Branka A.C. Self-diffusion
coefficients and shear viscosity of inverse power fluids
from hard- to soft-spheres // Phys. Chem. Chem. Phys.
2008. V. 10. ¹ 27. P. 4036–4044.

51. Freed D.E. Temperature and Pressure
Dependence of the Diffusion Coefficients and NMR
Relaxation Times of Mixtures of Alkanes //
J. Phys. Chem. B 2009. V. 113. ¹ 13. P. 4293–4302.

52. Brettonet J.L. Self-diffusion coefficient of
dense fluids from the pair correlation function //
J. Chem. Phys. 2002. V. 117. ¹ 20. P. 9370–9373.

53. Mittal J., Errington J.R., Truskett T.M.
Relationship between Self-Diffusivity, Packing Fraction,
and Excess Entropy in Simple Bulk and Confined Fluids
// J. Phys. Chem. 2007. V. 111. ¹ 34.  P. 10054–10063.

54. Das G., Gnan N., Sciortino F., Zaccarelli E.
Unveiling the complex dynamics of square shoulder

systems: Simulation and theory // J. Chem. Phys. 2013.
V. 138. ¹ 13. P. 134501(11).

References

1. Ben-Naim A. Molecular theory of solutions.
New York, Oxford Univ. Press, 2006. 380 p.

2. Frenkel J. Kinetic theory of liquids. London,
Oxford Univ. Press, 1946. 448 p. Russian edition:
Frenkel J.I. Kineticheskaya teoriya zhidkostey.
Leningrad, Nauka, 1975. 442 p.

3. Impey R.W., Madden P.A., McDonald I.R.
Hydration and mobility of ions in solution.
J. Phys. Chem., 1983, vol. 87, no. 25, pp. 5071–5083.

4. Rabani E., Gezelter J.D., Berne B.J. Direct
observation of stretched-exponential relaxation in low-
temperature Lennard-Jones systems using the cage
correlation function. Phys. Rev. Lett., 1999, vol.. 82,
no. 18, pp. 3649–3652.

5. Beijeren H.V., Dong W., Bocquet L. Diffusion-
controlled reactions: A revisit of Noyes’ theory.
J. Chem. Phys., 2001, vol. 114, no. 14, pp. 6265–6275.

6. De Souza V.K., Wales D.J. Energy landscape for
diffusion: Analysis of cage-breaking processes.
J. Chem. Phys., 2008, vol. 129, no. 16, pp. 164507(13).

7. Ikeda M., Aniya M. A model for the temperature
dependence of the viscosity in Cu-As-Se system.
Solid State Ionics, 2009, vol. 180, no. 6-8, pp. 522–
526.

8. Ikeda M., Aniya M. Correlation between
fragility and cooperativity in bulk metallic glass-forming
liquids. Intermetallics, 2010. vol. 18, no. 10, pp. 1796–
1799.

9. Aniya M., Ikeda M. Bond strength-coordination
number fluctuations and the fragility of some ion-
conducting oxide and chalcogenide glass-forming
liquids. Ionics, 2010, vol. 16, no. 1, pp. 7–11.

10. Aniya M., Ikeda M. A study on the correlation
between fragility and cooperativity in wide class of
glass-forming liquids. Phys. Procedia, 2013, vol. 48,
pp. 113–119.

11. Ikeda M., Aniya M. Understanding the Vogel-
Fulcher-Tammann law in terms of the bond strength-
coordination number fluctuation model. J. Non-
Cryst. Solids, 2013, vol. 373-372, no. 7, pp. 53–57.

12. Toxvaerd S., Dyre J.C. Role of the first
coordination shell in determining the equilibrium
structure of simple liquids. J. Chem. Phys., 2011,
vol. 135, no. 13, pp. 134501(9).

13. Ingebrigtsen T.S., Schroder T.B., Dyre J.C.
What is a simple liquid? Phys. Rev. X, 2012, vol. 2,
no. 1, pp. 011011(20).

14. Bomont J.-M., Brettonet J.L. Thermodyna-
mics and dynamics of the hard-sphere systems: From
stable to metastable states. Chem. Phys., 2014, vol. 439,
no. 17, pp. 85–94.



64

ÔÈÇÈÊÀ

15. Dong H., Evans G.T. Effective separation of
forces in a mode coupling theory of self-diffusion.
J. Chem. Phys., 2007, vol. 127, no. 5, pp. 054502(7)

16. Pestryaev E.M. O vremeni kontakta chastits
v kondensirovannoy srede [Time of contact between
particles in a condensed medium]. Doklady AN SSSR –
Transactions of the USSR Academy of Sciences, 2001,
vol. 379, no. 1, pp. 77–79. (In Russian).

17. Pestryaev E.M. Issledovanie vremeni kontakta
chastits v kondensirovannoy srede metodom
molekulyarnoy dinamiki [Research on the time of
contact between particles in a condensed medium using
the method of molecular dynamics]. Zhurnal fizicheskoy
khimii – Journal of Physical Chemistry, 2002, vol. 76,
no. 3, pp. 465–469. (In Russian).

18. Fries P.H. Model-free nuclear magnetic
resonance study of intermolecular free energy
landscapes in liquids with paramagnetic Ln3+ spotlight:
Theory and application to Arg-Gly-Asp. J. Chem. Phys.,
2012, vol. 136, no. 4, pp. 044504(20).

19. Frezzato D., Rastrelli F., Bagno A. Nuclear
spin relaxation driven by intermolecular dipolar
interactions: The role of solute-solvent pair correlations
in the modelling of spectral density functions.
J. Phys. Chem. B, 2006, vol. 110, no. 11, pp. 5676–
5689.

20. Sussman D.M., Schweizer K.S. Theory of
correlated two-particle activated glassy dynamics:
General formulation and heterogeneous structural
relaxation in hard sphere fluids. J. Chem. Phys., 2011,
vol. 134, no. 6, pp. 064516(13).

21. Gabl S., Schroder C., Braun D., Weingart-
ner H. Pair dynamics and the intermolecular nuclear
Overhauser effect (NOE) in liquids analysed by simulation
and model theories: Application to inic liquid.
J. Chem. Phys., 2014, vol. 140, no. 18., pp. 184503(17).

22. Moreno M., Castiglione F., Mele A., Pasqui C.,
Raos G. Interaction of water with the model ionic liquid
[bmim][BF4]: Molecular dynamics simulations and
comparison with NMR data. J. Phys. Chem., B, 2008,
vol. 112, no. 26, pp. 7826–7836.

23. Balabaev N.K., Shaytan K.V. Kompyuternoe
modelirovanie molekulyarnoy dinamaki [Computer
modelling of molecular dynamics]. Metody
kompyuternogo modelirovaniya dlya issledovaniya
polimerov i biopolimerov – Computer modelling
methods for studying polymers and biopolimers.
V.A. Ivanov, A.L. Rabinovich, A.R. Khokhlov (eds.).
Moscow, LIBROCOM Publ., 2009, pp. 35–62. (In
Russian).

24. Mormann G.E. Stegaylov V.V. Stokhastiche-
skaya teoriya metoda klassicheskoy molekulyarnoy
dinamiki [Stochastic theory of the classical molecular
dynamics method]. Matematuicheskoe modelirovanie –
Mathematical Modelling, 2012, vol. 24, no. 6, pp. 3–
44. (In Russian).

25. Yeh I.-C., Hummer G. System-size
dependence of diffusion coefficients and viscosities
from molecular dynamics simulations with periodic
boundary conditions. J. Phys. Chem. B, 2004, vol. 108,
no. 40, pp. 15873–15879.

26. Meier K., Laesecke A., Kabelac S. Transport
coefficients of Lennard-Jones model fluid. II. Self-
diffusion. J. Chem. Phys., 2004, vol. 121, no. 19,
pp. 9526–9535.

27. Heyes D.M., Cass M.J., Powles J.G.,
Evans W.A.B. Self-diffusion coefficient of the hard-
sphere fluid: System-size dependence and empirical
correlations. J. Phys. Chem. B, 2007, vol. 111, no. 6,
pp. 1455–1464.

28. Schnell S.K., Vlugt T.J.H., Simon J.-M.,
Kruger P., Bedeaux D., Kjelstrup S. Thermodynamics
of small systems imbedded in reservoir: A detailed
analysis of finite size effects. Molec. Phys., 2012,
vol. 110, no. 11–12, pp. 1069–1079.

29. Gabl S., Schroder Ch., Steinhauser O.
Computational studies of ionic liquids: Size does matter
and time too. J. Chem. Phys., 2012, vol. 137, no. 9,
pp. 094501(12).

30. Pestryaev E.M. SSE-algoritm molekulyarnoy
dinamiki [SSE-algorithm of molecular dynamics].
Matematuicheskoe modelirovanie – Mathematical
Modelling, 2003, vol. 15, no. 12, pp. 118-128. Available
at: www.mathnet.ru/mm370. (In Russian).

31. Pestryaev E.M. O periodicheskikh granichnykh
usloviyakih dlya tsepnoy molekuly v nereshetochnoy
modeli [On periodic boundary conditions algorithm for
chain molecule in off lattice model]. Matematuicheskoe
modelirovanie – Mathematical Modelling, 2004, vol. 16,
no. 2, pp. 102–110. Available at: www.mathnet.ru/
mm348. (In Russian).

32. Pestryaev E.M. Parallelno-vektornyy algoritm
molekulyarnoy dinamiki [Parallel-vectorial algorithm of
molecular dynamics]. Matematuicheskoe modelirovanie –
Mathematical Modelling, 2007, vol. 19, no. 4, pp. 62–
70. Available at: www.mathnet.ru/mm948. (In Russian).

33. Pestryaev E.M. Testirovanie mnogoyadernykh
graficheskikh protsessorov na algoritme molekulyarnoy
dinamiki [Test of multi-nuclear graphics processors
using the algorithm of molecular dynamics].
Matematuicheskoe modelirovanie – Mathematical
Modelling, 2014 vol. 26 no. 1, pp. 69–82. Available at:
http://mi.mathnet.ru/eng /mm3439. (In Russian).

34. Kamien R.D., Liu A.J. Why is random close
packing reproducible? Phys. Rev. Lett., 2007, vol. 99,
no. 15, pp. 155501(4).

35. Torquato S., Stillinger F.H. Jammed hard-
sphere packings: From Kepler to Bernal and beyond.
Rev. Mod. Phys., 2010, vol. 82, no. 3, pp. 2633–2672.

36. Heuer A. Exploring the potential energy
landscape of glass-forming systems: From inherent
structures via metabasins to macroscopic transport.



65

Å.Ì. Ïåñòðÿåâ. Ìîëåêóëÿðíî-äèíàìè÷åñêîå èññëåäîâàíèå êëåòî÷íîãî ýôôåêòà...

J. Phys. Condens. Matter, 2008, vol. 20, no. 37,
pp. 373101(56).

37. Roland C.M., Fragiadakis D., Coslovich D.,
Capaccioli S., Ngai K.L. Correlation of non-
exponentiality with dynamic heterogeneity from four-
point dynamic susceptibility X4(t) and its approximation.
J. Chem. Phys., 2010, vol. 133 no. 12, pp. 1244507(4).

38. Kim K., Saito S. Multiple length and time scales
of dynamic heterogeneities in model glass-forming
liquids: A systematic analysis of multi-point and multi-
time correlations. J. Chem. Phys., 2013, vol. 138,
no. 12, pp. 12A506(12).

39. Hoyt J.J., Asta M., Sadigh B. Test of the
Universal Scaling Law for the Diffusion Coefficient in
Liquid Melts. Phys. Rev. Lett., 2000, vol. 85, no. 3,
pp. 594(4).

40. Bretonnet J.-L. Excess entropy scaling for the
diffusion coefficient in expanded liquid metals.
J. Chem. Phys., 2004, vol. 120, no. 11, pp. 11100(7).

41. Samanta A., Ali S.M., Swapan K.G. Universal
scaling laws of diffusion: Application to liquid metals.
J. Chem. Phys., 2005, vol. 123, no. 8, pp. 4505(4).

42. Tokuyama M. Universality in self-diffusion of
atoms among distinctly different glass-forming liquids.
J. Phys. Chem. B, 2011, vol. 115, no. 48, pp. 14030–
14045.

43. Fragiadakis D., Roland C.M. On the density
scaling of liquid dynamics. J. Chem. Phys., 2011,
vol. 134, no. 4, pp. 044504(3).

44. Vaz R.V., Magalhaes A.L., Fernandes D.L.A.,
Silva C.M. Universal correlation of self-diffusion
coefficients of model and real fluids based on residual
entropy scaling law. Ind. Eng. Sci., 2012, vol. 79, no. 9,
pp. 153–162.

45. Fomin Yu.D., Brazhkin V.V., Ryzhov V.N.
Transport coefficients of soft sphere fluid at high
densities. J. Exp. Theor. Phys. Lett.,2012, vol. 95,
no. 5-6, pp. 349–354.

46. Dyre J.C. NVU perspective on simple liquids’
universality. Phys. Rev. E, 2013, vol. 87, no. 2,
pp. 022106(9).

47. Aste T., Coniglio A. Cell theory for liquid solids
and glasses: From local packing configurations to global
complex behaviors. Europ. Phys. Lett., 2004, vol. 67,
no. 2, pp. 165–171.

48. Wouterse A., Plapp M., Philipse A.P. On the
caging number of two- and three-dimensional hard
spheres. J. Chem. Phys., 2005, vol. 123, no. 5,
pp. 054507(9).

49. Roland C.M., Hensel-Bielowka S., Poluch M.,
Casalini R. Supercooled dynamics of glass-forming
liquids and polymers under hydrostatic pressure.
Rep. Prog. Phys., 2005, vol. 68, no. 6, pp. 1405–1478.

50. Heyes D.M., Branka A.C. Self-diffusion
coefficients and shear viscosity of inverse power fluids
from hard- to soft-spheres. Phys. Chem. Chem. Phys.,
2008, vol. 10, no. 27, pp. 4036–4044.

51. Freed D.E. Temperature and pressure
dependence of the diffusion coefficients and NMR
relaxation times of mixtures of alkanes.
J. Phys. Chem. B, 2009, vol. 113, no. 13, pp. 4293–
4302.

52. Brettonet J.L. Self-diffusion coefficient of
dense fluids from the pair correlation function.
J. Chem. Phys., 2002, vol. 117, no. 20, pp. 9370-9373.

53. Mittal J., Errington J.R., Truskett T.M.
Relationship between self-diffusivity, packing fraction,
and excess entropy in simple bulk and confined fluids.
J. Phys. Chem., 2007, vol. 111, no. 34, pp. 10054–
10063.

54. Das G., Gnan N., Sciortino F., Zaccarelli E.
Unveiling the complex dynamics of square shoulder
systems: Simulation and theory. J. Chem. Phys., 2013,
vol. 138, no 13, pp. 134501(11).

MOLECULAR  DYNAMICS  SIMULATION
OF  THE  CAGE  EFFECT  IN  A  WIDE  DENSITY  RANGE

© E.M. Pestryaev

Ufa State Petroleum Technological University, Ufa, Russian Federation
450062 Bashkirian Republic, Ufa, Kosmonavtov st., 1, physics department

Using molecular dynamics simulation, we have found coefficients of translational self-diffusion and particle
lifetime in the first coordination shell of its neighbours for packing factors of model systems from 0.1 to 0.8. The
three-dimensional canonical ensemble of 4096 repulsing Lennard-Jones particles was taken. It has turned out that
a probability density of particle lifetimes is distributed over the range of several decimal orders increasing with the
packing factor of the system. The probability density has its maximum value localized near short times. The
average lifetime distribution has one scale with usually intermolecular correlation time due to self-diffusion, but has
another physical meaning. It is shown that the use of the coordination number as an argument for the characteristics
under discussion clearly demonstrates the process of the cage effect initiation and evolution.

Key words: cage effect, coordination number, self-diffusion coefficient, first coordination shell, lifetime of
molecules, molecular dynamics simulation.
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Ïðîâåäåíà ðåâèçèÿ òàêñîíîìè÷åñêîãî ïîëîæåíèÿ ïðîìûøëåííî çíà÷èìîãî øòàììà 6.6.3–ïðîäóöåíòà
ÖÃÒàçû, êîòîðûé ðàíåå íà îñíîâàíèè êóëüòóðàëüíî-ìîðôîëîãè÷åñêèõ è ôèçèîëîãî-áèîõèìè÷åñêèõ ñâîéñòâ
áûë îòíåñåí ê ðîäó Bacillus. Îïðåäåëåíèå è ñðàâíèòåëüíûé àíàëèç íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè ãåíà 16S
ðÐÍÊ ïîçâîëÿåò ñ âûñîêîé äîëåé âåðîÿòíîñòè óòâåðæäàòü, ÷òî èçó÷àåìûé ìèêðîîðãàíèçì îòíîñèòñÿ ê ðîäó
Paenibacillus (98,8% ñõîäñòâà ñî øòàììîì Paenibacillus amylolyticus KT5501 è 98,1% ñõîäñòâà ñî øòàììîì
Paenibacillus amylolyticus NRRL NRS-290 (Ò)). Äëÿ óòî÷íåíèÿ ôèëîãåíåòè÷åñêîãî ïîëîæåíèÿ øòàììà áûëà
ïîñòðîåíà äåíäðîãðàììà, äåìîíñòðèðóþùàÿ âîçìîæíîå ïîëîæåíèå øòàììà 6.6.3 ñðåäè 17 ïðåäñòàâèòåëåé
ðîäà Paenibacillus, ñîãëàñíî êîòîðîé áëèæàéøèì ðîäñòâåííèêîì äëÿ øòàììà 6.6.3 îêàçàëàñü áàêòåðèÿ
Paenibacillus amylolyticus KT5501. Îïðåäåëåíèå è ñðàâíèòåëüíûé àíàëèç ïîñëåäîâàòåëüíîñòè ãåíà, êîäèðóþ-
ùåãî Â-ñóáúåäèíèöó ãèðàçû, ïîçâîëèëî ñäåëàòü âûâîä òîëüêî î ïðèíàäëåæíîñòè øòàììà 6.6.3 ê ðîäó
Paenibacillus. Âèäîâàÿ èäåíòèôèêàöèÿ îêàçàëàñü çàòðóäíåíà â ñâÿçè ñ íèçêèì óðîâíåì ñõîäñòâà íóêëåîòèäíîé
ïîñëåäîâàòåëüíîñòè ãåíà gyrB èçó÷àåìîãî øòàììà ñ òàêîâûìè, ïðåäñòàâëåííûìè â GenBank. Ñ ïîìîùüþ
ãàçîâîé õðîìàòîãðàôèè-ìàññ-ñïåêòðîìåòðèè ïðîâåäåí àíàëèç ìåòèëîâûõ ýôèðîâ æèðíûõ êèñëîò êëåòî÷íîé
ñòåíêè. Âñåãî áûëî èäåíòèôèöèðîâàíî 25 ñîåäèíåíèé ñ äëèíîé öåïè îò 12 äî 24 àòîìîâ óãëåðîäà. Äîìèíèðó-
þùåé ÿâëÿëàñü àíòåèçî-ïåíòàäåêàíîâàÿ êèñëîòà (Ñai15:0) (÷òî õàðàêòåðíî äëÿ âñåãî ð. Paenibacillus), ñîñòàâëÿ-
þùàÿ 70,11% îò ñóììû âñåõ æèðíûõ êèñëîò. Ñëåäóþùèìè ïî ñîäåðæàíèþ áûëè àíòåèçî-ãåïòàäåêàíîâàÿ
(Ñai17:0) – 10,0% è ãåêñàäåêàíîâàÿ êèñëîòà (Ñ16:0) – 6,50%. Òàêèì îáðàçîì, ðåçóëüòàòû ïðîâåäåííûõ ìîëåêóëÿð-
íî-ãåíåòè÷åñêèõ, ôèëîãåíåòè÷åñêèõ è õåìîòàêñîíîìè÷åñêèõ èññëåäîâàíèé ñâèäåòåëüñòâóþò î òîì, ÷òî èññëå-
äóåìûé øòàìì 6.6.3 îòíîñèòñÿ ê ðîäó Paenibacillus.

Êëþ÷åâûå ñëîâà: Bacillus sp. 6.6.3, ãåí 16S ðÐÍÊ, ãåí gyrB, ôèëîãåíåòè÷åñêîå äðåâî, æèðíûå êèñëîòû,
ðîä Paenibacillus.

Â ïîñëåäíèå äâà äåñÿòèëåòèÿ ñèñòåìàòè-
êà ïðîêàðèîò ïðåòåðïåëà êàðäèíàëüíûå èçìå-
íåíèÿ áëàãîäàðÿ óñïåõàì â ðàçâèòèè ìåòîäîâ
ìîëåêóëÿðíîé áèîëîãèè, õèìè÷åñêîãî àíàëè-
çà è êîìïüþòåðíîãî ïðîãðàììèðîâàíèÿ.
Â íàñòîÿùåå âðåìÿ äëÿ èäåíòèôèêàöèè êîí-
êðåòíîãî ìèêðîîðãàíèçìà âíà÷àëå àíàëèçèðó-
þò íóêëåîòèäíóþ ïîñëåäîâàòåëüíîñòü ãåíà
16S ðÐÍÊ, ÷òî ïîçâîëÿåò îòíåñòè èññëåäóå-
ìûé îáúåêò ê îïðåäåëåííîé òàêñîíîìè÷åñêîé
ãðóïïå, ïîñòðîèòü äåíäðîãðàììó è âûÿñíèòü
ìåñòî ìèêðîîðãàíèçìà íà ôèëîãåíåòè÷åñêîì

äðåâå. Èíîãäà â êà÷åñòâå äîïîëíèòåëüíîãî
êðèòåðèÿ äëÿ óòî÷íåíèÿ òàêñîíîìè÷åñêîãî
ñòàòóñà èñïîëüçóþò ñåêâåíèðîâàíèå è ñðàâ-
íåíèå ïîñëåäîâàòåëüíîñòåé, à òàêæå ïîñòðî-
åíèå ôèëîãåíåòè÷åñêèõ ñõåì íå òîëüêî ðèáî-
ñîìàëüíûõ, íî è ôóíêöèîíàëüíûõ ãåíîâ, â
÷àñòíîñòè ò.í. ãåíîâ «äîìàøíåãî õîçÿéñòâà»
(gyrB, rpoB, rpoD è äð.). Îäíàêî îäíè òîëüêî
äðåâà íå ìîãóò áûòü èñïîëüçîâàíû íåïîñðåä-
ñòâåííî äëÿ ïîñòðîåíèÿ èåðàðõè÷åñêîé ñèñ-
òåìû [1–2]. Ñîâðåìåííàÿ êëàññèôèêàöèÿ ïðî-
êàðèîò áàçèðóåòñÿ íà ïîëèôàçíîì ïîäõîäå –
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èíòåãðèðîâàííîì ïðèìåíåíèè ðàçëè÷íîé ñî-
ãëàñóþùåéñÿ èíôîðìàöèè î ìèêðîîðãàíèçìàõ
ãåíîòèïè÷åñêîãî, õåìîòàêñîíîìè÷åñêîãî, ôå-
íîòèïè÷åñêîãî, ôèëîãåíåòè÷åñêîãî è ýêîëîãè-
÷åñêîãî õàðàêòåðà [3–4].

Àíàëèç ìåòèëîâûõ ýôèðîâ æèðíûõ êèñ-
ëîò ñ ïîìîùüþ ãàçîâîé õðîìàòîãðàôèè-ìàññ-
ñïåêòðîìåòðèè ÿâëÿåòñÿ óíèâåðñàëüíûì ìå-
òîäîì õåìîòàêñîíîìè÷åñêîãî èññëåäîâàíèÿ
áàêòåðèé [5–7]. Æèðíûå êèñëîòû êëåòî÷íûõ
ñòåíîê èìåþò ñïåöèôè÷åñêèå îñîáåííîñòè ó
ïðåäñòàâèòåëåé ðàçíûõ ñèñòåìàòè÷åñêèõ
ãðóïï (äëèíà è ðàçâåòâëåíèÿ óãëåðîäíîé
öåïè, ðàçëè÷íîå ïîëîæåíèå äâîéíûõ ñâÿçåé).
Èõ ñîäåðæàíèå è ñîîòíîøåíèå ãåíåòè÷åñêè
äåòåðìèíèðîâàíû è òàê æå êîíñåðâàòèâíû,
êàê è ÄÍÊ, ÷òî ïîäòâåðæäàåòñÿ ïàëåîíòîëî-
ãè÷åñêèìè èññëåäîâàíèÿìè [8], ïîýòîìó æèð-
íûå êèñëîòû ìîæíî èñïîëüçîâàòü êàê äëÿ
óòî÷íåíèÿ êëàññèôèêàöèè áàêòåðèé, òàê è äëÿ
îïðåäåëåíèÿ èõ âèäîâîé ïðèíàäëåæíîñòè [9–
10]. Íà ñåãîäíÿøíèé äåíü ñîñòàâ æèðíûõ êèñ-
ëîò êëåòî÷íûõ ñòåíîê ìíîãèõ ìèêðîîðãàíèç-
ìîâ èçó÷åí, äîêàçàíà èõ ðîäî- è âèäîñïåöè-
ôè÷íîñòü [11].

Äî 1991 ã. â ðîä Bacillus âõîäèëî áîëü-
øîå êîëè÷åñòâî âåñüìà íåñõîæèõ âèäîâ êàê
ãåíîòèïè÷åñêè (ïðîöåíò ÃÖ ïàð êîëåáàëñÿ îò
âèäà ê âèäó â ïðåäåëàõ îò 32 äî 69%), òàê è
ôåíîòèïè÷åñêè. Ñðàâíåíèÿ íóêëåîòèäíûõ
ïîñëåäîâàòåëüíîñòåé ãåíà 16S ðÐÍÊ 51 âèäà
âûÿâèëî, ïî êðàéíåé ìåðå, 5 ôèëîãåíåòè÷å-
ñêèõ ãðóïï [12–13]. Â 1992 ã. èç ðîäà Bacillus
âûäåëèëè 3 àöèäîôèëüíûõ è òåðìîôèëüíûõ
âèäà â îòäåëüíûé ðîä Alicyclobacillus. Â 1993 ã.
èç ðîäà Bacillus âûäåëèëè ðîä Paenibacillus
(êóäà âîøåë èçâåñòíûé ïðîäóöåíò àíòèáèî-
òèêà ïîëèìèêñèíà – Paenibacillus polymyxa),
â 1996 ã. âûäåëèëè òðè ðîäà – Aneurinibacillus,
Brevibacillus è Halobacillus, â 1998 ã. –
Virgibacillus, â 2001 ã. – Filobacillus è
Jeotgalibacillus. Ñèñòåìàòèêà ðîäà Bacillus,
òàêèì îáðàçîì, ïðåòåðïåëà áîëüøèå èçìåíå-
íèÿ â ñâÿçè ñ ðàçúÿñíåíèåì ôèëîãåíåòè÷åñêèõ
îòíîøåíèé âíóòðè ñåìåéñòâà Bacillaceae.
Ïîýòîìó ïðîâåäåíèå äîïîëíèòåëüíûõ ìåðî-
ïðèÿòèé ïî óòî÷íåíèþ òàêñîíîìè÷åñêîé ïðè-
íàäëåæíîñòè íåêîòîðûõ áàêòåðèé, ïðåæäå îò-

íåñåííûõ ê ðîäó Bacillus è èìåþùèõ ïðàêòè-
÷åñêóþ çíà÷èìîñòü, ïðåäñòàâëÿåòñÿ âïîëíå çà-
êîíîìåðíûì.

Ðàíåå èç ïî÷âû Äóâàíñêîãî ðàéîíà Ðåñ-
ïóáëèêè Áàøêîðòîñòàí áûë âûäåëåí øòàìì
ìèêðîîðãàíèçìîâ, êîòîðûé ïî ñîâîêóïíîñòè
êóëüòóðàëüíî-ìîðôîëîãè÷åñêèõ è ôèçèîëîãî-
áèîõèìè÷åñêèõ ñâîéñòâ áûë èäåíòèôèöèðî-
âàí êàê Bacillus sp. 6.6.3 (ÂÊÌ Â-1793Ä) [14].
Óêàçàííûé øòàìì ïðîäóöèðóåò íà æèäêèõ
ñðåäàõ ôåðìåíò öèêëîäåêñòðèíãëþêàíîòðàí-
ñôåðàçó (ÖÃÒàçà, ÊÔ 2.4.1.19), êàòàëèçèðóþ-
ùóþ ðåàêöèè ìåæìîëåêóëÿðíîãî òðàíñãëèêî-
çèëèðîâàíèÿ, ïðèâîäÿùèå ê äåïîëèìåðèçà-
öèè êðàõìàëà è îáðàçîâàíèþ öèêëîäåêñòðè-
íîâ. Ïîñëåäíèå ïðåäñòàâëÿþò ìàêðîöèêëè-
÷åñêèå îëèãîñàõàðèäû, ñïîñîáíûå îáðàçîâû-
âàòü êîìïëåêñû âêëþ÷åíèÿ ñ ðàçíîîáðàçíû-
ìè îðãàíè÷åñêèìè è íåîðãàíè÷åñêèìè ñîåäè-
íåíèÿìè, ÷òî îáóñëîâëèâàåò øèðîêîå ïðèìå-
íåíèå öèêëîäåêñòðèíîâ â ïèùåâîé è êîñìå-
òè÷åñêîé ïðîìûøëåííîñòè, ôàðìàöåâòèêå,
îðãàíè÷åñêîì ñèíòåçå, íåôòåäîáû÷å è ñåëü-
ñêîì õîçÿéñòâå [15–17]. Øòàìì Bacillus sp. 6.6.3
îáëàäàåò âûñîêèì óðîâíåì ñèíòåçà ÖÃÒàçû
è òàêæå ïðîäóöèðóåò ýòîò ôåðìåíò â çíà÷è-
òåëüíûõ êîëè÷åñòâàõ íà ñðåäå ñ íåáîëüøèì
êîëè÷åñòâîì áåëêîâûõ äîáàâîê, ÷òî ïîçâîëÿ-
åò ýêîíîìèòü äîðîãèå êîìïîíåíòû ïèòàòåëü-
íîé ñðåäû [14]. Bacillus sp. 6.6.3 èìååò ñåðü-
åçíûé áèîòåõíîëîãè÷åñêèé ïîòåíöèàë, ïî-
ýòîìó äëÿ ïðàêòè÷åñêîãî ïðèìåíåíèÿ ýòîãî
ìèêðîîðãàíèçìà î÷åíü âàæíî óñòàíîâèòü åãî
òî÷íóþ ðîäîâóþ è âèäîâóþ ïðèíàäëåæíîñòü.

Öåëü ðàáîòû – äîïîëíèòåëüíàÿ èäåíòè-
ôèêàöèÿ è îïðåäåëåíèå òàêñîíîìè÷åñêîãî
ñòàòóñà øòàììà áàêòåðèè-ïðîäóöåíòà ÖÃÒà-
çû Bacillus sp. 6.6.3 ïóòåì àíàëèçà íóêëåîòèä-
íûõ ïîñëåäîâàòåëüíîñòåé ãåíà 16S ðÐÍÊ è
ãåíà, êîäèðóþùåãî Â-ñóáúåäèíèöó ãèðàçû, à
òàêæå ñ ïîìîùüþ áèîõèìè÷åñêèõ ìàðêåðîâ –
æèðíûõ êèñëîò êëåòî÷íîé ñòåíêè.

Óñëîâèÿ ýêñïåðèìåíòà. Ñåêâåíèðîâà-
íèå è àíàëèç ïîñëåäîâàòåëüíîñòåé ãåíà 16S
ðÐÍÊ è ãåíà, êîäèðóþùåãî Â-ñóáúåäèíèöó ãè-
ðàçû. Âûäåëåíèå òîòàëüíîé ÄÍÊ äëÿ îïðå-
äåëåíèÿ íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè
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ãåíà 16S ðÐÍÊ ïðîâîäèëè ïî ìåòîäèêå, îïè-
ñàííîé [18], à äëÿ îïðåäåëåíèÿ íóêëåîòèäíîé
ïîñëåäîâàòåëüíîñòè ãåíà, êîäèðóþùåãî Â-
ñóáúåäèíèöó ãèðàçû, – ñîãëàñíî ìåòîäó [19].

Àìïëèôèêàöèþ ãåíà 16S ðÐÍÊ îñóùå-
ñòâëÿëè ñ óíèâåðñàëüíûìè ïðàéìåðàìè [20].
Îáúåì àìïëèôèêàöèîííîé ñìåñè ñîñòàâèë
25 ìêë è èìåë ñëåäóþùèé ñîñòàâ: 1x áóôåð äëÿ
Taq-ïîëèìåðàçû, 2,5 ìM MgCl2, 5 íìîëü ñìå-
ñè dNTP, 50 íã ÄÍÊ-ìàòðèöû, 12,5 ïìîëü êàæ-
äîãî ïðàéìåðà è 1,25 åäèíèöû Taq-ïîëèìå-
ðàçû.

Òåìïåðàòóðíî-âðåìåííîé ïðîôèëü ÏÖÐ
áûë ñëåäóþùèì: ïåðâûé öèêë – 95îÑ – 5 ìèí,
56îÑ – 1 ìèí, 72îÑ – 2 ìèí; ïîñëåäóþùèå
28 öèêëîâ – 95îÑ – 1 ìèí, 56îÑ – 1 ìèí, 72îÑ –
2 ìèí; çàâåðøàþùèé öèêë – 72îÑ – 5 ìèí.

Äëÿ ïðîâåäåíèÿ ïîëèìåðàçíîé öåïíîé
ðåàêöèè è äàëüíåéøåãî ñåêâåíèðîâàíèÿ
ÏÖÐ-ôðàãìåíòîâ ãåíà, êîäèðóþùåãî
Â-ñóáúåäèíèöó ãèðàçû (ãåí gyrB) áûëà èñ-
ïîëüçîâàíà ìîäèôèöèðîâàííàÿ ïðàéìåðíàÿ
ñèñòåìà [21]. Îáúåì àìïëèôèêàöèîííîé ñìå-
ñè ñîñòàâèë 50 ìêë è èìåë ñëåäóþùèé ñî-
ñòàâ: 1x áóôåð äëÿ Taq-ïîëèìåðàçû, 2 ìÌ
MgCl2, 12,5 íìîëü êàæäîãî èç dNTP, 50 íã
ÄÍÊ-ìàòðèöû, 5 ïìîëü êàæäîãî ïðàéìåðà è
3 åäèíèöû Taq-ïîëèìåðàçû.

Òåìïåðàòóðíî-âðåìåííîé ïðîôèëü ÏÖÐ
áûë ñëåäóþùèì: ïåðâûé öèêë – 94îÑ – 9 ìèí,
55îÑ – 1 ìèí, 72îÑ – 2 ìèí; ïîñëåäóþùèå
30 öèêëîâ – 94îÑ – 1 ìèí, 55îÑ – 1 ìèí, 72îÑ –
2 ìèí; çàâåðøàþùèé öèêë – 72îÑ – 7 ìèí.

Àíàëèç ïðîäóêòîâ ÏÖÐ ïðîâîäèëè ïðè
ïîìîùè ýëåêòðîôîðåçà â àãàðîçíîì ãåëå (äëÿ
ÏÖÐ-ïðîäóêòîâ ãåíà 16S ðÐÍÊ – 1%, äëÿ
ÏÖÐ-ïðîäóêòîâ ãåíà gyrB – 2%) ïðè íàïðÿ-
æåííîñòè ýëåêòðè÷åñêîãî ïîëÿ 6 Â/ñì.

Âûäåëåíèå è î÷èñòêó ïðîäóêòîâ ÏÖÐ
ïðîâîäèëè èç ëåãêîïëàâêîé àãàðîçû ñ ïðèìå-
íåíèåì íàáîðà ðåàêòèâîâ Wizard PCR Preps
(Promega, ÑØÀ), ñîãëàñíî ðåêîìåíäàöèÿì
ïðîèçâîäèòåëÿ.

Ñåêâåíèðîâàíèå ïîëó÷åííûõ ÏÖÐ-ôðàã-
ìåíòîâ ãåíîâ, êîäèðóþùèõ 16S ðÐÍÊ è
Â-ñóáúåäèíèöó ãèðàçû, ïðîâîäèëè ïî ìåòî-
äó Ñýíãåðà ñ ñîàâò. [22] ñ ïîìîùüþ íàáîðà ðå-
àêòèâîâ Big Dye Terminator v.3.1 (Applied

Biosystems, Inc., ÑØÀ) íà àâòîìàòè÷åñêîì ñåê-
âåíàòîðå ABI PRIZM 3730 (Applied Biosystems,
Inc., ÑØÀ) ñîãëàñíî èíñòðóêöèÿì ïðîèçâîäè-
òåëÿ. Äëÿ ñåêâåíèðîâàíèÿ èñïîëüçîâàëè
ïðàéìåðû [20–21] è ÷òåíèå ïðîâîäèëè â äâóõ
íàïðàâëåíèÿõ.

Ïîèñê íóêëåîòèäíûõ ïîñëåäîâàòåëüíî-
ñòåé ãåíîâ 16S ðÐÍÊ è gyrB, ãîìîëîãè÷íûõ
ñîîòâåòñòâóþùèì ïîñëåäîâàòåëüíîñòÿì øòàì-
ìà Bacillus sp. 6.6.3 â áàçå äàííûõ GenBank ïðî-
âîäèëè ñ ïîìîùüþ ïðîãðàììíîãî ïàêåòà
BLAST (http://www.ncbi.nlm.nih.gov/blast) [23].

Ïîñòðîåíèå äåíäðîãðàìì ôèëîãåíåòè-
÷åñêîãî ñõîäñòâà. Ìíîæåñòâåííîå âûðàâíè-
âàíèå íóêëåîòèäíûõ ïîñëåäîâàòåëüíîñòåé
ðåôåðåíòíûõ øòàììîâ áëèæàéøèõ òèïîâûõ
âèäîâ ðîäà Paenibacillus è èçó÷àåìîãî øòàì-
ìà ïðîâîäèëè â ïðîãðàììå Clustal W [24], ôóí-
êöèîíèðóþùåé â ïðîãðàììíîì ðåäàêòîðå
BioEdit [25] ñ ïîñëåäóþùåé ðó÷íîé êîððåêòè-
ðîâêîé. Ýâîëþöèîííûå ðàññòîÿíèÿ, ìîäåëü
ôèëîãåíåòè÷åñêîãî äðåâà áûëè ïîñòðîåíû ñ
èñïîëüçîâàíèåì ïðîãðàììû Mega 5.2 [26] è
ðåàëèçîâàííîãî â íåì “bootstrap-àíàëèçà”.
Â êà÷åñòâå âíåøíåé ãðóïïû èñïîëüçîâàëè
Thermobacillus xylanilyticus XEÒ (AJ005795).

Àíàëèç ñîñòàâà æèðíûõ êèñëîò. Èñ-
ïîëüçîâàëè ãàçîâûé õðîìàòîãðàô Agilent 6890N
ñ ìàññ-ñåëåêòèâíûì äåòåêòîðîì Agilent
5973inert (Agilent Technologies, ÑØÀ), êîòîðûé
áûë îñíàùåí ñèñòåìîé àâòîìàòè÷åñêîãî ââî-
äà ïðîá è óïðàâëÿëñÿ ñ ïîìîùüþ ïðîãðàì-
ìíîãî îáåñïå÷åíèÿ MSD Chem Station (Agilent
Technologies, ÑØÀ), âêëþ÷àþùåãî â ñåáÿ ïà-
êåò äëÿ îáðàáîòêè äàííûõ Data Analysis. Âå-
ùåñòâà â õðîìàòîãðàôè÷åñêèõ ïèêàõ èäåíòè-
ôèöèðîâàëè ñ ïîìîùüþ áèáëèîòå÷íûõ ïðî-
ãðàìì áàçû äàííûõ ìàññ-ñïåêòðîâ NIST (http:/
/webbook.nist.gov/chemistry).

Ïðîáó ñóõîé áèîìàññû êëåòîê (3–5 ìã),
âûðàùåííûõ íà ñðåäå ÒSÀ (ïàíêðåàòè÷åñêèé
ãèäðîëèçàò êàçåèíà – 15,0 ã, ïàïàèíîâûé ãèä-
ðîëèçàò ñîåâîãî øðîòà – 5,0 ã, õëîðèä íàòðèÿ –
5,0 ã, àãàð-àãàð – 15,0 ã, âîäà – 1000 ìë), ïîä-
âåðãàëè êèñëîòíîìó ìåòàíîëèçó (1Ì HCl/
ÌåÎÍ 400 ìêë, 80°Ñ, 45 ìèí). Ïðîäóêòû ýêñò-
ðàãèðîâàëè í-ãåêñàíîì (1 × 400 ìêë), âûñóøè-
âàëè 3–4 ìèí ïðè 80°Ñ. Ñóõîé îñòàòîê äåðè-
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âàòèçèðîâàëè N,Î-áèñ(òðèìåòèë-ñèëèë)-
òðèôòîðàöåòàìèäîì (20 ìêë, 80°Ñ, 15 ìèí).
Ðåàêöèîííóþ ñìåñü ðàçáàâëÿëè í-ãåêñàíîì
(60 ìêë), ðàñòâîð àíàëèçèðîâàëè ìåòîäîì ãà-
çîâîé õðîìàòîãðàôèè-ìàññ-ñïåêòðîìåòðèè.

Õðîìàòîãðàôè÷åñêîå ðàçäåëåíèå ïðîáû
(1 ìêë) îñóùåñòâëÿëè íà êàïèëëÿðíîé êîëîíêå
ñ ôàçîé HP-5MS (30 ì × 0,25 ìì × 0,25 ìêì),
ãàç-íîñèòåëü – âîäîðîä. Òåìïåðàòóðíàÿ ïðî-
ãðàììà ãàçîâîãî õðîìàòîãðàôà: 135 – 320°Ñ, ñêî-
ðîñòü ïîäúåìà òåìïåðàòóðû ëèíåéíàÿ –
7°Ñ/ìèí. Èîíèçàöèÿ ìåòîäîì ýëåêòðîííîãî
óäàðà (70 ýÂ). Òåìïåðàòóðà èñòî÷íèêà 230°Ñ,
òåìïåðàòóðà êâàäðóïîëÿ 150°Ñ. Ðåãèñòðàöèÿ
ïðîâîäèëàñü â ðåæèìå ñåëåêòèâíûõ èîíîâ ïðè
ïåðèîäè÷åñêîì ñêàíèðîâàíèè äî òðèäöàòè
èîíîâ â ïÿòè èíòåðâàëàõ âðåìåíè.

Ðåçóëüòàòû è îáñóæäåíèå. Ðàçìåð îï-
ðåäåëåííîé ïîñëåäîâàòåëüíîñòè ãåíà 16S
ðÐÍÊ èññëåäóåìîãî øòàììà ñîñòàâëÿåò
1516 í.ï. Îíà äåïîíèðîâàíà â GenBank ïîä
íîìåðîì FN547418 (http://www.ncbi.nlm.nih.gov/
nuccore/FN547418). Ñðàâíèòåëüíûé àíàëèç
íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè ñ èçâåñ-
òíûìè ñòðóêòóðàìè èç GenBank (http://
www.ncbi.nlm.nih.gov/genbank) ïîçâîëÿåò ñ âû-
ñîêîé äîëåé âåðîÿòíîñòè óòâåðæäàòü, ÷òî èçó-
÷àåìûé ìèêðîîðãàíèçì îòíîñèòñÿ ê ðîäó
Paenibacillus (98,8% ñõîäñòâà ñî øòàììîì
Paenibacillus amylolyticus KT5501 è 98,1%
ñõîäñòâà ñî øòàììîì Paenibacillus amylolyticus
NRRL NRS-290 (Ò)).

Äëÿ óòî÷íåíèÿ ôèëîãåíåòè÷åñêîãî ïîëî-
æåíèÿ øòàììà áûë ïðîâåäåí ñðàâíèòåëüíûé
àíàëèç íóêëåîòèäíûõ ïîñëåäîâàòåëüíîñòåé
ãåíà 16S ðÐÍÊ (äëèíîé íå ìåíåå 1435 ï.í.)
17 âèäîâ, îòíîñÿùèõñÿ ê ðîäó Paenibacillus
è ïîñòðîåíà äåíäðîãðàììà (ðèñ.). Áëèæàé-
øèìè ðîäñòâåííèêàìè äëÿ èçó÷àåìîãî øòàì-
ìà îêàçàëèñü Paenibacillus amylolyticus
KT5501 (AB115960), Paenibacillus tundrae
NRRL B-51094 (EU558284) è Paenibacillus
xylanexedens DSM 21292 (EU558281) ñ ãîìî-
ëîãèåé ãåíîâ 16S ðÐÍÊ 98,8%, 98,1 è 97,9%
ñîîòâåòñòâåííî.

Îïðåäåëåíèå è ñðàâíèòåëüíûé àíàëèç
ïîñëåäîâàòåëüíîñòè ãåíà gyrB èññëåäóåìî-

ãî øòàììà ïîçâîëèëè ñäåëàòü âûâîä òîëüêî
î åãî ïðèíàäëåæíîñòè ê ðîäó Paenibacillus.
Âèäîâàÿ èäåíòèôèêàöèÿ îêàçàëàñü çàòðóäíå-
íà â ñâÿçè ñ íèçêèì óðîâíåì ñõîäñòâà íóê-
ëåîòèäíîé ïîñëåäîâàòåëüíîñòè èçó÷àåìîãî
øòàììà ñ òàêîâûìè, ïðåäñòàâëåííûìè â
GenBank (îêîëî 80% ñõîäñòâà ñ íåòèïîâûìè
øòàììàìè Paenibacillus polymuxa). Î÷åâèä-
íî, ýòî ìîæíî îáúÿñíèòü ìàëîé áàçîé äàí-
íûõ ïî íóêëåîòèäíûì ïîñëåäîâàòåëüíîñòÿì
ãåíà gyrB. Òàêæå íå óäàëîñü äîñòîâåðíî îáî-
çíà÷èòü ïîëîæåíèå øòàììà íà ôèëîãåíåòè-
÷åñêîì äðåâå ðîäà Paenibacillus íà îñíîâà-
íèè àíàëèçà ïîñëåäîâàòåëüíîñòåé ãåíà gyrB.
Ðàçìåð îáëàñòè ãîìîëîãèè îêàçàëñÿ ñëèøêîì
íèçîê äëÿ âêëþ÷åíèÿ â äåðåâî íóêëåîòèäíûõ
ïîñëåäîâàòåëüíîñòåé âèäîâ Paenibacillus
amylolyticus, P. tundrae, P. illinoisensis,
P. xylanexedens, P. õylanilyticus. Âåðîÿòíî, ýòî
ñâÿçàíî ñ òåì, ÷òî äàæå â ïðåäåëàõ îäíîãî
òàêñîíà ïîñëåäîâàòåëüíîñòè ôóíêöèîíàëü-
íûõ ãåíîâ (â îòëè÷èå îò ðèáîñîìàëüíûõ) ìî-
ãóò ðàçëè÷àòüñÿ íàñòîëüêî ñèëüíî, ÷òî ïîñ-
òðîåíèå åäèíîé äåíäðîãðàììû ñ ïðîèçâîëü-
íûì íàáîðîì ïîñëåäîâàòåëüíîñòåé ñòàíî-
âèòñÿ íåâîçìîæíûì.

Â òàáë. ïðèâåäåí ñîñòàâ æèðíûõ êèñëîò
øòàììà 6.6.3 è íåñêîëüêèõ òèïîâûõ øòàììîâ
âèäîâ P. amylolyticus [27–28] è P. polymuxa
[27; 29–30]. Âûáîð øòàììîâ ñðàâíåíèÿ îáóñ-
ëîâëåí òåì, ÷òî èìåííî ýòè âèäû îêàçàëèñü
íàèáîëåå áëèçêè ê èññëåäóåìîìó ìèêðîîðãà-
íèçìó ïî ðåçóëüòàòàì àíàëèçà ïîñëåäîâàòåëü-
íîñòåé ãåíà 16S ðÐÍÊ è gyrB. Âñåãî íàìè
èäåíòèôèöèðîâàíî 25 ñîåäèíåíèé ñ äëèíîé
öåïè îò 12 äî 24 àòîìîâ óãëåðîäà. Äîìèíèðó-
þùåé ÿâëÿëàñü àíòåèçî-ïåíòàäåêàíîâàÿ (Ñai15:0)
(÷òî õàðàêòåðíî äëÿ âñåãî ð. Paenibacillus),
ñîñòàâëÿþùàÿ 70,11% îò ñóììû âñåõ æèðíûõ
êèñëîò. Ñëåäóþùèìè ïî ñîäåðæàíèþ áûëè
àíòåèçî-ãåïòàäåêàíîâàÿ (Ñai17:0) – 10,0% è ãåê-
ñàäåêàíîâàÿ êèñëîòà (Ñ16:0) – 6,50%.
Äëÿ òèïîâûõ øòàììîâ âèäà P. amylolyticus,
ïðåäñòàâëåííûõ â òàáë., áîëåå õàðàêòåðíî
ïðåâàëèðîâàíèå ñîäåðæàíèÿ ãåêñàäåêàíîâîé
êèñëîòû (12,8–20,1%) íàä ñîäåðæàíèåì àí-
òåèçî-ãåïòàäåêàíîâîé (2,0–11,5%), à äëÿ
øòàììîâ âèäà P. polymuxa – íàîáîðîò.



70

ÁÈÎËÎÃÈß,  ÁÈÎÕÈÌÈß  È  ÃÅÍÅÒÈÊÀ

Îêòàäåêàíîâàÿ êèñëîòà (Ñ18:0) âõîäèò â
ñïåêòð æèðíûõ êèñëîò øòàììà 6.6.3
(0,18%) è îäíîãî òèïîâîãî øòàììà
P. polymuxa DSM 36 (Ò) (1,1%) [29]. Êî-
ðîòêîöåïî÷å÷íûå íàñûùåííûå êèñëîòû
(Ñ12:0 – Ñ15:0) ó èçó÷àåìîãî ìèêðîîðãàíèç-
ìà îáíàðóæåíû â êîëè÷åñòâå 0,02–1,59%.
Äëÿ òèïîâûõ øòàììîâ P. àmylolyticus è
P. polymuxa ñâåäåíèÿ î íàëè÷èè äîäåêà-
íîâîé (Ñ12:0) è òðèäåêàíîâîé (Ñ12:0) êèñ-
ëîò îòñóòñòâóþò. Äàííûå î òåòðàäåêàíî-
âîé (Ñ14:0) è ïåíòàäåêàíîâîé êèñëîòàõ
(Ñ15:0) èìåþòñÿ äëÿ òèïîâûõ øòàììîâ
P. àmylolyticus, óêàçàííûõ â òàáë. Äëÿ
ïÿòè øòàììîâ P. polymuxa [30] ñðåäíåå
ñîäåðæàíèå ýòèõ ñîåäèíåíèé ðàâíî 1,3%
è 0,5% ñîîòâåòñòâåííî. Âûñîêàÿ ÷óâñòâè-
òåëüíîñòü ïðèáîðà ïîçâîëèëà íàì âû-
ÿâèòü ñëåäû (<0,01%) íàñûùåííûõ êèñ-
ëîò ñ ÷èñëîì àòîìîâ óãëåðîäà 20, 22 è 24.
Ðàçâåòâëåííûå íàñûùåííûå êèñëîòû
Ñi14:0 – Ñi17:0 õàðàêòåðíû äëÿ âñåõ ñðàâíè-
âàåìûõ â äàííîì èññëåäîâàíèè øòàììîâ.

Íåíàñûùåííûå êèñëîòû (Ñ18:1 è Ñ18:2)
ïðèñóòñòâóþò òîëüêî ó øòàììà èññëåäóå-
ìîé áàêòåðèè (0,53% è 0,46% ñîîòâåò-
ñòâåííî). Ó øòàììîâ P. ðolymuxa, óêàçàí-
íûõ â ñòàòüå Suominen c ñîàâò. (2003), ñî-
äåðæàíèå îêòàäåöåíîâîé êèñëîòû (Ñ18:1)
ìåíåå 0,2% [30]. Íåò äàííûõ î íàëè÷èå â
ñïåêòðå æèðíûõ êèñëîò òèïîâûõ øòàì-
ìîâ P. àmylolyticus è P. polymuxa ñïèðòîâ
Ñ16:0alc è Ñ18:0alc êîòîðûå îáíàðóæåíû ó èçó-
÷àåìîãî ìèêðîîðãàíèçìà â ñëåäîâûõ êî-
ëè÷åñòâàõ.

Òàêèì îáðàçîì, â ðàáîòå áûëà ïðåä-
ïðèíÿòà ïîïûòêà ðåâèçèè òàêñîíîìè÷å-
ñêîãî ïîëîæåíèÿ ïðîìûøëåííî çíà÷èìî-
ãî øòàììà-ïðîäóöåíòà ÖÃÒàçû Bacillus sp.
6.6.3 ìîëåêóëÿðíî-ãåíåòè÷åñêèìè è õðî-
ìàòî-ìàññ-ñïåêòðîìåòðè÷åñêèìè ìåòîäà-
ìè. Íà îñíîâàíèè ðåçóëüòàòîâ ñåêâåíè-
ðîâàíèÿ è ñðàâíèòåëüíîãî àíàëèçà íóê-
ëåîòèäíûõ ïîñëåäîâàòåëüíîñòåé ãåíà 16S
ðÐÍÊ è ãåíà, êîäèðóþùåãî Â-ñóáúåäèíè-
öó ãèðàçû, à òàêæå ñ ïîìîùüþ îïðåäåëå-
íèÿ ñïåêòðà æèðíûõ êèñëîò êëåòî÷íîé
ñòåíêè áàêòåðèè óñòàíîâëåíî, ÷òî èññëå-
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äóåìûé øòàìì îòíîñèòñÿ ê ðîäó Paenibacillus.
Ñäåëàòü îäíîçíà÷íûé âûâîä î âèäîâîé ïðè-
íàäëåæíîñòè íå óäàëîñü. Âûÿñíåíèå ýòîãî
âîïðîñà, áåçóñëîâíî, ïîñëóæèò òåìîé íàøèõ
äàëüíåéøèõ èññëåäîâàíèé.
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Audit of taxonomical provision of industrially significant strain 6.6.3 – cyclodextrin glucanotransferases-producing
bacterium, which has been earlier entering to genus of Bacillus on the basis of cultural-morphological and physiology-
biochemical properties, is carried out. Definition and the comparative analysis of nucleotide sequence of a gene 16S
of rRNA allows with a high share of probability to claim that the studied microorganism belongs to the genus
Paenibacillus (98,8% of similarity to a strain of Paenibacillus amylolyticus KT5501 and 98,1% of similarity to a strain
of Paenibacillus amylolyticus NRRL NRS-290 (T)). For specification of phylogenetic provision of a strain the
dendrogramma showing the possible provision of a strain 6.6.3 among 17 representatives of the genus Paenibacillus
according to which, by the close relative for a strain 6.6.3 was constructed there was a bacterium of Paenibacillus
amylolyticus KT5501. Definition and the comparative analysis of sequence of a gene of a gyrase B the studied strain,
and also the phylogenetic tree constructed on the basis of this analysis allowed to draw a conclusion only on accessory
of a strain 6.6.3 to the genus Paenibacillus. Specific identification was complicated in connection with the low level
of similarity of nucleotide sequence of the studied strain with that, presented to GenBank. By means of a gas
chromatography - mass spectrometry the analysis of methyl air of fatty acids of a cellular wall is carried out. In total
25 connections with length of chain from 12 to 24 atoms of carbon were identified. 12-methyltetradecanoic acid
(Cai15:0) (that is characteristic for all genus of Paenibacillus) making 70,11% of the sum of all fatty acids was
dominating. The following according to the contents were 14-methylhexadecanoic (Cai17:0) – 10,0% and hexadecanoic
acid (C16:0) – 6,50%. Thus, the results which are carried out molecular and genetic, phylogenetic and the hemotaxonomic
of researches testify that the studied strain 6.6.3 treats the genus Paenibacillus.

Key words: Bacillus sp. 6.6.3, gene 16S rRNA, gene gyrase B, phylogenetic tree, fatty acids, genus Paenibacillus.
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ýêçîãåííûõ è ýíäîãåííûõ öèòîêèíèíîâ â êîðíÿõ è ïîáåãàõ ðàñòåíèé ïøåíèöû ïðè ââåäåíèè çåàòèíà è/èëè
õëîðèäà íàòðèÿ â ïèòàòåëüíóþ ñðåäó. Êàê çàñîëåíèå, òàê è ââåäåíèå çåàòèíà â ïèòàòåëüíûé ðàñòâîð ïîâûøà-
ëè ñîîòíîøåíèå öèòîêèíèíîâ â êîðíÿõ è ïîáåãàõ. Íàèáîëüøåå çíà÷åíèå ýòîò ïîêàçàòåëü èìåë ïðè îäíîâðå-
ìåííî ïðèìåíåííûõ óêàçàííûõ âîçäåéñòâèÿõ. Îáðàáîòêà ðàñòåíèé ïðîòîíîôîðîì â îòñóòñòâèå äîïîëíè-
òåëüíûõ âîçäåéñòâèé è ïðè ââåäåíèè çåàòèíà â ïèòàòåëüíûé ðàñòâîð ïðèâîäèëà ê ñíèæåíèþ ñîîòíîøåíèÿ
öèòîêèíèíîâ â êîðíÿõ è ïîáåãàõ, ÷òî îñîáåííî ÿðêî ïðîÿâëÿëîñü â ñëó÷àå îáðàáîòêè çåàòèíîì ðàñòåíèé,
èñïûòûâàâøèõ äåéñòâèå çàñîëåíèÿ. Òàêèì îáðàçîì, ïîêàçàíî, ÷òî çàäåðæêà îòòîêà öèòîêèíèíîâ èç êîðíåé
ïîä âëèÿíèåì çàñîëåíèÿ ìîæåò áûòü ñâÿçàíà ñ èõ àêòèâíûì ïîãëîùåíèåì êëåòêàìè êîðíåé.

Êëþ÷åâûå ñëîâà: Triticum durum Desf., öèòîêèíèíû, çàñîëåíèå, êàðáîíèë-öèàíèä-ì-õëîð-ôåíèëãèäðà-
çîí, âòîðè÷íî àêòèâíûé òðàíñïîðò.
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Óæå âñêîðå ïîñëå îòêðûòèÿ ôèòîãîðìî-
íîâ öèòîêèíèíîâ áûëà ñôîðìóëèðîâàíà ïî-
ëó÷èâøàÿ øèðîêîå ðàñïðîñòðàíåíèå ãèïîòå-
çà î ðîëè ýòèõ ãîðìîíîâ â ïåðåäà÷å ñèãíàëîâ
èç êîðíåé â ïîáåã [1]. Ñîâðåìåííûå èññëåäî-
âàíèÿ ïîäòâåðäèëè ñïîñîáíîñòü êîðíåé ñèí-
òåçèðîâàòü öèòîêèíèíû [2], à èçìåðåíèå èõ
êîíöåíòðàöèè â êñèëåìíîì ñîêå âûÿâèëî çà-
âèñèìîñòü ïðèòîêà ýòèõ ãîðìîíîâ èç êîðíåé
îò óñëîâèé âûðàùèâàíèÿ ðàñòåíèé. Òàê,
áûëî ïîêàçàíî ñíèæåíèå ýêñïîðòà öèòîêèíè-
íîâ èç êîðíåé ïðè ðÿäå íåáëàãîïðèÿòíûõ âîç-
äåéñòâèé: çàñóõå [3], çàñîëåíèè [4] è îõëàæ-
äåíèè çîíû êîðíåé [5]. Òàêæå áûëî âûÿâëå-
íî âëèÿíèå êîðíåâûõ öèòîêèíèíîâ íà àêòèâ-
íîñòü ðÿäà ôåðìåíòîâ [6], âåòâëåíèå [7] è ñòà-
ðåíèå ëèñòüåâ [8]. Âñå ýòî ïîäòâåðäèëî âàæ-
íîñòü ïðèòîêà ýòèõ ãîðìîíîâ èç êîðíåé â ðå-
ãóëÿöèè ôóíêöèé ïîáåãà. Èçìåíåíèå ïîñòóï-
ëåíèÿ â ïîáåã êîðíåâûõ öèòîêèíèíîâ ñâÿçû-
âàëè, â îñíîâíîì, ñî ñêîðîñòüþ èõ ñèíòåçà [6],

à òàêæå ðàñïàäà [9]. Âìåñòå ñ òåì îòêðûòèå
ïåðåíîñ÷èêîâ öèòîêèíèíîâ [10–11] ïîçâîëÿ-
åò ïðåäïîëàãàòü, ÷òî ñêîðîñòü òðàíñïîðòà ýòèõ
ãîðìîíîâ èç êîðíåé â ïîáåã ìîæåò ðåãóëèðî-
âàòüñÿ íà óðîâíå èõ òðàíñìåìáðàííîãî ïåðå-
íîñà. Ïîñòóëèðîâàëàñü ðîëü ìåìáðàííûõ ïå-
ðåíîñ÷èêîâ öèòîêèíèíîâ â èõ òðàíñïîðòå ïî
ôëîýìå [11]. ×òî êàñàåòñÿ êñèëåìíîãî òðàíñ-
ïîðòà, òî, ïîñêîëüêó ìåðòâûå êëåòêè çðåëûõ
êñèëåìíûõ ñîñóäîâ íå ñîäåðæàò ìåìáðàí,
ìåìáðàííûå ïåðåíîñ÷èêè íå ìîãóò îêàçûâàòü
íåïîñðåäñòâåííîãî âëèÿíèÿ íà çàãðóçêó öè-
òîêèíèíîâ â êñèëåìó. Âìåñòå ñ òåì èçó÷åíèå
òðàíñïîðòà öèòîêèíèíîâ ïðè îáðàáîòêå ðàñ-
òåíèé ïøåíèöû ýêçîãåííûìè öèòîêèíèíàìè
ïîêàçàëî, ÷òî èõ íàêîïëåíèå êëåòêàìè êîðíåé
ñíèæàåò èõ îòòîê â ïîáåã [12]. Áûëî âûñêàçà-
íî ïðåäïîëîæåíèå, ÷òî ýòî ÿâëåíèå ñâÿçàíî
ñ àêòèâíûì ïîãëîùåíèåì öèòîêèíèíîâ êëåò-
êàìè ïàðåíõèìû öåíòðàëüíîãî öèëèíäðà êîð-
íÿ. Íà ñóñïåíçèîííîé êóëüòóðå êëåòîê êîðíåé
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àðàáèäîïñèñà áûëà ïîêàçàíà çàâèñèìîñòü
ïîãëîùåíèÿ öèòîêèíèíîâ îò ýëåêòðîõèìè-
÷åñêîãî ãðàäèåíòà, ñâÿçàííîãî ñ àêòèâíîñòüþ
ïðîòîííûõ ïîìï (âòîðè÷íî àêòèâíûé òðàíñ-
ïîðò [13]), è áûëî ïîêàçàíî èíãèáèðîâàíèå
ïîãëîùåíèÿ öèòîêèíèíîâ êëåòêàìè ïîä âëè-
ÿíèåì ïðîòîíîôîðà, ñïîñîáíîãî íàðóøàòü
ôîðìèðîâàíèå ýòîãî ãðàäèåíòà. Öåëü äàííîé
ðàáîòû ñîñòîÿëà â òîì, ÷òîáû ïðîâåðèòü ãè-
ïîòåçó î çàâèñèìîñòè ðàñïðåäåëåíèÿ öèòîêè-
íèíîâ ìåæäó ïîáåãîì è êîðíåì ïðè çàñîëå-
íèè îò âòîðè÷íî àêòèâíîãî òðàíñïîðòà ýòèõ
ãîðìîíîâ.

Ìàòåðèàëû è ìåòîäû. Èññëåäîâàíèÿ
ïðîâîäèëè íà ïðîðîñòêàõ òâåðäîé ÿðîâîé
ïøåíèöû (Triticum durum Desf., ñîðòà Áåçåí-
÷óêñêàÿ 139) â ëàáîðàòîðíûõ óñëîâèÿõ. Ñå-
ìåíà ïðîðàùèâàëè â òåìíîòå â òå÷åíèå òðåõ
ñóòîê íà âîäîïðîâîäíîé âîäå ïðè 24îÑ íà
ïëîòèêàõ (ñâÿçàííûå âìåñòå ïîëûå çàïàÿí-
íûå ñòåêëÿííûå òðóáêè) è çàòåì åùå òðè
äíÿ – íà ïèòàòåëüíîì ðàñòâîðå Õîãëàíäà-Àð-
íîíà, ðàçáàâëåííîì â 10 ðàç, ïðè îñâåùåí-
íîñòè 400 ììîëü ì–2ñ–1, 14-÷àñîâîì ñâåòîâîì
äíå è òåìïåðàòóðå 24±1°Ñ. Â ïèòàòåëüíóþ
ñðåäó ïîëîâèíû ðàñòåíèé äîáàâëÿëè õëîðèä
íàòðèÿ äî êîíå÷íîé êîíöåíòðàöèè 100 ìÌ.
Â âîçðàñòå 6 ñóòîê âñå ðàñòåíèÿ ïåðåíîñèëè
íà ñâåæèé ðàñòâîð Õîãëàíäà-Àðíîíà. Íà ñëå-
äóþùèé äåíü îïðåäåëÿëè ñîäåðæàíèå ãîð-
ìîíîâ â ïîáåãàõ è êîðíÿõ ðàñòåíèé. Çà ÷àñ
äî âçÿòèÿ ïðîá ê ïîëîâèíå êîíòðîëüíûõ ðà-
ñòåíèé (êîòîðûå ðîñëè íà ñðåäå áåç õëîðèäà
íàòðèÿ) è ðàñòåíèé, ðîñøèõ íà ôîíå çàñîëå-
íèÿ, äîáàâëÿëè ïðîòîíîôîð êàðáîíèë öèà-
íèä ì-õëîðîôåíèëãèäðàçîí, èíãèáèðóþùèé
âòîðè÷íî àêòèâíûé òðàíñïîðò, äî êîíå÷íîé
êîíöåíòðàöèè 10 ìM.

Äëÿ îïðåäåëåíèÿ ñîäåðæàíèÿ ãîðìîíîâ
â òêàíÿõ ðàñòèòåëüíûé ìàòåðèàë ãîìîãåíè-
çèðîâàëè è ýêñòðàãèðîâàëè 80%-ì ýòàíî-
ëîì. Ñïèðòîâîé ýêñòðàêò îòäåëÿëè öåíòðè-
ôóãèðîâàíèåì è óïàðèâàëè äî âîäíîãî îñ-
òàòêà. Öèòîêèíèíû, ñîäåðæàùèåñÿ â àëèê-
âîòå âîäíîãî îñòàòêà è ïèòàòåëüíîì ðà-
ñòâîðå, íàíîñèëè íà êàðòðèäæ Ñ-18, êîòî-
ðûé çàòåì ïðîìûâàëè 20 ìë äèñòèëëèðî-

âàííîé âîäû. Öèòîêèíèíû ýëþèðîâàëè
70%-ì ñïèðòîì, óïàðèâàëè äîñóõà è, ðàñòâî-
ðèâ â ìèíèìàëüíîì êîëè÷åñòâå 80%-ãî
ñïèðòà, íàíîñèëè íà ñèëóôîëîâóþ ïëàñòèíó
äëÿ òîíêîñëîéíîé õðîìàòîãðàôèè (ÒÑÕ), êî-
òîðóþ ïðîâîäèëè â ñèñòåìå ðàñòâîðèòåëåé
áóòàíîë : àììèàê : âîäà (6 : 1 : 2). Ïîñëå äå-
òåêöèè â ÓÔ ñâåòå ïîëîæåíèÿ ìåò÷èêîâ çå-
àòèíà è åãî ðèáîçèäà, ñîäåðæèìîå çîí ýëþ-
èðîâàëè 0,1 Ì ôîñôàòíî-ñîëåâûì áóôåðîì
(ÔÑÁ) (ðÍ 7.4). Ïîñëå óäàëåíèÿ ñèëèêàãåëÿ
ïóòåì öåíòðèôóãèðîâàíèÿ, â íàäîñàäî÷íîé
æèäêîñòè îïðåäåëÿëè ñîäåðæàíèå öèòîêè-
íèíîâ ñ ïîìîùüþ òâåðäîôàçíîãî èììóíî-
ôåðìåíòíîãî àíàëèçà [12].

Íà ðèñ. è â òàáë. ïðåäñòàâëåíû ñðåäíèå
çíà÷åíèÿ èç òðåõ áèîëîãè÷åcêèõ ïîâòîðíîñ-
òåé è èõ ñòàíäàðòíûå îøèáêè.

Ðåçóëüòàòû è èõ îáñóæäåíèå. Ñðàâíå-
íèå óðîâíÿ öèòîêèíèíîâ â ïîáåãàõ è êîðíÿõ
ðàñòåíèé ïøåíèöû âûðàùåííûõ íà ñðåäå, ê
êîòîðîé áûë äîáàâëåí õëîðèä íàòðèÿ, è â åãî
îòñóòñòâèå ïîêàçàëî, ÷òî çàñîëåíèå ñíèæà-
ëî óðîâåíü öèòîêèíèíîâ â ïîáåãàõ è ïîâû-
øàëî åãî â êîðíÿõ (ñì. ðèñ.). Òàêèì îáðàçîì,
ñîîòíîøåíèå öèòîêèíèíîâ â êîðíÿõ è ïîáå-
ãàõ áûëî âûøå íà ôîíå çàñîëåíèÿ (1,78 è 0,99
íà çàñîëåíèè è áåç íåãî ñîîòâåòñòâåííî).
Ýòè ðåçóëüòàòû ñîîòâåòñòâóþò äàííûì ëè-
òåðàòóðû î íàêîïëåíèè öèòîêèíèíîâ â êîð-
íÿõ è ñíèæåíèè èõ ñîäåðæàíèÿ â ïîáåãàõ ïîä
âëèÿíèåì çàñîëåíèÿ [4].

Ïðè èíêóáàöèè ðàñòåíèé íà ñðåäå ñ ýê-
çîãåííûì çåàòèíîì áûëà òàêæå âûÿâëåíà çà-
âèñèìîñòü ðàñïðåäåëåíèÿ öèòîêèíèíîâ ìåæ-
äó ïîáåãîì è êîðíåì îò òîãî, â ïðèñóòñòâèè
ñîëè, èëè áåç íåå ðîñëè ðàñòåíèÿ. Òàê, ñîäåð-
æàíèå öèòîêèíèíîâ ñèëüíåå âîçðàñòàëî â
êîðíÿõ ðàñòåíèé, ÷åì â ïîáåãàõ, è óðîâåíü
íàêîïëåíèÿ â ïîáåãàõ áûë íèæå ó ðàñòåíèé,
êîòîðûå ðîñëè ïðè çàñîëåíèè (ñì. òàáë.). Òà-
êèì îáðàçîì, òàê æå, êàê è â îòñóòñòâèå ýêçî-
ãåííûõ öèòîêèíèíîâ, íà èõ ôîíå ñîîòíîøå-
íèå öèòîêèíèíîâ â êîðíÿõ è ïîáåãàõ áûëî
âûøå ó ðàñòåíèé, ðîñøèõ â ïðèñóòñòâèè ñîëè
(ñì. òàáë.). Ýòè ðåçóëüòàòû òàêæå ñîîòâåòñòâó-
þò ïîëó÷åííûì ðàíåå äàííûì [14].
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Ðàíåå âûñêàçûâàëîñü ïðåäïîëîæåíèå î
òîì, ÷òî çàäåðæêà ýêçîãåííûõ öèòîêèíèíîâ
â êîðíÿõ îáðàáîòàííûõ èìè ðàñòåíèé ìîæåò
áûòü ñâÿçàíà ñ àêòèâíîñòüþ ïåðåíîñ÷èêîâ,
ñïîñîáíûõ òðàíñïîðòèðîâàòü öèòîêèíèíû
âíóòðü êëåòîê è òåì ñàìûì ñíèæàòü óðîâåíü
èõ çàãðóçêè ïî àïîïëàñòó â êñèëåìó [12; 15].
Äëÿ òîãî ÷òîáû ïðîâåðèòü ýòî ïðåäïîëîæå-
íèå, ìû îáðàáîòàëè ðàñòåíèÿ ïðîòîíîôîðîì
(êàðáîíèëöèàíèä-ì-õëîðãèäðàçîí), íàðóøà-
þùèì ôîðìèðîâàíèå ãðàäèåíòà âîäîðîäà è
òåì ñàìûì ïîäàâëÿþùèì âòîðè÷íî àêòèâíûé

òðàíñìåìáðàííûé ïåðåíîñ [13]. Îáðàáîòêà
ðàñòåíèé ïðîòîíîôîðîì ñíèæàëà óðîâåíü
íàêîïëåíèÿ öèòîêèíèíîâ â êîðíÿõ êàê ó êîí-
òðîëüíûõ ðàñòåíèé (áåç îáðàáîòêè öèòîêèíè-
íîì è çàñîëåíèÿ), òàê è íà ôîíå äîïîëíèòåëü-
íûõ âîçäåéñòâèé (ñì. òàáë.). Â îòñóòñòâèå çà-
ñîëåíèÿ è ýêçîãåííîãî öèòîêèíèíà èíãèáè-
ðîâàíèå âòîðè÷íî àêòèâíîãî òðàíñìåìáðàí-
íîãî òðàíñïîðòà öèòîêèíèíîâ ñíèæàëî èõ
óðîâåíü â êîðíÿõ, íî íå â ïîáåãàõ, ÷òî ïðèâî-
äèëî ê óâåëè÷åíèþ áîëåå ÷åì â ïîëòîðà ðàçà
îòíîñèòåëüíîãî (ïî ñðàâíåíèþ ñ êîðíÿìè)
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Ñîäåðæàíèå öèòîêèíèíîâ â êîðíå, ïîáåãå è â öåëîì ðàñòåíèè è ñîîòíîøåíèå ãîðìîíîâ
â êîðíå è ïîáåãå ó ñåìèñóòî÷íûõ ðàñòåíèé ïøåíèöû ïðè çàñîëåíèè è ââåäåíèè

â ïèòàòåëüíûé ðàñòâîð çåàòèíà è ïðîòîíîôîðà êàðáîíèë öèàíèä ì-õëîðîôåíèëãèäðàçîíà (ÊÖÕÔ)

Âàðèàíò îïûòà 
Ñîäåðæàíèå öèòîêèíèíîâ, 

íã/îðãàí èëè ðàñòåíèå 
Ñîîòíîøåíèå 

öèòîêèíèíîâ â 
êîðíå è ïîáåãå Êîðåíü Пîáåã Ðàñòåíèå 

Çåàòèí- 
NaCl- ÊÖÕÔ- 1,23 ± 0,07 1,24 ± 0,06 2,47 ± 0,09 0,99 

ÊÖÕÔ+ 0,87 ± 0,03 1,42 ± 0,08 2,29 ± 0,09 0,61 

NaCl+ 
ÊÖÕÔ- 1,58 ± 0,07 0,89 ± 0,05 2,47 ± 0,09 1,78 
ÊÖÕÔ+ 1,33 ± 0,06 0,77 ± 0,04 2,10 ± 0,07 1,73 

Çåàòèí+ 
NaCl- ÊÖÕÔ- 17,86 ± 1,56 2,99 ± 0,18 20,85 ± 1,57 5,97 

ÊÖÕÔ+ 4,57 ± 0,29 1,14 ± 0,05 5,71 ± 0,29 4,01 

NaCl+ ÊÖÕÔ- 36,81 ± 2,71 1,39 ± 0,06 38,20 ± 2,71 26,48 
ÊÖÕÔ+ 7,70 ± 0,55 1,37± 0,07 9,07 ± 0,55 5,62 
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ñîäåðæàíèÿ öèòîêèíèíîâ â ïîáåãàõ (ñì.
òàáë.). Ýòè ðåçóëüòàòû ñîîòâåòñòâóþò ïðåäïî-
ëîæåíèþ î òîì, ÷òî ïðèòîê öèòîêèíèíîâ èç
êîðíåé â ïîáåã îãðàíè÷èâàåòñÿ èõ àêòèâíûì
ïîãëîùåíèåì êëåòêàìè êîðíåé.

Ïîä âîçäåéñòâèåì ïðîòîíîôîðà ñíèæàë-
ñÿ îáùèé óðîâåíü íàêîïëåíèÿ öèòîêèíèíîâ
â ðàñòåíèÿõ, îáðàáîòàííûõ ýêçîãåííûì öè-
òîêèíèíîì (ñì. òàáë.), ÷òî ëåãêî îáúÿñíèòü
èíãèáèðîâàíèåì ïîãëîùåíèÿ öèòîêèíèíîâ
êëåòêàìè êîðíåé. Ïðè ýòîì óðîâåíü ñíèæå-
íèÿ áûë ñèëüíåå âûðàæåí â êîðíÿõ, ãäå ñî-
äåðæàíèå öèòîêèíèíîâ ïîä âëèÿíèåì ÊÖÕÔ
ñíèçèëîñü â 4–5 ðàç, ÷åì â ïîáåãàõ, â êîòîðûõ
ñîäåðæàíèå öèòîêèíèíîâ óìåíüøèëîñü ëèøü
â 2,5 ðàçà â îòñóòñòâèå çàñîëåíèÿ è íå èçìå-
íèëîñü â ïðèñóòñòâèè õëîðèäà íàòðèÿ. Â ðå-
çóëüòàòå îòíîñèòåëüíîå (ïî ñðàâíåíèþ ñ êîð-
íÿìè) ñîäåðæàíèå öèòîêèíèíîâ â ïîáåãàõ
âîçðîñëî ïîä âëèÿíèåì èíãèáèðîâàíèÿ
òðàíñìåìáðàííîãî ïåðåíîñà öèòîêèíèíîâ.
Ýòè ðåçóëüòàòû òàêæå ïîäòâåðæäàþò íàøå
ïðåäïîëîæåíèå î òîì, ÷òî íàêîïëåíèå öèòî-
êèíèíîâ â êîðíÿõ ñâÿçàíî ñ èõ àêòèâíûì ïî-
ãëîùåíèåì êëåòêàìè êîðíåé, ïðèâîäÿùåìó ê
îãðàíè÷åíèþ îòòîêà öèòîêèíèíîâ â ïîáåã.
Âàæíî òî, ÷òî íà ôîíå îáðàáîòêè ðàñòåíèé
çåàòèíîì ñíèæåíèå óðîâíÿ öèòîêèíèíîâ â
ïîáåãàõ ïîä âëèÿíèåì ïðîòîíîôîðà ïðîèñõî-
äèëî â 2,5 ðàç â îòñóòñòâèå çàñîëåíèÿ è íå
ðåãèñòðèðîâàëîñü ïðè íàëè÷èè õëîðèäà íà-
òðèÿ â ñðåäå. Â ðåçóëüòàòå ó îáðàáîòàííûõ ýê-
çîãåííûì öèòîêèíèíîì ðàñòåíèé ïîä âëèÿíè-
åì èíãèáèðîâàíèÿ òðàíñìåìáðàííîãî ïåðåíî-
ñà öèòîêèíèíîâ óìåíüøèëèñü ðàçëè÷èÿ ïî
ñîîòíîøåíèþ ñîäåðæàíèÿ öèòîêèíèíîâ êî-
ðåíü/ïîáåã ìåæäó ðàñòåíèÿìè, êîòîðûå ðîñëè
â ïðèñóòñòâèè ñîëè è áåç íåå. Ýòè ðåçóëüòàòû
òàêæå ñîîòâåòñòâóþò íàøåìó ïðåäïîëîæåíèþ
î òîì, ÷òî çàäåðæêà îòòîêà öèòîêèíèíîâ èç
êîðíåé ïîä âëèÿíèåì çàñîëåíèÿ ñâÿçàíà ñ èõ
àêòèâíûì ïîãëîùåíèåì êëåòêàìè êîðíåé.

Âìåñòå ñ òåì íå âñå ïîëó÷åííûå íàìè
ðåçóëüòàòû ñîîòâåòñòâóþò ïðåäïîëîæåíèþ î
çàâèñèìîñòè ðàñïðåäåëåíèÿ öèòîêèíèíîâ
ìåæäó ïîáåãîì è êîðíåì îò àêòèâíîãî òðàíñ-
ìåìáðàííîãî ïåðåíîñà. Òàê, íà ôîíå çàñîëå-
íèÿ âëèÿíèå ïðîòîíîôîðà íà óðîâåíü öèòî-

êèíèíîâ â ïîáåãàõ ðàñòåíèé, íå îáðàáîòàí-
íûõ ýêçîãåííûì çåàòèíîì, áûëî íåñòàáèëü-
íûì, ÷òî íàøëî îòðàæåíèå â âûñîêîì óðîâíå
ñòàíäàðòíîãî îòêëîíåíèÿ ñðåäíåé âåëè÷èíû
(ñì. òàáë.). Ýòè ðåçóëüòàòû ñâèäåòåëüñòâóþò
î òîì, ÷òî ðàñïðåäåëåíèå öèòîêèíèíîâ ìåæ-
äó ïîáåãîì è êîðíåì çàâèñèò òàêæå îò äðóãèõ
ôàêòîðîâ. Äàëüíåéøèå èññëåäîâàíèÿ äîëæíû
áûòü íàïðàâëåíû íà âûÿâëåíèå ýòîãî ôàêòî-
ðà, à ïîäõîäîì ê ðåøåíèþ ýòîé çàäà÷è ìîæåò
áûòü ñðàâíèòåëüíîå èçó÷åíèå âëèÿíèÿ èíãè-
áèðîâàíèÿ àêòèâíîãî òðàíñìåìáðàííîãî ïå-
ðåíîñà öèòîêèíèíîâ íà ðàñïðåäåëåíèÿ öèòî-
êèíèíîâ ìåæäó êëåòêàìè ðàñòåíèé, âûðàùåí-
íûõ íà ôîíå çàñîëåíèÿ è áåç íåãî.

Âûâîäû. Òàêèì îáðàçîì, ïîëó÷åííûå
íàìè ðåçóëüòàòû ñâèäåòåëüñòâóþò î çíà÷è-
òåëüíîé ðîëè âòîðè÷íî àêòèâíîãî òðàíñìåì-
áðàííîãî ïåðåíîñà â ðåãóëÿöèè îòòîêà öèòî-
êèíèíîâ èç êîðíåé â ïîáåãè ðàñòåíèé ïøå-
íèöû. Íà ïðèìåðå ðàñòåíèé, îáðàáîòàííûõ
ýêçîãåííûì öèòîêèíèíîì çåàòèíîì, ïîêàçà-
íî, ÷òî çàäåðæêà îòòîêà öèòîêèíèíîâ èç êîð-
íåé ïîä âëèÿíèåì çàñîëåíèÿ ñâÿçàíà ñ èõ àê-
òèâíûì ïîãëîùåíèåì êëåòêàìè êîðíåé. Âìå-
ñòå ñ òåì â ñëó÷àå ýíäîãåííûõ öèòîêèíèíîâ
ýòà çàâèñèìîñòü ñòàáèëüíî ïðîÿâëÿëàñü ëèøü
â îòñóòñòâèå çàñîëåíèÿ, ÷òî óêàçûâàåò íà çà-
âèñèìîñòü ðàñïðåäåëåíèÿ öèòîêèíèíîâ îò
äîïîëíèòåëüíûõ ôàêòîðîâ.

Àâòîð âûðàæàåò èñêðåííþþ áëàãîäàð-
íîñòü äîêòîðó áèîëîãè÷åñêèõ íàóê, ïðîôåñ-
ñîðó Âåñåëîâó Ñòàíèñëàâó Þðüåâè÷ó è äîê-
òîðó áèîëîãè÷åñêèõ íàóê, ïðîôåññîðó Êóäî-
ÿðîâîé Ãþçåëü Ðàäîìåñîâíå çà íåîöåíèìóþ ïî-
ìîùü â îáñóæäåíèè ðåçóëüòàòîâ.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàí-
òà ÐÔÔÈ 13-04-00666.
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under salinity. Changes in the flow of cytokinins have been attributed mainly to the rate of their synthesis or
breakdown in roots. The aim of this research was to test whether the active uptake of cytokinins by root cells may
influence their export from roots to shoots under salinity. For this purpose, we studied the effect of protonophore
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) on accumulation of exogenous and endogenous cytokinins
in roots and shoots of wheat plants (Triticum durum Desf.) treated with zeatin and/or sodium chloride. Both
sodium chloride and zeatin increased the cytokinin root/shoot ratio. The highest value of this ratio was registered
in the case of both treatments applied simultaneously. Protonophore itself and in combination with exogenous
zeatin caused a decrease in the cytokinin root/shoot ratio which was the most significant in plants treated with both
zeatin and salinity. Consequently, the delay in the export of cytokinins from roots under salinity could be a result of
their active uptake by root cells.

Key words Triticum durum Desf., cytokinins, salt stress, carbonyl cyanide-m-chlorophenyl hydrazone,
secondary active transport.
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Ê ãðóïïå ïðÿíîàðîìàòè÷åñêèõ ðàñòåíèé,
êîòîðûå èìåþò øèðîêîå ïðèìåíåíèå â ðàç-
ëè÷íûõ îòðàñëÿõ ïðîìûøëåííîñòè (êîñìåòè-
÷åñêîé, ïàðôþìåðíîé, ïèùåâîé, ôàðìàöåâòè-
÷åñêîé), îòíîñÿò ðîä Øàëôåé (Salvia L.) ñå-
ìåéñòâà ßñíîòêîâûõ (Lamiaceae Lindl.).

Ñåìåéñòâî ßñíîòêîâûõ íàñ÷èòûâàåò
210 ðîäîâ è îêîëî 3 500 öåííûõ ïðÿíîàðîìà-
òè÷åñêèõ, ëåêàðñòâåííûõ, äåêîðàòèâíûõ è
òåõíè÷åñêèõ ðàñòåíèé. Äëÿ ïðåäñòàâèòåëåé
ñåìåéñòâà õàðàêòåðíî íàëè÷èå âî âñåõ ÷àñòÿõ
ðàñòåíèé ýôèðíûõ ìàñåë èëè ñìîëîîáðàçíûõ
âåùåñòâ, êóìàðèíîâ, ôëàâîíîèäîâ, ðåæå –
ñàïîíèíîâ, ÷åì îáóñëîâëåíî èõ âàæíîå ïðàê-
òè÷åñêîå çíà÷åíèå. Øàëôåé ÿâëÿåòñÿ ñàìûì
ìíîãî÷èñëåííûì ðîäîì ñåìåéñòâà è íàñ÷è-
òûâàåò áîëåå 500 âèäîâ, ðàñïðîñòðàíåííûõ
âî âñåõ ÷àñòÿõ Ñòàðîãî è Íîâîãî Ñâåòà [1–2].
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Ïðåäñòàâëåíû ðåçóëüòàòû èçó÷åíèÿ íåêîòîðûõ áèîëîãè÷åñêèõ îñîáåííîñòåé äâóõ ñîðòîâ Salvia
officinalis L. (øàëôåé ëåêàðñòâåííûé) – ‘Tricolor’, ‘Icterina’ è äâóõ ñîðòîâ S. nemorosa L. (øàëôåé äóáðàâ-
íûé) – ‘Mainacht’, ‘Rosakonigin’.

Êóëüòóðà øàëôåÿ ïîêà èìååò íåáîëüøîå ðàñïðîñòðàíåíèå â ñàäàõ è ïàðêàõ â ðåãèîíå Þæíîãî Óðàëà,
íî èíòåðåñ ê íåé çà ïîñëåäíåå âðåìÿ î÷åíü âîçðîñ. Â ýòîé ñâÿçè àêòóàëüíà ïðîáëåìà èçó÷åíèÿ äàííîé êóëü-
òóðû, êîòîðàÿ ìîæåò áûòü ðåøåíà ìåòîäîì èíòðîäóêöèè. Ñëàáàÿ èçó÷åííîñòü áèîëîãèè íåêîòîðûõ ïðåäñòà-
âèòåëåé ðîäà Salvia â óñëîâèÿõ êóëüòóðû ïîñëóæèëè îñíîâàíèåì äëÿ ïðîâåäåíèÿ äàííûõ èññëåäîâàíèé.

Èçó÷åíèå ôåíîëîãè÷åñêèõ íàáëþäåíèé çà ñåçîííûì ðèòìîì ðàçâèòèÿ è áèîëîãè÷åñêèõ îñîáåííîñòåé ñîð-
òîâûõ øàëôååâ ïðîâîäèëîñü â òå÷åíèå 12 ëåò â óñëîâèÿõ êóëüòóðû â Áîòàíè÷åñêîì ñàäó-èíñòèòóòå ã. Óôû.
Èññëåäîâàííûå òàêñîíû øàëôåÿ ïðîèçðàñòàþò íà ýêñïîçèöèîííîì ó÷àñòêå ïðÿíîàðîìàòè÷åñêèõ ðàñòåíèé.
Êîëëåêöèÿ ýòîé ãðóïïû ðàñòåíèé íàñ÷èòûâàåò îêîëî 80 òàêñîíîâ, ñðåäè êîòîðûõ 4 òàêñîíà øàëôååâ.

Ïî ðåçóëüòàòàì ðàáîòû îòìå÷åíî, ÷òî èçó÷åííûå ñîðòà øàëôåÿ äóáðàâíîãî ïðîõîäÿò âñå ñòàäèè ñåçîí-
íîãî ðàçâèòèÿ â óñëîâèÿõ Þæíîãî Óðàëà. Ñîðòà øàëôåÿ ëåêàðñòâåííîãî â îòêðûòîì ãðóíòå â íàøåì ðåãè-
îíå íå ìîãóò êóëüòèâèðîâàòüñÿ êàê ìíîãîëåòíèêè, òàê êàê âûìåðçàþò è ñîõðàíÿþòñÿ â çèìíèé ïåðèîä â
óñëîâèÿõ îáîãðåâàåìûõ òåïëèö. Èçó÷åííûå ñîðòà øàëôåÿ ëåêàðñòâåííîãî è äóáðàâíîãî îòëè÷àþòñÿ âûñî-
êîé äåêîðàòèâíîñòüþ. Èíòðîäóöåíòû ìîãóò áûòü ðåêîìåíäîâàíû â êà÷åñòâå ïðÿíîàðîìàòè÷åñêîãî ñûðüÿ â
ìåäèöèíå, êóëèíàðèè, ê èñïîëüçîâàíèþ â ôèòîäèçàéíå

Êëþ÷åâûå ñëîâà: Salvia, ñîðò, ïðÿíîàðîìàòè÷åñêèå ðàñòåíèÿ, áèîëîãè÷åñêèå îñîáåííîñòè, àãðîòåõíèêà.

Øàëôåè – îäíîëåòíèå è ìíîãîëåòíèå
òðàâÿíèñòûå è ïîëóêóñòàðíèêîâûå ðàñòåíèÿ
äî 180 ñì âûñîòîé ñ îäðåâåñíåâàþùèìè
ïðÿìûìè, ðàçâåòâëåííûìè ñòåáëÿìè. Êîðåíü
ñòåðæíåâîé, äåðåâÿíèñòûé. Ëèñòüÿ ñóïðî-
òèâíûå, ÷åðåøêîâûå, ÿéöåâèäíî-ïðîäîëãî-
âàòûå èëè ïðîäîëãîâàòî-ýëëèïòè÷åñêèå.
Öâåòêè íåïðàâèëüíûå, îáðàçóþò ëîæíûå
ìóòîâêè. ×àøå÷êà êîëîêîëü÷àòàÿ, òðóá÷àòî-
êîëîêîëü÷àòàÿ, êîíè÷åñêàÿ èëè òðóá÷àòàÿ,
ñíàðóæè âîëîñèñòàÿ. Âåí÷èê äâóãóáûé,
ñèíå-ôèîëåòîâûé, ëèëîâûé, ðîçîâûé, âåðõ-
íÿÿ ãóáà øëåìîâèäíàÿ, ñåðïîâèäíàÿ èëè ïðÿ-
ìàÿ, ñðåäíÿÿ ëîïàñòü íèæíåé ãóáû çíà÷è-
òåëüíî êðóïíåå áîêîâûõ, î÷åíü ðåäêî ðàâíà
áîêîâûì. Ïëîä – êîðîáî÷êà ñ ÿéöåâèäíûìè,
îêðóãëûìè èëè ïî÷òè òðåõãðàííûìè îðåø-
êàìè [3].
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Øàëôåè – öåííûå ýôèðîìàñëè÷íûå ðàñ-
òåíèÿ. Â ëèñòüÿõ ñîäåðæèòñÿ ýôèðíîå ìàñëî
(0,5–2,8%), â ñîñòàâ êîòîðîãî âõîäÿò ïèíåí,
öèíåîë, òóéîí, ñàëüâåí, áîðíåîë, êàìôàðà,
öåäðåí. Êðîìå òîãî, â ëèñòüÿõ íàéäåíû àëêà-
ëîèäû, ôëàâîíîèäû, äóáèëüíûå âåùåñòâà,
óðñîëîâàÿ, îëåàíîëîâàÿ è êàðíîçîâàÿ êèñëî-
òû. Èç ñåìÿí âûäåëåíî æèðíîå ìàñëî, ñîäåð-
æàùåå ãëèöåðèí ëèíîëåâîé êèñëîòû.

Ëèñòüÿ øàëôåÿ îáëàäàþò äåçèíôèöèðó-
þùèì, âÿæóùèì, êðîâîîñòàíàâëèâàþùèì,
ïðîòèâîâîñïàëèòåëüíûì, ìÿã÷èòåëüíûì äåé-
ñòâèåì. Ïðèìåíÿþò ïðè âîñïàëèòåëüíûõ
ïðîöåññàõ ïîëîñòè ðòà è ãëîòêè, âåðõíèõ äû-
õàòåëüíûõ ïóòåé â âèäå ïîëîñêàíèé. Íàñòîè
è îòâàðû ðàñòåíèÿ øèðîêî èñïîëüçóþòñÿ äëÿ
ïðèãîòîâëåíèÿ ëå÷åáíûõ âàíí è â êà÷åñòâå
ïðèìî÷åê, âëàæíûõ ïîâÿçîê ïðè ðàçëè÷íûõ
êîæíûõ çàáîëåâàíèÿõ, ãíîÿùèõñÿ ðàíàõ. Íà-
ñòîé øàëôåÿ î÷èùàåò æåëóäîê, îñâîáîæäàåò
ãîðëî îò ìîêðîòû. Íàñòîé óñèëèâàåò äåÿòåëü-
íîñòü æåëåç âíóòðåííåé ñåêðåöèè. Ïðèìåíÿ-
åòñÿ øàëôåé ïðè ãèïåðòîíèè, àòåðîñêëåðîçå.

Ëèñòüÿ øàëôåÿ îáëàäàþò ñèëüíûì îñò-
ðîïðÿíûì çàïàõîì è ïðÿíûì ãîðüêèì âêóñîì,
áëàãîäàðÿ ýòîìó ïðèìåíÿåòñÿ â ðûáíîé, êîí-
ñåðâíîé è ïèùåêîíöåíòðàòíîé ïðîìûøëåí-
íîñòè. Øàëôåé âõîäèò â ñïèñîê èíãðåäèåí-
òîâ äëÿ àðîìàòèçàöèè âèí, áàëüçàìîâ è áå-
çàëêîãîëüíûõ íàïèòêîâ. Ðàñòåíèå ïîïóëÿðíî
â êóëèíàðèè ñòðàí Þæíîé Åâðîïû è ÑØÀ,
åãî èñïîëüçóþò êàê ïðèïðàâó ê ñàëàòàì, ñî-
óñàì, ñóïàì, áóëüîíàì, îâîùíûì, ìÿñíûì,
ðûáíûì è ÿè÷íûì áëþäàì. Øàëôåé ÿâëÿåòñÿ
öåííûì ìåäîíîñîì [4–5].

Êóëüòóðà øàëôåÿ ïîêà èìååò íåáîëüøîå
ðàñïðîñòðàíåíèå â ñàäàõ è ïàðêàõ â ðåãèîíå
Þæíîãî Óðàëà, íî èíòåðåñ ê íåé çà ïîñëå-
äíåå âðåìÿ î÷åíü âîçðîñ. Â ýòîé ñâÿçè àêòó-
àëüíà ïðîáëåìà èçó÷åíèÿ äàííîé êóëüòóðû,
êîòîðàÿ ìîæåò áûòü ðåøåíà ìåòîäîì èíòðî-
äóêöèè. Ñëàáàÿ èçó÷åííîñòü áèîëîãèè íåêî-
òîðûõ ïðåäñòàâèòåëåé ðîäà Salvia â óñëîâèÿõ
êóëüòóðû ïîñëóæèëè îñíîâàíèåì äëÿ ïðîâå-
äåíèÿ äàííûõ èññëåäîâàíèé.

Ìàòåðèàë è ìåòîäû èññëåäîâàíèé.
Ìàòåðèàëîì äëÿ íàñòîÿùåé ðàáîòû ïîñëóæè-

ëè äâà ñîðòà S. officinalis L. (øàëôåé ëåêàð-
ñòâåííûé) – ‘Tricolor’, ‘Icterina’ è äâà ñîðòà
S. nemorosa L. (øàëôåé äóáðàâíûé) – ‘Mainacht’,
‘Rosakonigin’. Ïîñàäî÷íûé ìàòåðèàë ðàñòåíèé
øàëôååâ ïîëó÷åí íàìè â âèäå ñåìÿí è æèâûõ
ðàñòåíèé â ðàçíûå ãîäû èç ðàçëè÷íûõ áîòà-
íè÷åñêèõ ñàäîâ Ðîññèè è ñòðàí çàðóáåæüÿ.

Èçó÷åíèå ôåíîëîãèè è áèîëîãè÷åñêèõ
îñîáåííîñòåé ñîðòîâûõ øàëôååâ ïðîâîäè-
ëîñü â ïåðèîä 2002–2013 ãã. â Áîòàíè÷åñêîì
ñàäó-èíñòèòóòå ã. Óôû íà ýêñïîçèöèîííîì
ó÷àñòêå ïðÿíîàðîìàòè÷åñêèõ ðàñòåíèé, êîòî-
ðûé íàñ÷èòûâàåò îêîëî 80 òàêñîíîâ.

Îñíîâíûå êëèìàòè÷åñêèå õàðàêòåðèñòè-
êè ã. Óôû, ãäå ïðîâîäèëèñü èññëåäîâàíèÿ:
ñðåäíåãîäîâàÿ òåìïåðàòóðà âîçäóõà ðàâíà
+2,6îÑ, ñðåäíåìåñÿ÷íàÿ òåìïåðàòóðà âîçäóõà
çèìíèõ ìåñÿöåâ êîëåáëåòñÿ â ïðåäåëàõ îò
–12îÑ äî –16,6îÑ, àáñîëþòíûé ìèíèìóì áûë
îòìå÷åí â –42îÑ. Ñðåäíåìåñÿ÷íàÿ òåìïåðà-
òóðà âîçäóõà ëåòíèõ ìåñÿöåâ êîëåáëåòñÿ îò
+17,1îÑ äî +19,4îÑ, àáñîëþòíûé ìàêñèìóì
äîñòèãàåò äî +37îÑ, ñðåäíåìåñÿ÷íîå êîëè÷å-
ñòâî îñàäêîâ â ëåòíèå ìåñÿöû êîëåáëåòñÿ â
ïðåäåëàõ îò 54 äî 69 ìì, ñðåäíåãîäîâîå êî-
ëè÷åñòâî îñàäêîâ ðàâíî 580 ìì, áåçìîðîçíûé
ïåðèîä ïðîäîëæàåòñÿ â ñðåäíåì 144 äíÿ. Ïî-
÷âû ã. Óôû â îñíîâíîì ïî òèïó ïî÷â îòíî-
ñÿòñÿ ê ñåðûì ëåñíûì è òåìíî-ñåðûì ëåñíûì
[6–7].

Ïðè èçó÷åíèè ôåíîëîãèè (ñåçîííîãî ðèò-
ìà ðàçâèòèÿ) ïðîâîäèëè íàáëþäåíèÿ çà ñðî-
êàìè íàñòóïëåíèÿ îñíîâíûõ ôàç ðàçâèòèÿ ðà-
ñòåíèé ïî ñòàíäàðòíûì ìåòîäèêàì [8]. Ïðè
îïèñàíèè ìîðôîìåòðè÷åñêèõ ïàðàìåòðîâ ðà-
ñòåíèé èñïîëüçîâàëàñü òåðìèíîëîãèÿ, ïðåä-
ëîæåííàÿ â àòëàñàõ ïî îïèñàòåëüíîé ìîðôî-
ëîãèè [9–10]. Èçìåðåíèå ïðîâîäèëè íà 10 ìî-
äåëüíûõ ðàñòåíèÿõ êàæäîãî òàêñîíà. Ñòàòè-
ñòè÷åñêàÿ îáðàáîòêà ìîðôîìåòðè÷åñêèõ äàí-
íûõ ïðîâåäåíà ïî îáùåïðèíÿòîé ìåòîäèêå â
MS EXCEL 2003 c èñïîëüçîâàíèåì ñòàíäàðò-
íûõ ïîêàçàòåëåé [11].

Ðåçóëüòàòû è èõ îáñóæäåíèå. Ïðîõîæ-
äåíèå ôåíîëîãè÷åñêèõ ôàç òîãî èëè èíîãî
âèäà çàâèñèò âî ìíîãîì îò ðèòìèêè ñåçîí-
íîãî ðàçâèòèÿ, âîçìîæíîñòè èçìåíåíèÿ ôå-
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íîðèòìà â íîâûõ óñëîâèÿõ ñóùåñòâîâàíèÿ.
Ôåíîðèòìû ïîä÷èíåíû êëèìàòè÷åñêîìó
ðèòìó è êîëåáëþòñÿ â çàâèñèìîñòè îò òåì-
ïåðàòóðíûõ ïîêàçàòåëåé êîíêðåòíîãî ãîäà.
Íå öâåòóùèå è íå ïëîäîíîñÿùèå ðàñòåíèÿ íå
ìîãóò áûòü ïåðñïåêòèâíûìè äëÿ êóëüòèâè-
ðîâàíèÿ â äàííûõ àãðîêëèìàòè÷åñêèõ óñëî-
âèÿõ [12].

Â óñëîâèÿõ Áîòàíè÷åñêîãî ñàäà-èíñòèòó-
òà ã. Óôû ñîðòà øàëôåÿ äóáðàâíîãî ‘Mainacht’
è ‘Rosakonigin’ – ñðàâíèòåëüíî õîëîäîñòîéêèå
ðàñòåíèÿ è ïðîõîäÿò ïîëíûé öèêë ñåçîííîãî
ðàçâèòèÿ. Ñîðòà øàëôåÿ ëåêàðñòâåííîãî
‘Tricolor’, ‘Icterina’ ñëîæíî êóëüòèâèðîâàòü êàê

ìíîãîëåòíèå ðàñòåíèÿ, ïîñêîëüêó îíè íå ìî-
ðîçîñòîéêè, êàê äðóãèå ïðåäñòàâèòåëè ýòîãî
ðîäà. Âçðîñëûå ýêçåìïëÿðû ðàñòåíèé äàííûõ
ñîðòîâ çèìóþò â îòêðûòîì ãðóíòå, åñëè èõ
óòåïëèòü. Â êóëüòóðå Áîòàíè÷åñêîãî ñàäà
ã. Óôû èçó÷åííûå ñîðòà øàëôåÿ ëåêàðñòâåí-
íîãî ñòðàäàþò è ïîãèáàþò îò ìîðîçîâ â óñ-
ëîâèÿõ îòêðûòîãî ãðóíòà è ñîõðàíÿþòñÿ â
íåáëàãîïðèÿòíûé çèìíèé ïåðèîä âðåìåíè â
îáîãðåâàåìîé òåïëèöå.

Ðåçóëüòàòû íåêîòîðûõ ìîðôîìåòðè÷åñêèõ
ïàðàìåòðîâ ñîðòîâ øàëôåÿ äóáðàâíîãî ïðåä-
ñòàâëåíû â òàáë. 1, à ñîðòîâ øàëôåÿ ëåêàð-
ñòâåííîãî – â òàáë. 2.

Ò à á ë è ö à  1

Íåêîòîðûå ìîðôîìåòðè÷åñêèå ïàðàìåòðû ñîðòîâ Salvià nemorosa

Ï ð è ì å ÷ à í è å .  Ì – ñðåäíåå çíà÷åíèå ïîêàçàòåëÿ; Cv – êîýôôèöèåíò âàðèàöèè.

Ò à á ë è ö à  2

Íåêîòîðûå ìîðôîìåòðè÷åñêèå ïàðàìåòðû ñîðòîâ Salvià officinalis

Ï ð è ì å ÷ à í è å .  Ì – ñðåäíåå çíà÷åíèå ïîêàçàòåëÿ; Cv – êîýôôèöèåíò âàðèàöèè.

Пàðàìåòðû ‘Tricolor’ ‘Icterina’ 
Ì Дèàïàçîí Cv, % Ì Дèàïàçîí Cv, % 

Âûñîòà ðàñòåíèÿ, ñì 40,6±1,08 37,5–43,3 5,9 39,7±1,23 35,7–42,5 6,9 
Кîë-âî âåãåòàòèâíûõ  
ïîáåãîâ, øò. 12,2±1,07 9–15 19,5 14,2±0,97 12–17 15,3 

Òîëùèíà ïîáåãà, ñì 0,5±0,02 0,5–0,6 9,9 0,5±0,04 0,4–0,6 20,3 
Дëèíà ëèñòà, ñì  8,8±0,56 8,3–11,8 16,8 10,2±0,61 9,5–12,4 15,6 
Шèðèíà ëèñòà, ñì 1,6±0,04 1,5–1,7 5,7 1,6±0,07 1,5–1,8 9,2 
Кîë-âî ëèñòüåâ íà  
1 âåãåòàòèâíîì ïîáåãå 50,5±1,30 46–55 6,4 56,1±1,20 51–59 5,1 

Пàðàìåòðû ‘Mainacht’ ‘Rosakonigin’ 
Ì Дèàïàçîí Cv, % Ì Дèàïàçîí Cv, % 

Âûñîòà ðàñòåíèÿ, ñì 68,1±1,52 62,3–78,3 7,1 74,0±1,0 68–78,5 4,4 
Кîë-âî ãåíåðàòèâíûõ  
ïîáåãîâ, øò.  43,9±2,21 32–52 15,7 13,7±0,61 12–17 12,9 

Дëèíà ñîöâåòèÿ, ñì 33,2±1,30 26,3–39 12,4 20,8±0,53 17,5–22,5 7,4 
Òîëùèíà ãåíåðàòèâíîãî  
ïîáåãà, ñì 0,6±0,02 0,5–0,7 12,9 0,4±0,02 0,3–0,5 13,2 

Дëèíà ëèñòà, ñì 9,8±0,45 7,8–12 14,6 8,9±0,33 7,6–11 11,7 
Шèðèíà ëèñòà, ñì 0,7±0,02 0,6–0,7 7,8 1,3±0,13 0,8–1,9 30,9 
Кîë-âî ëèñòüåâ íà 
1 ãåíåðàòèâíîì ïîáåãå 28,2±1,44 18–32 16,2 42,0±0,89 38–46 6,7 

Кîë-âî ñîöâåòèé íà  
1 ãåíåðàòèâíîì ïîáåãå, øò. 12,8±0,63 10–17 15,5 7,5±0,34 6–9 14,4 

Кîë-âî öâåòêîâ 
â ìóòîâêå, øò. 137,6±4,45 108–160 10,2 168±4,38 114–192 8,2 

Кîë-âî ìóòîâîê, øò. 21,1±0,87 17–25 13,1 28,0±0,73 24–32 8,2 
Дëèíà öâåòêà, ñì 1,3±0,30 1,2–1,4 6,5 1,3±0,31 1,1–1,4 6,5 
Кîë-âî öâåòêîâ â  
1 ñîöâåòèè, øò. 41,6±1,07 38–48 8,5 90,2±1,13 84–96 4,1 
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Õàðàêòåðèñòèêà èçó÷åííûõ òàêñîíîâ ñëå-
äóþùàÿ:

Salvià officinalis – ìíîãîëåòíèé ïîëóêóñ-
òàðíèê, ðîäèíîé ÿâëÿåòñÿ Ìàëàÿ Àçèÿ, îòêó-
äà îí ðàñïðîñòðàíèëñÿ ïî Áàëêàíñêîìó ïîëó-
îñòðîâó è ñòðàíàì Ñðåäèçåìíîìîðüÿ. Â íà-
ñòîÿùåå âðåìÿ øàëôåé ëåêàðñòâåííûé âîçäå-
ëûâàþò â Åâðîïå, Êàíàäå, ÑØÀ, Ñèðèè, Èí-
äèè, íà Ìàäàãàñêàðå è Øðè-Ëàíêå. Ñàìûå
êðóïíûå ïëàíòàöèè äàííîãî âèäà â Þãîñëà-
âèè è íà þãå Ôðàíöèè. Êóëüòèâèðóþò íà Ñå-
âåðíîì Êàâêàçå, â Êðûìó, Ìîëäàâèè.

Ñîðòà ‘Tricolor’ è ‘Icterina’ â êîëëåêöèè
Áîòàíè÷åñêîãî ñàäà ã. Óôû âîçäåëûâàþòñÿ â
îòêðûòîì ãðóíòå òîëüêî â òå÷åíèå âåãåòàöè-
îííîãî ïåðèîäà (ìàé–ñåíòÿáðü), è ñ íàñòóï-
ëåíèåì ïåðâûõ çàìîðîçêîâ ðàñòåíèÿ ïåðåíî-
ñÿòñÿ â òåïëèöó. Â óñëîâèÿõ îòêðûòîãî ãðóíòà
íà Þæíîì Óðàëå äàííûå ñîðòà íå öâåòóò,
î÷åíü ðåäêî íàáëþäàåòñÿ ïîÿâëåíèå åäèíè÷-
íûõ öâåòêîâ â óñëîâèÿõ òåïëèöû.

Âûñîòà ðàñòåíèé ñîðòà ‘Tricolor’ ñîñòàâ-
ëÿåò 37,5–43,3 ñì, òîëùèíà ïîáåãà – 0,5–
0,6 ñì. Ëèñòüÿ êðåìîâî-çåëåíûõ òîíîâ ñ ôèî-
ëåòîâî-ðîçîâûìè îòòåíêàìè. Êîëè÷åñòâî ëè-
ñòüåâ íà 1 ïîáåãå – 46–55 øò., äëèíà ëèñòà
8,3–11,8 ñì, øèðèíà ëèñòà – 1,5–1,7 ñì. Ðàñ-
òåíèÿ ñîðòà ‘Icterina’ âûñîòîé 35,7–42,5 ñì,
òîëùèíà ïîáåãîâ – îò 0,4 äî 0,6 ñì. Ëèñòüÿ
ýòîãî ðàñòåíèÿ îêðàøåíû â íåæíî-ëèìîííûé,
çîëîòèñòûé è ÿðêî-çåëåíûé öâåòà. Êîëè÷å-
ñòâî ëèñòüåâ íà 1 ïîáåãå – 51–59 øò., äëèíà
ëèñòà 9,5–12,4 ñì, øèðèíà ëèñòà – 1,5–1,8 ñì.

S. nemorosa – òðàâÿíèñòûé êîðîòêî-êîð-
íåâèùíûé ìíîãîëåòíèê, øèðîêî ðàñïðîñòðà-
íåí â Ñðåäíåé Åâðîïå, íà çàïàäå åâðîïåé-
ñêîé ÷àñòè Ðîññèè è â ïðåäãîðüÿõ Êðûìà.
Ïðîèçðàñòàåò ïî ñòåïÿì, ñòåïíûì ñêëîíàì, íà
ñóõîäîëüíûõ ëóãàõ, ïî îïóøêàì.

Ñîðò ‘Mainacht’ – â êîëëåêöèè Áîòàíè÷å-
ñêîãî ñàäà ã. Óôû âåñåííåå îòðàñòàíèå ïîáå-
ãîâ ñîðòà îòìå÷åíî â ñðåäíåì â òðåòüåé äåêà-
äå àïðåëÿ–ïåðâîé äåêàäå ìàÿ. Ôàçà áóòîíèçà-
öèè ïðèõîäèòñÿ íà 20–22 ìàÿ. Öâåòåíèå íà-
÷èíàåòñÿ â ïåðâîé äåêàäå èþíÿ (1–3 èþíÿ) è
ïðîäîëæàåòñÿ äî 23–25 èþíÿ. Äëÿ íåãî õàðàê-
òåðíî ïîâòîðíîå öâåòåíèå, åñëè ñðåçàòü öâå-
òîíîñû ïîñëå ïåðâîé âîëíû öâåòåíèÿ. Â ýòîì

ñëó÷àå ìàññîâîå öâåòåíèå äîñòèãàåòñÿ â êîí-
öå èþëÿ è ïðîäîëæàåòñÿ äî êîíöà àâãóñòà.
Ñîðò ðàííèé, êóñò ïëîòíûé, êîìïàêòíûé.
Ðàñòåíèÿ äîñòèãàþò 62,3–78,3 ñì âûñîòîé.
Êîëè÷åñòâî ãåíåðàòèâíûõ ïîáåãîâ ñîñòàâëÿ-
åò 32–52 øò. íà 1 ðàñòåíèå. Êîëè÷åñòâî ñîö-
âåòèé íà 1 ãåíåðàòèâíîì ïîáåãå – 10–17 øò.,
êîëè÷åñòâî öâåòêîâ â 1 ñîöâåòèè – 38–48 øò.
Öâåòêè òåìíûå, ôèîëåòîâî-ñèíèå.

‘Rosakonigin’: ïîáåãè âåñíîé îòðàñòàþò
òàêæå êàê è ó ñîðòà ‘Mainacht’ – â òðåòüåé äå-
êàäå àïðåëÿ–ïåðâîé äåêàäå ìàÿ. Â ôàçó áóòî-
íèçàöèè âñòóïàåò 25–27 ìàÿ, ïåðèîä íà÷àëà
öâåòåíèÿ îòìå÷åí 7–8 èþíÿ. Öâåòåíèå ïðî-
äîëæèòåëüíîå, ñîñòàâëÿåò áîëåå 40 äíåé è
çàêàí÷èâàåòñÿ âî âòîðîé–òðåòüåé äåêàäå
èþëÿ. Ôîðìà êóñòà áîëåå ðûõëàÿ, ÷åì ó ñîðòà
‘Mainacht’. Ðàñòåíèå âûñîêîðîñëîå – 68–
78,5 ñì âûñîòîé. Êîëè÷åñòâî ãåíåðàòèâíûõ
ïîáåãîâ íåçíà÷èòåëüíîå, è ñîñòàâëÿåò 12–
17 øò. íà 1 ðàñòåíèå. Êîëè÷åñòâî ñîöâåòèé íà
1 ãåíåðàòèâíîì ïîáåãå – 6–9 øò., êîëè÷åñòâî
öâåòêîâ â 1 ñîöâåòèè – 84–96 øò. Öâåòêè ÿð-
êèå, ðîçîâûå.

Èç òàáë. 1 è 2 î÷åâèäíî, ÷òî ñðåäè èçó-
÷åííûõ òàêñîíîâ ñîðòà øàëôåÿ äóáðàâíîãî
ÿâëÿþòñÿ áîëåå âûñîêîðîñëûìè (62,3–
78,5 ñì). Íàèáîëüøåå êîëè÷åñòâî ïîáåãîâ îá-
ðàçóåò ñîðò ‘Mainacht’ (32–52 øò.). Íàèáîëü-
øåå êîëè÷åñòâî ëèñòüåâ íà ïîáåãàõ îòìå÷åíî
ó ñîðòîâ øàëôåÿ ëåêàðñòâåííîãî – äî 59 øò.
Âñå ìîðôîìåòðè÷åñêèå ïîêàçàòåëè èçó÷åííûõ
øàëôååâ èìåþò íîðìàëüíóþ ñòåïåíü âàðüè-
ðîâàíèÿ (îò 4,1 äî 30,9%).

Èçó÷åííûå ñîðòà øàëôåÿ ëåêàðñòâåííî-
ãî è äóáðàâíîãî îòëè÷àþòñÿ âûñîêîé äåêîðà-
òèâíîñòüþ. Ðàñòåíèÿ ÿâëÿþòñÿ êàê êðàñèâî-
öâåòóùèìè, òàê è äåêîðàòèâíî-ëèñòâåííûìè.
Ñîðòà øàëôåÿ äóáðàâíîãî ‘Mainacht’ è
‘Rosakonigin’ïðèâëåêàþò âíèìàíèå ñâîèìè
ÿðêèìè è ìíîãî÷èñëåííûìè ñèíå-ôèîëåòî-
âûìè èëè ðîçîâûìè ñîöâåòèÿìè è ãîôðèðî-
âàííûìè ëèñòüÿìè. Áëàãîäàðÿ îáèëüíîìó è
ïðîäîëæèòåëüíîìó öâåòåíèþ, îíè íàõîäÿò
øèðîêîå ïðèìåíåíèå â ôèòîäèçàéíå â ãðóï-
ïîâûõ è îäèíî÷íûõ ïîñàäêàõ. Ñîðòà øàëôåÿ
ëåêàðñòâåííîãî ‘Tricolor’ è ‘Icterina’ õàðàêòå-
ðèçóþòñÿ ïåñòðîëèñòíûìè ëèñòüÿìè. Áëàãî-
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äàðÿ ïåñòðîëèñòíîé îêðàñêå ëèñòüåâ ýòè ñîð-
òà ìîãóò ñîçäàâàòü â öâåòíèêàõ ÿðêèå àêöåíò-
íûå ïÿòíà è âûñòóïàòü êàê ôîíîâûå ðàñòåíèÿ
äëÿ äðóãèõ êðàñèâîöâåòóùèõ ðàñòåíèé.

Àãðîòåõíèêà ýòîé ãðóïïû ïðÿíîàðîìàòè-
÷åñêèõ ðàñòåíèé íåñëîæíàÿ. Øàëôåè æåëà-
òåëüíî âûñàæèâàòü íà ñîëíå÷íûõ ìåñòàõ.
Ê ïî÷âàì êóëüòóðà íå òðåáîâàòåëüíà, õîðîøî
ðàñòåò íà ñóõèõ, ýðîäèðîâàííûõ, èçâåñòêîâûõ
ïî÷âàõ. Ó÷àñòêè ñ âûñîêèì óðîâíåì ãðóíòî-
âûõ âîä íå ïðèãîäíû äëÿ êóëüòèâèðîâàíèÿ
äàííîé êóëüòóðû. Ïåðåçèìîâàâøèå ðàñòåíèÿ
äî íà÷àëà âåñåííåãî îòðàñòàíèÿ îìîëàæèâà-
þò, ñðåçàÿ ïðîøëîãîäíèå ïîáåãè. Ýòî ïîâû-
øàåò êóñòèñòîñòü è îáëèñòâåííîñòü ðàñòåíèé.
Õîðîøî ðàçìíîæàåòñÿ êàê âåãåòàòèâíûì ñïî-
ñîáîì – äåëåíèåì êóñòà, çåëåíûì ÷åðåíêîâà-
íèåì â èþíå–èþëå â ÷èñòîì ðå÷íîì ïåñêå â
óñëîâèÿõ òóìàííîé óñòàíîâêè, òàê è ñåìåí-
íûì – ïðè ïîäçèìíåì è ðàííåâåñåííåì ïî-
ñåâå. Ñîðòà øàëôåÿ äóáðàâíîãî äàþò õîðîøèé
ñàìîñåâ. Äëÿ ñîðòîâ øàëôåÿ ëåêàðñòâåííîãî
íåîáõîäèìî â çèìíåå âðåìÿ óêðûòèå â òåïëè-
öàõ èëè â êîìíàòíûõ óñëîâèÿõ.

Òàêèì îáðàçîì, ñëåäóåò îòìåòèòü, ÷òî
ñîðòà øàëôåÿ äóáðàâíîãî ïðîõîäÿò âñå ñòà-
äèè ñåçîííîãî ðàçâèòèÿ â óñëîâèÿõ Þæíîãî
Óðàëà, ñîðòà øàëôåÿ ëåêàðñòâåííîãî â îò-
êðûòîì ãðóíòå íå ìîãóò êóëüòèâèðîâàòüñÿ êàê
ìíîãîëåòíèêè, òàê êàê âûìåðçàþò è ñîõðà-
íÿþòñÿ â çèìíèé ïåðèîä â óñëîâèÿõ îáîãðå-
âàåìûõ òåïëèö. Èçó÷åííûå èíòðîäóöåíòû
ìîãóò áûòü ðåêîìåíäîâàíû â êà÷åñòâå ïðÿ-
íîàðîìàòè÷åñêîãî ñûðüÿ â ìåäèöèíå, êóëè-
íàðèè, ê èñïîëüçîâàíèþ â ôèòîäèçàéíå êàê
äåêîðàòèâíûå êðàñèâîöâåòóùèå è äåêîðàòèâ-
íîëèñòíûå ðàñòåíèÿ.
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SALVIA  IN  THE  UFA  BOTANICAL  GARDEN

© I.E. Anishchenko, O.Yu. Zhigunov, D.E. Danshina

Federal state budgetary institution of science Botanical garden-institute
of Ufa scientific center of the Russian Academy of sciences, Ufa, Russian Federation

450080, Ufa city, Mendeleev str., 195/3

The work presents the results of our research on some biological features of two Salvia officinalis L.
varieties – ‘Tricolor’, ‘Icterina’ and two S. nemorosa L. varieties – ‘Mainacht’, ‘Rosakonigin’.

The culture of Salvia is still not spread widely in gardens and parks of the South Ural Region, but the interest
in it has grown considerably in recent years. In this connection the study of this culture using the introduction
method becomes important. Our research was motivated by poor knowledge of the biology of some representatives
of the genus Salvia under culture conditions.

Phenological studies on the seasonal rhythm of development and biological features of the genus Salvia were
conducted over a period of 12 years under culture conditions in the Ufa Botanical Garden-Institute. The Salvia
taxons in question grow on the exposition site of aromatic plants. The collection of this group of plants consists of
about 80 taxons, including four Salvia taxons.

According to the results of our work, it can be stated that the tested varieties of S. nemorosa pass through all
stages of their seasonal development in the South Urals. However, the varieties of S. officinalis cannot be cultivated
outdoors as perennials, because they freeze in winter and can survive only in heated greenhouses. The varieties of
S. nemorosa and S. officinalis we have studied are distinguished by high ornamentality. The introduced varieties
can be recommended as aromatic raw material in medicine and cookery and are promising for use in phytodesign.

Key words: Salvia, variety, aromatic plants, biological characteristics, agrotechnics.
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ÑÅÇÎÍÍÛÉ  ÐÈÒÌ  ÐÀÇÂÈÒÈß  ÐßÁÈÍ (Sorbus L.)
Â  ÁÎÒÀÍÈ×ÅÑÊÎÌ  ÑÀÄÓ  ã. ÓÔÛ

© Ð.Ã. Àáäóëëèíà, Í.À. Ðÿçàíîâà

Èçëàãàþòñÿ ðåçóëüòàòû èçó÷åíèÿ ñåçîííîãî ðèòìà ðàçâèòèÿ 25 âèäîâ ðîäà Ðÿáèíà (Sorbus L.), èíòðîäó-
öèðîâàííûõ â óñëîâèÿ Áîòàíè÷åñêîãî ñàäà-èíñòèòóòà ÓÍÖ ÐÀÍ (Áàøêèðñêîå Ïðåäóðàëüå).

Ïî ðåçóëüòàòàì äèñïåðñèîííîãî àíàëèçà áûëî âûÿâëåíî, ÷òî ôàêòîð âèäîâûõ îñîáåííîñòåé ÿâëÿåòñÿ
ñòàòèñòè÷åñêè çíà÷èìûì äëÿ âñåõ ðàññìîòðåííûõ ôåíîôàç, ò.å. ñðîêè ïðîõîæäåíèÿ ôàç ñåçîííîãî ðàçâèòèÿ
çàâèñÿò îò ãåíåòè÷åñêè âûðàáîòàâøèõñÿ áèîëîãè÷åñêèõ îñîáåííîñòåé âèäîâ. Òàêæå âûÿâëåíà çàâèñèìîñòü
íàñòóïëåíèÿ ôåíîëîãè÷åñêèõ ôàç ðàçâèòèÿ îò ôàêòîðà ãîäà, ò.å. äàòû ôåíîôàç ñèëüíî âàðüèðóþò â çàâèñè-
ìîñòè îò êëèìàòè÷åñêèõ óñëîâèé ãîäà.

Ïðîäîëæèòåëüíîñòü âåãåòàöèîííîãî ïåðèîäà ó ðÿáèí (îò íà÷àëà ðàñïóñêàíèÿ ïî÷åê äî îñåííåãî îêðàøè-
âàíèÿ ëèñòüåâ) â çàâèñèìîñòè îò áèîëîãè÷åñêèõ îñîáåííîñòåé âèäà è êëèìàòè÷åñêèõ óñëîâèé ãîäà ñîñòàâëÿåò
îò 138 äî 160 äíåé. Ñàìîé êîðîòêîé ïðîäîëæèòåëüíîñòüþ âåãåòàöèè õàðàêòåðèçóåòñÿ S. sibirica Hedl. (138 äíåé),
çàòåì S. commixta Hedl. (144 äíÿ), S. aucuparia L. è S. amurensis Koehne (146 äíåé). Ñàìûì ïðîäîëæèòåëüíûì
ïåðèîäîì âåãåòàöèè îáëàäàåò S. alnifolia (Siebold et Zucc.) C. Koch. (160 äíåé), S. × latifolia (Lam.) Pers. è
S. pohuashanensis (Hance) Hedl. (158 äíåé).

Â ðåçóëüòàòå ìíîãîëåòíèõ íàáëþäåíèé óñòàíîâëåíî, ÷òî â óñëîâèÿõ Áàøêèðñêîãî Ïðåäóðàëüÿ ïîñëåäî-
âàòåëüíîñòü âèäîâ ðÿáèíû (Sorbus L.) â ïðîõîæäåíèè êàæäîé èç ôàç ñåçîííîãî ðàçâèòèÿ â îñíîâíîì ñîõðà-
íÿåòñÿ èç ãîäà â ãîä. Ðàíî íà÷èíàþùèå è ðàíî çàêàí÷èâàþùèå âåãåòàöèþ ïðåäñòàâèòåëè ñåêöèè Sorbus L.
(S. amurensis, S. × arnoldiana Rehd., S. commixta, S. rufo-ferruginea (Schneid.) Schneid., S. americana Marsh.
è S. decora (Sarg.) Schneid.) èìåþò íàèáîëåå âûñîêóþ çèìîñòîéêîñòü è çäîðîâîå æèçíåííîå ñîñòîÿíèå. Âèäû
äðóãèõ ñåêöèé, ïðåäñòàâëåííûå â êîëëåêöèè, ïîçäíî íà÷èíàþò è çàêàí÷èâàþò âåãåòàöèþ, õàðàêòåðèçóþòñÿ
ìåíüøåé çèìîñòîéêîñòüþ è îñëàáëåííûì æèçíåííûì ñîñòîÿíèåì. Íàèìåíüøóþ çèìîñòîéêîñòü èìåþò S. aria L.
è S. chamaemespilus (L.) Grantz. var. sudetica (Tausch) Wenz, êîòîðûå âûðàñòàþò òîëüêî äî óðîâíÿ ñíåãà.

Êëþ÷åâûå ñëîâà: ðÿáèíà, èíòðîäóêöèÿ, ôåíîëîãèÿ, çèìîñòîéêîñòü.

Äàííûå ôåíîëîãè÷åñêèõ íàáëþäåíèé â
êîìïëåêñå ñ äðóãèìè õàðàêòåðèñòèêàìè ïî-
çâîëÿþò îöåíèòü ðåçóëüòàòû èíòðîäóêöèè
êîíêðåòíîãî âèäà â óñëîâèÿõ èíòðîäóêöèè,
âûäåëèòü ñðåäè íèõ íàèáîëåå óñòîé÷èâûå,
âûÿâèòü âîçìîæíûå çàêîíîìåðíîñòè ðîñòà è
ðàçâèòèÿ â íîâûõ óñëîâèÿõ [1]. Öåëüþ íàøåé
ðàáîòû áûëî èçó÷åíèå ñåçîííîãî ðèòìà ðàç-
âèòèÿ âèäîâ ðîäà Ðÿáèíà (Sorbus L.) â óñëî-
âèÿõ èíòðîäóêöèè â Áàøêèðñêîì Ïðåäóðàëüå,
çàâèñèìîñòè ïðîõîæäåíèÿ ôåíîëîãè÷åñêèõ
ôàç ðàçâèòèÿ îò áèîëîãè÷åñêèõ îñîáåííîñòåé
âèäîâ è êëèìàòè÷åñêèõ óñëîâèé ãîäà.

Ðîäîâîé êîìïëåêñ âèäîâ ðîäà ðÿáèíû
(Sorbus L.) Áîòàíè÷åñêîãî ñàäà-èíñòèòóòà
(ã. Óôà), êîòîðûé â íàñòîÿùåå âðåìÿ âêëþ÷à-
åò 26 âèäîâ èç ðàçëè÷íûõ ãåîãðàôè÷åñêèõ ðå-
ãèîíîâ, 4 åñòåñòâåííûõ ãèáðèäà, 8 ñîðòîâ è
ôîðì. Â èññëåäîâàíèå âêëþ÷åíû 25 âèäîâ
ðÿáèí, îòíîñÿùèõñÿ â ñèñòåìàòè÷åñêîì ïëà-
íå [2] ê ïÿòè ñåêöèÿì:

ñåêöèÿ Sorbus C. Koch – S. amurensis
Koehne, S. americana Marsh., S. × arnoldiana
Rehd., S. aucuparia L., S. commixta Hedl.,
S. discolor (Maxim.) Maxim., S. decora (Sarg.)
Schneid., S. fruticosa Steud., S. koehneana
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Schneid., S. pohuashanensis (Hance) Hedl.,
S. rufo-ferruginea (Schneid.) Schneid., S. sibirica
Hedl., S. cashmiriana Hedl.;

ñåêöèÿ Lobatae Gabr. – S. × hybrida L.,
S. intermedia (Ehrh) Pers., S. turkestanica
(Franch.) Hedl., S. × thuringiaca (Ilse) Fritsch.,
S. mougeottii Soy -Willem. et Godr., S. caucasica
Zinserl., S. armeniaca Hedl.;

ñåêöèÿ Chamaemespilus G. Hedi-
S. chamaemespilus (L.) Grantz. var. sudetica
(Tausch) Wenz;

ñåêöèÿ Aria Pers. – S. aria L., S. × latifolia
(Lam.) Pers., S. graeca (Shach.) Hedl;

ñåêöèÿ Micromeles (Decne) Rehd. –
S. alnifolia (Siebold et Zucc.) C. Koch.

Ôåíîëîãè÷åñêèå íàáëþäåíèÿ ïðîâîäèëè
ïî îáùåïðèíÿòîé â èíòðîäóêöèîííûõ èññëå-
äîâàíèÿõ ìåòîäèêå [3]. Íà ïðîòÿæåíèè 9 ëåò
(2005–2013) èçó÷àëè ðàñòåíèÿ ïîñàäêè 1941–
1988 ãã., â òå÷åíèå 6 ëåò (2009–2013) – ðàñòå-
íèÿ ïîñàäêè 2005–2012 ãã. Ïðè ðàñ÷åòå ôåíî-
ëîãè÷åñêèõ äàò èñïîëüçîâàëè ïåðåâîä êàëåí-
äàðíûõ äíåé â íåïðåðûâíûé ÷èñëîâîé ðÿä
îò 1 ìàðòà [4–5]. Çèìîñòîéêîñòü ðÿáèí îïðå-
äåëÿëè ïî 7-áàëëüíîé øêàëå, ðàçðàáîòàííîé
â ÃÁÑ ÐÀÍ [6] ñ äîïîëíåíèÿìè [7]. Æèçíåí-
íîå ñîñòîÿíèå ðàñòåíèé îöåíèâàëè ïî ìåòî-
äèêå Â.À. Àëåêñååâà [8].

Ñòàòèñòè÷åñêóþ îáðàáîòêó äàííûõ ïðî-
âîäèëè ñ ïîìîùüþ ïðîãðàììû Statistica 6,0 è
ïàêåòà àíàëèçà òàáëè÷íîãî ïðîöåññîðà Excell.

Íà÷àëî âåãåòàöèè. Çà íà÷àëî âåãåòàöèè,
â ñîîòâåòñòâèè ñ ìåòîäèêîé, ïðèíÿòà ôåíî-
ôàçà íà÷àëà ðàçâåðçàíèÿ ïî÷åê. Èíòðîäóöè-
ðîâàííûå âèäû ðÿáèí íà÷èíàþò âåãåòàöèþ
(òàáë. 1) â ïåðèîä 17 àïðåëÿ–2 ìàÿ. Ñ ïîìî-
ùüþ êëàñòåðíîãî àíàëèçà âñå âèäû áûëè ðàç-
äåëåíû íà äâå ãðóïïû: ðàíî íà÷èíàþùèå âå-
ãåòàöèþ, èëè ðàíî ðàñïóñêàþùèåñÿ (17–
25 àïðåëÿ), è ïîçäíî íà÷èíàþùèå âåãåòàöèþ,
èëè ïîçäíî ðàñïóñêàþùèåñÿ (29 àïðåëÿ–
2 ìàÿ). Ê ðàíî ðàñïóñêàþùèìñÿ âèäàì îòíî-
ñÿòñÿ âñå âèäû ñåêöèè Sorbus, à òàêæå ïðåä-
ñòàâèòåëü ñåêöèè Lobatae – S. turkestanica.
Ïåðâûìè â ôàçó ðàçâåðçàíèÿ ïî÷åê âñòóïàþò
âîñòî÷íîàçèàòñêèå S. cashmiriana (17 àïðåëÿ),
S. fruticosa, S. discolor (18 àïðåëÿ), çàòåì
S. amurensis, S. commixta (19 àïðåëÿ). Âèäû

èç îñòàëüíûõ ñåêöèé – ïîçäíî ðàñïóñêàþùè-
åñÿ. Ñàìûìè ïîñëåäíèìè â ýòó ôàçó âñòóïà-
þò: S. aria (26 àïðåëÿ) èç ñåêöèè Aria, à òàêæå
âèäû ñåêöèè Lobatae – S. mougeottii (28 àï-
ðåëÿ), S. intermedia, S. armeniaca (29 àïðåëÿ).
Ìåñòíûå âèäû S. sibirica è S. aucuparia çàíè-
ìàþò ïðîìåæóòî÷íîå ïîëîæåíèå (22 àïðåëÿ).

Ïîñëåäîâàòåëüíîñòü âñòóïëåíèÿ ðÿáèí â
âåãåòàöèþ â áîëüøåé ñòåïåíè ñâÿçàíà ñ èõ
ñèñòåìàòè÷åñêîé ïðèíàäëåæíîñòüþ, ÷åì ñ
ãåîãðàôè÷åñêèì ðàñïîëîæåíèåì àðåàëîâ. Òàê,
íàèáîëåå ðàíî ðàñïóñêàþùèìèñÿ âèäàìè ðÿ-
áèí ÿâëÿþòñÿ ïðåäñòàâèòåëè ñåêöèè Sorbus,
èç êîòîðûõ òîëüêî ñàìûå ðàííèå èìåþò ñå-
âåðíûå è ãîðíûå âîñòî÷íîàçèàòñêèå àðåàëû.
Èñêëþ÷åíèå ñîñòàâëÿåò S. turkestanica èç ñåê-
öèè Lobatae – âèä, èìåþùèé ãîðíî-ñðåäíå-
àçèàòñêîå ïðîèñõîæäåíèå. Ãðóïïó ïîçäíî ðàñ-
ïóñêàþùèõñÿ âèäîâ ñîñòàâëÿþò ñêàíäèíàâ-
ñêî-åâðîïåéñêèå ïðåäñòàâèòåëè ñåêöèè
Lobatae, Aria è Chamaemespilus.

Íà÷àëî öâåòåíèÿ. Áîëüøèíñòâî èçó÷åí-
íûõ âèäîâ â óñëîâèÿõ èíòðîäóêöèè õàðàêòå-
ðèçóþòñÿ ðåãóëÿðíûì öâåòåíèåì. Ðÿáèíû çà-
öâåòàþò ìåæäó 17 è 27 ìàÿ, â ñðåäíåì 22 ìàÿ.
Êàê è â ñëó÷àå íà÷àëà âåãåòàöèè, ðàííèå ñðî-
êè çàöâåòàíèÿ õàðàêòåðíû äëÿ âèäîâ ñåêöèè
Sorbus. Ïåðâûìè íà÷èíàþò öâåñòè äàëüíå-
âîñòî÷íûå S. amurensis  (17 ìàÿ) è
S. commixta (16 ìàÿ), äàëåå – àâòîõòîííûå
S. sibirica è S. aucuparia (18 ìàÿ). Ïîñëåäíè-
ìè â ýòó ôàçó âñòóïàþò âèäû ñåêöèè
Lobatae – S. × hybrida (28 ìàÿ), S. intermedia
(25 ìàÿ), S. mougeottii è S. armeniaca (24 ìàÿ),
S. × thuringiaca (20 ìàÿ). Òàêèì îáðàçîì,
îïÿòü ïðîñëåæèâàåòñÿ ñâÿçü íà÷àëà öâåòåíèÿ
ðÿáèí ñ ñèñòåìàòè÷åñêèì ïîëîæåíèåì âè-
äîâ. Ñâÿçü çàöâåòàíèÿ ðÿáèí ñ ïðèðîäíûì
àðåàëîì âèäîâ âûðàæàåòñÿ â áîëåå ðàííåì
çàöâåòàíèè âèäîâ èç ñåâåðíûõ ðåãèîíîâ è
áîëåå ïîçäíåì – èç þæíûõ. Ïîñëåäîâàòåëü-
íîñòü çàöâåòàíèÿ èç ãîäà â ãîä îñòàåòñÿ ïî-
ñòîÿííîé. Ïðîäîëæèòåëüíîñòü öâåòåíèÿ ñî-
âîêóïíîñòè âñåõ ðÿáèí ñîñòàâëÿåò îò 10 äî
30 äíåé, îäíîãî âèäà – 4–8 äíåé.

Íà÷àëî ñîçðåâàíèÿ ïëîäîâ. Ñàìûì ïåð-
âûì â ýòó ôàçó, êîãäà ïëîäû ïðèíèìàþò ñîîò-
âåòñòâóþùóþ îêðàñêó è êîíñèñòåíöèþ,
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ÁÈÎËÎÃÈß,  ÁÈÎÕÈÌÈß  È  ÃÅÍÅÒÈÊÀ

âñòóïàåò ìåñòíûõ âèäîâ S. aucuparia è
S. sibirica, â ñðåäíåì 10 àâãóñòà. Ñàìûì ïî-
çäíèì íà÷àëîì ñîçðåâàíèÿ ðÿáèí îòëè÷àþò-
ñÿ âèäû ñåêöèè Lobatae – S. × hybrida (16 ñåí-
òÿáðÿ) è S. mougeottii (15 ñåíòÿáðÿ). Ó âèäîâ
ðÿáèí ïîñàäêè 1941–1988 ãã. ïëîäîíîøåíèå
åæåãîäíîå, íî äëÿ íèõ õàðàêòåðíà ðàçëè÷íàÿ
ñòåïåíü ïëîäîíîøåíèÿ â ðàçíûå ãîäû. Êîë-
ëåêöèîííûå ýêçåìïëÿðû ðÿáèíû ïîñàäêè
2005–2012 ãã. åùå íå âñå âñòóïèëè â ãåíåðà-
òèâíóþ ôàçó ðàçâèòèÿ. Ïåðâîå ïëîäîíîøåíèå
â òðåõëåòíåì âîçðàñòå áûëî îòìå÷åíî ó ãè-
ìàëàéñêèõ âèäîâ S. fruticosa è S. cashmiriana
ñåâåðîàìåðèêàíñêîãî S. americana, â 4 ãîäà –
ó öåíòðàëüíî-êèòàéñêîãî S. koehneana, â
7 ëåò – ó ñåâåðîêèòàéñêîãî S. pohuashanensis.

Îñåííåå îêðàøèâàíèå ëèñòüåâ. Ïî ôå-
íîôàçå íà÷àëà îñåííåãî îêðàøèâàíèÿ ëè-
ñòâû, âçÿòóþ çà îêîí÷àíèå âåãåòàöèè, ðÿ-
áèíû ðàñïðåäåëåíû íà 2 ãðóïïû: ðàíî (10–
24 ñåíòÿáðÿ) è ïîçäíî çàêàí÷èâàþùèå âå-
ãåòàöèþ (25 ñåíòÿáðÿ – 2 îêòÿáðÿ). Áîëüøàÿ
÷àñòü ðÿáèí, ðàíî íà÷èíàþùèõ âåãåòàöèþ,
õàðàêòåðèçóåòñÿ è ðàííèì åå çàâåðøåíèåì.
Ïîçäíî íà÷èíàþùèå âåãåòèðîâàòü âèäû
âåãåòàöèþ çàêàí÷èâàþò ïîçäíî. Ðàíüøå
âñåõ íà÷èíàþò îêðàøèâàòüñÿ ëèñòüÿ ó ìåñ-
òíîãî âèäà S. sibirica (10 ñåíòÿáðÿ) è äàëü-
íåâîñòî÷íîãî S. commixta (15 ñåíòÿáðÿ).
Ïîçæå âñåõ ôàçà îêðàøèâàíèÿ ëèñòüåâ îò-
ìå÷åíà ó S. alnifolia è S. × latifolia (2 îêòÿá-
ðÿ). Îïàäåíèÿ ëèñòüåâ íà÷èíàåòñÿ ñïóñòÿ
10–15 äíåé ïîñëå íà÷àëà èõ îêðàøèâàíèÿ.
Ïîñëåäîâàòåëüíîñòü âñòóïëåíèÿ âèäîâ â
ôåíîôàçó íà÷àëà ïîæåëòåíèÿ è ëèñòîïàäà
ó ðÿáèí åæåãîäíî ñîõðàíÿåòñÿ.

Â íåêîòîðûå ãîäû â ñâÿçè ñ ðàííèì íà-
ñòóïëåíèåì îñåííèõ çàìîðîçêîâ ëèñòüÿ ó âè-
äîâ ñåêöèè Lobatae (S. mougeottii, S. × hybrida,
S. intermedia, S. armeniaca, S. caucasica), à òàê-
æå âèäîâ ñåêöèè Aria (S. aria, S. graeca) è âèäà
ñåêöèè Chamaemespilus (S. chamaemespilus
var. sudetica) ïîäìåðçàþò, ïîñëå ÷åãî ÷åðíå-
þò è îïàäàþò, â ñâÿçè ñ ÷åì îòñóòñòâóåò ôàçà
îêðàøèâàíèÿ ëèñòüåâ ïåðåä èõ îïàäåíèåì.

Ïðîäîëæèòåëüíîñòü âåãåòàöèîííîãî
ïåðèîäà ó ðÿáèí (îò íà÷àëà ðàñïóñêàíèÿ ïî-
÷åê äî îñåííåãî îêðàøèâàíèÿ ëèñòüåâ) â çà-
âèñèìîñòè îò áèîëîãè÷åñêèõ îñîáåííîñòåé
âèäà è êëèìàòè÷åñêèõ óñëîâèé ãîäà ñîñòàâ-
ëÿåò îò 138 äî 160 äíåé. Ñàìîé êîðîòêîé ïðî-
äîëæèòåëüíîñòüþ âåãåòàöèè õàðàêòåðèçóåòñÿ
S. sibirica (138 äíåé), çàòåì S. commixta
(144 äíÿ), S. aucuparia è S. amurensis
(146 äíåé). Ñàìûì ïðîäîëæèòåëüíûì ïåðè-
îäîì âåãåòàöèè îáëàäàåò S. alnifolia
(160 äíåé), S. × latifolia è S. pohuasanensis
(158 äíåé).

Ïî ðåçóëüòàòàì äèñïåðñèîííîãî àíàëèçà
(òàáë. 2) óñòàíîâëåíî, ÷òî ôàêòîð âèäà ÿâëÿåò-
ñÿ ñòàòèñòè÷åñêè çíà÷èìûì äëÿ âñåõ ðàññìîò-
ðåííûõ ôåíîôàç, ò.å. ñðîêè ïðîõîæäåíèÿ ôàç
ñåçîííîãî ðàçâèòèÿ çàâèñÿò îò ãåíåòè÷åñêè
âûðàáîòàâøèõñÿ áèîëîãè÷åñêèõ îñîáåííîñòåé
âèäîâ. Òàêæå âûÿâëåíà çàâèñèìîñòü íàñòóï-
ëåíèÿ ôåíîëîãè÷åñêèõ ôàç ðàçâèòèÿ îò ôàêòî-
ðà ãîäà, ò.å. äàòû ôåíîôàç ñèëüíî âàðüèðóþò â
çàâèñèìîñòè îò êëèìàòè÷åñêèõ óñëîâèé ãîäà.

Îäíèì èç îïðåäåëÿþùèõ ôàêòîðîâ óñ-
òîé÷èâîñòè ðàñòåíèé â íîâûõ óñëîâèÿõ ÿâ-
ëÿåòñÿ èõ ñïîñîáíîñòü ïðîòèâîñòîÿòü êîìï-
ëåêñó âîçäåéñòâèé âíåøíåé ñðåäû íà ïðîòÿ-

Ò à á ë è ö à  2

Âëèÿíèå âèäîâûõ îñîáåííîñòåé è ôàêòîðà ãîäà (ãîäîâûõ èçìåíåíèé ìåòåîóñëîâèé)
íà ïðîõîæäåíèå ôåíîëîãè÷åñêèõ ôàç ðÿáèí

Фåíîëîãè÷åñêèå ôàçû 
Âëèÿíèå âèäîâûõ 

îñîáåííîñòåé Фàêòîð ãîäà 

F p F p 
Ðàçâåðçàíèå ïî÷åê 5,988 0,0000 6,779 0,0000 
Íà÷àëî öâåòåíèÿ 3,51 0,0020 16,84 0,0000 
Íà÷àëî ñîçðåâàíèÿ ïëîäîâ 13,04 0,0000 5,19 0,0002 
Îñåííÿÿ îêðàñêà ëèñòüåâ 3,94 0,0005 5,91 0,0000 
Ëèñòîïàä 3,56 0,0001 5,9 0,0000 



91

Ð.Ã. Àáäóëëèíà, Í.À. Ðÿçàíîâà. Ñåçîííûé ðèòì ðàçâèòèÿ ðÿáèí (Sorbus L.)...

æåíèè çèìû è ðàííåé âåñíû. Â Áîòàíè÷å-
ñêîì ñàäó ã. Óôû – íàèáîëåå çèìîñòîéêè
ðàíî íà÷èíàþùèå âåãåòàöèþ âèäû ðÿáèíû.
Ðàñòåíèÿ èìåþò «õîðîøåå æèçíåííîå ñîñòîÿ-
íèå». Àáñîëþòíî çèìîñòîéêèìè (áàëë I) ÿâëÿ-
þòñÿ âîñòî÷íîàçèàòñêèå âèäû [9] S. amurensis,
S. × arnoldiana, S. commixta, S. rufo-ferruginea,
ñåâåðîàìåðèêàíñêèå S. americana è S. decora.
Ðÿáèíû, ïîçäíî íà÷èíàþùèå âåãåòàöèþ è ïî-
çäíî åå çàêàí÷èâàþùèå, èìåþò ñëàáóþ çèìî-
ñòîéêîñòü è «îñëàáëåííîå æèçíåííîå ñîñòîÿ-
íèå». Íàèìåíüøóþ çèìîñòîéêîñòü (V áàëëîâ)
èìåþò S. aria è S. chamaemespilus, êîòîðûå
âûðàñòàþò òîëüêî äî óðîâíÿ ñíåãà.

Â ðåçóëüòàòå ìíîãîëåòíèõ íàáëþäåíèé
óñòàíîâëåíî, ÷òî â óñëîâèÿõ Áàøêèðñêîãî
Ïðåäóðàëüÿ ïîñëåäîâàòåëüíîñòü âèäîâ ðÿáè-
íû â ïðîõîæäåíèè êàæäîé èç ôàç ñåçîííîãî
ðàçâèòèÿ â îñíîâíîì ñîõðàíÿåòñÿ èç ãîäà â
ãîä. Íàñòóïëåíèå ôåíîëîãè÷åñêèõ ôàç ðàçâè-
òèÿ ðÿáèí çàâèñèò êàê îò èõ áèîëîãè÷åñêè çàê-
ðåïëåííûõ îñîáåííîñòåé âèäîâ, â ÷àñòíîñòè
ñèñòåìàòè÷åñêîé ïðèíàäëåæíîñòè ê ñåêöèÿì
è ìåñòîíàõîæäåíèÿì ïðèðîäíîãî àðåàëà ðàñ-
ïðîñòðàíåíèÿ, òàê è îò êëèìàòè÷åñêèõ óñëî-
âèé òîãî èëè èíîãî ãîäà.

Ïî ñðîêàì íà÷àëà âåãåòàöèè è îñåííåãî
ðàñöâå÷èâàíèÿ âûäåëÿþòñÿ 3 ãðóïïû: I – ðàíî
íà÷èíàþùèå è ðàíî çàêàí÷èâàþùèå âåãåòà-
öèþ; II – ðàíî íà÷èíàþùèå è ïîçäíî çàêàí÷è-
âàþùèå âåãåòàöèþ; III – ïîçäíî íà÷èíàþùèå
è ïîçäíî çàêàí÷èâàþùèå âåãåòàöèþ [10]. Íàè-
áîëüøåé çèìîñòîéêîñòüþ è çäîðîâûì æèçíåí-
íûì ñîñòîÿíèåì õàðàêòåðèçóþòñÿ ðàíî íà÷è-
íàþùèå è ðàíî çàêàí÷èâàþùèå âåãåòàöèþ
ìåñòíûå, âîñòî÷íîàçèàòñêèå è ñåâåðîàìåðè-
êàíñêèå âèäû, íàèìåíüøåé çèìîñòîéêîñòüþ è
îñëàáëåííûì æèçíåííûì ñîñòîÿíèåì – ïî-
çäíî íà÷èíàþùèå è ïîçäíî çàêàí÷èâàþùèå
âåãåòàöèþ. Ïðîäîëæèòåëüíîñòü âåãåòàöèè ðÿ-
áèí ñîñòàâëÿåò 138–160 äíåé.
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SEASONAL  RHYTHM  OF  DEVELOPMENT  OF  MOUNTAIN  ASHES  (Sorbus L.)
IN  THE  UFA  BOTANICAL  GARDEN

© R.G. Abdullina, N.A. Ryazanova

Botanical Garden-Institute of Ufa Scientific Center of Russian Academy of Sciences,
Ufa, Russian Federation

450080, Build. 3, 195, Mendeleyeva str.

The results of study of a seasonal rhythm of development of 25 species of Genus Sorbus L. introduced under
the conditions of Botanical Garden-Institute USC RAS (Bashkir Cis-Urals) are presented in this work.

According to results of analysis of variance it was revealed that the factor of species features is statistically
significant for all considered phases. It means that terms of passing of phases of seasonal development depend on
genetically developed biological features of species. Dependence of approach of phonological phases of development
on a factor of year is also stated, i.e. date of phases is strongly varied depending on climatic conditions of year.

Duration of vegetative period at mountain ashes (from the beginning of blooming of kidneys toe autumn
coloring of leaves) in connection with biological features of species and climatic conditions of year consists of
138–160 days. The shortest duration of vegetation characterizes S. sibirica (138 days), then S. commixta Hedl.
(144 days), S. aucuparia L. and S. amurensis Koehne (146 days). The most long period of vegetation possesses
S. alnifolia (Siebold et Zucc.) C. Koch. (160 days), S. × latifolia (Lam.) Pers and S. pohuashanensis (Hance)
Hedl. (158 days).

It is established in the result of long-term observations that under the conditions of Bashkir CIS-Urals a
sequence of species of mountain ash (Sorbus L.) in the passage of each phase of seasonal development is mainly
maintained from year to year. Early beginners and early the representatives of the section Sorbus finishing vegetation
(S. amurensis, S. × arnoldiana Rehd., S. commixta, S. rufo-ferruginea (Schneid.) Schneid., S. americana Marsh.
and S. decora (Sarg.) Schneid.) – have the greatest winter hardiness and healthy vital state. The species of other
sections have late start and end on the vegetation and they are characterized by the smaller hardiness and weakened
life condition. The lowest winter hardiness (the V points) have S. aria L. and S. chamaemespilus (L.) Grantz. var.
sudetica (Tausch) Wenz, which grow only to snow level.

Key words: Sorbus, introduction, phenology, winter hardiness.
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Èññëåäîâàíèÿ ïðîâîäèëèñü íà 7-ñóòî÷íûõ ðàñòåíèÿõ òâåðäîé ïøåíèöû (Triticum durum desf., ñîðòà Áåçåí-
÷óêñêàÿ 139) â ëàáîðàòîðíûõ óñëîâèÿõ, è áûëè íàïðàâëåíû íà âûÿâëåíèå òîãî, â êàêîé ôîðìå öèòîêèíèíû
òðàíñïîðòèðóþòñÿ èç ïîáåãà â êîðíè ïî ôëîýìå ðàñòåíèé ïøåíèöû. Ñ ýòîé öåëüþ ëèñòüÿ ðàñòåíèé áûëè îáðàáî-
òàíû ðàñòâîðàìè çåàòèíà è èçîïåíòåíèëàäåíèíà. Äëÿ îáðàáîòêè ðàñòåíèé èõ ïîáåãè ïîãðóæàëè â åìêîñòü ñ ðà-
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íî è åãî ðèáîçèäà. Ýòè ðåçóëüòàòû ñâèäåòåëüñòâóþò î òîì, ÷òî ýêçîãåííûå öèòîêèíèíû ïîãëîùàëèñü è ìåòà-
áîëèçèðîâàëèñü ëèñòîì. ×åðåç ñóòêè ïîñëå ïîñòóïëåíèÿ ýêçîãåííûõ öèòîêèíèíîâ â ðàñòåíèÿ èõ óðîâåíü
ñíèæàëñÿ, ÷òî òàêæå ìîãëî áûòü ñëåäñòâèåì ìåòàáîëèçìà ýêçîãåííîãî ãîðìîíà. Ïðè ââåäåíèè â ëèñòüÿ
ýêçîãåííûõ öèòîêèíèíîâ òàêæå ïîâûøàëîñü ñîäåðæàíèå ýòèõ ãîðìîíîâ è â êîðíÿõ, êàê ïðè îáðàáîòêå çåà-
òèíîì (ïîâûøåíèå ÷åðåç 20 ìèí., ïðîäîëæàëîñü è ÷åðåç ñóòêè ïîñëå îáðàáîòêè), òàê è ïðè îáðàáîòêå ÈÏ
(ïîâûøåíèå ÷åðåç ñóòêè).

Ðàíåå äëÿ äâóäîëüíûõ ðàñòåíèé áûëî ïîêàçàíî, ÷òî òðàíñïîðò öèòîêèíèíîâ ïî ôëîýìå èäåò ïðåèìóùå-
ñòâåííî â âèäå ïðîèçâîäíûõ èçîïåíòåíèëàäåíèíà. Ñðàâíåíèå óðîâíÿ è äèíàìèêè íàêîïëåíèÿ ïðîèçâîäíûõ
çåàòèíà è èçîïåíòåíèëàäåíèíà â ïîáåãàõ è êîðíÿõ ðàñòåíèé ïøåíèöû, îáðàáîòàííûõ ýêçîãåííûìè öèòîêèíè-
íàìè â íàøèõ ýêñïåðèìåíòàõ óêàçûâàåò íà òî, ÷òî çåàòèí, ñêîðåå, ÷åì èçîïåíòåíèëàäåíèí, ìîæåò ñëóæèòü
òðàíñïîðòíîé ôîðìîé ïðè ïåðåäâèæåíèè öèòîêèíèíîâ ïî ôëîýìå îäíîäîëüíûõ ðàñòåíèé.
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Èçó÷åíèå öèòîêèíèíîâ íåðàçðûâíî ñâÿ-
çàíî ñ ïðåñòàâëåíèåì îá èõ âàæíîé ðîëè â
êà÷åñòâå ñèãíàëîâ, ïîñòóïàþùèõ èç îäíîãî
îðãàíà ðàñòåíèé â äðóãèå. Åùå â ïèîíåðñêèõ
ðàáîòàõ Î.Í. Êóëàåâîé áûëî ïîêàçàíî, ÷òî
ïðåêðàùåíèå ïðèòîêà öèòîêèíèíîâ ïî êñè-
ëåìå èç êîðíåé ðàñòåíèé òàáàêà ïðèâîäèò ê
óñêîðåíèþ ñòàðåíèÿ ëèñòüåâ [1]. Ïîçäíåå
áûëî âûÿâëåíî âëèÿíèå ðàçíîîáðàçíûõ âíå-
øíèõ ôàêòîðîâ íà ïðèòîê öèòîêèíèíîâ èç
êîðíåé (íàïðèìåð, çàñîëåíèå [2], çàñóõà [3],
îõëàæäåíèå êîðíåé [4]), à êóëüìèíàöèåé òà-
êîãî ðîäà èññëåäîâàíèé ïîñëóæèëè îïûòû
Ñàêàêèáàðà ñ ñîàâòîðàìè, ïðîäåìîíñòðèðî-
âàâøèå ðîëü öèòîêèíèíîâ â íèòðàòíîì ñèã-

íàëèíãå [5]. Â íèõ áûëî ïîêàçàíî, ÷òî ïî-
âûøåíèå óðîâíÿ ýêñïðåññèè ãåíîâ, êîäèðó-
þùèõ âàæíûå äëÿ ôîòîñèíòåçà ôåðìåíòû,
êîòîðîå ïðîèñõîäèò â îòâåò íà íèòðàòû, çà-
ïóñêàåòñÿ íå èìè ñàìèìè, à ïîñòóïàþùèìè
èç êîðíåé öèòîêèíèíàìè, ñèíòåç êîòîðûõ
âîçðàñòàåò ïîä âëèÿíèåì íèòðàòîâ. Ïîñêîëü-
êó äî íåäàâíåãî âðåìåíè äîìèíèðîâàëî
ïðåäñòàâëåíèå î òîì, ÷òî öèòîêèíèíû ñèí-
òåçèðóþòñÿ òîëüêî â êîðíÿõ, òðàíñïîðòó öè-
òîêèíèíîâ ïî ôëîýìå óäåëÿëîñü ìàëî âíè-
ìàíèÿ. Ýòîìó ñïîñîáñòâîâàë òîò ôàêò, ÷òî
ñîáðàòü ôëîýìíûé ñîê êðàéíå òðóäíî. Ïðè
ïîâðåæäåíèè ñèòîâèäíûõ òðóáîê îíè çàêó-
ïîðèâàþòñÿ êàëëîçîé [6], à ñâÿçûâàíèå
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èîíîâ êàëüöèÿ ñ ïîìîùüþ ÝÄÒÀ äëÿ ïðåäîò-
âðàùåíèÿ ýòîãî ïðîöåññà ìîæåò âûçâàòü íå-
ñïåöèôè÷åñêèå ôóíêöèîíàëüíûå íàðóøåíèÿ.
Îòêðûòèå ãåíîâ, êîäèðóþùèõ ôåðìåíòû èçî-
ïåíòèíåëòðàíñôåðàçû, êîòîðûå êîíòðîëèðó-
þò ñèíòåç öèòîêèíîâ, ïîçâîëèëî âûÿâèòü èõ
ýêñïðåññèþ íå òîëüêî â êîðíÿõ, íî è ïîáåãàõ
ðàñòåíèé [7]. Ýòè äàííûå ñâèäåòåëüñòâîâà-
ëè î ñïîñîáíîñòè ïîáåãîâ íàðÿäó ñ êîðíÿìè
ñèíòåçèðîâàòü öèòîêèíèíû, ÷òî ïðèâëåêëî
âíèìàíèå ê âîçìîæíîé ðîëè öèòîêèíèíîâ
â êà÷åñòâå ñèãíàëîâ, ïåðåäàâàåìûõ ïî ôëîý-
ìå. Òàê, áûëî ïîêàçàíî ïîâûøåíèå êîíöåí-
òðàöèè öèòîêèíèíîâ â ëèñòüÿõ ðàñòåíèé
àðàáèäîïñèñà èëè èõ ýêññóäàòå ïðè èçìåíå-
íèè îñâåùåííîñòè [8], â ïðîöåññå èíäóêöèè
öâåòåíèÿ ïðè èçìåíåíèè äëèíû äíÿ [9] è
òåìïåðàòóðû [10], à òàêæå âîçðàñòàíèå
òðàíñïîðòà öèòîêèíèíîâ ïî ôëîýìå èç ëèñ-
òüåâ ïîä âëèÿíèåì îáðàáîòêè ëèñòüåâ ñîëÿ-
ìè àçîòà [11]. Â íåñêîëüêèõ ïóáëèêàöèÿõ îò-
ìå÷àëîñü, ÷òî äëÿ ôëîýìíîãî ñîêà õàðàêòåð-
íî áîëåå âûñîêîå ñîäåðæàíèå ïðîèçâîäíûõ
öèòîêèíèíà èçîïåíòåíèëàäåíèíà ïî ñðàâíå-
íèþ ñ èõ ãèäðîêñèëèðîâàííûìè ôîðìàìè
(çåàòèíîì) [12]. Íà ýòîì îñíîâàíèè âîçíèê-
ëî ïðåäïîëîæåíèå î òîì, ÷òî öèòîêèíèíî-
âûå ñèãíàëû ïåðåäàþòñÿ ïî ôëîýìå â âèäå
èçìåíåíèÿ êîíöåíòðàöèè ïðîèçâîäíûõ èçî-
ïåíòåíèëàäåíèíà, â îòëè÷èå îò êñèëåìû, ïî
êîòîðîé öèòîêèíèíû òðàíñïîðòèðóþòñÿ ïðå-
èìóùåñòâåííî â âèäå ïðîèçâîäíûõ çåàòèíà.
Âìåñòå ñ òåì íåîáõîäèìî îòìåòèòü, ÷òî ýòè
ðåçóëüòàòû áûëè ïîëó÷åíû èñêëþ÷èòåëüíî
íà äâóäîëüíûõ ðàñòåíèÿõ. Âàæíî áûëî âû-
ÿñíèòü, ñóùåñòâóåò ëè òàêàÿ ñïåöèàëèçàöèÿ
òðàíñïîðòà öèòîêèíèíîâ èç ïîáåãà â êîðíè
ïî ôëîýìå ó îäíîäîëüíûõ ðàñòåíèé. Ñ ýòîé
öåëüþ ìû ââîäèëè â ëèñòüÿ ðàñòåíèé ïøå-
íèöû èëè çåàòèí, èëè èçîïåíòåíèëàäåíèí
è ðåãèñòðèðîâàëè èçìåíåíèå óðîâíÿ öèòî-
êèíèíîâ â èõ ïîáåãàõ è êîðíÿõ. Öåëü ðàáîòû
çàêëþ÷àëàñü â âûÿñíåíèè òîãî, îáðàáîòêà
ëèñòüåâ êàêèì öèòîêèíèíîì ïðèâîäèò ê
áîëüøåìó íàêîïëåíèþ ýòèõ ãîðìîíîâ â êîð-
íÿõ, ÷òî äîëæíî áûëî âûÿâèòü òó ôîðìó öè-
òîêèíèíà, êîòîðàÿ ïðåèìóùåñòâåííî òðàíñ-
ïîðòèðóåòñÿ èç ïîáåãà â êîðíè.

Ìàòåðèàëû è ìåòîäû. Èññëåäîâàíèÿ
ïðîâîäèëè íà 7-ñóòî÷íûõ ðàñòåíèÿõ òâåðäîé
ïøåíèöû (Triticum durum desf., ñîðòà Áåçåí-
÷óêñêàÿ 139) â ëàáîðàòîðíûõ óñëîâèÿõ. Ðàñ-
òåíèÿ ïðîðàùèâàëè íà âîäîïðîâîäíîé âîäå
â òåìíîòå â òå÷åíèå äâóõ ñóòîê. Íà òðåòüè ñóò-
êè ðàñòåíèÿ ïîìåùàëè íà ñâåòîïëîùàäêó ñ
îñâåùåííîñòüþ 90 Âò/ì2, ñ 14-÷àñîâûì ñâå-
òîâûì ïåðèîäîì è òåìïåðàòóðîé 24–26°Ñ
äíåì è 19°Ñ íî÷üþ. Çà ñóòêè äî ýêñïåðèìåí-
òà ðàñòåíèÿ ïøåíèöû äëÿ àäàïòàöèè ïîìå-
ùàëè ïî 10 øòóê â ñîñóäû ñî 100 ìë 100%-ãî
ðàñòâîðà Õîãëàíäà-Àðíîíà. Ó 7-ñóòî÷íûõ ðà-
ñòåíèé ïøåíèöû ïîáåã ñîñòîèò èç îäíîãî
ñôîðìèðîâàííîãî ëèñòà, è ïîýòîìó òåðìèíû
«ëèñò» è «ïîáåã» èñïîëüçóþòñÿ íèæå êàê âçà-
èìîçàìåíÿåìûå.

Äëÿ îáðàáîòêè 7-ñóòî÷íûõ ðàñòåíèé çåà-
òèíîì (Ç) è èçîïåíòåíèëàäåíèíîì (ÈÏ) ïîáå-
ãè ïîãðóæàëè â åìêîñòü ñ ðàñòâîðîì ñîîòâåò-
ñòâóþùåãî ãîðìîíà â êîíöåíòðàöèè 50 ìã/ë
ñ Òâèíîì 20 0,05%. Êîíòðîëåì ñëóæèëè ðàñ-
òåíèÿ â àíàëîãè÷íûõ ñîñóäàõ, ïîãðóæåííûå
â ñðåäó ñ Òâèíîì 20, íî áåç ãîðìîíà. Âðåìÿ
îáðàáîòêè ñîñòàâèëî 30 ìèí, âðåìÿ ýêñïîçè-
öèè ïîñëå îáðàáîòêè 20 ìèí è 24 ÷ (1 ñóòêè).
Ôèêñàöèþ íà ãîðìîíû ïîáåãîâ è êîðíåé ïðî-
èçâîäèëè ïîñëå ïðåäâàðèòåëüíîé îòìûâêè
ðàñòåíèé â âîäå ñ Òâèíîì 20, çàòåì â ÷èñòîé
âîäîïðîâîäíîé âîäå.

Îïðåäåëåíèå ñîäåðæàíèÿ öèòîêèíè-
íîâ – çåàòèíà (Ç), çåàòèíðèáîçèäà (ÇÐ), ÈÏ è
èçîïåíòåíèëàäåíîçèíà (ÈÏÀ) ïðîâîäèëè ñ
ïîìîùüþ èììóíîôåðìåíòíîãî àíàëèçà, èñ-
ïîëüçóÿ òåñò-ñèñòåìû äëÿ îïðåäåëåíèÿ ÇÐ è
ÈÏÀ ñ ñîîòâåòñòâóþùèìè ñòàíäàðòàìè [8].
Êðîññ-ðåàêòèâíîñòü ÈÏÀ â òåñò-ñèñòåìå äëÿ
îïðåäåëåíèÿ ïðîèçâîäíûõ Ç íå áîëåå 1%, â
òî âðåìÿ êàê êðîññ-ðåàêòèâíîñòü Ç â òåñò-ñè-
ñòåìå äëÿ îïðåäåëåíèÿ ïðîèçâîäíûõ ÈÏÀ –
íå áîëåå 2% [13]. Ðàñòèòåëüíûé ìàòåðèàë (ïî-
áåãè è êîðíè, 5 ðàñòåíèé íà 1 áèîëîãè÷åñêèé
ïîâòîð) ãîìîãåíèçèðîâàëè è ýêñòðàãèðîâàëè
80%-ì ýòàíîëîì. Ñïèðòîâîé ýêñòðàêò îòäå-
ëÿëè öåíòðèôóãèðîâàíèåì è óïàðèâàëè äî
âîäíîãî îñòàòêà. Ïîñëå óïàðèâàíèÿ ýòàíîëà
öèòîêèíèíû êîíöåíòðèðîâàëè íà êàðòðèäæå
Ñ18 (Bond-Elut, RP-C18; Varian Ltd., Walton-on-
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Ðèñ.  1.  Ñîäåðæàíèå öèòîêèíèíîâ â ïîáåãàõ ðàñòåíèé ïøåíèöû,
îáðàáîòàííûõ ðàñòâîðîì çåàòèíà

Ðèñ.  2.  Ñîäåðæàíèå ïðîèçâîäíûõ ÈÏ â ïîáåãàõ ðàñòåíèé ïøåíè-
öû, îáðàáîòàííûõ ðàñòâîðîì ÈÏ

Ðèñ.  3.  Ñîäåðæàíèå ïðîèçâîäíûõ çåàòèíà â êîðíÿõ ðàñòåíèé
ïøåíèöû, îáðàáîòàííûõ ðàñòâîðîì çåàòèíà

Thames, UK). Ðàçäåëåíèå öèòîêèíèíîâ
îñóùåñòâëÿëè ñ ïîìîùüþ òîíêîñëîé-
íîé õðîìàòîãðàôèè â ñìåñè í-áóòàíîë :
àììèàê : âîäà (6:1:2). Ãîðìîíû óñïåøíî
ðàçäåëÿëèñü è èìåëè ñëåäóþùèå çîíû
âûõîäà: ÇÐ (Rf 0.4), Ç (Rf 0.6–0.75), ÈÏÀ
(Rf 0.5) è ÈÏ (Rf 0.75–0.85). Ìàòåðèàë
èç çîí âûõîäà ãîðìîíîâ ýëþèðîâàëè
0,1 Ì ôîñôàòíûì áóôåðîì (pH 7,4) â
òå÷åíèå 16 ÷ è âíîñèëè â ëóíêè ìèêðî-
ïëàíøåòà â íåñêîëüêèõ ïîâòîðàõ äëÿ
ïîñëåäóþùåãî èììóíîàíàëèçà.

Ñòàòèñòè÷åñêóþ îáðàáîòêó ïðîâî-
äèëè ïî ñòàíäàðòíûì ïðîãðàììàì MS
Excel. Äàííûå íà ãðàôèêàõ ïðåäñòàâëÿ-
þò ñîáîé ñðåäíåå çíà÷åíèå èç òðåõ è
áîëåå áèîëîãè÷åñêèõ ïîâòîðîâ. Íà ðè-
ñóíêàõ ïðèâåäåíû ñðåäíèå çíà÷åíèÿ è
ñòàíäàðòíàÿ îøèáêà ïîêàçàòåëåé.

Ðåçóëüòàòû è îáñóæäåíèå. Ïîãðó-
æåíèå ëèñòüåâ ðàñòåíèé â ðàñòâîð öè-
òîêèíèíîâ óâåëè÷èâàëî ñîäåðæàíèå â
ëèñòå öèòîêèíèíîâ (ðèñ. 1). ×åðåç
20 ìèí ïîñëå èçâëå÷åíèÿ ëèñòüåâ èç ðà-
ñòâîðà çåàòèíà ñóììàðíîå ñîäåðæàíèå
Ç è ÇÐ â ëèñòüÿõ âîçðàñòàëî â 13 ðàç ïî
ñðàâíåíèþ ñ íåîáðàáîòàííûìè ýêçî-
ãåííûìè öèòîêèíèíàìè ðàñòåíèÿìè
(êîíòðîëü), à ïðè îáðàáîòêå ðàñòåíèé
ÈÏ ñóììà ÈÏ è ÈÏÀ – â 8 ðàç (ðèñ. 2).
Ïðè ýòîì âîçðàñòàëà êîíöåíòðàöèÿ íå
òîëüêî ñàìîãî àçîòèñòîãî îñíîâàíèÿ,
êîòîðûì îáðàáàòûâàëè ðàñòåíèÿ, íî è
åãî ðèáîçèäà. Ýòè ðåçóëüòàòû ñâèäåòåëü-
ñòâóþò î òîì, ÷òî ýêçîãåííûå öèòîêè-
íèíû íå ïðîñòî ñîðáèðîâàëèñü, íî ïî-
ãëîùàëèñü ëèñòîì, ÷òî îáåñïå÷èâàëî
âîçìîæíîñòü èõ ìåòàáîëèçàöèè (èçâåñ-
òíî, ÷òî ó ðàñòåíèé åñòü ôåðìåíòû, ñïî-
ñîáíûå ðèáîçèëèðîâàòü ñâîáîäíûå îñ-
íîâàíèÿ) [14]. ×åðåç ñóòêè ïîñëå ïîñòóï-
ëåíèÿ ýêçîãåííûõ öèòîêèíèíîâ â ðàñ-
òåíèÿ èõ óðîâåíü ñíèæàëñÿ, ÷òî òàêæå
ìîãëî áûòü ñëåäñòâèåì ìåòàáîëèçìà ýê-
çîãåííîãî ãîðìîíà (íàïðèìåð, çà ñ÷åò
åãî îêèñëåíèÿ ïðè ó÷àñòèè ôåðìåíòà
öèòîêèíîêñèäàçû (ÖÊÎ) [15]).
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Ðèñ.  4.  Ñîäåðæàíèå ïðîèçâîäíûõ ÈÏ â êîðíÿõ ðàñòåíèé ïøåíè-
öû, îáðàáîòàííûõ ðàñòâîðîì ÈÏ

Ðèñ.  5.  Ñîäåðæàíèå ïðîèçâîäíûõ çåàòèíà â ïîáåãàõ ðàñòåíèé
ïøåíèöû ïðè îáðàáîòêå ðàñòâîðîì ÈÏ

Ðèñ.  6.  Ñîäåðæàíèå ïðîèçâîäíûõ ÈÏ â ïîáåãàõ ðàñòåíèé ïøåíè-
öû, îáðàáîòàííûõ ðàñòâîðîì çåàòèíà

Ââåäåíèå â ëèñòüÿ ýêçîãåííûõ öè-
òîêèíèíîâ ñêàçûâàëîñü è íà ñîäåðæà-
íèè ýòèõ ãîðìîíîâ â êîðíÿõ. Óæå ÷å-
ðåç 20 ìèí ïîñëå îáðàáîòêè çåàòèíîì
ñîäåðæàíèå ñóììû çåàòèíà è åãî ðè-
áîçèäà áûëî â êîðíÿõ â 1,5 ðàçà âûøå,
÷åì â êîíòðîëå (ðèñ. 3). Íàêîïëåíèå
áûëî ìåíåå çíà÷èòåëüíûì, ÷åì â ëèñ-
òüÿõ, íî çàòî ïðîäîëæàëîñü è íà ñëå-
äóþùèå ñóòêè, êîãäà ñîäåðæàíèå Ç è ÇÐ
áûëî óæå â 3 ðàçà âûøå, ÷åì â êîíòðî-
ëå. Îáðàáîòêà ðàñòåíèé ðàñòâîðîì ÈÏ
ñíà÷àëà íèêàê íå îòðàçèëàñü íà ñîäåð-
æàíèè ýòîé ôîðìû öèòîêèíèíîâ â êîð-
íÿõ, è ëèøü ÷åðåç ñóòêè ñóììàðíûé
óðîâåíü ôîðì ÈÏ è ÈÏÀ óâåëè÷èëñÿ â
1,5 ðàçà ïî ñðàâíåíèþ ñ êîíòðîëåì
(ðèñ. 4). Òàêèì îáðàçîì, ñîçäàåòñÿ âïå-
÷àòëåíèå, ÷òî Ç îêàçàëñÿ áîëåå ìîáèëü-
íîé ôîðìîé è ëåã÷å äîñòèãàë êîðíåé
îáðàáîòàííûõ ðàñòåíèé ïøåíèöû.

Ïîñêîëüêó â êîðíè ïîòîê âåùåñòâ
èäåò ïî ôëîýìå, íàøè ðåçóëüòàòû íå ñî-
îòâåòñòâóþò äàííûì ëèòåðàòóðû î òîì,
÷òî èìåííî ÈÏ ÿâëÿåòñÿ îñíîâíîé
òðàíñïîðòíîé ôîðìîé ïðè ïåðåäâèæå-
íèè öèòîêèíèíîâ ïî ôëîýìå äâóäîëü-
íûõ ðàñòåíèé [12]. Âìåñòå ñ òåì òàêîé
îäíîçíà÷íîé òðàêòîâêå íàøèõ ðåçóëü-
òàòîâ ìåøàëè ðåçóëüòàòû, êîòîðûå
áûëè ïîëó÷åíû ïðè îöåíêå óðîâíÿ â
ðàñòåíèÿõ íå òîëüêî òîé ôîðìû öèòî-
êèíèíîâ, êîòîðîé îáðàáàòûâàëè ðàñ-
òåíèÿ, íî è äðóãèõ ôîðì. Òàê, èç ðèñ. 5
âèäíî, ÷òî ïðè ââåäåíèè â ëèñòüÿ ÈÏ
â íèõ âîçðàñòàë óðîâåíü íå òîëüêî ïðî-
èçâîäíûõ ÈÏ (ñì. ðèñ. 2), íî è ïðîèç-
âîäíûõ çåàòèíà (ðèñ. 5), à ïðè îáðà-
áîòêå çåàòèíîì óâåëè÷èâàëñÿ óðîâåíü
ÈÏ è åãî ðèáîçèäà (ðèñ. 6). Óðîâåíü íà-
êîïëåíèÿ â ýòîì ñëó÷àå áûë ìåíüøèì
(÷åì ïðè îáðàáîòêå ÈÏ), íî âñå æå äî-
ñòîâåðíûì. Íàêîïëåíèå çåàòèíà ó îá-
ðàáîòàííûõ ÈÏ ðàñòåíèé ëåãêî îáúÿñ-
íèòü ãèäðîêñèëèðîâàíèåì ÈÏ, â ðå-
çóëüòàòå êîòîðîãî è îáðàçóåòñÿ çåàòèí.
Õîðîøî èçâåñòíî, ÷òî òàêèå ïðåâðàùå-
íèÿ ïðîèñõîäÿò â ðàñòåíèè ïðè ó÷àñ-
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Ðèñ.  7.  Ñîäåðæàíèå ïðîèçâîäíûõ çåàòèíà â êîðíÿõ ðàñòåíèé ïøå-
íèöû, îáðàáîòàííûõ ÈÏ

Ðèñ.  8.  Ñîäåðæàíèå ïðîèçâîäíûõ ÈÏ â êîðíÿõ ðàñòåíèé ïøåíè-
öû, îáðàáîòàííûõ çåàòèíîì

òèè ñîîòâåòñòâóþùåãî ôåðìåíòà [14].
Îá îáðàòèìîñòè ýòîé ðåàêöèè ìåíüøå
èçâåñòíî, íî íàêîïëåíèå ÈÏ ó îáðàáî-
òàííûõ çåàòèíîì ðàñòåíèé ìîæíî
îáúÿñíèòü òåì, ÷òî âûñîêèå êîíöåíò-
ðàöèè çåàòèíà êîíêóðèðóþò ñ ýòèì öè-
òîêèíèíîì çà ñâÿçûâàíèå ñ ÖÊÎ, â ðå-
çóëüòàòå ÷åãî ìîæåò ñíèæàòüñÿ óðîâåíü
îêèñëèòåëüíîãî ðàñïàäà ïðîèçâîäíûõ
ÈÏ [15]. Òàê èëè èíà÷å, ïîâûøåíèå
óðîâíÿ ÈÏ â ëèñòüÿõ ïðè ïîñòóïëåíèè
â íèõ çåàòèíà íå ïîçâîëÿåò èñêëþ÷èòü
âîçìîæíîñòü òîãî, ÷òî èìåííî ÈÏ, à íå
çåàòèí òðàíñïîðòèðîâàëñÿ â êîðíè ïðè
îáðàáîòêå ðàñòåíèé çåàòèíîì.

Ïðåäñòàâëÿëî èíòåðåñ ïðîñëå-
äèòü, êàê ìåíÿëîñü ñîäåðæàíèå ïðîèç-
âîäíûõ çåàòèíà â êîðíÿõ ðàñòåíèé, îá-
ðàáîòàííûõ ÈÏ, è, íàîáîðîò, ïðîèçâîä-
íûõ ÈÏ – â êîðíÿõ ðàñòåíèé, îáðàáî-
òàííûõ çåàòèíîì. Èç ðèñ. 7 âèäíî, ÷òî
â îòëè÷èå îò ñóììû ÈÏ è åãî ðèáîçè-
äà, óðîâåíü êîòîðûõ â êîðíÿõ ñíà÷àëà
íå ìåíÿëñÿ ñîâñåì ïðè ââåäåíèè â ëè-
ñòüÿ ÈÏ (ñì. ðèñ. 4), ñîäåðæàíèå çåàòè-
íà è åãî ðèáîçèäà â êîðíÿõ ýòèõ ðàñòå-
íèé âîçðàñòàëî ïî÷òè â 1,5 ðàçà. Êàê
óæå óïîìèíàëîñü âûøå, ÈÏ ÿâëÿåòñÿ
ïðåäøåñòâåííèêîì çåàòèíà. Âàæíî
áûëî ïîíÿòü, ãäå ÈÏ ìîã ïðåâðàòèòüñÿ
â çåàòèí: â ëèñòå, è çàòåì òðàíñïîðòè-
ðîâàòüñÿ â âèäå çåàòèíà, èëè â ñàìèõ
êîðíÿõ (òîãäà òðàíñïîðòíîé ôîðìîé ìîã áûòü
ñàì ÈÏ). Ñàìè ïî ñåáå ýêñïåðèìåíòû ñ çåà-
òèíîì íå ìîãëè äàòü îòâåò íà ýòîò âîïðîñ.

Èíôîðìàöèþ ê ðàçìûøëåíèþ äàëè ðå-
çóëüòàòû îöåíêè óðîâíÿ ÈÏ è åãî ðèáîçèäà â
êîðíÿõ ðàñòåíèé, îáðàáîòàííûõ çåàòèíîì. Êàê
âèäíî èç ðèñ. 8, ó ýòèõ ðàñòåíèé íå áûëî íà-
êîïëåíèÿ ÈÏ â êîðíÿõ (õîòÿ óðîâåíü ïðîèç-
âîäíûõ ýòîé ôîðìû öèòîêèíèíîâ âîçðàñòàë
â ëèñòüÿõ, ñì. ðèñ. 6). Íàîáîðîò, óðîâåíü ýòîé
ôîðìû öèòîêèíèíîâ ñíèæàëñÿ ïî ñðàâíåíèþ
ñ êîíòðîëåì. Ýòè äàííûå ìîæíî ðàññìàòðè-
âàòü êàê àðãóìåíò â ïîëüçó ïðåäïîëîæåíèÿ î
òîì, ÷òî èìåííî òðàíñïîðò çåàòèíà, à íå ÈÏ
áûë èñòî÷íèêîì ïîâûøåíèÿ óðîâíÿ çåàòèíà
â êîðíÿõ ðàñòåíèé, îáðàáîòàííûõ çåàòèíîì.

Õîòÿ ïîëó÷åííûå íàìè äàííûå íå ïîçâîëÿ-
þò èñêëþ÷èòü âîçìîæíîñòü òîãî, ÷òî äîïîë-
íèòåëüíûé ïðèòîê ÈÏ èç ïîáåãà â êîðíè âñå
æå ïðîèñõîäèë, à ÈÏ áûñòðî ïðåâðàùàëñÿ â
êîðíÿõ â çåàòèí, òàêîå ïðåäïîëîæåíèå âñå æå
ïðåäñòàâëÿåòñÿ íàì ìàëîâåðîÿòíûì. Òåì íå
ìåíåå òðåáóåòñÿ ïðîâåäåíèå àíàëèçà ôëîýì-
íîãî ýêññóäàòà èç ëèñòüåâ, ÷òîáû ïîëó÷èòü
áîëåå îáîñíîâàííûå âûâîäû îá îòíîñèòåëü-
íîé ðîëè çåàòèíà è ÈÏ â êà÷åñòâå ôîðìû öè-
òîêèíèíîâ, òðàíñïîðòèðóåìîé ïî ôëîýìå îä-
íîäîëüíûõ ðàñòåíèé ïøåíèöû.

Òàêèì îáðàçîì, ñðàâíåíèå óðîâíÿ íàêîï-
ëåíèÿ ïðîèçâîäíûõ çåàòèíà è ÈÏ â ïîáåãàõ è
êîðíÿõ ðàñòåíèé ïøåíèöû, îáðàáîòàííûõ ýê-
çîãåííûìè öèòîêèíèíàìè, óêàçûâàåò íà òî,
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÷òî çåàòèí ñêîðåå, ÷åì ÈÏ, ìîæåò ñëóæèòü
òðàíñïîðòíîé ôîðìîé ïðè ïåðåäâèæåíèè öè-
òîêèíèíîâ ïî ôëîýìå îäíîäîëüíûõ ðàñòåíèé.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ÐÔÔÈ,
ãðàíò ¹ 13-04-00666.
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roots via phloem. For this purpose the leaves were treated by zeatin and isopentenyl adenine solutions. In doing so,
the wheat sprouts were submerged in the container filled with the solution of the appropriate hormone. Cytokinin
contents (zeatin, zeatin riboside, isopentenyl adenine and isopentenyl adenosine) were determined through
immunoenzymatic analysis using standardized test systems to identify zeatin riboside and isopentenyl adenosine.

The submergence of wheat leaves in the cytokinin solution increased the cytokinin contents in leave; in this
case there was an increase in the concentration of both the nitrogenous base with which the plants were treated
and its riboside. These results testify to the fact that exogenous cytokinins were taken up and metabolized in
leaves. In 24 hours after the delivery of exogenous cytokinins to the plants, their level decreased that can also be
a consequence of exogenous hormone metabolism. On introducing exogenous cytokinins into leaves, the content
of these hormones in roots increased as well, both under zeatin treatment (increased in 20 min and continued after
24 hours) and under isopentenyl adenine treatment (increased in 24 hours).

As shown previously for dicotyledons, cytokinin transport via phloem occurs primarily in the form of
isopentenyl adenine derivatives. Comparison of the levels and accumulation dynamics of zeatin and isopentenyl
adenine derivatives in wheat sprouts and roots treated by exogenous cytokinins in our experiments point to the fact
that zeatin is more able to serve as a transport form than isopentenyl adenine during the movement of cytokinins
via phloem in monocotyledons.

Key words: cytokinins, zeatin, isopenteniladenin, phloem transport, metabolism, Triticum durum wheat.
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Â ãðóïïå äåêîðàòèâíûõ êóñòàðíèêîâ ÷ó-
áóøíèê çàíèìàåò îñîáîå ìåñòî. Åãî åùå íà-
çûâàþò «ñàäîâûì æàñìèíîì» ïî ïðè÷èíå
âíåøíåãî ñõîäñòâà öâåòêîâ è èõ àðîìàòà ñ
öâåòêàìè íàñòîÿùåãî æàñìèíà – òðîïè÷å-
ñêîé ëèàíû, âûðàùèâàåìîé â íàøèõ óñëî-
âèÿõ òîëüêî êàê êîìíàòíîå ðàñòåíèå. Ñâîå
íàçâàíèå ÷óáóøíèê ïîëó÷èë ïî ïðè÷èíå
òîãî, ÷òî èç åãî ïîëûõ ïîáåãîâ ñ ïîðèñòîé
ñåðäöåâèíîé ðàíüøå èçãîòîâëÿëè ÷óáóêè
äëÿ êóðèòåëüíûõ òðóáîê [1]. Êàê ñàäîâîå äå-
êîðàòèâíîå ðàñòåíèå ÷óáóøíèê öåíèòñÿ çà
îáèëüíîå öâåòåíèå â íà÷àëå ëåòà è íåïîâ-
òîðèìûé àðîìàò.

×óáóøíèê (Philadelphus L., ñåì.
Hydrangeaceae Dumort.) – êóñòàðíèê 2–4 ì

ÓÄÊ 630*895.5:582.717.4(470.57-25)

ÊÎËËÅÊÖÈß  ×ÓÁÓØÍÈÊÎÂ  (Philadelphus  L.)
ÁÎÒÀÍÈ×ÅÑÊÎÃÎ  ÑÀÄÀ-ÈÍÑÒÈÒÓÒÀ  ÓÔÈÌÑÊÎÃÎ  ÍÀÓ×ÍÎÃÎ  ÖÅÍÒÐÀ  ÐÀÍ

© Í.Â. Ïîëÿêîâà, Ô.Ê. Ìóðçàáóëàòîâà, Ë.Ñ. Íèêèòèíà

Ïðåäñòàâëåíû ðåçóëüòàòû ìíîãîëåòíèõ íàáëþäåíèé çà âèäàìè è ñîðòàìè ðîäà ×óáóøíèê (Ðhiladelphus L.)
êîëëåêöèè Áîòàíè÷åñêîãî ñàäà. ×óáóøíèê êóëüòèâèðóåòñÿ â Áîòàíè÷åñêîì ñàäó ñ íà÷àëà 60-õ ãã. ïðîøëîãî
âåêà. Çà ýòî âðåìÿ êîëëåêöèÿ ïåðåíåñëà ðÿä èçìåíåíèé è â íàñòîÿùåå âðåìÿ âêëþ÷àåò 27 èäåíòèôèöèðîâàí-
íûõ òàêñîíîâ (13 âèäîâ è 14 ñîðòîâ). Îñíîâó êîëëåêöèè ñîñòàâëÿþò âèäû, êóëüòèâèðóåìûå â Áîòàíè÷åñêîì
ñàäó íà ïðîòÿæåíèè 50 ëåò è áîëåå: Ph. coronarius L., Ph. lemoinei L., Ph. inodorus L., Ph. incanus Koehne,
Ph. tenuifolius Rupr. et Maxim., Ph. latifolius Schrad., Ph. schrenkii Rupr. et Maxim. Â ñòàòüå ïðèâåäåíû ñëåäó-
þùèå äàííûå ïî êàæäîìó âèäó è ñîðòó: êðàòêîå îïèñàíèå ñ óêàçàíèåì ìîðôîëîãè÷åñêèõ îñîáåííîñòåé,
âîçðàñò è ïàðàìåòðû êóñòîâ â äàííîì âîçðàñòíîì ñîñòîÿíèè, ñðîêè è ïðîäîëæèòåëüíîñòü öâåòåíèÿ, ñòåïåíü
çèìîñòîéêîñòè â óñëîâèÿõ Áàøêèðñêîãî Ïðåäóðàëüÿ.

Ðàáîòà ïî èäåíòèôèêàöèè òàêñîíîâ ïðîäîëæàåòñÿ è â íàñòîÿùåå âðåìÿ, ïîñêîëüêó â ñîñòàâå êîëëåêöèè
èìåþòñÿ âèäû è ôîðìû, îïèñàíèÿ è ôåíîëîãèÿ êîòîðûõ íå ïîëíîñòüþ ñîîòâåòñòâóþò èõ íàçâàíèÿì. Äàííûå
òàêñîíû áûëè ïîëó÷åíû â ðàçíîå âðåìÿ èç ðàçíûõ ïóíêòîâ èíòðîäóêöèè è íåêîòîðûå íåòî÷íîñòè â èõ òàêñî-
íîìè÷åñêîé ïðèíàäëåæíîñòè íå èñêëþ÷åíû. Êðîìå òîãî, ïàðàëëåëüíî âåäåòñÿ ðàáîòà ïî âûäåëåíèþ íàèáî-
ëåå ïåðñïåêòèâíûõ è óñòîé÷èâûõ âèäîâ è ñîðòîâ ÷óáóøíèêà äëÿ îçåëåíåíèÿ ã. Óôû è äðóãèõ íàñåëåííûõ
ïóíêòîâ Ðåñïóáëèêè Áàøêîðòîñòàí.

Êëþ÷åâûå ñëîâà: Philadelphus L., âèä, ñîðò, íà÷àëî öâåòåíèÿ, ïðîäîëæèòåëüíîñòü öâåòåíèÿ, çèìîñòîéêîñòü.

âûñîòîé, ñ ïðÿìûìè ñòâîëèêàìè, âåòâÿùèìè-
ñÿ òîëüêî â âåðõíåé ÷àñòè. Ìîëîäûå ïîáåãè
çåëåíûå, ïîçäíåå ïîêðûâàþòñÿ ñåðîé èëè
áóðî-ñåðîé êîðîé. Ñåðäöåâèíà ïîáåãîâ áåëàÿ,
ðûõëàÿ. Ëèñòüÿ ñóïðîòèâíûå, îò ÿéöåâèäíûõ
äî ëàíöåòíûõ, öåëüíîêðàéíèå èëè çóá÷àòûå,
ãîëûå èëè îïóøåííûå îáû÷íî òîëüêî ñíèçó.
Ïî÷êè î÷åíü ìåëêèå, ñ ÷åðåïèò÷àòî ðàñïîëî-
æåííûìè ÷åøóéêàìè. Öâåòêè 2–5 ñì â äèà-
ìåòðå, áåëûå èëè êðåìîâî-áåëûå, àðîìàòíûå,
èíîãäà áåç çàïàõà, â êîíå÷íûõ êèñòåâèäíûõ
ñîöâåòèÿõ, íà 2-ëåòíèõ è áîëåå ñòàðûõ âåò-
âÿõ ïî 1–3 (äî 7) â ïîëóçîíòèêàõ. Ëåïåñòêîâ è
÷àøåëèñòèêîâ ïî 4. Òû÷èíêè ìíîãî÷èñëåí-
íûå, ñòîëáèêîâ çàâÿçè 3–5, áîëåå èëè ìåíåå
ñðîñøèõñÿ. Ïëîä – ÷åòûðåõóãîëüíàÿ êîðîáî÷-
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êà ñ ìíîãî÷èñëåííûìè êîðè÷íåâûìè âåðåòå-
íîîáðàçíûìè ñåìåíàìè 2–3 ìì äëèíîé [2].

Êîëëåêöèÿ ÷óáóøíèêîâ â Áîòàíè÷åñêîì
ñàäó íà÷àëà ôîðìèðîâàòüñÿ ñ 1960 ã., êîãäà
áûëè ïîëó÷åíû ñåìåíà ïåðâûõ âèäîâ; â äàëü-
íåéøåì êîëëåêöèÿ íà÷àëà ïîïîëíÿòüñÿ ñàæåí-
öàìè ñîðòîâ è ôîðì, ïðèâåçåííûìè èç äðó-
ãèõ áîòàíè÷åñêèõ ñàäîâ. Â êîíöå 80-õ ãã. ïðî-
øëîãî âåêà êîëëåêöèÿ íàñ÷èòûâàëà 52 òàêñî-
íà [3]. Îäíàêî íà ïðîòÿæåíèè ïîñëåäóþùèõ
10–15 ëåò êîëëåêöèÿ ïî îáúåêòèâíûì ïðè÷è-
íàì áûëà ëèøåíà äîëæíîãî àãðîòåõíè÷åñêî-
ãî óõîäà, è â ðåçóëüòàòå ñîñòàâ êîëëåêöèè ñèëü-
íî ñîêðàòèëñÿ. Íà÷èíàÿ ñ ñåðåäèíû 2000-õ ãã.,
ðàáîòà ñ êîëëåêöèåé áûëà âîçîáíîâëåíà, è â
íàñòîÿùèé ìîìåíò îíà íàñ÷èòûâàåò îêîëî
30 òàêñîíîâ [4].

Íèæå ïðèâåäåì õàðàêòåðèñòèêó âèäîâ è
ñîðòîâ ÷óáóøíèêà, êóëüòèâèðóåìûõ â Áîòàíè-
÷åñêîì ñàäó íà ïðîòÿæåíèè ìíîãèõ ëåò è ïðî-
èçðàñòàþùèõ â ñîñòàâå êîëëåêöèè â íàñòîÿ-
ùåå âðåìÿ. Çèìîñòîéêîñòü îöåíèâàëàñü ïî
ìåòîäèêå, ïðèíÿòîé â Ãëàâíîì áîòàíè÷åñêîì
ñàäó ÐÀÍ [5].

×óáóøíèê âåíå÷íûé (Ph. coronarius L).
Åñòåñòâåííàÿ îáëàñòü îáèòàíèÿ – þã Çàïàä-
íîé Åâðîïû. Öâåòêè êðåìîâî-áåëûå, 2–3 ñì
â äèàìåòðå, î÷åíü äóøèñòûå, ñîáðàíû â êèñ-
òåâèäíûå ñîöâåòèÿ ïî 5–7 øòóê. Â Áîòàíè-
÷åñêîì ñàäó áûë êóëüòèâèðîâàí îäíèì èç ïåð-
âûõ äðåâåñíûõ ðàñòåíèé (1939 ã.). Çàöâåòàåò
ñàìûì ïåðâûì èç ÷óáóøíèêîâ (ïåðâûå ÷èñëà
èþíÿ). Î÷åíü çèìîñòîåê, ïðàêòè÷åñêè íå îá-
ìåðçàåò. Â êîëëåêöèè Áîòàíè÷åñêîãî ñàäà èìå-
þòñÿ 2 ôîðìû ýòîãî âèäà.

×. â. ‘Aureus’. Íåâûñîêèé êóñòàðíèê (îêî-
ëî 1,5 ì âûñîòîé) ñ çîëîòèñòî-æåëòûìè ëèñ-
òüÿìè è îäèíî÷íûìè öâåòêàìè. Õàðàêòåðíûé
îòòåíîê ëèñòâû îñîáåííî ÿðêî âûðàæåí âåñ-
íîé ó ìîëîäûõ ïîáåãîâ.

×. â. ‘Çîëîòîé øàð’. Êîìïàêòíûå êóñòû
(0,7–0,9 ì âûñîòîé) øàðîîáðàçíîé ôîðìû ñ
æåëòîâàòûìè ëèñòüÿìè.

×óáóøíèê êàâêàçñêèé (Ph. caucasicus
Koehne). Ðîäèíà ýòîãî âèäà – Êàâêàç, ñåâåðî-
âîñòîê Ìàëîé Àçèè. Êóñò øèðîêèé, ðàñêèäè-
ñòûé (âûñîòà – 2 ì, äèàìåòð êðîíû – 1,7 ì).
Öâåòêè ñâåòëî-êðåìîâûå, 2–2,5 ñì â äèàìåò-

ðå, î÷åíü äóøèñòûå, â äîñòàòî÷íî äëèííûõ
(äî 15 ñì) êèñòåâèäíûõ ñîöâåòèÿõ. Çàöâåòàåò
â ñðåäíèå ñðîêè (ñåðåäèíà èþíÿ), öâåòåíèå
åæåãîäíîå, îáèëüíîå. Î÷åíü íåïðèõîòëèâ è
ìîðîçîñòîåê.

×óáóøíèê Ëåìóàíà (Ph. lemoinei
Lemoine). Ñàäîâûé ãèáðèä, ïîëó÷åí â 1884 ã.
ôðàíöóçñêèì ñåëåêöèîíåðîì Â. Ëåìóàíîì
ïóòåì ñêðåùèâàíèÿ ÷óáóøíèêîâ âåíå÷íîãî è
ìåëêîëèñòíîãî. Öâåòêè î÷åíü äóøèñòûå, èìå-
þò àðîìàò çåìëÿíèêè. Íà îñíîâå ýòîãî âèäà
âûâåäåíî áîëüøîå êîëè÷åñòâî ïðåêðàñíûõ
ñîðòîâ ÷óáóøíèêà.

×. Ë. ‘Ãëåò÷åð’(‘Glacier’). Îäèí èç ñàìûõ
êðàñèâûõ ñîðòîâ â êîëëåêöèè Áîòàíè÷åñêîãî
ñàäà. Êóñò 1,5–2 ì âûñîòîé ñ ïðÿìûìè âåòâÿ-
ìè. Öâåòêè 3,5 ñì â äèàìåòðå, ãóñòîìàõðîâûå,
ïðè÷åì â íàðóæíîì ðÿäó ëåïåñòêè øèðîêî-
ýëëèïòè÷åñêèå, à âî âíóòðåííèõ – óçêèå; öâåò-
êè íà êîðîòêèõ öâåòîíîæêàõ, ñîáðàíû â ñîö-
âåòèÿ ïî 5–7 øòóê. Çàöâåòàåò â ñåðåäèíå èþíÿ,
ïðîäîëæèòåëüíîñòü öâåòåíèÿ îêîëî 20 äíåé.
Î÷åíü çèìîñòîåê â íàøèõ óñëîâèÿõ.

×.Ë. ‘Âèðäæèíàë’ (‘Virginal’). Ïðÿìîé
êóñò âûñîòîé 2,3 ì ñ øèðîêîé êðîíîé (2 ì â
äèàìåòðå). Öâåòêè ÷èñòî-áåëûå, ìàõðîâûå,
äèàìåòðîì äî 5 ñì, ñîáðàíû â ñîöâåòèÿ ïî
9–11 øòóê. Â êîëëåêöèè Áîòàíè÷åñêîãî ñàäà
äàííûé ñîðò êóëüòèâèðóåòñÿ ñ 2003 ã. Â âîç-
ðàñòå 12 ëåò êóñò èìååò âûñîòó 2 ì è äèàìåòð
êðîíû 1,5 ì. Çàöâåòàåò â ñðåäíåì 20 èþíÿ,
ïðîäîëæèòåëüíîñòü öâåòåíèÿ îêîëî 10–
32 äíåé â çàâèñèìîñòè îò óñëîâèé ãîäà. Çè-
ìîñòîéêîñòü ñîñòàâëÿåò I–II áàëëà.

×.Ë. ‘Çîÿ Êîñìîäåìüÿíñêàÿ’. Ñàæåíöû ýòî-
ãî ñîðòà ïîÿâèëèñü â êîëëåêöèè Áîòàíè÷åñêîãî
ñàäà â 1967 è 1985 ãã. Êóñòû, íå ïîäâåðãàâøèå-
ñÿ îìîëàæèâàþùåé îáðåçêå, â íàñòîÿùåå âðåìÿ
èìåþò âûñîòó 1,7 ì è äèàìåòð êðîíû 1,6 ì.
Öâåòêè ìàõðîâûå (íàðóæíûé êðóã ëåïåñòêîâ
èìåþò øèðîêîîâàëüíóþ ôîðìó, âíóòðåííèé
êðóã – óçêîîâàëüíóþ), áåëûå, äèàìåòðîì äî 5 ñì,
ñ î÷åíü ñëàáûì àðîìàòîì. Öâåòåíèå íà÷èíàåò-
ñÿ â ñåðåäèíå èþíÿ, ïðîäîëæèòåëüíîñòü åãî â
ñðåäíåì ñîñòàâëÿåò 21 äåíü. Ìîðîçîóñòîé÷èâ
(çèìîñòîéêîñòü I, ðåäêî II áàëëà).

×.Ë. ‘Àðêòèêà’. Ïðè ñîçäàíèè ñîðòà â
êà÷åñòâå îäíîé èç ðîäèòåëüñêèõ ôîðì áûë
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èñïîëüçîâàí ñîðò ‘Ãëåò÷åð’. Â Áîòàíè÷åñêîì
ñàäó êóëüòèâèðóåòñÿ ïðåäïîëîæèòåëüíî ñ
1967 ã. Ïðîäóáëèðîâàíû ñàæåíöû ýòîãî ñîð-
òà â 1985 ã. Êóñòû â âîçðàñòå 28 ëåò èìåþò
âûñîòó 1,5 ì è äèàìåòð êðîíû – 1,3 ì. Öâåòêè
ìàõðîâûå, ÷èñòî-áåëûå, îêîëî 3 ñì â äèàìåò-
ðå, ñîáðàíû â ñîöâåòèÿ èç 7–9 öâåòêîâ, ñî ñëà-
áûì àðîìàòîì; íàðóæíûå ëåïåñòêè øèðîêî-
îâàëüíûå, îòîãíóòû âíèç, âíóòðåííèå – óç-
êèå. Öâåòåò îáû÷íî â ñåðåäèíå èþíÿ, ïðîäîë-
æèòåëüíîñòü öâåòåíèÿ â ñðåäíåì 16 äíåé.
Â óñëîâèÿõ Áàøêèðñêîãî Ïðåäóðàëüÿ î÷åíü çè-
ìîñòîåê (çèìîñòîéêîñòü I–II áàëëà).

×.Ë. ‘Ñíåæíàÿ áóðÿ’. Ñîçäàí ïðè ñêðå-
ùèâàíèè ñîðòà ‘Ãëåò÷åð’ ñ ÷óáóøíèêîì ïó-
øèñòûì. Òî÷íàÿ äàòà íà÷àëà èíòðîäóêöèè ýòî-
ãî ñîðòà â Áîòàíè÷åñêîì ñàäó íå óñòàíîâëå-
íà, ïðåäïîëîæèòåëüíî – 1967 ã. Êóñòû 1,3 ì
âûñîòîé ñ äèàìåòðîì êðîíû 1,3 ì. Öâåòîíîñ-
íûå ïîáåãè êîðîòêèå, ñ î÷åíü ïëîòíûìè ñîö-
âåòèÿìè, ðàñïîëîæåííûìè íà ïîáåãàõ ïó÷êà-
ìè. Öâåòêè ìàõðîâûå, äî 4 ñì â äèàìåòðå,
ïî÷òè áåç çàïàõà. Çàöâåòàåò âî âòîðîé äåêàäå
èþíÿ, öâåòåò â ñðåäíåì 18 äíåé. Öâåòåíèå
åæåãîäíîå, îáèëüíîå. Çèìîñòîéêîñòü ñîñòàâ-
ëÿåò I–II áàëëà.

×.Ë. ‘Àêàäåìèê Êîìàðîâ’. Ñîðò òàêæå
ïîëó÷åí îò ñîðòà ‘Ãëåò÷åð’. Íàõîäèòñÿ â êîë-
ëåêöèè ïðèáëèçèòåëüíî ñ 1967 ã. Êóñò èìååò
âûñîòó 1,5 ì è äèàìåòð êðîíû 1,3 ì. Öâåòêè
ïðîñòûå, î÷åíü êðóïíûå (äî 6,5 ñì â äèàìåò-
ðå), ñîáðàíû â ñîöâåòèÿ ïî 5 øòóê, ñî ñëàáûì
àðîìàòîì. Ñàìûé êðóïíîöâåòêîâûé ñîðò ÷ó-
áóøíèêà â êîëëåêöèè Áîòàíè÷åñêîãî ñàäà. Çà-
öâåòàåò â ñåðåäèíå èþíÿ, öâåòåíèå ïðîäîë-
æàåòñÿ îêîëî 20 äíåé.

×.Ë. ‘Êàðëèê’. Ïðåäñòàâëÿåò ñîáîé ñåÿ-
íåö ñîðòà ‘Ãëåò÷åð’, ïîëó÷åííûé ïðè îïû-
ëåíèè ñâîåé æå ïûëüöîé. Êóñò ïîäóøêîâèä-
íîé ôîðìû, âûñîòîé îêîëî 50 ñì è äèàìåò-
ðîì 75 ñì. Ëèñòüÿ îòíîñèòåëüíî êðóïíûå,
òåìíî-çåëåíûå. Íå öâåòåò. Â ëàíäøàôòíîì
äèçàéíå ìîæåò áûòü èñïîëüçîâàí äëÿ áîðäþ-
ðîâ è îäèíî÷íûõ ïîñàäîê.

×.Ë. ‘Ãíîì’. Òàêæå íåöâåòóùèé ïîäóø-
êîâèäíûé ñîðò, êàê è ‘Êàðëèê’, îäíàêî â íåêî-
òîðûå ãîäû ìîæåò äàâàòü îäèíî÷íûå öâåòêè.
Ïîëó÷åí ïóòåì ñêðåùèâàíèÿ ÷óáóøíèêà ‘Ëà-

âèíà’ ñ æåëòîëèñòíîé ôîðìîé ÷óáóøíèêà
îáûêíîâåííîãî. Îòëè÷àåòñÿ îò ïðåäûäóùåãî
ñîðòà âûñîòîé (îêîëî 40 ñì) è ñâåòëî-çåëå-
íîé óçêîé ëèñòâîé.

×.Ë. ‘Áàëåò ìîòûëüêîâ’. Î÷åíü îðèãè-
íàëüíûé ñîðò, èìåþùèé ñâîé çàïîìèíàþ-
ùèéñÿ îáëèê. Âûñîêèå êóñòû êîìïàêòíîé ôîð-
ìû, âûñîòîé äî 3,5 ì. Öâåòêè ïðîñòûå, ìî-
ëî÷íî-áåëûå, ñ èçÿùíî çàêðó÷åííûìè ëåïåñ-
òêàìè, äèàìåòðîì äî 4 ñì, ñîáðàíû â àæóð-
íûå ñîöâåòèÿ íà òîíêèõ öâåòîíîñàõ. Ðàñïî-
ëîæåíèå ñîöâåòèé â êóñòå òàêîå, ÷òî îíè íå
íàõîäÿòñÿ ñðåäè ëèñòâû, à êàê áû âîçâûøà-
þòñÿ íàä íåé, ïîýòîìó ñîçäàåòñÿ âïå÷àòëåíèå
ïàðÿùèõ áàáî÷åê íàä êóñòîì. Â êîëëåêöèè
ñîðò íàõîäèòñÿ ïðèìåðíî ñ 1967 ã. Çàöâåòàåò
íåìíîãî ïîçæå áîëüøèíñòâà ñîðòîâ êîëëåê-
öèè, â ñðåäíåì â êîíöå èþíÿ. Ïðîäîëæèòåëü-
íîñòü öâåòåíèÿ îêîëî 17 äíåé. Çèìîñòîéêîñòü
ñîñòàâëÿåò I, ðåäêî II áàëëà.

×.Ë. ‘Âîçäóøíûé äåñàíò’. Î÷åíü êðàñè-
âûé, ëåãêîóçíàâàåìûé âíåøíå ñîðò, ñåÿíåö îò
ñîðòà ‘Ëàâèíà’. Öâåòêè ïðîñòûå, êðåìîâî-áå-
ëûå, îêîëî 3 ñì â äèàìåòðå, ñ çåìëÿíè÷íûì
àðîìàòîì. Îðèãèíàëüíîñòü ñîðòà ñîñòîèò â
òîì, ÷òî öâåòêè èìåþò êîëîêîëü÷àòóþ ôîðìó
è äëèííûå öâåòîíîæêè, áëàãîäàðÿ êîòîðûì
âñå ñîöâåòèå ñòàíîâèòñÿ ïîíèêàþùèì è íà
ïåðâûé âçãëÿä êóñò êàæåòñÿ óñûïàííûì áå-
ëûìè ìèíèàòþðíûìè ïàðàøþòèêàìè. Ïåð-
âûé ñàæåíåö ïîÿâèëñÿ â Áîòàíè÷åñêîì ñàäó
â 1985 ã., íî çàòåì ïî íåèçâåñòíûì ïðè÷èíàì
âûïàë èç ñîñòàâà êîëëåêöèè. Ïîâòîðíîå ââå-
äåíèå â êîëëåêöèþ ïðîèçîøëî â 2007 ã. Â íà-
ñòîÿùåå âðåìÿ êóñò â âîçðàñòå 10 ëåò èìååò
âûñîòó 1,0 ì è äèàìåòð êðîíû 45 ñì. Çàöâå-
òàåò âî âòîðîé ïîëîâèíå èþíÿ, â ñðåäíåì
18 èþíÿ, è öâåòåò îêîëî 14 äíåé. Çèìîñòîé-
êîñòü I–II áàëëà.

×.Ë. ‘Ëóííûé ñâåò’. Ñåÿíåö ñîðòà ‘Àëå-
áàñòð’. Ïåðâûå ñàæåíöû â Áîòàíè÷åñêîì
ñàäó ïîÿâèëèñü ïðåäïîëîæèòåëüíî â 1967 ã.,
ïîâòîðíàÿ èíòðîäóêöèÿ áûëà â 1985 ã. Â íà-
ñòîÿùåå âðåìÿ êóñò â âîçðàñòå 28 ëåò èìååò
âûñîòó 90 ñì è äèàìåòð êðîíû 90 ñì. Öâåòêè
ìàõðîâûå, èçÿùíîãî ñëîæåíèÿ (íàðóæíûå
ëåïåñòêè øèðîêîîâàëüíûå, âíóòðåííèå – øè-
ðîêèå è óçêèå áàõðîì÷àòûå), ñ òîíêèì çåìëÿ-
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íè÷íûì àðîìàòîì. Îêðàñêà öâåòêîâ î÷åíü
ñâîåîáðàçíàÿ – çåëåíîâàòî-êðåìîâàÿ. Öâåòêè
ñîáðàíû â ïëîòíûå ñîöâåòèÿ íà î÷åíü êîðîò-
êèõ öâåòîíîñàõ. Çàöâåòàåò âî âòîðîé ïîëîâè-
íå èþíÿ, ïðîäîëæèòåëüíîñòü öâåòåíèÿ îêî-
ëî 24 äíåé. Î÷åíü çèìîñòîéêèé ñîðò.

×.Ë. ‘Ïîìïîí’. Ñåÿíåö ñîðòà ‘Àëåáàñòð’.
Îòëè÷àåòñÿ îðèãèíàëüíîé ôîðìîé ñîöâåòèé –
ìàõðîâûå, ñíåæíî-áåëûå öâåòêè äèàìåòðîì
äî 3,5 ñì ñîáðàíû â ïó÷êè ïî 5 øòóê (èíîãäà
åñòü åùå 2 öâåòêà â ïàçóõàõ âåðõíèõ ëèñòüåâ),
îáðàçóÿ øàðîîáðàçíóþ ôîðìó â âèäå ïîìïî-
íà. Êóñòû êîìïàêòíûå, îêîëî 1,5 ì âûñîòîé.
Çàöâåòàåò â ñåðåäèíå èþíÿ, ïðîäîëæèòåëü-
íîñòü öâåòåíèÿ â ñðåäíåì 23 äíÿ. Çèìîñòîé-
êîñòü I-II áàëëà.

×óáóøíèê íåïàëüñêèé (Ph. nepalensis
Koehne). Ðîäèíà – Ãèìàëàè. Â êîëëåêöèè Áî-
òàíè÷åñêîãî ñàäà èìååòñÿ 1 ýêçåìïëÿð, êóëü-
òèâèðóåìûé ñ 1987 ã. Êóñò â âîçðàñòå 30 ëåò
èìååò âûñîòó 1,8 ì, äèàìåòð êðîíû – 1,7 ì.
Ëèñòüÿ ëàíöåòíî-îâàëüíûå 4–10 ñì äëèíîé.
Öâåòêè äî 3,5 ñì â äèàìåòðå, ñî ñëàáûì çàïà-
õîì, ñîáðàíû â ñîöâåòèÿ ïî 5 øòóê. Çàöâåòà-
åò â óñëîâèÿõ Áîòàíè÷åñêîãî ñàäà â ñðåäíåì
16 èþíÿ, ïðîäîëæèòåëüíîñòü öâåòåíèÿ îò 9
äî 21 äíÿ â çàâèñèìîñòè îò óñëîâèé ãîäà. Çè-
ìîñòîéêîñòü ñîñòàâëÿåò I–II áàëëà.

×óáóøíèê íåïàõó÷èé (Ph. inodorus L.).
Åñòåñòâåííàÿ îáëàñòü ðàñïðîñòðàíåíèÿ – Ñå-
âåðíàÿ Àìåðèêà. Â Áîòàíè÷åñêèé ñàä ïîñòó-
ïèë â 1960 ã. â âèäå ñåìÿí. Â íàñòîÿùåå âðå-
ìÿ êóñò â âîçðàñòå îêîëî 50 ëåò èìååò âûñîòó
2,8 ì è äèàìåòð êðîíû 1,8 ì. Öâåòêè áåëûå,
äî 3,0 ñì â äèàìåòðå, áåç çàïàõà, ñîáðàíû â
ñîöâåòèÿ ïî 3–5 øòóê. Çàöâåòàåò âî âòîðîé
ïîëîâèíå èþíÿ, öâåòåò â ñðåäíåì 14 äíåé.
Çèìîñòîéêîñòü I–II áàëëà.

×óáóøíèê îáèëüíîöâåòóùèé (Ph.
floribundus Schrad.). Âñòðå÷àåòñÿ òîëüêî â
êóëüòóðå, ãèáðèä ìåæäó Ph. ñoronarius L. è
Ph. gordonianus Lindl. Ïîëó÷åí äëÿ êîëëåêöèè
â 1960 ã. â âèäå ñåìÿí. Â íàñòîÿùåå âðåìÿ
èìååò âûñîòó 2,9 ì è äèàìåòð êðîíû – 2,0 ì.
Öâåòêè áåëûå, äî 4 ñì â äèàìåòðå, ñî ñëà-
áûì àðîìàòîì, ñîáðàíû â êèñòåâèäíûå ñîö-
âåòèÿ ïî 5–7. Çàöâåòàåò â ñåðåäèíå èþíÿ,
ïðîäîëæèòåëüíîñòü öâåòåíèÿ îêîëî 20 äíåé.

Öâåòåíèå åæåãîäíîå, îáèëüíîå. Çèìîñòîåê
(I–II áàëëà).

×óáóøíèê ïåêèíñêèé (Ph. pekinensis
Rupr.). Ðîäèíà – Ñåâåðî-Âîñòî÷íûé Êèòàé è
Êîðåÿ. Ðàñïðîñòðàíåí â ãîðíûõ ñìåøàííûõ
è øèðîêîëèñòâåííûõ ëåñàõ. Öâåòêè íåêðóï-
íûå (äî 3 ñì â äèàìåòðå), êðåìîâûå, ïî÷òè
áåç çàïàõà. Â êîëëåêöèè Áîòàíè÷åñêîãî ñàäà
ïðîèçðàñòàåò ñ 1988 ã. Â âîçðàñòå 28 ëåò êóñò
èìååò âûñîòó 2,1 ì è äèàìåòð êðîíû 1,5 ì.
Çàöâåòàåò â ñðåäíåì 20 èþíÿ, ïðîäîëæèòåëü-
íîñòü öâåòåíèÿ îò 8 äî 30 äíåé â ðàçíûå ãîäû.
Â ñëó÷àå ïðîäîëæèòåëüíîãî öâåòåíèÿ îáèëü-
íîñòü åãî îáû÷íî íåâûñîêà. Çèìîñòîéêîñòü I,
ðåäêî II áàëëà.

×óáóøíèê ñåäîâàòûé (Ph. incanus
Koehne). Åñòåñòâåííûé àðåàë îáèòàíèÿ – Êè-
òàé. Ïîëó÷åí â 1964 ã. â âèäå ñåìÿí. Êóñò â
íàñòîÿùåå âðåìÿ èìååò âûñîòó 3,0 ì, äèàìåòð
êðîíû – 2,5 ì. Ëèñòüÿ ñíèçó è ÷àøåëèñòèêè
ãóñòî îïóøåíû ùåòèíèñòûìè âîëîñêàìè, ÷òî
ñîçäàåò âïå÷àòëåíèå ñåðîâàòîãî íàëåòà. Öâåò-
êè ÷èñòî-áåëûå, äèàìåòðîì 2,5 ñì, ñ ïðèÿò-
íûì ñëàáûì àðîìàòîì, ñîáðàíû â ðûõëûå
ñîöâåòèÿ. Çàöâåòàåò â êîíöå èþíÿ – íà÷àëå
èþëÿ, îäíèì èç ñàìûõ ïîçäíèõ â êîëëåêöèè,
öâåòåò â ñðåäíåì 12 äíåé. Çèìîñòîéêîñòü I–
II áàëëà.

×óáóøíèê òîíêîëèñòíûé (Ph.
tenuifolius Rupr. et Maxim). Â åñòåñòâåííûõ óñ-
ëîâèÿõ îáèòàåò â Êèòàå, Êîðåå, íà Äàëüíåì
Âîñòîêå (áàññåéí ð. Àìóð). Â êîëëåêöèþ Áî-
òàíè÷åñêîãî ñàäà ïîñòóïèë â 1961 ã. â âèäå
ñåìÿí. Â äàííûé ìîìåíò, â âîçðàñòå îêîëî
50 ëåò, êóñò èìååò âûñîòó 2,5 ì, äèàìåòð êðî-
íû – 2,0 ì. Ìîðôîëîãè÷åñêàÿ îñîáåííîñòü
âèäà: ðàñòåíèÿ, âûñàæåííûå â òåíè è ïîëó-
òåíè, èìåþò òîíêèå ëèñòüÿ, íà õîðîøî îñâå-
ùåííûõ ó÷àñòêàõ – ïëîòíûå. Öâåòêè áåëûå,
äî 3,0 ñì â äèàìåòðå, ñî ñëàáûì àðîìàòîì,
ïî 3–5–7 â êèñòåâèäíûõ ñîöâåòèÿõ. Çàöâå-
òàåò îäíèì èç ïåðâûõ â êîëëåêöèè, â ïåð-
âîé äåêàäå èþíÿ, ïðîäîëæèòåëüíîñòü öâå-
òåíèÿ â ñðåäíåì 12 äíåé. Â óñëîâèÿõ Áàø-
êèðñêîãî Ïðåäóðàëüÿ âïîëíå çèìîñòîåê (I,
ðåäêî II áàëëà).

×óáóøíèê óðîäëèâûé (Ph. x monstrosus
(Spaeth.) Rehd.). Ãèáðèä, ïîëó÷åííûé ïðè
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ñêðåùèâàíèè ÷óáóøíèêà Ãîðäîíà ñ ÷óáóøíè-
êîì øèðîêîëèñòíûì. Öâåòêè î÷åíü êðóïíûå
(äî 5 ñì â äèàìåòðå), ÷èñòî áåëûå, ñîáðàíû â
êèñòè, áåç àðîìàòà. Â Áîòàíè÷åñêîì ñàäó êóëü-
òèâèðóåòñÿ ñ 1988 ã. Â 2010 ã. êóñò áûë âûñà-
æåí íà ïåíü ñïîñîáîì îìîëàæèâàþùåé îáðåç-
êè è â 2013 ã. âûñîòà åãî ñîñòàâèëà 1,7 ì, äèà-
ìåòð êóñòà – 1,2 ñì. Öâåòåò åæåãîäíî âî âòî-
ðîé ïîëîâèíå èþíÿ. Ïðîäîëæèòåëüíîñòü öâå-
òåíèÿ îò 7 äî 27 äíåé, â çàâèñèìîñòè îò ïî-
ãîäíûõ óñëîâèé. Çèìîñòîéêîñòü I–II áàëëà, â
îñîáî ñóðîâûå çèìû ìîæåò ñèëüíî îáìåðçàòü.

×óáóøíèê Öåéåðà (Ph. x Zeyeri Schrad.).
Ïðåäïîëîæèòåëüíî, ãèáðèä Ph. coronarius L.
ñ Ph. inodorus L. èëè Ph. grandiflorus Will. Ñà-
æåíöû, ïîëó÷åííûå â 1987 ã. â íàñòîÿùåå âðå-
ìÿ èìåþò âûñîòó 2,0 ì è äèàìåòð êðîíû –
1,5 ì. Ëèñòüÿ ÿéöåâèäíûå, êðóïíûå (äî 10 ñì
äëèíîé è 5 ñì øèðèíîé). Öâåòêè áåëûå, äî
5 ñì â äèàìåòðå, ñî ñëàáûì àðîìàòîì, ñîáðà-
íû â ñîöâåòèÿ ïî 3–7. Çàöâåòàåò â ïåðâîé ïî-
ëîâèíå èþíÿ (â ñðåäíåì 9 èþíÿ), ïðîäîëæè-
òåëüíîñòü öâåòåíèÿ îò 11 äî 32 äíåé, â çàâè-
ñèìîñòè îò ïîãîäíûõ óñëîâèé. Çèìîñòîéêîñòü
I–II áàëëà.

×óáóøíèê øèðîêîëèñòíûé (Ph.
latifolius Schrad.). Ðîäèíà – Ñåâåðíàÿ Àìåðè-
êà. Â êîëëåêöèþ Áîòàíè÷åñêîãî ñàäà ïîñòóïèë
â 1961 ã. â âèäå ñåìÿí. Êóñò âûñîòîé 2,5 ì.
Ëèñòüÿ ÿéöåâèäíûå èëè ÿéöåâèäíî-ýëëèïòè-
÷åñêèå, íà íåöâåòóùèõ ïîáåãàõ î÷åíü êðóïíûå
(äî 12 ñì äëèíîé è 5 ñì øèðèíîé). Öâåòêè
áåëûå, 3 ñì â äèàìåòðå, ïî÷òè áåç çàïàõà, ñî-
áðàíû â ðûõëûå êèñòè ïî 5–9 øòóê. Çàöâåòà-
åò â êîíöå èþíÿ – íà÷àëå èþëÿ. Çèìîñòîé-
êîñòü I–II áàëëà.

×óáóøíèê Øðåíêà (Ph. schrenkii Rupr.
et Maxim.). Îáëàñòü åñòåñòâåííîãî ðàñïðîñò-
ðàíåíèÿ – Êèòàé, Êîðåÿ, Äàëüíèé Âîñòîê (áàñ-
ñåéí ð. Àìóð). Â Áîòàíè÷åñêîì ñàäó êóëüòè-
âèðóåòñÿ ñ 1960 ã., êîãäà áûëè ïîëó÷åíû ñå-
ìåíà äàííîãî âèäà. Â íàñòîÿùåå âðåìÿ êóñò
èìååò âûñîòó 2,5 ì è äèàìåòð êðîíû 1,6 ì.
Ìîðôîëîãè÷åñêàÿ îñîáåííîñòü – âûòÿíóòûé
è øèðîêèé êîí÷èê ó ëèñòüåâ. Öâåòêè áåëûå,
äî 4 ñì â äèàìåòðå, àðîìàòíûå, ñîáðàíû ïî
5–9 â êèñòåâèäíîå ñîöâåòèå; îñü ñîöâåòèÿ
îïóøåíà. Çàöâåòàåò â ïåðâîé äåêàäå èþíÿ,

ïðîäîëæèòåëüíîñòü öâåòåíèÿ â ñðåäíåì
14 äíåé. Çèìîñòîéêîñòü I–II áàëëà.

Çàäà÷à äàëüíåéøåãî ðàçâèòèÿ è ñîäåðæà-
íèÿ êîëëåêöèè ÷óáóøíèêîâ â Óôèìñêîì Áî-
òàíè÷åñêîì ñàäó-èíñòèòóòå ñîñòîèò â ïîïîë-
íåíèè âèäîâîãî è ñîðòîâîãî ñîñòàâà êîëëåê-
öèè, âûäåëåíèè íàèáîëåå ïåðñïåêòèâíûõ è
óñòîé÷èâûõ òàêñîíîâ äàííîãî ðîäà äëÿ îçå-
ëåíåíèÿ ãîðîäà Óôû è äðóãèõ íàñåëåííûõ
ïóíêòîâ ðåãèîíà.
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The article presents the results of our long-term observations of the species and varieties of the genus
Philadelphus collected in the Botanical Garden of Ufa. Philadelphus plants have been cultivated there since the
early 1960s. During this period, the collection has undergone a number of changes, and now it includes 27 identified
taxons (13 species and 14 varieties). The collection is based on the species cultivated in the Botanical Garden for
50 years or more. These are Ph. coronarius L., Ph. lemoinei L., Ph. inodorus L., Ph. incanus Koehne,
Ph. tenuifolius Rupr. et Maxim., Ph. latifolius Schrad. and Ph. schrenkii Rupr. et Maxim. The article gives the
following data on each species and variety: brief description with morphological features indicated, age and parameters
of shrubs at this specific age, flowering dates and duration, and the degree of winter hardiness under conditions of
the Bashkir Cis-Urals.

Our work to identify the taxons is still in progress, because some part of the collection includes species and
varieties whose descriptions and phenological characteristics do not completely correspond to their names. These
taxons were received at different times from different points of introduction and some inaccuracies in their
taxonomic ranks are not improbable. Besides, we continue working to reveal the most promising and tolerant
Philadelphus species and varieties for planting of greenery in Ufa and other settlements of the Republic of
Bashkortostan.

Key words: Philadelphus, species, variety, flowering onset, flowering duration, winter hardiness.
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Ïðèâîäÿòñÿ ðåçóëüòàòû âûÿâëåíèÿ àêâàïîðèíîâ ÿ÷ìåíÿ HvPIP2;1, HvPIP2;2, HvPIP2;3 è HvPIP2;5 ñ
ïîìîùüþ ñïåöèôè÷åñêèõ àíòèòåë. Áûëî èçó÷åíî èììóíîãèñòîõèìè÷åñêîå ðàñïðåäåëåíèå àêâàïîðèíîâ íà
ïîïåðå÷íûõ ñðåçàõ êîí÷èêà êîðíÿ ìóòàíòà ÿ÷ìåíÿ Hordeum vulgare L AZ34 ñ ïîíèæåííîé ñïîñîáíîñòüþ ê
ñèíòåçó ãîðìîíà àáñöèçîâîé êèñëîòû (ÀÁÊ), è âëèÿíèå íà óðîâåíü àêâàïîðèíîâ ââåäåíèÿ â ïèòàòåëüíóþ
ñðåäó ýêçîãåííîé ÀÁÊ. Âûÿâëåíî ïðèñóòñòâèå àêâàïîðèíîâ â êëåòî÷íûõ ìåìáðàíàõ, áîëåå ÿðêî âûðàæåí-
íîå â îáëàñòè êñèëåìíûõ ñîñóäîâ è ýïèäåðìèñà. Îáðàáîòêà ÀÁÊ ïîâûøàëà èíòåíñèâíîñòü ñïåöèôè÷åñêîãî
îêðàøèâàíèÿ àêâàïîðèíîâ HvPIP2;1 è HvPIP2;2 íà ñðåçàõ êîí÷èêà êîðíÿ, íî íå âëèÿëà íà ñòåïåíü îêðàñêè â
ñëó÷àå HvPIP2;3 è HvPIP2;5 àêâàïîðèíîâ. Ïàðàëëåëüíî ïîêàçàíî óâåëè÷åíèå ãèäðàâëè÷åñêîé ïðîâîäèìî-
ñòè êîðíåé, ÷òî óêàçûâàåò íà ðîëü èíäóöèðîâàííîãî ÀÁÊ ïîâûøåíèÿ óðîâíÿ àêâàïîðèíîâ â ðåãóëÿöèè ïðî-
âåäåíèÿ âîäû êîðíÿìè.

Êëþ÷åâûå ñëîâà: Hordeum vulgare L., ìóòàíò ÿ÷ìåíÿ ñ ïîíèæåííîé ñïîñîáíîñòüþ ê ñèíòåçó ÀÁÊ, àêâà-
ïîðèíû, ãèäðàâëè÷åñêàÿ ïðîâîäèìîñòü.
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Ââåäåíèå. Îâîäíåííîñòü òêàíåé èãðà-
åò ðåøàþùóþ ðîëü â ïîääåðæàíèè àêòèâíî-
ñòè æèçíåííî âàæíûõ ïðîöåññîâ ó ðàñòåíèé.
Îíà îïðåäåëÿåòñÿ áàëàíñîì ïîòåðè âîäû ñ
òðàíñïèðàöèåé è åå ïîñòóïëåíèåì èç êîðíåé.
Èçìåíåíèå òðàíñïèðàöèè ïîä âëèÿíèåì
âíåøíèõ óñëîâèé òðåáóåò ñîîòâåòñòâóþùå-
ãî èçìåíåíèÿ ïðèòîêà âîäû. Ñ îòêðûòèåì
âîäíûõ êàíàëîâ àêâàïîðèíîâ áûë âûÿâëåí
ìåõàíèçì ðåãóëÿöèè ïðèòîêà âîäû èç êîðíåé
÷åðåç èçìåíåíèå óðîâíÿ è àêòèâíîñòè àêâà-
ïîðèíîâ [1]. Ïðè ýòîì ðåøàþùåå çíà÷åíèå
ïðèîáðåòàåò ïîèñê ìåõàíèçìîâ, îáåñïå÷èâà-
þùèõ ðåãóëÿöèþ ñîäåðæàíèÿ àêâàïîðèíîâ.
Â ðÿäå ýêñïåðèìåíòîâ áûëà ïîêàçàíà ñïîñîá-
íîñòü ãîðìîíà ÀÁÊ âëèÿòü íà ãèäðàâëè÷å-
ñêóþ ïðîâîäèìîñòü [2]. Ïðåäïîëàãàåòñÿ, ÷òî
ýòî ñâîéñòâî ÀÁÊ ðåàëèçóåòñÿ ÷åðåç èçìå-
íåíèå êîëè÷åñòâà è àêòèâíîñòè âîäíûõ êà-
íàëîâ [3]. Âìåñòå ñ òåì äàííûå íà ýòîò ñ÷åò
ïðîòèâîðå÷èâû [4]. Ýòî ìîãëî áûòü ñâÿçàíî
ñ òåì, ÷òî â ýêñïåðèìåíòàõ, â êîòîðûõ ÀÁÊ
ââîäèëàñü èçâíå, íå ó÷èòûâàëîñü ñîäåðæà-
íèå ýíäîãåííîãî ãîðìîíà. Â äàííîé ðàáîòå

ìû èñïîëüçîâàëè ðàñòåíèÿ ÿ÷ìåíÿ AZ34 ñ
ïîíèæåííîé ñïîñîáíîñòüþ ê ñèíòåçó ÀÁÊ â
ðåçóëüòàòå ìóòàöèè ïî ãåíó, êîíòðîëèðóþùå-
ìó ïîñëåäíèé ýòàï åå ñèíòåçà: îêèñëåíèå
ïðåäøåñòâåííèêà ÀÁÊ (åå àëüäåãèäà) [5].
Íèçêèé óðîâåíü ñîäåðæàíèÿ ýíäîãåííîãî
ãîðìîíà ñíèçèë âîçìîæíîñòü íàêîïëåíèÿ
èçáûòî÷íîé êîíöåíòðàöèè ÀÁÊ ïðè åå ââå-
äåíèè èçâíå è ïîçâîëèë ñ áîëüøåé äîñòî-
âåðíîñòüþ ïðîñëåäèòü âëèÿíèå ýòîãî ãîðìî-
íà íà óðîâåíü àêâàïîðèíîâ è ãèäðàâëè÷å-
ñêóþ ïðîâîäèìîñòü.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ.
Èññëåäîâàíèÿ ïðîâîäèëèñü â ëàáîðàòîðíûõ
óñëîâèÿõ â âîäíîé êóëüòóðå ñ ðàñòåíèÿìè ÿ÷-
ìåíÿ (Hordeum vulgare L, ìóòàíò Az34). Ñå-
ìåíà ïðîðàùèâàëè â òåìíîòå â òå÷åíèå 2–
3 ñóò íà äèñòèëëèðîâàííîé âîäå ñ äîáàâëå-
íèåì 10-5 M CaCl2, ïðè òåìïåðàòóðå 24°Ñ.
Òðåõñóòî÷íûå ïðîðîñòêè ïåðåñàæèâàëè íà
10%-þ ñðåäó Õîãëàíäà-Àðíîíà-I è âûðàùè-
âàëè ïðè îñâåùåííîñòè 18 êëê è 14-÷àñîâîé
ïðîäîëæèòåëüíîñòè ñâåòîâîãî äíÿ.
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Íà ñåäüìûå ñóòêè âñå ðàñòåíèÿ ðàçäåëè-
ëè íà äâå ãðóïïû. Ðàñòåíèÿ ïåðâîé ãðóïïû
íè÷åì íå îáðàáàòûâàëè (êîíòðîëü). Ðàñòåíèÿ
âòîðîé ãðóïïû ïåðåíåñëè íà ðàñòâîð àáñöè-
çîâîé êèñëîòû â êîíöåíòðàöèè 3 ìã/ë.

×åðåç 15 ìèí ïîñëå íà÷àëà îáðàáîòêè
ÀÁÊ ó ðàñòåíèé äâóõ ãðóïï èçìåðÿëè ãèäðàâ-
ëè÷åñêóþ ïðîâîäèìîñòü.

Îñìîòè÷åñêóþ ãèäðàâëè÷åñêóþ ïðîâî-
äèìîñòü ðàñòåíèé ðàññ÷èòûâàëè ïî ôîðìóëå:

Lpr = Jv/Ψπ,                   (1)

ãäå Lpr – ãèäðàâëè÷åñêàÿ ïðîâîäèìîñòü êîð-
íåé ðàñòåíèé (ìã*÷àñ–1*(ã ñûðîãî âåñà êîð-
íÿ)–1*ÌÏà–1), Jv – îáúåìíûé ïîòîê êñèëåì-
íîãî ýêññóäàòà ÷åðåç êîðíè (ìã*÷àñ–1*(ã ñû-
ðîãî âåñà êîðíÿ)–1), ΔΨπ – ðàçíîñòü îñìîòè-
÷åñêîãî äàâëåíèÿ ìåæäó êñèëåìíûì ýêññó-
äàòîì è ïèòàòåëüíîé ñðåäîé (ÌÏà)

Äëÿ îïðåäåëåíèÿ îáúåìíîãî ïîòîêà ÷å-
ðåç êîðíè (Jv) áîëüøóþ ÷àñòü ïîáåãà ñðåçàëè.
Îòäåëåííóþ êîðíåâóþ ñèñòåìó ÷åðåç îñòàâ-
øååñÿ îñíîâàíèå ñîåäèíÿëè ñ òîíêèì ñòåê-
ëÿííûì êàïèëëÿðîì ñ ïîìîùüþ ñèëèêîíîâîé
òðóáêè. Ìàññó êñèëåìíîãî ñîêà îïðåäåëÿëè íà
àíàëèòè÷åñêèõ âåñàõ ïî ðàçíèöå âåñà êàïèë-
ëÿðà âìåñòå ñ òðóáî÷êîé äî è ïîñëå ñáîðà ñîêà.
Îáúåìíûé ïîòîê (Jv, ìã *÷–1 * ã–1 ñûðîé ìàñ-
ñû êîðíåé) îïðåäåëÿëè êàê ñîîòíîøåíèå âåñà
êñèëåìíîãî ñîêà ê ïðîäîëæèòåëüíîñòè åãî
ñáîðà è ñûðîé ìàññå êîðíåé [6].

 Ñáîð îáðàçöîâ äëÿ èçó÷åíèÿ èììóíîãè-
ñòîõèìè÷åñêîãî ðàñïðåäåëåíèÿ àêâàïîðèíîâ
è ÀÁÊ â òêàíÿõ êîðíÿ ïðîâîäèëè ÷åðåç 1,5–
2 ÷ ïîñëå äîáàâëåíèÿ â ñðåäó àáñöèçîâîé êèñ-
ëîòû.

Êîí÷èê êîðíÿ ÿ÷ìåíÿ (0,3–0,5 ìì) ôèê-
ñèðîâàëè â 4%-ì ðàñòâîðå êàðáîäèèìèäà
(Sigma, ßïîíèÿ). Äåãèäðàòàöèþ îáðàçöîâ ïðî-
âîäèëè â ñåðèè ðàçâåäåíèé ýòàíîëà (30, 50,
70, 80, 96%). Çàòåì èõ çàêëþ÷àëè â ãèäðîôèëü-
íóþ ìåòàêðèëàòíóþ ñìîëó GB-4 (Electron
Microscopy Sciences, ÑØÀ). Ñ ïîìîùüþ óëüò-
ðàìèêðîòîìà ãîòîâèëè ãèñòîëîãè÷åñêèå ñðå-
çû òîëùèíîé 0,5 ìèêðîí. Èììóíîëîêàëèçà-
öèþ ïðîâîäèëè, êàê îïèñàíî ðàíåå [7]. ×àñòü
ñðåçîâ îáðàáàòûâàëàñü èììóííîé ñûâîðîò-

êîé, ñîäåðæàùåé ñïåöèôè÷åñêèå àíòèòåëà, à
äðóãèå ñðåçû – íåèììóííîé ñûâîðîòêîé, íå
ñîäåðæàùåé ñïåöèôè÷åñêèõ àíòèòåë. Äëÿ
âûÿâëåíèÿ ïðîðåàãèðîâàâøåé ñûâîðîòêè ñðå-
çû îáðàáàòûâàëè ðàñòâîðîì çîëîòîãî êîíúþ-
ãàòà (BBInt., Âåëèêîáðèòàíèÿ), çàòåì íàíîñè-
ëè ñåðåáðÿíûé óñèëèòåëü (BBInt., Âåëèêîáðè-
òàíèÿ). Â êà÷åñòâå èììóíîëîãè÷åñêîãî êîíò-
ðîëÿ ñëóæèëè îáðàçöû òêàíåé, âçÿòûå ó ðàñ-
òåíèé, íàõîäÿùèõñÿ â êîíòðîëüíûõ óñëîâèÿõ,
îáðàáîòàííûå ñûâîðîòêîé êðîëèêà, íå ñîäåð-
æàùåé ñïåöèôè÷åñêèõ àíòèòåë. Ñûâîðîòêè,
ñîäåðæàùèå àíòèòåëà ê àêâàïîðèíàì ñåìåé-
ñòâà HvPIP2 ëþáåçíî ïðåäîñòàâëåíû Maki
Katsuhara (Group of Molecular and Functional Plant
Biology, Institute of Plant Science and Resources,

Ðèñ.  1.  Èììóíîãèñòîõèìè÷åñêàÿ ëîêàëèçàöèÿ ÀÁÊ íà
ïîïåðå÷íûõ ñðåçàõ êîðíåé 7-ñóòî÷íûõ ðàñòåíèé ìóòàí-
òà ÿ÷ìåíÿ Az34 ÷åðåç 90 ìèí ïîñëå ýêçîãåííîé îáðà-
áîòêè ðàñòâîðîì ÀÁÊ (3–7 ìì îò êîí÷èêà êîðíÿ):
à – ñðåçû êîðíåé êîíòðîëüíûõ ðàñòåíèé, íåîáðàáîòàí-
íûõ ÀÁÊ; á – ñðåçû êîðíåé ðàñòåíèé, â ïèòàòåëüíóþ ñðå-
äó êîòîðûõ äîáàâëåíà ÀÁÊ; ñ – ñðåçû êîðíåé êîíòðîëüíûõ
ðàñòåíèé, îáðàáîòàííûõ íåèìóííîé ñûâîðîòêîé. Ê –
êîðà, Ý – ýíäîäåðìà; Ïð – ïåðèöèêë, Ôë – ôëîýìà, Ìê –
ìåòàêñèëåìà; ÖÌê – öåíòðàëüíàÿ ìåòàêñèëåìà
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Okayama University, 20-1, Chuo-2-chome,
Kurashiki, Okayama, 710-0046 Japan)

Îïûòû ïîâòîðÿëè 3 ðàçà ïî 3–5 áèîëî-
ãè÷åñêèõ ïîâòîðíîñòåé â êàæäîì îïûòå. Íà
ðèñóíêàõ ïðåäñòàâëåíû ñðåäíèå âñåõ çíà÷å-
íèé è èõ îøèáêè.

Ðåçóëüòàòû è îáñóæäåíèå. Èììóíîãèñòî-
õèìè÷åñêîå âûÿâëåíèå ÀÁÊ íà ïîïåðå÷íûõ ñðå-
çàõ êîðíåé â çîíå ïîãëîùåíèÿ, èíäèêàòîðîì êî-
òîðîé ÿâëÿëîñü íàëè÷èå êîðíåâûõ âîëîñêîâ
(ðèñ. 1, à), ïîêàçàëî íèçêèé óðîâåíü ýòîãî ãîð-
ìîíà. Ââåäåíèå ÀÁÊ â ïèòàòåëüíûé ðàñòâîð
ïðèâîäèëî ê ïîâûøåíèþ óðîâíÿ îêðàøèâàíèÿ,
÷òî óêàçûâàåò íà òî, ÷òî âî âðåìÿ ýêñïîçèöèè
ïðîèñõîäèëî ïîãëîùåíèå ãîðìîíà, è åãî óðî-
âåíü â çîíå ïîãëîùåíèÿ âîçðàñòàë (ðèñ. 1, á).

Îñìîòè÷åñêàÿ ãèäðàâëè÷åñêàÿ ïðîâîäè-
ìîñòü èçîëèðîâàííûõ êîðíåé âîçðàñòàëà ïîä
âëèÿíèåì ÀÁÊ (ðèñ. 2).

Ñ ïîìîùüþ àíòèòåë ê àêâàïîðèíàì
áûëî âûÿâëåíî îêðàøèâàíèå êëåòî÷íûõ ìåì-
áðàí êëåòîê êîðíÿ, áîëåå èíòåíñèâíîå â îá-
ëàñòè êñèëåìíûõ ñîñóäîâ è ýïèäåðìèñà, ÷òî
ñîîòâåòñòâóåò äàííûì ëèòåðàòóðû [8]. Ïîâû-
øåíèå óðîâíÿ ÀÁÊ â êëåòêàõ êîðíåé, îáðà-
áîòàííûõ ýòèì ãîðìîíîì, ñîïðîâîæäàëîñü
âîçðàñòàíèåì èíòåíñèâíîñòè èììóíîãèñòî-
õèìè÷åñêîãî îêðàøèâàíèÿ HvPIP2;1 è
HvPIP2;2 (ðèñ. 3) àêâàïîðèíîâ. Èììóíîãèñ-
òîõèìè÷åñêîå îêðàøèâàíèå HvPIP2;3 àêâàïî-
ðèíà áûëî áîëåå èíòåíñèâíûì, ÷åì

HvPIP2;5, íî êàê â ñëó÷àå HvPIP2;3, òàê è
HvPIP2;5 ïîâûøåíèå óðîâíÿ ÀÁÊ â êëåòêàõ
êîðíÿ íå âëèÿëî íà ñîäåðæàíèå ýòèõ àêâà-
ïîðèíîâ. Â îòëè÷èå îò ðàñòåíèé êóêóðóçû [3],
íà êîòîðûõ èíòåíñèâíî èçó÷àëîñü âëèÿíèå
ÀÁÊ íà ãèäðàâëè÷åñêóþ ïðîâîäèìîñòü, àê-
òèâíîñòü è ñîäåðæàíèå àêâàïîðèíîâ, à òàê-
æå óðîâåíü ýêñïðåññèè êîäèðóþùèõ èõ ãå-
íîâ, íàì íå óäàëîñü íàéòè äàííûõ ëèòåðà-
òóðû î âëèÿíèè ýòîãî ãîðìîíà íà àêâàïîðè-
íû ÿ÷ìåíÿ. Ïîëó÷åííûå íàìè ðåçóëüòàòû
óêàçûâàþò íà ñïîñîáíîñòü ÀÁÊ âëèÿòü íà
óðîâåíü HvPIP2;1 è HvPIP2;2 àêâàïîðèíîâ â
êëåòêàõ êîðíåé. Èññëåäîâàíèå ýêñïðåññèè àê-
âàïîðèíîâ ó ðàñòåíèé êóêóðóçû ñ ðàçëè÷íûì
ãåíåòè÷åñêè îáóñëîâëåííûì óðîâíåì ÀÁÊ
ïîêàçàëî ïîëîæèòåëüíîå âëèÿíèå ÀÁÊ íà
óðîâåíü ýêñïðåññèè âñåõ èçó÷åííûõ ãåíîâ àê-
âàïîðèíîâ [3]. Âìåñòå ñ òåì ýòè îïûòû ñëîæ-
íî ñîïîñòàâëÿòü ñ íàøèìè ðåçóëüòàòàìè, ïî-
ñêîëüêó êîíñòèòóòèâíîå èçìåíåíèå óðîâíÿ
ýíäîãåííîé ÀÁÊ ìîãëî îêàçàòü íåïðÿìîå
âëèÿíèå íà ýêñïðåññèþ ãåíîâ àêâàïîðèíîâ.
Â ýêñïåðèìåíòàõ ñ îáðàáîòêîé ðàñòåíèé êó-
êóðóçû ýêçîãåííîé ÀÁÊ îòìå÷àëîñü âëèÿíèå
ýòîãî ãîðìîíà òîëüêî íà îäèí èç àêâàïîðè-
íîâ HvPIP2 ñåìåéñòâà [9], ÷òî áëèæå ê íà-
øèì ðåçóëüòàòàì. Âìåñòå ñ òåì íà îñíîâàíèè
íàøèõ ðåçóëüòàòîâ íåëüçÿ èñêëþ÷èòü òîãî,
÷òî ïðè áîëåå äëèòåëüíîì âîçäåéñòâèè ÀÁÊ
ìîæåò ïîâëèÿòü íà óðîâåíü äðóãèõ àêâàïî-
ðèíîâ ÿ÷ìåíÿ èç ñåìåéñòâà HvPIP2.

Ðèñ.  2.  Ãèäðàâëè÷åñêàÿ ïðîâîäèìîñòü êîðíåé 7-ñóòî÷íûõ
ðàñòåíèé ìóòàíòà ÿ÷ìåíÿ Az34 ÷åðåç 15 ìèí ïîñëå ýêçîãåí-
íîé îáðàáîòêè ÀÁÊ
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Âûâîäû. Òàêèì îáðàçîì, ðåçóëüòàòû, ïî-
ëó÷åííûå íàìè ïðè èçó÷åíèè âëèÿíèÿ ýêçî-
ãåííîé ÀÁÊ íà ðàñòåíèÿ ÿ÷ìåíÿ ñ íèçêèì
óðîâíåì ýíäîãåííîãî ãîðìîíà, âûÿâèëî ïî-
ëîæèòåëüíîå âëèÿíèå ýòîãî ãîðìîíà íà ãèä-
ðàâëè÷åñêóþ ïðîâîäèìîñòü, ÷òî ìîæåò áûòü
ñâÿçàíî ñ ïîâûøåíèåì ïîä åãî âëèÿíèåì
óðîâíÿ àêâàïîðèíîâ HvPIP2;1 è HvPIP2;2.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàí-
òà ÐÔÔÈ ¹12-04-01111.
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IMMUNOLOCALIZATION  OF  AQUAPORINS  HvPIP2  IN  ROOTS
OF  THE  ABA-DEFICIENT  BARLEY  MUTANT

© G.V. Sharipova

Institute of Biology, Ufa Scientific Centre, Russian Academy of Sciences, Ufa, Russian Federation

The article reports the results of immunohistochemical detection of barley aquaporins HvPIP2;1, HvPIP2;2,
HvPIP2;3 and HvPIP2;5 using specific antibodies. Immunohistochemical localization of aquaporins HvPIP2;1,
HvPIP2;2, HvPIP2;3 and HvPIP2;5 on cross sections of the root tip of the ABA-deficient barley mutant Az34
and the impact of introduction of exogenous ABA to the nutrient medium of barley plants on the level of
aquaporins were studied. Increased intensity of immunolabelling of aquaporins was detected in both xylem
vessels and epidermis. ABA treatment increased the intensity of specific staining of abscisic acid, aquaporins
HvPIP2;1 and HvPIP2;2 of the root tip, but does not affect the intensity of staining in the case of aquaporins
HvPIP2;3 and HvPIP2;5. Introduction of exogenous ABA simultaneously increased both hydraulic conductance
of the roots and aquaporin levels in their cells, indicating the role of ABA in the control of hydraulic root
conductance mediated by aquaporins.

Key words: Hordeum vulgare L., ABA-deficient mutant of barley, aqauaporins, hydraulic conductance.
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ÐÅÑÓÐÑÍÛÉ  ÏÎÒÅÍÖÈÀË  ÓÃËÅÐÎÄÈÑÒÛÕ  ÎÒËÎÆÅÍÈÉ
ÁÀØÊÈÐÑÊÎÃÎ  ÌÅÃÀÍÒÈÊËÈÍÎÐÈß

© Ñ.Ñ. Êîâàëåâ, Ñ.Ã. Êîâàëåâ

Ïðèâîäÿòñÿ ìàòåðèàëû î ðóäîíîñíîñòè ÷åðíîñëàíöåâûõ îòëîæåíèé çàïàäíîãî ñêëîíà Þæíîãî Óðàëà.
Äàíà õàðàêòåðèñòèêà ðóäíîé ìèíåðàëèçàöèè, âêëþ÷àÿ áëàãîðîäíûå ìåòàëëû, Óëóåëãèíñêî-Êóäàøìàíîâ-
ñêîé, Ñóðàí-Èøëèíñêîé, Èíòóðàòîâñêîé è Óçÿíñêî-Êàãàðìàíîâñêîé çîí. Äëÿ âûÿâëåíèÿ ðåñóðñíîãî ïîòåí-
öèàëà óãëåðîäèñòûõ îòëîæåíèé Áàøêèðñêîãî ìåãàíòèêëèíîðèÿ áûëî ïðîâåäåíî èçó÷åíèå ãåîõèìè÷åñêîé
ñïåöèàëèçàöèè òåððèãåííûõ ïîðîä íèæíåãî è ñðåäíåãî ðèôåÿ èç ñòðàòîòèïè÷åñêèõ ðàçðåçîâ («ôîíîâûå»
ñîäåðæàíèÿ) è îäíîâîçðàñòíûõ èì îñàäî÷íûõ îáðàçîâàíèé, ïðèóðî÷åííûõ ê òåêòîíè÷åñêèì çîíàì.

Íà îñíîâå àíàëèçà ñîäåðæàíèé áëàãîðîäíûõ ìåòàëëîâ â òåððèãåííûõ ïîðîäàõ íèæíåãî è ñðåäíåãî
ðèôåÿ èç ñòðàòîòèïè÷åñêèõ ðàçðåçîâ è îäíîâîçðàñòíûõ èì îñàäî÷íûõ îáðàçîâàíèé, ïðèóðî÷åííûõ ê òåêòî-
íè÷åñêèì çîíàì, âûÿâëåíû çíà÷èòåëüíûå ðàçëè÷èÿ â ðàñïðåäåëåíèè ÝÏÃ è Au ìåæäó «íåèçìåíåííûìè»
îáðàçîâàíèÿìè è èõ ìåòàìîðôèçîâàííûìè àíàëîãàìè. Äëÿ íèçêîóãëåðîäèñòûõ ãëèíèñòûõ è êàðáîíàòíî-ãëè-
íèñòûõ ñëàíöåâ Èíòóðàòîâñêîé çîíû õàðàêòåðíà Pd-Rh ñïåöèàëèçàöèÿ, à ïàðàìåòð Pt/Pd íà ïîðÿäîê âûøå,
÷åì â «íåèçìåíåííûõ» ïîðîäàõ ýòîãî æå ñòðàòèãðàôè÷åñêîãî óðîâíÿ. Íà ïåðåðàñïðåäåëåíèå ÝÏÃ â ïðîöåñ-
ñå ìåòàìîðôèçìà óêàçûâàþò è ïîâûøåííûå ñîäåðæàíèÿ Pt, Pd è Ir â êâàðöåâûõ æèëàõ, ñåêóùèõ ñëàíöû
Èíòóðàòîâñêîé çîíû.

Óñòàíîâëåíî, ÷òî ãåíåòè÷åñêàÿ ïðèðîäà áëàãîðîäíîìåòàëüíîé ãåîõèìè÷åñêîé ñïåöèàëèçàöèè êàê «íå-
èçìåíåííûõ» òåððèãåííûõ îáðàçîâàíèé íèæíåãî è ñðåäíåãî ðèôåÿ Áàøêèðñêîãî ìåãàíòèêëèíîðèÿ, òàê è
ïðèóðî÷åííûõ ê òåêòîíè÷åñêèì çîíàì èõ ñòðàòèãðàôè÷åñêèõ àíàëîãîâ, âûÿâëÿåòñÿ ïðè àíàëèçå ðàñïðåäåëå-
íèÿ íîðìèðîâàííûõ íà ïðèìèòèâíóþ ìàíòèþ ñîäåðæàíèé Au è ÝÏÃ â ïîðîäàõ ìàãìàòè÷åñêèõ êîìïëåêñîâ
ðèôåéñêîãî âîçðàñòà, ðàñïðîñòðàíåííûõ â ïðåäåëàõ Áàøêèðñêîãî ìåãàíòèêëèíîðèÿ. Äëÿ íèõ õàðàêòåðíî
÷åòêî âûðàæåííîå îáîãàùåíèå Au, Pd, Pt è Rh ïî îòíîøåíèþ ê ïðèìèòèâíîé ìàíòèè, ÷òî ñâèäåòåëüñòâóåò î
çíà÷èòåëüíîì ðóäîãåíåðèðóþùåì ïîòåíöèàëå ýòîãî òèïà ìàãìàòèçìà. Ïî ñðàâíåíèþ ñ ñîäåðæàíèÿìè áëàãî-
ðîäíûõ ìåòàëëîâ â «ýòàëîííûõ» ñîñòàâàõ ïèêðèòîâ è êîìàòèèòîâ þæíîóðàëüñêèå ïèêðèòû â çíà÷èòåëüíîé
ñòåïåíè îáîãàùåíû Pd è Rh ïðè áëèçêèõ (ëèáî íåçíà÷èòåëüíî áîëüøèõ) êîëè÷åñòâàõ Au, Pt, Ru è Ir. Ýòî
óêàçûâàåò íà ñïåöèôèêó þæíîóðàëüñêîé ìàãìàòè÷åñêîé ïðîâèíöèè, à çíà÷èòåëüíûå âàðèàöèè ñîäåðæàíèé
Pt, Pd è Au ñâèäåòåëüñòâóþò îá èõ ïîäâèæíîñòè â ïðîöåññàõ âíóòðèêîðîâîé äèôôåðåíöèàöèè. Ñîïîñòàâëå-
íèå ãðàôèêîâ íîðìèðîâàííûõ ñîäåðæàíèé ÝÏÃ â òåððèãåííûõ è ìàãìàòè÷åñêèõ ïîðîäàõ ðèôåÿ Áàøêèðñêî-
ãî ìåãàíòèêëèíîðèÿ ïîêàçàëî, ÷òî â ïåðâóþ î÷åðåäü îíè ðàçëè÷àþòñÿ íàëè÷èåì/îòñóòñòâèåì Rh. Èç ÷åãî
ñëåäóåò, ÷òî Rh ìîæåò ÿâëÿòüñÿ èíäèêàòîðîì ãåîõèìè÷åñêîé ñïåöèàëèçàöèè êàê «íåèçìåíåííûõ» òåððèãåí-
íûõ ïîðîä ñòðàòîòèïè÷åñêèõ ðàçðåçîâ, â êîòîðûõ îí îòñóòñòâóåò, òàê è ìåòàìîðôèçîâàííûõ îñàäî÷íûõ îá-
ðàçîâàíèé, ïðèóðî÷åííûõ ê òåêòîíè÷åñêèì çîíàì, ãäå îí ÷åòêî ïðîÿâëåí.

Ïîêàçàíî, ÷òî ïî ñîâðåìåííûì ãåîäèíàìè÷åñêèì ïîñòðîåíèÿì çàïàäíûé ñêëîí Þæíîãî Óðàëà â ìå-
çîïðîòåðîçîå ÿâëÿëñÿ ÷àñòüþ Âîëãî-Óðàëüñêîãî ñåãìåíòà ïàëåîêîíòèíåíòà Áàëòèêè. Ïðîÿâëåíèå â ðàííåì
ðèôåå ïëþìîâûõ ïðîöåññîâ ïðèâåëî ê ôîðìèðîâàíèþ èíòðàêðàòîííîãî ïðîãèáà è âíåäðåíèþ â çîíû êîíñå-
äèìåíòàöèîííûõ ðàçëîìîâ ìíîãî÷èñëåííûõ èíòðóçèé (ïèêðèòû, ãàááðî-äîëåðèòû). Ñîáñòâåííî ðèôòîãåí-
íûé ýòàï íà÷àëà ñðåäíåãî ðèôåÿ õàðàêòåðèçîâàëñÿ ëèíåéíî ñêîíöåíòðèðîâàííûì ðàñòÿæåíèåì ëèòîñôåðû,
÷òî ïðèâåëî ê ôîðìèðîâàíèþ ñåðèè ãðàáåíîîáðàçíûõ ñòðóêòóð ñ ìàêñèìàëüíûì ðàçâèòèåì èíòðóçèâíîãî
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Â ïîñëåäíèå äåñÿòèëåòèÿ â ðàçëè÷íûõ
ðåãèîíàõ ìèðà áûëè îòêðûòû ìåñòîðîæäåíèÿ
áëàãîðîäíûõ ìåòàëëîâ íåèçâåñòíûõ ðàíåå
òèïîâ â óãëåðîäñîäåðæàùèõ îñàäî÷íî-ìåòà-
ìîðôè÷åñêèõ êîìïëåêñàõ, êîòîðûå ê íàñòîÿ-
ùåìó âðåìåíè îòíîñÿòñÿ ê îäíîìó èç ñàìûõ
ïåðñïåêòèâíûõ òèïîâ ìåñòîðîæäåíèé çîëî-
òà è ïëàòèíîèäîâ. Ýòè îáðàçîâàíèÿ èìåþò
øèðîêîå ãåîãðàôè÷åñêîå ðàñïðîñòðàíåíèå è
ïðèóðî÷åíû ê ðàçëè÷íûì âîçðàñòíûì óðîâ-
íÿì îò ïðîòåðîçîÿ äî ðàííåãî ìåçîçîÿ [1].
Âûÿâëåííûå ìåñòîðîæäåíèÿ ðàçëè÷àþòñÿ
ìåæäó ñîáîé ïî ìàñøòàáíîñòè îðóäåíåíèÿ,
ìîðôîëîãèè ðóäíûõ òåë, èíòåíñèâíîñòè ãèä-
ðîòåðìàëüíî-ìåòàñîìàòè÷åñêîé ïðîðàáîòêè
âìåùàþùèõ ïîðîä è, êàê ñëåäñòâèå, ïî êîí-
öåíòðàöèè ïîëåçíûõ êîìïîíåíòîâ. Â.Â. Äè-
ñòëåð ñ ñîàâòîðàìè ïîäðàçäåëÿþò äàííûå
ìåñòîðîæäåíèÿ ïî ìîðôîëîãè÷åñêèì ïðèçíà-
êàì íà äâå ãðóïïû. Ïåðâàÿ âêëþ÷àåò â ñåáÿ
êðóïíûå îáúåêòû, â êîòîðûõ ðóäíàÿ ìèíåðà-
ëèçàöèÿ îáðàçóåò çîíû ìîùíîñòüþ â äåñÿòêè
è ïåðâûå ñîòíè ìåòðîâ ïðè çíà÷èòåëüíîé ïðî-
òÿæåííîñòè (äî ïåðâûõ êì). Âòîðàÿ ïðåäñòàâ-
ëåíà îáúåêòàìè, ðóäíûå òåëà êîòîðûõ ïðè îò-
íîñèòåëüíî íåáîëüøîé ìîùíîñòè (ïåðâûå
ñì), èìåþò çíà÷èòåëüíóþ ïðîòÿæåííîñòü ïî
ëàòåðàëè è õàðàêòåðèçóþòñÿ âûñîêèìè êîí-
öåíòðàöèÿìè ïîëåçíûõ êîìïîíåíòîâ [2].

Â ïðåäåëàõ Áàøêèðñêîãî ìåãàíòèêëèíî-
ðèÿ óãëåðîäñîäåðæàùèå îòëîæåíèÿ øèðîêî
ðàñïðîñòðàíåíû. Â âèäå ãîðèçîíòîâ ïåðåìåí-
íîé ìîùíîñòè îíè óñòàíîâëåíû â áóðçÿíñêîé
(RF1) è þðìàòèíñêîé (RF2) ñåðèÿõ – â ñîñòàâå
áîëüøåèíçåðñêîé, ñóðàíñêîé è þøèíñêîé
ñâèò íèæíåãî ðèôåÿ è ïðàêòè÷åñêè âî âñåõ

ñâèòàõ ñðåäíåãî ðèôåÿ. Ïðîâåäåííûå èññëå-
äîâàíèÿ, ðåçóëüòàòû êîòîðûõ ïðèâîäÿòñÿ
íèæå, ïîêàçàëè ïåðñïåêòèâíîñòü äàííûõ ïî-
ðîä íà êîìïëåêñíîå áëàãîðîäíîìåòàëüíîå
îðóäåíåíèå.

Óëóåëãèíñêî-Êóäàøìàíîâñêàÿ çîíà ïðè-
óðî÷åíà ê Þðþçàíî-Çþðàòêóëüñêîìó ðàçëîìó
è ñëîæåíà ïîðîäàìè ñðåäíåðèôåéñêîãî âîçðà-
ñòà (ðèñ. 1). Ðàíåå çäåñü áûëà âûÿâëåíà Au-Ag-
U-Th-REE ìèíåðàëèçàöèÿ â ñëîæíîäèñëîöè-
ðîâàííûõ óãëåðîäñîäåðæàùèõ ñëàíöàõ, êîòî-
ðûå ïðîñòðàíñòâåííî àññîöèèðóþòñÿ ñ ìàãìà-
òè÷åñêèìè ïîðîäàìè îñíîâíîãî ñîñòàâà [3–5].
Â ðåçóëüòàòå äåòàëüíîãî èçó÷åíèÿ áûëè îáíà-
ðóæåíû ìíîãî÷èñëåííûå íîâîîáðàçîâàííûå
ìèíåðàëû: ñóëüôèäû (ïèðèò, ïèððîòèí, õàëü-
êîïèðèò, ãàëåíèò, ñôàëåðèò); ñàìîðîäíûå ýëå-
ìåíòû (Au, Sn, Pb, Ag); ñîåäèíåíèÿ, áëèçêèå ê
ôóðóòîáåèòó (Cu, Ag)6PbS4; ïðîìåæóòî÷íûå
íåñòåõèîìåòðè÷íûå ñîåäèíåíèÿ ðÿäà õàëüêî-
ïèðèò (CuFeS2) – ëåíàèò (AgFeS2); ñîåäèíåíèÿ
ðÿäà (Ag, Fe)n(S, Se)m – (Ag, Fe)n(S, Te)m è
(Ag1,43 Fe0,27 Au0,12)1,83(Se0,46 S0,33 As0,21)1,00,, à òàê-
æå óðàíèíèò, êîôôèíèò, óðàíîöèðöèò, òîðèò
óðàíîâûé, ìîíàöèò è íåèäåíòèôèöèðîâàííûå
ðåäêîçåìåëüíûå ôàçû. Ñàìîðîäíîå Au áûëî
îáíàðóæåíî â ïðîáå-ïðîòîëî÷êå èç áóäèíèðî-
âàííîé êâàðöåâîé æèëû [5]. Çîëîòî âûñîêî-
ïðîáíîå, ìèêðîçîíäîâûì ìåòîäîì â åãî ñîñòà-
âå îáíàðóæåíû Cu (0,21–0,41 âåñ. %) è Ag
(4,58–6,50 âåñ. %).

Ñóðàí-Èøëèíñêàÿ ïëîùàäü ðàñïîëîæåíà
íà ëåâîáåðåæüå ð. Áîë. Èíçåð â çîíå Êàðàòàø-
ñêîãî è Çþðàòêóëüñêîãî ðåãèîíàëüíûõ ðàçëîìîâ
(ñì. ðèñ. 1), ãäå ðàñïðîñòðàíåíû óãëåðîäñîäåð-
æàùèå ñëàíöû, àëåâðîëèòû è êàðáîíàòíûå

ìàãìàòèçìà è âóëêàíèçìà. Ïðîöåññû ïëàâëåíèÿ ìàíòèéíîãî ñóáñòðàòà è åãî äèôôåðåíöèàöèÿ â ïðîìåæóòî-
÷íûõ î÷àãàõ ñïîñîáñòâîâàëè îáðàçîâàíèþ ìàãì, ðàçëè÷àâøèõñÿ êàê ïî îñíîâíîñòè (ïèêðèòû, äîëåðèòû,
áàçàëüòû, ðèîëèòû), òàê è ãåîõèìè÷åñêèì õàðàêòåðèñòèêàì (îáîãàùåííîñòü Au, Pt, Rh, Pd è äð.). Ïðè ýòîì
îñàäî÷íûå ïîðîäû ïîäâåðãëèñü âîçäåéñòâèþ ãëóáèííûõ ôëþèäîâ, ÷òî ïðèâåëî ê ôîðìèðîâàíèþ ãåîõèìè-
÷åñêèõ àíîìàëèé ðóäîãåííûõ ýëåìåíòîâ, ÝÏÃ è Au. Ìàñøòàáíîñòü ïîñëåäóþùèõ ðóäîîáðàçóþùèõ ïðîöåñ-
ñîâ îïðåäåëÿëàñü ýâîëþöèåé ôëþèäíî-ãèäðîòåðìàëüíûõ ñèñòåì, êîòîðûå ñôîðìèðîâàëèñü ïðè ñìåíå ïà-
ëåîðèôòîãåííîãî ýòàïà ðàçâèòèÿ ðåãèîíà ïðîöåññàìè âîäíîãî êîðîâîãî ïàëèíãåíåçà, à òàêæå ëîêàëüíîãî è
ðåãèîíàëüíîãî ìåòàìîðôèçìà.

Êëþ÷åâûå ñëîâà: çàïàäíûé ñêëîí Þæíîãî Óðàëà, ÷åðíîñëàíöåâûå îòëîæåíèÿ, ýëåìåíòû ïëàòèíîâîé
ãðóïïû, ñàìîðîäíîå çîëîòî, ãåîõèìè÷åñêàÿ ñïåöèàëèçàöèÿ, ñòðàòîòèïè÷åñêèå ðàçðåçû, òåêòîíè÷åñêèå çîíû,
ìåòàìîðôèçì.
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Ðèñ. 1. Ãåîëîãè÷åñêàÿ ñõåìà Áàøêèðñêîãî ìåãàíòèêëèíîðèÿ è ìåñòîïîëîæåíèÿ èçó÷åííûõ ÷åðíîñëàíöåâûõ
ðàçðåçîâ:
1 – òàðàòàøñêèé ìåòàìîðôè÷åñêèé êîìïëåêñ, 2 – àéñêàÿ ñâèòà (RF1), 3 – ñàòêèíñêàÿ è áàêàëüñêàÿ ñâèòû íåðàñ÷ëå-
íåííûå (RF1), 4 – áîëüøåèíçåðñêàÿ, ñóðàíñêàÿ è þøèíñêàÿ ñâèòû íåðàñ÷ëåíåííûå (RF1), 5 – òåððèãåííûå îòëîæå-
íèÿ íåðàñ÷ëåíåííûå (RF2), 6 – âóëêàíîãåííî-îñàäî÷íûå îòëîæåíèÿ íåðàñ÷ëåíåííûå (RF2), 7 – çèãàëüãèíñêàÿ ñâèòà
(RF2), 8 – Êóñèíñêî-Êîïàíñêèé êîìïëåêñ (RF2), 9 – âåðõíåðèôåéñêèå îòëîæåíèÿ íåðàñ÷ëåíåííûå, 10 – âåíäñêèå
îòëîæåíèÿ íåðàñ÷ëåíåííûå, 11 – ïàëåîçîéñêèå îòëîæåíèÿ íåðàñ÷ëåíåííûå, 12 – ìåòàìîðôè÷åñêèå êîìïëåêñû
íåðàñ÷ëåíåííûå, 13 – óëüòðàîñíîâíûå ïîðîäû, 14 – ãðàíèòîèäû, 15 – ÷åðíîñëàíöåâûå ðàçðåçû (1 – Óëóåëãèíñêî-
Êóäàøìàíîâñêèé; 2 – Èíòóðàòîâñêèé; 3 – Ñóðàí-Èøëèíñêèé; 4 – Óçÿíñêî-Êàãàðìàíîâñêèé)
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ïîðîäû ñóðàíñêîé ñâèòû (RF1). Ïðîæèëêîâî-
âêðàïëåííîå êàðáîíàò-êâàðö-ñóëüôèäíîå îðó-
äåíåíèå ðàçâèòî â çîíàõ äðîáëåíèÿ è ìîðôî-
ëîãè÷åñêè ïðåäñòàâëåíî ëèíåéíîé ìèíåðàëè-
çîâàííîé çîíîé, âûòÿíóòîé â ñåâåðî-âîñòî÷-
íîì íàïðàâëåíèè. Ïðîáóðåííûå ñêâàæèíû
âñêðûëè ãëèíèñòóþ êîðó âûâåòðèâàíèÿ ïî
óãëåðîäèñòûì êâàðö-ñåðèöèò-õëîðèòîâûì
ñëàíöàì, äîëåðèòàì è êàðáîíàòíûì ïîðîäàì,
ìîùíîñòü êîòîðîé âàðüèðóåò îò 53,6 äî
325,0 ì. Ïî ðåçóëüòàòàì õèìèêî-ñïåêòðàëüíîãî
àíàëèçà, ñîäåðæàíèå Au â ïîðîäàõ èçìåíÿåò-
ñÿ â ïðåäåëàõ îò 0,5 äî > 2,0 ã/ò (â åäèíè÷íûõ
ïðîáàõ óñòàíîâëåíî 3,05, 5,31 è 27,29 ã/ò).
Â êîðå âûâåòðèâàíèÿ îáíàðóæåíû ñàìîðîä-
íîå Au è àóðèêóïðèä (Cu3Au) [6].

Èíòóðàòîâñêàÿ çîíà ðàñïîëîæåíà â 3,5 êì
þæíåå ïîñ. Èøëÿ â ïîëîñå ðàçâèòèÿ îòëîæå-
íèé ñóðàíñêîé ñâèòû (RF1), êîòîðûå ïðåäñòàâ-
ëåíû ïåðåñëàèâàíèåì òåìíî-ñåðûõ è ÷åðíûõ
óãëåðîäñîäåðæàùèõ ñëàíöåâ ñ ñåðûìè äîëîìè-
òàìè è äîëîìèòèçèðîâàííûìè àëåâðîïåñ÷àíè-
êàìè (ñì. ðèñ. 1). Çäåñü æå ïðèñóòñòâóþò êâàð-
öåâûå æèëû ìîùíîñòüþ äî 1–1,5 ì, â êîòîðûõ
ñîäåðæèòñÿ 2,2–2,4 ã/ò Au è 2,66–3,0 ã/ò Ag, à â
ïðîáàõ-ïðîòîëî÷êàõ áûëè îáíàðóæåíû 20 çíà-
êîâ ìåëêîãî (îò 0,225 ⋅ 0,075 äî 0,125 ⋅ 0,075 ìì)
çîëîòà íåïðàâèëüíî-êîìêîâàòîé, óïëîùåííî-
èçîìåòðè÷íîé ôîðìû ñ íåðîâíî-íîçäðåâàòîé
ïîâåðõíîñòüþ [6].

Óçÿíñêî-Êàãàðìàíîâñêàÿ çîíà ðàñïîëî-
æåíà â âîñòî÷íîé ÷àñòè Áàøêèðñêîãî ìåãàí-
òèêëèíîðèÿ, â ïîëîñå ðàçâèòèÿ ïîðîä àâçÿí-
ñêîé (RF2) è çèãàçèíî-êîìàðîâñêîé (RF2) ñâèò,
âáëèçè êîíòàêòà äîêåìáðèéñêîãî ðàçðåçà Áàø-
êèðñêîãî ìåãàíòèêëèíîðèÿ ñ ïàëåîçîéñêèì
îáðàìëåíèåì (ñì. ðèñ. 1). Ïîðîäû çîíû ïðåä-
ñòàâëåíû ïåðåñëàèâàíèåì ãëèíèñòûõ ñëàíöåâ,
ìåëêîçåðíèñòûõ êâàðöèòîïåñ÷àíèêîâ è óãëå-
ðîäñîäåðæàùèõ ñëàíöåâ. Â õèìè÷åñêîì ñîñòà-
âå ïîñëåäíèõ áûëî óñòàíîâëåíî 1,0–3,21 ã/ò
çîëîòà è 0,4–0,8 ã/ò ñåðåáðà ïðè ïîâûøåííûõ
êîëè÷åñòâàõ ïëàòèíîèäîâ (Pt – 20–270, Pd –
10–140, Ru – 5–70, Rh – 1–5 ìã/ò) [7].

Äëÿ âûÿâëåíèÿ ðåñóðñíîãî ïîòåíöèàëà
óãëåðîäèñòûõ îòëîæåíèé Áàøêèðñêîãî ìåãàí-
òèêëèíîðèÿ íàìè áûëî ïðîâåäåíî èçó÷åíèå
ãåîõèìè÷åñêîé ñïåöèàëèçàöèè òåððèãåííûõ

(ñëàíöåâûõ) ïîðîä íèæíåãî è ñðåäíåãî ðè-
ôåÿ èç ñòðàòîòèïè÷åñêèõ ðàçðåçîâ («ôîíîâûå»
ñîäåðæàíèÿ) è îäíîâîçðàñòíûõ èì îñàäî÷íûõ
îáðàçîâàíèé, ïðèóðî÷åííûõ ê òåêòîíè÷åñêèì
çîíàì è îõàðàêòåðèçîâàííûõ âûøå.

Â ðåçóëüòàòå ïðîâåäåííûõ ðàáîò óñòàíîâ-
ëåíî, ÷òî ïî êîëè÷åñòâó ðóäîãåííûõ ýëåìåí-
òîâ (Co, Ni, Cr, Cu) îñàäî÷íûå ïîðîäû ñòðà-
òîòèïè÷åñêèõ ðàçðåçîâ è ÷åðíîñëàíöåâûå îá-
ðàçîâàíèÿ èç òåêòîíè÷åñêèõ çîí ðàçëè÷àþòñÿ
â çíà÷èòåëüíîé ñòåïåíè. Åñëè ïåðâûå îáðà-
çóþò îòíîñèòåëüíî êîìïàêòíîå ïîëå (ðèñ. 2)
ñî ñëàáî âûðàæåííûìè âàðèàöèÿìè ñîäåð-
æàíèé ðóäîãåííûõ ýëåìåíòîâ, òî äëÿ ÷åðíî-
ñëàíöåâûõ ïîðîä ðàçáðîñ çíà÷åíèé äîñòèãàåò
äâóõ ïîðÿäêîâ, ÷òî ñâèäåòåëüñòâóåò î ïðè-
âíîñå Co, Ni, Cr, Cu è/èëè èõ ïåðåðàñïðåäå-
ëåíèè â ïðîöåññå ìåòàìîðôèçìà. Êðîìå ðó-
äîãåííûõ ýëåìåíòîâ, áûëè èçó÷åíû ñîäåð-
æàíèÿ ÝÏÃ è Au â ýòèõ æå îòëîæåíèÿõ, âû-
ïîëíåíû ìåòîäîì ICP-MS â ÖÈÈ ÂÑÅÃÅÈ
(àíàëèòèêè Â.À. Øèøëîâ, Â.Ë. Êóäðÿâöåâ; ïðå-
äåëû îáíàðóæåíèÿ ÝÏÃ è Au – 0,002 ã/ò). Ïî-
ëó÷åííûå ðåçóëüòàòû ñâîäÿòñÿ ê ñëåäóþùåìó:

– äëÿ «íåèçìåíåííûõ» RF1 è RF2 òåððè-
ãåííûõ ïîðîä õàðàêòåðíà ÷åòêî âûðàæåííàÿ
Pd ãåîõèìè÷åñêàÿ ñïåöèàëèçàöèÿ (ðèñ. 3). Ïî
îòíîøåíèþ ê ñîäåðæàíèþ Pd â êîíòèíåí-
òàëüíîé êîðå [9] åãî êîëè÷åñòâà â ãëèíèñòûõ
ïîðîäàõ ðàçëè÷íûõ óðîâíåé RF1 è RF2 âåñüìà
ñòàáèëüíû è ñîñòàâëÿþò â ñðåäíåì ~ 40–100
(äëÿ Pt ýòîò ïàðàìåòð ñîñòàâëÿåò 2–13, Ru –
2–25, Ir – 6–25);

– íîðìàëèçîâàííûå ñîäåðæàíèÿ Au â «íå-
èçìåíåííûõ» òåððèãåííûõ ïîðîäàõ RF1 è RF2,
íàïðîòèâ, áëèçêè ê êîðîâûì, âàðüèðóÿ â ïðå-
äåëàõ 0,63–2,46;

– îòëè÷èòåëüíîé ÷åðòîé «ôîíîâûõ» ñî-
äåðæàíèé ÝÏÃ â ïîðîäàõ íèæíåãî è ñðåäíå-
ãî ðèôåÿ ÿâëÿåòñÿ îòñóòñòâèå Rh, çíà÷èìûõ
êîëè÷åñòâ êîòîðîãî íå óñòàíîâëåíî íè â îä-
íîì èç 116 ïðîàíàëèçèðîâàííûõ îáðàçöîâ.

Äàííûå î ñîäåðæàíèÿõ ÝÏÃ è Au â «íå-
èçìåíåííûõ» îáðàçîâàíèÿõ ðèôåÿ ñîïîñòàâ-
ëåíû ñ êîíöåíòðàöèÿìè ýòèõ ýëåìåíòîâ â
ïîðîäàõ Èíòóðàòîâñêîé è Óëóåëãèíñêî-Êó-
äàøìàíîâñêîé çîí. Â ðåçóëüòàòå âûÿâëåíû
çíà÷èòåëüíûå ðàçëè÷èÿ â ðàñïðåäåëåíèè ÝÏÃ
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è Au ìåæäó «íåèçìåíåííûìè» îáðàçîâàíèÿ-
ìè è èõ ìåòàìîðôèçîâàííûìè àíàëîãàìè.
Òàê, äëÿ íèçêîóãëåðîäèñòûõ ãëèíèñòûõ è êàð-
áîíàòíî-ãëèíèñòûõ ñëàíöåâ Èíòóðàòîâñêîé
çîíû õàðàêòåðíà Pd-Rh ñïåöèàëèçàöèÿ, à ïà-
ðàìåòð Pt/Pd íà ïîðÿäîê âûøå, ÷åì â «íåèç-
ìåíåííûõ» ïîðîäàõ ýòîãî æå ñòðàòèãðàôè÷å-
ñêîãî óðîâíÿ. Íîðìèðîâàííûå ñîäåðæàíèÿ Ir
â ðàçëè÷íûõ ïîðîäàõ ýòîé çîíû ðàçëè÷àþòñÿ
íà 3 ïîðÿäêà (ðèñ. 4). Íà ïåðåðàñïðåäåëåíèå
ÝÏÃ â ïðîöåññå ìåòàìîðôèçìà îò÷åòëèâî óêà-
çûâàþò è ïîâûøåííûå ñîäåðæàíèÿ Pt, Pd è
Ir â êâàðöåâûõ æèëàõ, ñåêóùèõ ñëàíöû Èíòó-
ðàòîâñêîé çîíû (ñì. ðèñ. 4).

Ðèñ.  2.  Äèàãðàììû Ni-Co è Cu-Cr äëÿ ñëàíöåâûõ òîëù èç ñòðàòîòèïè÷åñêèõ ðàçðåçîâ è ÷åðíîñëàíöåâûõ ïîðîä èç
òåêòîíè÷åñêèõ çîí çàïàäíîãî ñêëîíà Þæíîãî Óðàëà:
1–5 – ñëàíöû èç ñòðàòîòèïè÷åñêèõ ðàçðåçîâ (1 – áîëüøåèíçåðñêàÿ ñâèòà (RF1); 2 – ñóðàíñêàÿ ñâèòà (RF1); 3 –
þøèíñêàÿ ñâèòà (RF1); 4 – ìàøàêñêàÿ ñâèòà (RF2); 5 – çèãàçèíî-êîìàðîâñêàÿ ñâèòà (RF2)); 6 – íèçêîóãëåðîäèñòûå
ãëèíèñòûå è êàðáîíàòíî-ãëèíèñòûå ñëàíöû ñóðàíñêîé ñâèòû (Èíòóðàòîâñêàÿ çîíà); 7 – óãëåðîäñîäåðæàùèå ñëàíöû
ìàøàêñêîé ñâèòû (Óëóåëãèíñêî-Êóäàøìàíîâñêàÿ çîíà). 1–5 ïî [8]

Ãåíåòè÷åñêàÿ ïðèðîäà áëàãîðîäíîìå-
òàëüíîé ãåîõèìè÷åñêîé ñïåöèàëèçàöèè êàê
«íåèçìåíåííûõ» òåððèãåííûõ îáðàçîâàíèé
íèæíåãî è ñðåäíåãî ðèôåÿ Áàøêèðñêîãî ìå-
ãàíòèêëèíîðèÿ, òàê è ïðèóðî÷åííûõ ê òåêòî-
íè÷åñêèì çîíàì èõ ñòðàòèãðàôè÷åñêèõ àíàëî-
ãîâ, âûÿâëÿåòñÿ ïðè àíàëèçå ðàñïðåäåëåíèÿ
íîðìèðîâàííûõ íà ïðèìèòèâíóþ ìàíòèþ
[10] ñîäåðæàíèé Au è ÝÏÃ â ïîðîäàõ ìàãìà-
òè÷åñêèõ êîìïëåêñîâ ðèôåéñêîãî âîçðàñòà,
ðàñïðîñòðàíåííûõ â ïðåäåëàõ Áàøêèðñêîãî
ìåãàíòèêëèíîðèÿ (ñì. ðèñ. 4, â). Äëÿ íèõ õà-
ðàêòåðíî ÷åòêî âûðàæåííîå îáîãàùåíèå Au,
Pd, Pt è Rh ïî îòíîøåíèþ ê ïðèìèòèâíîé



117

Ñ.Ñ. Êîâàëåâ, Ñ.Ã. Êîâàëåâ. Ðåñóðñíûé ïîòåíöèàë óãëåðîäèñòûõ îòëîæåíèé...

ìàíòèè, ÷òî ñâèäåòåëüñòâóåò î çíà÷èòåëüíîì
ðóäîãåíåðèðóþùåì ïîòåíöèàëå ýòîãî òèïà
ìàãìàòèçìà. Ïî ñðàâíåíèþ ñ ñîäåðæàíèÿìè
áëàãîðîäíûõ ìåòàëëîâ â «ýòàëîííûõ» ñîñòà-
âàõ ïèêðèòîâ è êîìàòèèòîâ [11] þæíîóðàëü-
ñêèå ïèêðèòû â çíà÷èòåëüíîé ñòåïåíè îáîãà-
ùåíû Pd è Rh ïðè áëèçêèõ (ëèáî íåçíà÷èòåëü-
íî áîëüøèõ) êîëè÷åñòâàõ Au, Pt, Ru è Ir. Ýòî
óêàçûâàåò íà ñïåöèôèêó þæíîóðàëüñêîé ìàã-
ìàòè÷åñêîé ïðîâèíöèè, à çíà÷èòåëüíûå âà-
ðèàöèè ñîäåðæàíèé Pt, Pd è Au ñâèäåòåëü-
ñòâóþò îá èõ ïîäâèæíîñòè â ïðîöåññàõ âíóò-
ðèêîðîâîé äèôôåðåíöèàöèè. Ñîïîñòàâëåíèå
ãðàôèêîâ íîðìèðîâàííûõ ñîäåðæàíèé ÝÏÃ â
òåððèãåííûõ è ìàãìàòè÷åñêèõ ïîðîäàõ ðèôåÿ
Áàøêèðñêîãî ìåãàíòèêëèíîðèÿ (ñì. ðèñ. 3–4)
ïîêàçûâàåò, ÷òî â ïåðâóþ î÷åðåäü îíè ðàçëè-
÷àþòñÿ íàëè÷èåì/îòñóòñòâèåì Rh. Èç ýòîãî
ñëåäóåò, ÷òî Rh ìîæåò ÿâëÿòüñÿ èíäèêàòîðîì
ãåîõèìè÷åñêîé ñïåöèàëèçàöèè êàê «íåèçìå-
íåííûõ» òåððèãåííûõ ïîðîä ñòðàòîòèïè÷å-
ñêèõ ðàçðåçîâ, â êîòîðûõ îí îòñóòñòâóåò, òàê è
ìåòàìîðôèçîâàííûõ îñàäî÷íûõ îáðàçîâàíèé,
ïðèóðî÷åííûõ ê òåêòîíè÷åñêèì çîíàì, ãäå îí
÷åòêî ïðîÿâëåí.

Ñîãëàñíî ñîâðåìåííûì ãåîäèíàìè÷å-
ñêèì ïîñòðîåíèÿì, çàïàäíûé ñêëîí Þæíîãî

Óðàëà â ðàííåì-ñðåäíåì ðèôåå (ìåçîïðîòå-
ðîçîå) ÿâëÿëñÿ ÷àñòüþ Âîëãî-Óðàëüñêîãî ñåã-
ìåíòà ïàëåîêîíòèíåíòà Áàëòèêè [12]. Ïðîÿâ-
ëåíèå íà óêàçàííîé òåððèòîðèè â ðàííåì ðè-
ôåå ïëþìîâûõ ïðîöåññîâ [13] ïðèâåëî ê ôîð-
ìèðîâàíèþ èíòðàêðàòîííîãî ïðîãèáà è âíå-
äðåíèþ â çîíû êîíñåäèìåíòàöèîííûõ ðàçëî-

Ðèñ.  3.  Íîðìàëèçîâàííûå ñîäåðæàíèÿ áëàãîðîäíûõ
ìåòàëëîâ â ñëàíöåâûõ òîëùàõ ðàííå- è ñðåäíåðèôåé-
ñêîãî âîçðàñòà èç ñòðàòîòèïè÷åñêèõ ðàçðåçîâ çàïàäíîãî
ñêëîíà Þæíîãî Óðàëà (îáðàçöû èç êîëëåêöèè Ý.Ç. Ãà-
ðååâà). Êîíòèíåíòàëüíàÿ êîðà ïî [9]

Ðèñ. 4. Ñðåäíèå íîðìàëèçîâàííûå ñîäåðæàíèÿ áëàãî-
ðîäíûõ ìåòàëëîâ â ÷åðíîñëàíöåâûõ ïîðîäàõ èç òåêòî-
íè÷åñêèõ çîí (à – Èíòóðàòîâñêàÿ çîíà, á – Óëóåëãèíñêî-
Êóäàøìàíîâñêàÿ è Óçÿíñêî-Êàãàðìàíîâñêàÿ çîíû) è
ìàãìàòè÷åñêèõ ïîðîäàõ ðèôåéñêîãî âîçðàñòà (â).
Öèôðû íà äèàãðàììàõ: 1–3 – Èíòóðàòîâñêàÿ çîíà (1 –
æèëüíûé êâàðö; 2 – êàðáîíàòíî-ãëèíèñòûå ñëàíöû; 3 –
óãëåðîäñîäåðæàùèå ñëàíöû); 4 – óãëåðîäñîäåðæàùèå
ñëàíöû, Óçÿíñêî-Êàãàðìàíîâñêàÿ çîíà; 5 – óãëåðîäñî-
äåðæàùèå ñëàíöû Óëóåëãèíñêî-Êóäàøìàíîâñêàÿ çîíà;
6–11 – ìàãìàòè÷åñêèå ïîðîäû (6 – ïèêðèòû RF2; 7 –
ïèêðèòû RF1; 8 – ïèêðèòû RF3; 9 – äîëåðèòû RF3; 10 –
äîëåðèòû RF2; 11 – äîëåðèòû RF1). 4 ïî [7]
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ìîâ ìíîãî÷èñëåííûõ èíòðóçèé (ïèêðèòû, ãàá-
áðî-äîëåðèòû). Ñîáñòâåííî ðèôòîãåííûé
ýòàï íà÷àëà ñðåäíåãî ðèôåÿ õàðàêòåðèçîâàë-
ñÿ óæå ëèíåéíî ñêîíöåíòðèðîâàííûì ðàñòÿ-
æåíèåì ëèòîñôåðû [14], ÷òî ïðèâåëî â ïðå-
äåëàõ çàïàäíîãî ñêëîíà Þæíîãî Óðàëà è ïðè-
ëåãàþùåé ÷àñòè Ðóññêîé ïëèòû ê ôîðìèðî-
âàíèþ ñåðèè ãðàáåíîîáðàçíûõ ñòðóêòóð ñ ìàê-
ñèìàëüíûì ðàçâèòèåì èíòðóçèâíîãî ìàãìà-
òèçìà è âóëêàíèçìà [15]. Ïðîöåññû ïëàâëå-
íèÿ ìàíòèéíîãî ñóáñòðàòà è åãî äèôôåðåíöè-
àöèÿ â ïðîìåæóòî÷íûõ î÷àãàõ ñïîñîáñòâîâà-
ëè îáðàçîâàíèþ ìàãì, ðàçëè÷àâøèõñÿ êàê ïî
îñíîâíîñòè (ïèêðèòû, äîëåðèòû, áàçàëüòû,
ðèîëèòû), òàê è ãåîõèìè÷åñêèì õàðàêòåðèñ-
òèêàì (îáîãàùåííîñòü Au, Pt, Rh, Pd è äð.). Ïðè
ýòîì îñàäî÷íûå ïîðîäû ïîäâåðãëèñü âîçäåé-
ñòâèþ ãëóáèííûõ ôëþèäîâ, ÷òî, ïî âñåé âè-
äèìîñòè, è ïðèâåëî ê ôîðìèðîâàíèþ ãåîõè-
ìè÷åñêèõ àíîìàëèé ðóäîãåííûõ ýëåìåíòîâ,
ÝÏÃ è Au. Ìàñøòàáíîñòü ïîñëåäóþùèõ ðóäî-
îáðàçóþùèõ ïðîöåññîâ îïðåäåëÿëàñü ýâîëþ-
öèåé ôëþèäíî-ãèäðîòåðìàëüíûõ ñèñòåì, êî-
òîðûå ñôîðìèðîâàëèñü ïðè ñìåíå ïàëåîðèô-
òîãåííîãî ýòàïà ðàçâèòèÿ ðåãèîíà ïðîöåññà-
ìè âîäíîãî êîðîâîãî ïàëèíãåíåçà, à òàêæå
ëîêàëüíîãî è ðåãèîíàëüíîãî ìåòàìîðôèçìà.

Òàêèì îáðàçîì, â ðåçóëüòàòå ìíîãîýòàï-
íûõ ïîëèãåííûõ ïðîöåññîâ íà çàïàäíîì ñêëî-
íå Þæíîãî Óðàëà ñôîðìèðîâàëèñü ïîòåíöè-
àëüíî ðóäîíîñíûå çîíû â ÷åðíîñëàíöåâûõ
îòëîæåíèÿõ.
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The paper presents the materials on ore-bearing black shale deposits located on the western slope of the
South Urals. Ore mineralization is characterized, including noble metals within the Uluelga-Kudashmanovskaya,
Suran-Ishlinsaya, Inturatovskaya and Uzyan-Kagarmanovskaya zones. To identify the resource potential of the
carbon deposits in the Bashkirian meganticlinorium, we have conducted investigations into geochemical specialization
of Lower and Middle Riphean terrigenous rocks of the stratigraphic section ("background" content) and coeval
sedimentary units confined to tectonic zones.

Analysis of the noble metal content in the Lower and Middle Riphean terrigenous rocks from stratotype
sections and coeval sedimentary units confined to tectonic zones makes it possible to reveal significant differences
in the distribution pattern of PGE and Au among "unaltered" units and their metamorphosed equivalents. Low-
carbon clayey and carbonate-clayey shales of the Inturatovskaya zone are characterized by Pd-Rh specialization,
and the parameters of Pt and Pd are much higher than those in the "unaltered" rocks of the same stratigraphic level.
PGE redistribution during metamorphism is also indicated by higher Pt, Pd and Ir contents in the quartz veins
cutting the shales of the Inturatovskaya zone.

It has been found that the genetic nature of the noble metal geochemical specialization in both "unaltered"
Lower and Middle Riphean terrigenous units of the Bashkirian Meganticlinorium and their stratigraphic equivalents
confined to tectonic zones is determined through analyzing the distribution pattern of the primitive mantle-normalized
contents of Au and PGE in the rocks of the Riphean magmatic complexes spread within the Bashkirian
Meganticlinorium. They are characterized by a pronounced enrichment with Au, Pd, Pt and Rh relative to the
primitive mantle indicating to considerable potential of this type of ore-forming magmatic processes. As compared
to the noble metal contents in the "standard" compositions of picrites and komatiites, picrites of the South Urals are
greatly enriched with Pd and Rh under similar (or slightly larger) amounts of Au, Pt, Ru and Ir. This indicates to the
specific nature of the South Ural Magmatic Province, and considerable variations in the contents of Pt, Pd and Au
point to their mobility in the processes of intracrustal differentiation. A comparison of the graphs of normalized
PGE contents in the Riphean terrigenous and igneous rocks of the Bashkirian Meganticlinorium shows that they
differ primarily in the presence or absence of Rh. From this it follows that Rh can serve as an indicator of
geochemical specialization of both "unaltered" terrigenous rocks of stratotype sections where it is absent and
metamorphosed sedimentary units confined to tectonic zones where it clearly manifests itself.

It is shown that according to modern geodynamic constructions the western slope of the South Urals during
the Mesoproterozoic was part of the Volga-Ural segment of the Baltic Paleocontinent. Plume processes that occurred
in the Early Riphean led to the formation of an intracratonic depression and multiple intrusions (picrites, gabbro-
dolerites) in the zones of consedimentary faults. The riftogenic stage proper at the beginning of the Middle Riphean
was associated with linearly concentrated lithospheric extension leading to the formation of a series of graben-like
structures with ultimately developed intrusive magmatism and volcanism. The processes of melting in the mantle
substrate and its differentiation in the intervening chambers contributed to the formation of magmas that differed
both in basicity (picrites, dolerites, basalts, rhyolites) and geochemical characteristics (enrichment with Au, Pt,
Rh, Pd and others). At the same time sedimentary rocks were affected by deep-seated fluids leading to the
formation of geochemical anomalies of ore-generating elements, PGE and Au. The magnitude of subsequent ore-
generating processes was determined by the evolution of fluid-hydrothermal systems formed when the paleoriftogenic
stage in the development of the region gave way to the processes of aqueous crustal palingenesis as well as local
and regional metamorphism.

Key words: western slope of the South Urals, black shale deposits, platinum-group elements, native gold,
geochemical specialization, stratotype sections, tectonic zones, metamorphism.
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Íàó÷íîå èññëåäîâàíèå ýòíîëîãà, ýòíîã-
ðàôà, ôîëüêëîðèñòà áàçèðóåòñÿ, êàê ïðàâèëî,
íà ïîëåâûõ, àðõèâíûõ íåîïóáëèêîâàííûõ è
îïóáëèêîâàííûõ ìàòåðèàëàõ. Öåëüþ íàñòîÿ-
ùåé ñòàòüè ÿâëÿåòñÿ àêòóàëèçàöèÿ â êà÷åñòâå
äîïîëíèòåëüíîãî èñòî÷íèêà òâîð÷åñêîãî íà-
ñëåäèÿ ïèñàòåëåé è ïîýòîâ, «âûøåäøèõ èç
íàðîäà» è ïîñâÿòèâøèõ ñî÷èíåíèÿ åãî æèç-
íåîïèñàíèþ. Â ðÿäå ñëó÷àåâ ëèòåðàòóðíûå
ïðîèçâåäåíèÿ âîñïîëíÿþò ïðîáåë, âîçíèê-
øèé â èçó÷åíèè íàðîäíîé êóëüòóðû: ìåæäó
ôàêòàìè, ïîëó÷åííûìè ïðè ìîíèòîðèíãå ñî-
âðåìåííîãî ñîñòîÿíèÿ êóëüòóðû, îïðîñîâ èí-
ôîðìàòîðîâ, ïîìíÿùèõ ñîáûòèÿ äâóõ-òðåõ
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Öåëüþ ñòàòüè ÿâëÿåòñÿ ââåäåíèå â íàó÷íîå ïîëå ýòíîãðàôîâ, ôîëüêëîðèñòîâ, êóëüòóðîëîãîâ è äðóãèõ
ó÷åíûõ òâîð÷åñêîãî íàñëåäèÿ êëàññèêà áàøêèðñêîé è òàòàðñêîé ëèòåðàòóðû Ìóñòàÿ Êàðèìà. Òàêàÿ íåîáõî-
äèìîñòü ñâÿçàíà ñ òåì, ÷òî êîìïëåêñíûé íàó÷íûé ïîäõîä ïîäðàçóìåâàåò íå òîëüêî ñáîð ïîëåâîãî ìàòåðèàëà
ó ñîâðåìåííûõ èíôîðìàòîðîâ è àíàëèç àðõèâíûõ èñòî÷íèêîâ ïðîøëûõ ñòîëåòèé (ïîìèìî èçó÷åíèÿ íàêîï-
ëåííîãî íàó÷íîãî áàãàæà), íî è ïðèâëå÷åíèå êîñâåííûõ èñòî÷íèêîâ. Ïîñëåäíèìè êàê ðàç ìîãóò áûòü ñî÷è-
íåíèÿ ïèñàòåëåé, ïîýòîâ, äðàìàòóðãîâ, «âûøåäøèõ» èç íàðîäà è ðåàëèñòè÷íî îòðàæàþùèõ æèçíü ñîöèóìà â
êîíêðåòíûé èñòîðè÷åñêèé ïåðèîä.

Ïðåäìåòîì èññëåäîâàíèÿ èçáðàíû ñî÷èíåíèÿ íàðîäíîãî ïîýòà Ðåñïóáëèêè Áàøêîðòîñòàí Ìóñòàÿ Êàðè-
ìà (Ìóñòàôû Ñàôè÷à Êàðèìîâà), êîòîðûé çäåñü ðîäèëñÿ, íà ïðàêòèêå ïîçíàë è çàêîíû òðàäèöèîííîé áàø-
êèðñêîé îáùèíû óñòîåâ, è ñîâðåìåííîãî îáùåñòâà. Ìàòåðèàëîì äëÿ íàó÷íîãî àíàëèçà ïîñëóæèëè åãî ïðî-
èçâåäåíèÿ, ñîçäàííûå â ðàçíûõ æàíðàõ – òðàãåäèÿ, äðàìà, ïîâåñòü, â òîì ÷èñëå àâòîáèîãðàôè÷åñêàÿ, ñòèõîò-
âîðåíèå, ïîýìà. Â íèõ îïèñàíû áàøêèðñêèé áûò, ñåìåéíî-ðîäîâûå îòíîøåíèÿ, ìàòåðèàëüíàÿ è äóõîâíàÿ
êóëüòóðà, îáðÿäû è ïðàçäíèêè, íàðîäíàÿ ìåäèöèíà, äåòñêèå èãðû. Ñîäåðæèòñÿ èíôîðìàöèÿ î òèïàõ ñåëåíèé,
æèëûõ è õîçÿéñòâåííûõ ïîñòðîåê, î çàíÿòèÿõ, ðåìåñëàõ, ïðîìûñëàõ, ñèñòåìå ïèòàíèÿ, îäåæäå, îáû÷àÿõ.
Ìóñòàé Êàðèì ñäåëàë íàáëþäåíèÿ ïî íàðîäíîé ïñèõîëîãèè, ïåäàãîãèêå, ýòíè÷åñêîìó õàðàêòåðó. Îñíîâíîå
âíèìàíèå óäåëåíî èñòîðèè è êóëüòóðå áàøêèð, æèâóùèõ â òåñíûõ âçàèìîäåéñòâèÿõ ñ ðóññêèìè, òàòàðàìè,
÷óâàøàìè è äðóãèìè íàðîäàìè, â óñëîâèÿõ òðàäèöèîííîãî îáùåñòâà è â ñîâåòñêèé ïåðèîä, â äåðåâíå è
ãîðîäå. Ñîïîñòàâëåíèå íàó÷íûõ è ëèòåðàòóðíûõ èñòî÷íèêîâ ïîêàçàëî, ÷òî îïèñàíèÿ Ìóñòàÿ Êàðèìà íå òîëü-
êî íå ïðîòèâîðå÷àò ñâåäåíèÿì ýòíîãðàôîâ (Ð.Ã. Êóçååâ, Í.Â. Áèêáóëàòîâ, Ñ.Í. Øèòîâà) è ôîëüêëîðèñòîâ
(Ô.À. Íàäðøèíà, Ð.À. Ñóëòàíãàðååâà), íî è ÷àñòî äîïîëíÿþò èõ. Ëèòåðàòóðíîå òâîð÷åñòâî Ìóñòàÿ Êàðèìà
äîïîëíÿåò ýòíîãðàôèþ è ôîëüêëîðèñòèêó íîâûìè ìàòåðèàëàìè, ïðåäñòàâëÿåò ýòíè÷åñêóþ êóëüòóðó â èñòî-
ðè÷åñêîé äèíàìèêå è ðàçíîîáðàçèè.

Êëþ÷åâûå ñëîâà: ñî÷èíåíèÿ Ìóñòàÿ Êàðèìà, áàøêèðû, áàøêèðñêàÿ ñåìüÿ, äåðåâíÿ.

ïîêîëåíèé ëþäåé, è ñâåäåíèÿìè, ñîäåðæàùè-
ìèñÿ â ãîñóäàðñòâåííûõ àðõèâàõ. Íåñìîòðÿ íà
òâîð÷åñêèé âûìûñåë, îïèñàííûå ñîáûòèÿ â
áîëüøèíñòâå ñâîåì äîñòîâåðíû è ïîäòâåðæ-
äàþòñÿ íàó÷íûìè äàííûìè.

Ïðåäìåòîì èññëåäîâàíèÿ ñòàëè ñî÷èíå-
íèÿ íàðîäíîãî ïîýòà Áàøêèðñêîé ÀÑÑÐ, ëàó-
ðåàòà Ëåíèíñêîé ïðåìèè Ìóñòàôû Ñàôè÷à
Êàðèìîâà (1919–2005), êîòîðîìó 20 îêòÿáðÿ
2014 ã. èñïîëíÿåòñÿ 95 ëåò. Ýòíîãðàôè÷íû
íàçâàíèÿ: ñòèõîòâîðåíèÿ «Ñàáàíòóé», «ß ñ
Ñàáàíòóÿ âîçâðàùàþñü…», «Äåâóøêè âûøè-
âàþò», ïüåñû «Ñâàäüáà ïðîäîëæàåòñÿ», «Ïî-
õèùåíèå äåâóøêè». Åãî ïðîèçâåäåíèÿ õàðàê-
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òåðèçóþò ýòíè÷åñêèé õàðàêòåð, íðàâñòâåííûå
öåííîñòè, íàðîäíóþ ôèëîñîôèþ, ñîõðàíèâ-
øèåñÿ â XX ñòîëåòèè äðåâíèå îáðÿäû è îáû-
÷àè, ñîäåðæàò ïîñëîâèöû, ïîãîâîðêè, ïðèìå-
òû, ôðàãìåíòû íàðîäíûõ ïåñåí.

Â ñî÷èíåíèÿõ Ìóñòàÿ Êàðèìà æèçíü
áàøêèð ïðåäñòàâëåíà â äèíàìèêå – è â óñ-
ëîâèÿõ òðàäèöèîííûõ ðîäîâûõ îòíîøåíèé,
è âî âðåìåíà äåòñòâà, þíîñòè, çðåëîñòè ïè-
ñàòåëÿ. Â òðàãåäèè «Â íî÷ü ëóííîãî çàòìå-
íèÿ» îïèñàíà þðòà áàøêèð-êî÷åâíèêîâ, êðû-
òàÿ ÷åðíûì âîéëîêîì, à ïî ñëó÷àþ ïðàçäíè-
êà – áåëûì. Ó çàæèòî÷íîãî õîçÿèíà åå èíòå-
ðüåð èìåë êîøìû, êîâðû, ìíîãî ïîñòåëè ñ
âçáèòûìè ïîäóøêàìè, áîãàòóþ ïîñóäó, êóì-
ãàí äëÿ îìîâåíèÿ ðóê, êîíñêóþ óïðÿæü, ðàç-
âåøàííóþ íà ðåøåò÷àòûõ ñòåíàõ, à ðÿäîì ñ
þðòîé – áîëüøèå êîòëû äëÿ ïðèãîòîâëåíèÿ
ïèùè íà îòêðûòîì îãíå [1, ñ. 283]. Ñîãëàñíî
àâòîáèîãðàôè÷åñêîé ïîâåñòè «Äîëãîå-äîëãîå
äåòñòâî», â 1920-õ ãîäàõ æèëèùåì áàøêèð-
çåìëåäåëüöåâ áûëè äîìà – «ãëèíîáèòíûå,
óøåäøèå â çåìëþ ëà÷óãè» ó áåäíÿêîâ, è áðå-
âåí÷àòûå, «ïîä æåëåçíîé êðûøåé, ñ âûñî-
êèì êðûëüöîì, ñ ðóññêèìè âîðîòàìè» ó áî-
ëåå çàæèòî÷íûõ [2, ñ. 12]. Â ðîäíîì äëÿ ïè-
ñàòåëÿ ñåëå Êëÿøåâî ×èøìèíñêîãî ðàéîíà â
ãëèíîáèòíîì äîìå, íàïðèìåð, æèë ïåðåñå-
ëåíåö ñ Êàâêàçà Èñàáåê. Âîðîò îí ïîêà íå
çàâåë, âìåñòî íèõ – ñó÷êàñòàÿ æåðäèíà, è
÷òîáû çàéòè âî äâîð, íàäî ïåðåëåçòü ñâåðõó
èëè ñíèçó [2, ñ. 122]. Ó Êàøôóëëû àãàÿ äîì
«íèçåíüêèé, ïîä ñîëîìåííîé êðûøåé… â
çåìëþ óøåë. Íèæíåå çâåíî îäíîãî èç äâóõ
ñìîòðÿùèõ íà óëèöó îêîí ïîäóøêîé çàòêíó-
òî. Äà è òðóáà íå ñêàçàòü ÷òîáû î÷åíü óæ äà-
ëåêî óøëà» [2, ñ. 26–27]. Ïîäîáíîå îïèñàíèå
áàøêèðñêèõ ñåëåíèé, äîìîâ è õîçÿéñòâåííûõ
ñòðîåíèé ïåðâûõ äåñÿòèëåòèé XX â. äàåò ýò-
íîãðàô Ñ.Í. Øèòîâà [3].

«Ñåðåäíÿöêàÿ» [2, ñ. 171] ìíîãîëþäíàÿ
ñåìüÿ Êàðèìîâûõ èìåëà äåðåâÿííûé äîì. Èç-
íóòðè îí ïîäåëåí íà äâå ïîëîâèíû: â îäíîé,
âíóòðåííåé õîçÿéñêîé, æèëà Ñòàðøàÿ Ìàòü ñ
äåòüìè. (Ìóñòàôà Ñàôè÷ áûë ðîæäåí Ìëàä-
øåé ìàòåðüþ.) Äðóãàÿ ïîëîâèíà, ÷òî îêíîì
âûõîäèëà íà óëèöó, ñ÷èòàëàñü ãîñòåâîé; íà íåå
«çàéòè ÷óòü ëè çà ïðàçäíèê ïî÷èòàåòñÿ» [2,

ñ. 30]. Èíòåðüåð ñêðîìåí: áåëåíàÿ ïå÷ü, ñòîë,
íàðû, ëàâêè, ñóíäóê; íà êðîâàòè ìÿãêàÿ ïåðè-
íà, îäåÿëî è ïîäóøêè â öâåòàñòûõ íàâîëî÷-
êàõ. Äîì óêðàøåí ïåñòðîé çàíàâåñêîé è áîëü-
øèìè ïîëîòåíöàìè ñ êðàñíîé êàéìîé. Ê ìà-
òèöå ïîäâåøåíà ëþëüêà è ëàìïà-ñåìèëèíåé-
êà íà êåðîñèíå. Â äîìå èìåëèñü ñåíè è ÷óëàí,
ãäå ñòîÿë ñóíäóê [2, ñ. 30, 165, 170, 205, 207,
214]. Âî äâîðå – òåëåãà ñ ñàíÿìè, æåëåçíûé
ïëóã ñ äåðåâÿííîé áîðîíîé [2, ñ. 171].

Ïðàêòè÷åñêè â ëþáîé óñàäüáå èìåëñÿ
ïàëèñàäíèê, ïîçàäè äîìà – îãîðîä ñ ïîñåâà-
ìè êàðòîøêè è ñâåêëû, à â ïîñëåâîåííûé ïå-
ðèîä – ñàä ñ ÿáëîíÿìè è âèøíÿìè [2, ñ. 137;
5, ñ. 298, 336; 4, ñ. 358]. Èç ïîñòðîåê áûëè:
ëåòíÿÿ êóõíÿ, êëåòü, õëåâ, êîðîâíèê, êóðÿòíèê,
áàíÿ, ïîãðåá, ñåíîâàë, ñàðàé [2, ñ. 171; 4,
ñ. 359, 370, 395; 5, ñ. 290, 292]. Óïîìèíàþòñÿ
ñåëüñêîå óïðàâëåíèå, êëóá, ìåëüíèöà, ïàñåêà
è îâðàã, ãäå áåðóò ãëèíó äëÿ êèðïè÷åé è ãîðø-
êîâ [2, ñ. 169; 5, ñ. 336]. Â êà÷åñòâå çàãðàæäå-
íèé èñïîëüçîâàëèñü âîðîòà ñ êàëèòêîé, çàáîð,
ïëåòåíü, æåðäè [2, ñ. 97, 128, 164, 171; 5,
ñ. 318–319].

Â ïîâåñòè «Äåðåâåíñêèå àäâîêàòû» åå
ïåðñîíàæ (ãåðîé) Êóðáàíãàëè ïîñëå âîéíû
ïîñòðîèë ìàëåíüêèé âûñîêèé äîì ñ äëèííîé
òðóáîé, äâóìÿ îêíàìè, âûõîäÿùèìè íà óëèöó,
è îäíèì – âî äâîð. Êðûëüöî âûñîêîå, ëåñåí-
êè êðóòûå. Îêîííûå íàëè÷íèêè òîëüêî ó íåãî
ïîêðàøåíû â êðàñíûé öâåò, â òî âðåìÿ êàê ó
îñòàëüíûõ – â áåëûé, ãîëóáîé, æåëòûé èëè
êîðè÷íåâûé. Â ñåëå õîçÿåâà êàæäûå 3-4 ãîäà
ïîäíîâëÿþò îêíà, íî öâåòà íå ìåíÿþò, èíà÷å
«àóë ïîòåðÿë áû êàêîé-òî îäèí ñâîé óçîð» [4].
Â êàæäîì äîìå èìåëàñü êîëûáåëüêà, ó Êóðáàí-
ãàëè – ëóáÿíàÿ.

Ñî÷èíåíèÿ Ìóñòàÿ Êàðèìà ïîâåñòâóåò î
òîì, ÷òî îñíîâíûì õîçÿéñòâåííûì çàíÿòèåì
áàøêèð â ïðîøëîì áûëî êî÷åâîå ñêîòîâîä-
ñòâî. Áîãàòûå áàøêèðû âëàäåëè ñîòíÿìè ãî-
ëîâ ëîøàäåé, êîòîðûå ëåòîì ïåðåãîíÿëèñü ñ
ìåñòà íà ìåñòî, à çèìîé íàõîäèëèñü íà ïîä-
íîæíîì êîðìó – «õîäèëè íà òåáåíåâêó» [2,
ñ. 101]. Íå òîëüêî ìóæ÷èíû, íî è æåíùèíû,
äåòè è ïîäðîñòêè áûëè õîðîøèìè âñàäíèêà-
ìè [1; 2, ñ. 173]. Â ïèùó óïîòðåáëÿëîñü ìÿñî
è êóìûñ [2, ñ. 115], ñ÷èòàëîñü, ÷òî «êóìûñ óñ-
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òàâøèì âîçâðàùàåò ñèëû» [1, ñ. 195]. Èç êî-
ðîâüåãî ìîëîêà õîçÿéêè äåëàëè êàòûê. Ãóñè
ðàçâîäèëèñü ðàäè ìÿñà è ïóõà; èõ ðåçàëè â
íà÷àëå çèìû, «íàä àóëîì ïóõ ëåòèò» [1, ñ. 165].
Øåðñòü îâöû èñïîëüçîâàëàñü äëÿ êîøì è âîé-
ëîêîâ. Øêóðû æèâîòíûõ – êàê ñûðüå äëÿ èç-
ãîòîâëåíèÿ ïîñóäû [1–2].

Â XX â. êî÷åâêè ïðåêðàòèëèñü, êîëè÷å-
ñòâî ñêîòà ðåçêî óìåíüøèëîñü, è åñëè äî êîë-
ëåêòèâèçàöèè äàæå çàæèòî÷íûå äåðæàëè
îäíó-äâå êîðîâû, ñòîëüêî æå ëîøàäåé â êà÷å-
ñòâå ðàáî÷åé ñèëû è ñðåäñòâà ïåðåäâèæåíèÿ,
îâåö, êîç, êóð, ãóñåé, êîç [2, ñ. 42; 5, ñ. 301], òî
ïîñëå îðãàíèçàöèè êîëõîçîâ ñîâñåì ëèøèëèñü
êðóïíîãî ðîãàòîãî ñêîòà è ëîøàäåé. Â õîëîä-
íûå äíè ÿãíÿò çàíîñèëè â äîì, ãäå îíè ïîðîé
èãðàëè, áåãàëè ïî âñåìó äîìó, çàïðûãèâàëè
íà ñóíäóê, îáæèãàÿ øåðñòü ó ïå÷è [6, ñ. 277].
Ëåòîì ìîëîäíÿê – òåëÿòà, ÿãíÿòà, æåðåáÿòà –
ïàñëèñü íà âûãîíå çà óñàäüáîé [6, ñ. 301].
Èìåëî ìåñòî ñêîòîêðàäñòâî [2, ñ. 126]; ïðè
ýòîì èíîãäà, ÷òîáû ñáèòü ñî ñëåäà, íà âñå ÷å-
òûðå êîïûòà íàäåâàëè «ëàïòè» [3]. Ýòíîãðàô
Ç.Ô. Õàñàíîâà ïîäîáíóþ «îáóâü» äëÿ ñêîòà,
ñäåëàííóþ èç ëûêà, ôèêñèðóåò â ãîðíîëåñíîé
çîíå ðåñïóáëèêè [7, ñ. 115].

Â ãîäû äåòñòâà ïèñàòåëÿ áàøêèðû çàíè-
ìàëèñü òàêæå çåìëåäåëèåì, îõîòîé, ðûáîëîâ-
ñòâîì, ñîáèðàòåëüñòâîì, äîìàøíèìè ïðîèç-
âîäñòâàìè. Ñåìüÿ Êàðèìîâûõ èìåëà íàäåëû
ðæè, ðàçáðîñàííûå ïî âñåìó îáùèííîìó
ïîëþ («çäåñü äåñÿòèíà, òàì ÷åòâåðòèíà, òóò
îñüìèííèê») [2, ñ. 152], ïøåíèöû («Ìàòü íà
áëèæíåì ïîëå ïøåíèöó æàëà») è ïðîñà («áðà-
òüÿ ñ Ìëàäøåé Ìàòåðüþ åùå â÷åðà íà äàëåêîå
ïîëå óåõàëè, ïðîñî æàòü») [2, ñ. 80]. Ïî ñëó-
÷àþ óáîðêè ðæè ðîäèòåëè Ìóñòàôû óñòðàè-
âàëè ïîìî÷è. Ïîïàñòü íà íèõ «çà ïî÷åò ñ÷è-
òàåòñÿ». Ðàáîòíèêîâ çâàëè çàðàíåå, îáÿçàòåëü-
íî ñîñåäåé, «÷òîáû îáèäû íå îñòàëîñü», äàæå
åñëè çíàëè, ÷òî íå ïðèäóò [2, ñ. 149]. Âñåãäà
íàõîäèëèñü òå, êòî ÿâëÿëñÿ áåç ïðèãëàøåíèÿ
(«ìåðçëûå íîãè») [2, ñ. 150]. Ñ âîñõîäîì ñîë-
íöà ó âîðîò äîìà ñîáèðàëîñü ìíîãî ëþäåé ñ
ñåðïàìè íà ïëå÷àõ; ìíîãèå íà ïîäâîäàõ: ðæà-
íîå ïîëå äàëåêî, «äà è íåãîæåå ýòî äåëî íà
ñòðàäíóþ «ïîìî÷ü» ïåøêîì õîäèòü. Íå ñîëèä-
íî» [2, ñ. 150]. Íà ïîëå äî ïîëóäíÿ ðàáîòàëè

êàæäûé íà îòäåëüíûõ íàäåëàõ, çàòåì ñîáèðà-
ëèñü íà îòäûõ è îáåä, ïîòîì îñòàâøèåñÿ ó÷à-
ñòêè äîæèíàëè âìåñòå. Âîçâðàùàëèñü ñ ðàáî-
òû ñ ïåñíÿìè ïîä ñîïðîâîæäåíèå ãàðìîíèñ-
òà. Âå÷åðîì ðàáîòíèêîâ æäàëî óãîùåíèå [2,
ñ. 163–164].

Â áàøêèðñêîé äåðåâíå ðàçâèâàëèñü äî-
ìàøíèå ïðîìûñëû: æåíùèíû ïëåëè ãóñèíûå
ãíåçäà, âÿçàëè âàðåæêè è øàëè, øèëè ïëàòüÿ
[5, c. 296, 277], ìóæ÷èíû êëàëè ïå÷è, êàòàëè
âàëåíêè [4, ñ. 421, 374, 423], èçãîòàâëèâàëè
òðÿïè÷íûå øàïêè, âàëÿëè áåëûå âîéëî÷íûå
øëÿïû [3]. Ìíîãèå ïëåëè ëàïòè è àðêàíû [2,
ñ. 13, 83]. Â êàæäîì áàøêèðñêîì ñåëå áûëè
êóçíå÷íûå ìàñòåðà, êîòîðûå óìåëè êîâàòü, ëó-
äèòü, ïàÿòü, êëåïàòü. Ðàáîòàëè ñ ëàòóíüþ,
æåëåçîì, ìåäüþ, îëîâîì, ÷óãóíîì, ñâèíöîì
[2, ñ. 122; 5, ñ. 336–337]. Ìåñòíûå æèòåëè
«èâîâîå êîðüå õîäèëè äðàòü» [2, ñ. 240]. Äåòñ-
êèì çàíÿòèåì áûë ñáîð ÿãîä (çåìëÿíèêà), òðàâ
(áîðùåâèê), ïòè÷üèõ ÿèö â ðàñùåëèíàõ [2,
ñ. 122]. Ìàëü÷èøêè ëþáèëè ðûáàëêó, ëîâèëè
êàðàñåé, ñóäàêîâ óäî÷êîé ñ áåðåãà è ñ ëîäêè
[2, ñ. 116]. Äåòè ñàìè äåëàëè «ìîðäó»: ñðåçà-
ëè ñàìóþ ãèáêóþ ëîçó – èâîâûå ïðóòüÿ, î÷è-
ùàëè îò îòðîñòêîâ, ïëåëè îñíîâíóþ ÷àñòü è
êðûøêó. Ãîòîâîå èçäåëèå êëàëè íà äíî ðåêè,
ñâåðõó – êàìåíü, ïðèâÿçûâàëè êàìûøàìè [4,
ñ. 380–382]. Çèìîé ìàëü÷èøêè îõîòèëèñü íà
çàéöà, â êàïêàí ïîïàäàëèñü ëàñêà è ãîðíîñòàé,
âåñíîé ëîâèëè ñóñëèêà, õîìÿêà, âîäÿíóþ êðû-
ñó, èõ øêóðû ñäèðàëè è ñäàâàëè ìåñòíîìó ñêóï-
ùèêó çà íåáîëüøèå äåíüãè [2, ñ. 82–83]. Âçðîñ-
ëûå õîäèëè íà áîëåå êðóïíûõ æèâîòíûõ – ìåä-
âåäÿ, ëîñÿ [2, ñ. 96], íà âîëêà ñ êèñòåíåì [3], èõ
øêóðû, êàê è êîðîâ, è ëîøàäåé, ñäàâàëè â ìåñ-
òíóþ ëàâêó [2, ñ. 82]. Ñ 12 ëåò äåòè âûïîëíÿëè
âñþ ðàáîòó ïî õîçÿéñòâó. Âìåñòå ñ âçðîñëûìè
õîäèëè æàòü ðîæü, çàãîòàâëèâàëè ëåñ, çàíèìà-
ëèñü óáîðêîé ñåíà [2, ñ. 172].

Îïèñàíèÿ â ñî÷èíåíèÿõ Ìóñòàÿ Êàðèìà
îäåæäû, îáóâè, ãîëîâíûõ óáîðîâ è óêðàøåíèé
áàøêèð íå ïðîòèâîðå÷èò ñâåäåíèÿì ýòíîãðà-
ôîâ Ñ.Í. Øèòîâîé è Å.Å. Íå÷âàëîäû [8]. Ñíî-
õà Àê Éîíäîç – «íåáîãàòî, íî ÷èñòî, îïðÿòíî
îäåòà, íà íîãàõ áåëûå ÷óëêè, ãëóáîêèå ðåçèíî-
âûå êàëîøè. Ïëàòîê, êàê è ïðåæäå, êîíöàìè íà
çàòûëêå çàâÿçàí…. Âñå òàêæå ïîçâÿêèâàþò
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â êîñàõ ìîíåòû» [2, ñ. 178]. Âî âðåìÿ óáîðêè
óðîæàÿ «îíà ïîäîòêíóëà ïîäîë çåëåíîãî ñàòè-
íîâîãî ïëàòüÿ, ïî ëîêîòü çàñó÷èëà ðóêàâà, êîñà
ñî çâåíÿùèìè íàêîñíèêàìè îáâèëà âîêðóã øåè
çàâÿçàëà çà ñïèíîé» [2, ñ. 157]. Ñòàðøàÿ Ìàòü
çàïîìíèëàñü ïèñàòåëþ â öâåòàñòîì ïëàòüå,
áåëîì è çåëåíîì êàìçîëå, ñåðåáðÿíîì íàãðóä-
íèêå è áåëîì ïëàòêå [2, ñ. 11, 205]. Ïðàçäíè÷-
íîå îäåÿíèå âçðîñëûõ æåíùèí – äëèííîå ïå-
ñòðîå ïëàòüå è áàðõàòíûé êàìçîë ðàçíûõ öâå-
òîâ – çåëåíîãî, êðàñíîãî, ñ êàðìàíîì. Ãîëîâà
ïîêðûòà êàøåìèðîâûì ïëàòêîì [4, ñ. 417; 5,
ñ. 301]. Íà Ñàáàíòóå «… ðàçîäåòû âñå â ñàòè-
íû è øåëêà, òêàíü íà êàæäîé è öâåòàñòà, è òîí-
êà, // Ëåíòû ïåñòðûå, ìîíèñòû è òåñüìà… //
Ñòî ôàñîíîâ, ñòî îêðàñîê è öâåòîâ – // Ñëåï-
íåò âçîð» [9, ñ.193]. Çèìíÿÿ îäåæäà æåíùèí –
øóáà, øàëü è âàëåíêè [4, ñ. 370].

Îäåæäà ìóæ÷èí – áðþêè, ðóáàøêà, ëàï-
òè èëè ñàïîãè. Çèìîé – «êîðîòêàÿ ëàòàíàÿ
øóáåéêà, áåëîñíåæíûå âàëÿíûå ÷óëêè è áå-
ëûå ëàïòè», ÷åðíûé òóëóï, âàëåíêè, áåøìåò ñ
òðåìÿ ïóãîâèöàìè [2, ñ. 106], áåëûé ÷åêìåíü
ñ ïîÿñîì [5, ñ. 281]. Â ïðåäâîåííûå ãîäû â
àóëå ïîÿâèëèñü êåïêà, ôóðàæêà è êàðòóç; âîé-
ëî÷íàÿ øëÿïà äîñòîèíñòâî ñâîå ïîòåðÿëà, íî
ñîõðàíèëàñü [3]. Íà ïðàçäíèêè ìóæ÷èíû
ïðåäïî÷èòàëè îäåæäó ñâåòëûõ òîíîâ – áåëóþ
ðóáàøêó è øëÿïó, ÷åðíûå ñàïîãè [8, ñ. 20].
Ïðåäìåòîì âñåîáùåé çàâèñòè ñòàë êîæàíûé
ñ øèðîêîé ìåäíîé ïðÿæêîé ðåìåíü. Ó êîãî íå
áûëî ðåìíÿ, ïîäïîÿñûâàëèñü âåðåâêîé [2,
ñ. 97, 156, 158].

Äåòñêàÿ ïîâñåäíåâíàÿ îäåæäà – õîëùî-
âûå øòàíû ñ êàðìàíàìè è ðóáàøêà, òþáåòåé-
êà èëè ôóðàæêà [4, ñ. 351–352, 377], ëàïòè ñ
çàâÿçêàìè [2, ñ. 65]. Ïðàçäíè÷íûé äåòñêèé
íàðÿä ïîÿâèëñÿ ó Ìóñòàôû íà Êóðáàí-áàéðàì.
Ñòàðøèé áðàò Ìóðòàçà èç ãîðîäà ïðèâåç åìó
÷åðíóþ áàðõàòíóþ òþáåòåéêó è ïàðó íîâûõ
ðåçèíîâûõ êàëîø, îò ýòîãî «ðàäîñòè íåò êîí-
öà». Â äîïîëíåíèå – ñèíÿÿ ñàòèíîâàÿ êîñîâî-
ðîòêà è ìîäíûå êðàñíûå â áåëóþ ïîëîñêó äî-
ìîòêàíûå øòàíû ñ äâóìÿ êàðìàíàìè [2, ñ. 23,
255]. Áîëüøîé ðàäîñòüþ íà ïðàçäíèê 1 Ìàÿ
äåòÿì ñòàëè êîæàíûå áàøìàêè [5, ñ. 302], à íà
Ñàáàíòóé – æåëòàÿ ñàòèíîâàÿ ðóáàøêà [4,
ñ. 411]. Â äåòñòâå ìàëü÷èêîâ áðèëè íàãîëî [2,

ñ. 22]. Êîãäà Ìóñòàôå èñïîëíèëîñü 13 ëåò, îí
«âîëîñû îòïóñòèë, êðàñíóþ ðàñ÷åñêó ñåáå êó-
ïèë, çèìîé ñèíå-çåëåíûì øåëêîâûì øàðôîì
øåþ îáìàòûâàþ, â âàëåíêàõ ñ ãàëîøàìè õîæó.
È â êëóáå âå÷åðàìè è íà ïîñèäåëêàõ, ãäå ñóê-
íî âàëÿþò, áûâàë» [2, ñ. 167].

Ñèñòåìà ïèòàíèÿ â áàøêèðñêîì ñåëå ìå-
íÿëàñü ñ òå÷åíèåì âðåìåíè (ðàíüøå â îñíîâ-
íîì ìÿñî è êóìûñ, ïîçäíåå – çåðíîâûå, ìî-
ëî÷íûå, ìÿñíûå ïðîäóêòû, ÿéöà) è çàâèñåëà
îò ýêîíîìè÷åñêîãî ñîñòîÿíèÿ ñåìüè. Áåäíàÿ
÷àñòü íàñåëåíèÿ (ñåìüÿ Àñõàòà) «ñèäåëà» íà
îäíîé çàòèðóõå, ëåïåøêè ïåêëà òîëüêî ïî ïÿò-
íèöàì [2, ñ. 31, 44]. Ó áîëüøèíñòâà õëåá è
ëåïåøêè áûëè ïîâñåäíåâíîé ïèùåé [4,
ñ. 369–370]. Äëÿ îáðàáîòêè ìîëîêà èñïîëüçî-
âàëè ñåïàðàòîð [2, ñ. 144]. Êàòûê õðàíèëè â
ïîãðåáå; ïî ñëó÷àþ ãîñòÿ çà ñòîëîì â êàæäóþ
÷àøêó äîáàâëÿëè ïî ëîæêå ñìåòàíû. Äëÿ «ïå-
ðåêóñà» ìàëü÷èøêè íàáèâàëè êàðìàíû ñóøå-
íîé ÷åðåìóõîé, ïîäñîëíóõîì, êàëåíûì ãîðî-
õîì. Æåâàëè ñìîëó [2, ñ. 23, 25]. Ìàëü÷èê
Ìóñòàôà îñîáåííî ëþáèë âå÷åðíèå òðàïåçû,
êîòîðûå ïðåäñòàâëÿëè ñîáîé åæåäíåâíûé ñå-
ìåéíûé ñîâåò ñ îáñóæäåíèåì äåë è ïîñòóï-
êîâ. Âñÿ ñåìüÿ ñèäåëà íà êîøìå âîêðóã îãðîì-
íîé äåðåâÿííîé ÷àøè. Ïîçäíå åå ìåñòî çàíÿë
«æåëòûé ïóçàòûé ñàìîâàð». Ñòàðøàÿ Ìàòü
âñåì ðàçäàâàëà ïî êóñî÷êó ñàõàðà, è íà÷èíà-
ëîñü ÷àåïèòèå [2, ñ. 254].

Ïîâñåäíåâíîé ïèùåé áûëî êèñëîå ìîëî-
êî, êîòîðîå õðàíèëè â ãëèíÿíûõ ãîðøêàõ, è
êàøà [4, ñ. 358, 359], ÷àñòî ïøåííàÿ, ñâàðåí-
íàÿ â ìîëîêå [10]. Âî âðåìÿ ïîìî÷åé ïî ñëó-
÷àþ æàòâû â îáåä ðàáîòíèêîâ êîðìèëè êàòû-
êîì, çàïðàâëåííûì ìåäîì, è áåëûì êðóãëûì
õëåáîì, íàçûâàåìîì þàñà: «Çàñòîëüå â ïîìî-
÷è – ýòî öåëîå ðàçâëå÷åíèå. Áîëüøèå äåðå-
âÿííûå ìèñêè ñòîÿò, ãîðû íàðåçàííîé þàñû
âûñÿòñÿ. Âîêðóã êàæäîé ìèñêè ðàññàæèâàþò-
ñÿ «ïîìî÷íèêè» è åäÿò – òîëüêî ëîæêè ìåëü-
êàþò. À çàìåøêàåøüñÿ, òàê è îñòàíåøüñÿ ãî-
ëîäíûì» [2, ñ. 152]. Ïîñëå îáåäà íà÷èíàëèñü
ðîçûãðûøè: «Ó îäíîãî ëîæêó èç ðóê ïðÿìî â
ìèñêó âûøèáóò, ó äðóãîãî, òîëüêî ðîò ðàçèíåò
îòêóñèòü, ëîìîòü þàñû âûäåðíóò. È âñå íàä
ðàççÿâîé õîõî÷óò» [2, ñ. 152]. À âå÷åðîì, ïîñ-
ëå äðóæíîé ðàáîòû çàñòîëüå ïðîâîäèëîñü
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âî äâîðå: «Ìÿñà íàåäàþòñÿ, øóðïó õëåáàþò.
Ìóæ÷èíû ïîñòàðøå è æåíùèíû ïîáîé÷åå
áðàãó ïüþò, äæèãèòû æå è äåâóøêè è áåç áðà-
ãè íàâåñåëå» [2, ñ. 149].

Íà ïðàçäíèêè â êàçàíàõ âàðèëè ìÿñî è
ñóï, ïèëè êóìûñ è ìåäîâóõó. Èç äîìîâ ñ óòðà
øåë çàïàõ ñêîâîðîäû – ïåêëè îëàäüè, òàá-èê-
ìàê, êûñòûáûé, ìàñëåíûå êàðàâàè [2, ñ. 17,
23]. Äëÿ áëèíîâ çàêâàñêó äåëàëè ñ âå÷åðà [4,
ñ. 383]. Ïî ñëó÷àþ ðîæäåíèÿ ðåáåíêà ãîòîâè-
ëè áýëýø, áëèíû, ÷àê-÷àê, ôàðøèðîâàííóþ
êóðèöó, êóëëàìà, áàéðñàê, êûñòûáûé. Ñàìîâàð
ñ óòðà äî âå÷åðà íå ñõîäèë ñî ñòîëà [2, ñ. 17–
18]. Íàèáîëåå ñûòíûì, «âåñåëûì» è «ðàçãóëü-
íûì» âðåìåíåì ãîäà áûëà çèìà, êîãäà ðåçàëè
ïòèöó è ñêîò. Õîäèëè äðóã ê äðóãó â ãîñòè,
ñîáèðàÿ ïîëíûé äîì. Åëè ìÿñî áîëüøèìè, ñ
êóëàê, êóñêàìè, ïèëè áðàæêó è êèñëóøêó [3].
Ëåòîì «â ëåñàõ áîðùåâèê ðàñòåò òîëùèíîé â
ðóêó, â ïåðåëåñêàõ ñîçðåâàåò ñëàäêàÿ êëóáíè-
êà âåëè÷èíîé ñ ãîëîâó ëåñíîãî æàâîðîíêà» [4,
ñ. 344–345]. Èç ÷åðíîé ñìîðîäèíû äåëàëè
ïàñòèëó [4, ñ. 418]. Ëàêîìèëèñü ìåäîì [4,
ñ. 418]. Ðàç â ãîä è âçðîñëûå, è ïîäðîñòêè, äåð-
æàëè óðàçó [2, ñ. 142].

Ñåìåéíî-áðà÷íûå îòíîøåíèÿ ó áàøêèð
ðåãóëèðîâàëèñü ñèñòåìîé íàðîäíûõ îáû÷àåâ,
îñóùåñòâëÿëèñü ïî èíèöèàòèâå ðîäèòåëåé è
êîíòðîëèðîâàëèñü àêñàêàëàìè. Íåðåäêî áîãà-
òûå áàøêèðû äîãîâàðèâàëèñü î ïðåäñòîÿùåé
ñâàäüáå ñâîèõ ìàëåíüêèõ äåòåé, íàïðèìåð,
Çóáàðæàò è Àêúåãåò â òðàãåäèè «Â íî÷ü ëóí-
íîãî çàòìåíèÿ». Èõ ïîëîæèëè â îäíó êîëû-
áåëü, ïîìîëâêó çàêðåïèëè, «ñäâèíóâ ÷àøè» ñ
êóìûñîì è èñïèâ èõ äî äíà, ÷òîáû ñ÷àñòüå
áûëî ïîëíûì. Ïèðøåñòâî ïðîäîëæàëîñü
3 äíÿ, ïðèåõàëî ìíîãî çíàòíûõ è ïî÷åòíûõ
ãîñòåé èç îêðåñòíûõ ìåñò, óñòðîèëè ñêà÷êè.
Êîãäà äåòÿì èñïîëíèëîñü ïî 17 ëåò, è áûëà
âûïëà÷åíà ïîñëåäíÿÿ ÷àñòü êàëûìà, äåâóøêà
ñòàíîâèëàñü ñîáñòâåííîñòüþ ðîäà æåíèõà. Ïî
ðåøåíèþ ñòàðåéøèí Àêúåãåòà æåíèëè íå íà
ëþáèìîé Çóáàðæàò, à íà îâäîâåâøåé æåíå
ñòàðøåãî áðàòà (æåíùèíó âîçâðàùàòü îáðàò-
íî ê ðîäèòåëÿì íåëüçÿ: çà íåå òàêæå óïëà÷åí
íåìàëûé êàëûì), à Çóáàðæàò îòäàëè çàìóæ çà
ìëàäøåãî, 12-ëåòíåãî áðàòà æåíèõà. Òàêîâ
áûë íàðîäíûé îáû÷àé ëåâèðàò. Ñ÷èòàëè, ÷òî

ñîáëþäàòü îáû÷àè ïðåäêîâ íåîáõîäèìî, äàæå
åñëè îíè ïðîòèâîðå÷èëè èíòåðåñàì ìîëîäûõ
ëþäåé, èíà÷å «ïåðåñîõíóò ðîäíèêè», «íå áó-
äåò äîæäÿ», «ñêîò ïàäåò, è ëþäè ìðóò îò õâî-
ðè»». Æåñòîêîå íàêàçàíèå æäàëî Àêúåãåò è Çó-
áàðæàò, êîòîðûå íå ñìèðèëèñü ñ âîëåé àêñà-
êàëîâ. Èõ ïðèâÿçàëè äðóã ê äðóãó è îòïðàâè-
ëè â ñòåïü íà ðàñòåðçàíèå âîëêàì [1].

Êîíòðîëü çà íðàâñòâåííîñòüþ áûë ñòðîã.
Â äîìå ñîãðåøèâøåé äåâóøêè «âîðîòà äåãòåì
ìàçàëè, ëîøàäÿì õâîñò è ãðèâó ïîäðåçàëè». Ñî
âðåìåíåì îò ýòèõ ìåòîäîâ îòêàçàëèñü, íî çëûå
ÿçûêè «æåðíîâàìè ïåðåìåëþò äà ñèòîì ïðî-
ñåþò» [2, ñ. 145]. Ñòðåìèëèñü áûñòðåå æåíèòü
äåòåé. Ãîâîðèëè: «îæåíèë – çðÿ÷èì ñäåëàë»
[2, ñ. 136]. Óæå ñ 13 ëåò ìàëü÷èêè «ê êîñÿêó
äæèãèòîâ ïðèáèâàþòñÿ», ÷óòü ïîñòàðøå áîé-
êèå äæèãèòû âûñìàòðèâàþò ñåáå íåâåñò âî
âñåé îêðóãå [2, ñ. 166, 138]. Îòåö Ìóñòàÿ Êà-
ðèìà æåíèëñÿ â 17 ëåò, ìàòü â òî âðåìÿ ñ÷è-
òàëàñü «äåâóøêîé çàñèäåâøåéñÿ» – 24 ãîäà,
«ñòàðåå <…> ðàçâå òîëüêî êàëåêè» [2, ñ. 167].
Èñëàì äîïóñêàåò ìíîãîæåíñòâî, âòîðóþ æåíó
îòöà – Ìëàäøóþ ìàòü – ìîëîæå åãî, ñîñâàòà-
ëà Ñòàðøàÿ Ìàòü. Â äîìå âñåãäà áûëè ìèð
è ñîãëàñèå [2, ñ. 143, 214].

Èìåëè ìåñòî ðàçâîäû â áàøêèðñêèõ ñå-
ìüÿõ, èíîãäà ñêîðîñïåøíûå. Â ïîâåñòè «Äå-
ðåâåíñêèå àäâîêàòû» îïèñàí ñëåäóþùèé ñëó-
÷àé: ìóæ, çàïîäîçðèâ â íåâåðíîñòè æåíó,
òðèæäû ñêàçàë «òàëàê», òî åñòü ðàñòîðã áðàê.
Çàòåì, ïîíÿâ, ÷òî îíà íåâèíîâíà, «îáíîâèë»
íèêàõ – âíîâü ïðîâåë ðåëèãèîçíûé îáðÿä áðà-
êîñî÷åòàíèÿ, íî ëèøü ïîñëå òîãî, êàê ðàçâå-
äåííàÿ æåíùèíà âíà÷àëå âñòóïèëà â ñîþç ñ
äðóãèì ìóæ÷èíîé, à ïîòîì ðàçâåëàñü. Òàê
ïðåäïèñûâàåò øàðèàò [4].

Â XX â. ñîõðàíÿëñÿ äðåâíèé îáû÷àé ïî-
õèùåíèÿ íåâåñòû, ÷àùå âñåãî îí îñóùåñòâëÿë-
ñÿ ñ ñîãëàñèÿ äåâóøêè, ïî ïðåäâàðèòåëüíîìó
ñãîâîðó ìîëîäûõ. Áîëüøèíñòâî áðàêîâ çàêëþ-
÷àëîñü ïóòåì ñâàòîâñòâà, äàæå â ñîâåòñêîé áàø-
êèðñêîé äåðåâíå [11]. Ïðè âûáîðå èñõîäèëè èç
ïðèíöèïà: «Êðàñèâàÿ æåíà – ñâåò íà îêðóãó,
ðàáîòÿùàÿ æåíà – ìóæó ïîäïðóäà» [2, ñ. 137].
Ñòðåìèëèñü, ÷òîáû ìîëîäûå èñïûòûâàëè
ñèìïàòèè äðóã ê äðóãó, íî áûëî è ïî-äðóãîìó:
êðàñàâöà «Ìàðàãèìà, ñîâñåì åùå ìîëîäåíüêèì,
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îòåö ñèëîé æåíèë, à âåðíåå – âûäàë çà âäîâó
Èëüÿñà – ìóýäçèíà». Ñâîå íåñ÷àñòüå îí âñþ
æèçíü èçëèâàë ÷åðåç çâóêè ãàðìîíè, ñ êîòîðîé
íå ðàññòàâàëñÿ íèêîãäà [2, ñ. 106].

Óñïåõ ïðîâåäåíèÿ ñâàäåáíûõ îáðÿäîâ
çàâèñåë îò ñìåêàëêè è êðàñíîðå÷èÿ ñâàòîâ.
Â ïîâåñòè «Äåðåâåíñêèå àäâîêàòû» Íóðèñ-
ëàì ëîâêî ñîñâàòàë Êóðáàíãàëè è Êóìåøáè-
êå. Áåñåäóÿ ïî î÷åðåäè òî ñ îäíèì, òî ñ äðó-
ãèì, îí âíóøèë èì ìûñëü î âçàèìíûõ ÷óâ-
ñòâàõ. Çàòåì, âûïóñòèâ ïîâåðõ ñàïîãà ïðà-
âóþ øòàíèíó êðàñíûõ ïîëîñàòûõ øòàíîâ, êàê
ïîëîæåíî ñâàòó, îòïðàâèëñÿ ê îòöó äåâóøêè
è ïðèáåãíóë ê èíîñêàçàíèþ: «Îïîðà îáùå-
ñòâà, ïî÷òåííûé Õàáåòäèí, åñòü ó íàñ ìîëî-
äîé ÿðîñòíûé áàðñ, òàê âîò îí, èñòîìèâøèñü,
ïóñòèëñÿ ïî ñëåäàì âàøåé ñòàòíîé ãàçåëè.
×òî íàì òåïåðü äåëàòü, à?». «Îïîðà îáùå-
ñòâà» (ïðîìûøëÿâøèé ëàïòÿìè) ñîãëàñèëñÿ,
è íàçàâòðà â åãî äîìå ïðèãîòîâèëè ñòîë, ïî-
çâàëè ìóýäçèíà, êîòîðûé ïðè ñâèäåòåëÿõ ñ
îáåèõ ñòîðîí ïðî÷èòàë ìîëèòâó íèêàõ. Âå-
÷åðîì æåíèõ óâåë íåâåñòó â ñâîé äîì [4].

Íàñòîé÷èâûìè ñâàòû áûëè è ó ñåñòðû
Ìóñòàÿ Êàðèìà. Â ïåðâûé èõ ïðèåçä ðîäèòå-
ëè äåâóøêè îòêàçàëè: «Ìîëîäà åùå». Íî «ñêî-
ðî âíîâü îáúÿâÿòñÿ íàçîéëèâûå ñâàòû, // Ñ ÿçû-
êà èõ ïîòåêóò ñëîâà ìåäîâûå: // «Ëåáåäü åñòü ó
âàñ, ó íàñ – îõîòíèê çíàòíûé». È óâåçóò ñåñòðó
â ÷óæîé àóë «íà êîíÿõ, ãóñüêîì ëåòÿùèõ, ñ êî-
ëîêîëü÷èêàìè» [11, ñ. 139]. Êîãäà æåíèëè áðà-
òà ïèñàòåëÿ Ìóðòàçó, îòåö íå ñòàë ïîñûëàòü
ïîñëîâ, ê îòöó íåâåñòû îòïðàâèëñÿ ñàì. Áåñå-
äà ñîïðîâîæäàëàñü ÷àåïèòèåì. Ïî ðàññêàçàì
Ñòàðøåé Ìàòåðè, ê íåé ñâàòàòüñÿ òàêæå ïðè-
õîäèëè æåíèõ è åãî îòåö [2, ñ. 37, 167].

Äëÿ ïðîâåäåíèÿ îáðÿäà íèêàõ íà íàðû
êëàëè âûøèòóþ ñêàòåðòü, «ìóýäçèí âçîáðàë-
ñÿ íà ïî÷åòíîå ìåñòî è, ïîäîãíóâ õóäûå íîãè,
óòîíóë çàäîì â ïûøíî âçáèòîé ïåñòðîé ïî-
äóøêå». Ïðåæäå ÷åì ïðèñòóïèòü ê òðàïåçå, îí
ñïðàøèâàë âíà÷àëå ó æåíèõà, çàòåì ó íåâåñ-
òû ñîãëàñèå «âçÿòü» çàêîííóþ æåíó è çàêîí-
íîãî ìóæà (òàêîãî-òî). Ïîñëå èõ ïîëîæèòåëü-
íûõ îòâåòîâ ÷èòàë ìîëèòâó, òðèæäû íàçûâàÿ
èìåíà áðà÷óþùèõñÿ. Ïîñëå ïðàçäíè÷íîãî îáå-
äà æåíèõ äàâàë ñâÿùåííîñëóæèòåëþ ñåðåá-
ðÿíûé ïîëòèííèê [4].

Ïî ìåñòíîìó îáû÷àþ, «ñâàäüáó ñíà÷àëà
çèìîé â äîìå íåâåñòû èãðàþò. È òîëüêî óæ
ëåòîì, â ñàìóþ êðàñèâóþ ïîðó, íà ëîøàäÿõ
ïðèñòÿæêó, ñ êîëîêîëü÷èêàìè, íåâåñòó ê ñòà-
íîâüþ æåíèõà ïðèâîçÿò» [2, ñ. 136]. Ñ çèìû
êàæäûé ÷åòâåðã æåíèõ íà÷èíàåò ïîñåùàòü
íåâåñòó ñ íî÷åâêîé – «ìîëîäóþ òåøèòü»: «÷å-
ðåç óëèöó ëè âñåãî ïåðåéòè, òðèäöàòü-ñîðîê
âåðñò ëè åõàòü – îí â äîðîãó êàê ïîëîæåíî
ãîòîâèòñÿ: ðàñ÷åñûâàåò, çàïëåòàåò êîíþ ãðè-
âó è õâîñò, ëåíòàìè óêðàøàåò, ìåäíûå áëÿøêè
íà ñåäëå è óçäå÷êå ïåñêîì íà÷èùàåò. È ñî äâî-
ðà âåðõîì íå âûåçæàåò – âûâîäèò êîíÿ ïîä
óçäöû, è òîëüêî óæå íà óëèöå ñòàðàåòñÿ ïî-
êðàñèâåé íà êîíÿ âñïðûãíóòü. Äà è òàì ñðàçó
êîíÿ ñ ãèêàíüåì â íàìåò íå ïóñêàåò, à íåêîòî-
ðîå âðåìÿ, ãîðäåëèâî âûïÿòèâ ãðóäü, ñìîòðèò
ïðÿìî ïåðåä ñîáîé – êòî íå âèäåë, äåñêàòü,
ïóñòü ïîãëÿäèò» [2, ñ. 136].

Ìóñòàé Êàðèì îïèñàë òàêæå îáðÿäû
âûïëàòû êàëûìà (ñêîòà) [1; 2, ñ. 137], âñòðå÷è
íåâåñòû, êîãäà ïîä íîãè åé êëàäóò øåëêîâóþ
ïîäóøêó, íà êîòîðóþ íàäî íàñòóïèòü ïðàâîé
íîãîé, ÷òîáû æèçíü áûëà «ïðàâèëüíîé». Ïîñ-
ëå ñâàäåáíîãî ïèðà ïîêàçûâàþò èñòî÷íèê; ñ
äâóìÿ íîâûìè âåäðàìè íà ðàñïèñíîì êîðî-
ìûñëå îíà äîëæíà, íå âûïëåñíóâ äàæå êàï-
ëè, ïðèíåñòè â äîì âîäó, ñèìâîëèçèðóþùóþ
åå ñ÷àñòüå [12, ñ. 44–60]. Çàñòîëüå çàòÿãèâà-
ëîñü äàëåêî çà ïîëíî÷ü [2, ñ. 139].

Ðîäèííûå îáðÿäû îïèñàíû â ñâÿçè ñ äåò-
ñêèìè âîñïîìèíàíèÿìè ïèñàòåëÿ î Ñòàðøåé
Ìàòåðè-ïîâèòóõå, ñ êîòîðîé ìàëü÷èê Ìóñòà-
ôà õîäèë ïî äîìàì. Îí ãîðäèëñÿ åå âûñîêèì
ñîöèàëüíûì ñòàòóñîì: åé ïîçâîëÿëîñü îöåíè-
âàòü ïîñòóïêè íå òîëüêî ïðîñòîãî ÷åëîâåêà,
íî è ìóëëû, ó÷èòü ìóæ÷èí óâàæàòü ñâîèõ æåí.
Ñòàðøàÿ Ìàòü ïåðâîé ïðîèçíîñèëà íîâîðîæ-
äåííîìó áëàãîïîæåëàíèå, íàïðèìåð: «Äàé Áîã,
÷òîáû ñûíîâüÿ òâîè ÿâèëèñü â ýòîò ìèð ñåáå
íà ðàäîñòü è ñ÷àñòüå, âàì íà áëàãî» [2, ñ. 17],
è çàáîòèëèñü îáî âñåõ äåòÿõ â òå÷åíèå âñåé
æèçíè. Íåëüçÿ áûëî ïðèíèìàòü ðîäû ëèøü ó
ðîäñòâåííèêîâ. Ïîêà ðîæåíèöà îòäûõàëà,
ïîâèòóõà îáðàùàëàñü ê îòöó ðåáåíêà ñ ðàäîñ-
òíîé âåñòüþ – ñóþí÷å, çà ÷òî îáû÷íî ïîëó-
÷àëà îâöó â ïîäàðîê. Âñþ íåäåëþ â äîì ñ ïî-
çäðàâëåíèÿìè, ÿâñòâàìè è áëàãîïîæåëàíèÿ-
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ìè ïðèõîäèëè æåíùèíû – «ñâàòüþøêè äà òå-
òóøêè, êóìóøêè-ñîñåäóøêè», à íà ïî÷åòíîì
ìåñòå ñèäåëà Ñòàðøàÿ Ìàòü. Êàæäûé äåíü â
÷åñòü ìàëûøà òîïèëè áàíþ, â êîòîðîé êóïà-
ëè ìàëûøà, ìûëàñü ïîâèòóõà è âñå ïðèñóò-
ñòâóþùèå â äîìå. Ïîòîì ïèëè ÷àé ñ ìåäîì è
ñàõàðîì [2, ñ. 17–18].

Ïîõîðîííûå òðàäèöèè Ìóñòàé Êàðèì
ïîñòèãàë âìåñòå ñî ñìåðòüþ Ñòàðøåé Ìà-
òåðè. Âñþ æèçíü ïðîâåäÿ â õîçÿéñêîé êîì-
íàòå, îíà ïåðåä ñìåðòüþ ïîïðîñèëà ïîäãî-
òîâèòü ïîñòåëü â ãîñòåâîé. Íàäåëà íîâîå
öâåòàñòîå ïëàòüå, çåëåíûé êàìçîë ñ ñåðåá-
ðÿíûì íàãðóäíèêîì, ãîëîâó ïîâÿçàëà áåëûì
ïëàòêîì. Íàêàçàëà ïðèíåñòè ñâîé çàóïîêîé-
íûé ñóíäóê ñî ñìåðòíûì óçåëêîì: â íåì
ìûëî, ïóçûðåê ñ äóõàìè, ñàâàí äëÿ «ðàéñ-
êîãî ïëàòüÿ», èãîëêè, íèòêè äëÿ øèòüÿ ñà-
âàíà è ïðî÷èå âåùè äëÿ ïîãðåáåíèÿ. Ïðî-
ùàòüñÿ ïðèøëè ìíîãî÷èñëåííûå äåòè, êî-
òîðûõ îíà, áóäó÷è ïîâèòóõîé, ïðèíÿëà íà
áåëûé ñâåò: îò ãðóäíûõ äåòåé äî ñóïðóæåñ-
êèõ ïàð. Ñîáðàâøèìñÿ ïî î÷åðåäè ðàçäàëà
ïðîùàëüíûå ïîäàðêè, ÷åãî ðàíüøå â àóëå
íèêòî íèêîãäà íå äåëàë. Êîãäà îñòàëèñü òîëü-
êî áëèçêèå, ïîïðîñèëà ó íèõ ïðîùåíèå, âûñ-
ëóøàëà ðàñêàÿíüÿ, äàëà áëàãîñëîâåíèå. Óò-
ðîì ãëàøàòûå íà ëîøàäÿõ äîíåñëè òðàãè÷åñ-
êóþ âåñòü ïî âñåìó ñåëó. Ïîñëå ïîëóäíÿ òåëî
îïóñòèëè â ìîãèëó [2, ñ. 205–216].

Ïî îáû÷àþ â ïîñëåäíèé ïóòü ÷åëîâåêà
áûëî ïðèíÿòî ïðîâîæàòü âñåì îäíîñåëü÷à-
íàì, è æåíùèíàì, è ìóæ÷èíàì, ÷òîáû íå ïðî-
ñòî ñîáëþñòè îáû÷àé, íî è ðàçäåëèòü ãîðå.
Äî íîâîãî ïðèñòàíèùà íåñëè íà êëàäáèùåí-
ñêèõ íîñèëêàõ. Ñîãëàñíî òðàäèöèè îâäîâåâ-
øèå æåíû äî ìîãèëû ìóæåé íå ïðîâîæàëè.
Ó ìîãèëû ïðîâîäèëè îáðÿä éûíàçà: ìóëëà
÷èòàë ìîëèòâó è ñïðàøèâàë ó ñîáðàâøèõñÿ:
«Õîðîøèì ëè áûë ÷åëîâåêîì?» Îáùåñòâî äà-
âàëî ïîñëåäíþþ îöåíêó ÷åëîâåêó. Ïðèíÿòî
ñäåðæèâàòü ýìîöèè, íå ïëàêàòü, ãîâîðèòü
ïðîùàëüíûå ðå÷è. Ìîãèëó çàñûïàëè çåìëåé,
îáêëàäûâàÿ ïî êðàÿì äåðíîì. Â èçíîæüå ñà-
æàëè äåðåâî, íàïðèìåð, ÷åðåìóõó. Íàä ãîëî-
âîé ñòàâèëè ñåðûé ÷åòûðåõóãîëüíûé êàìåíü,
íà êîòîðîì âûáèâàëè ôàìèëèþ, èìÿ è ãîäû
æèçíè. Â ñîâåòñêèå ãîäû ïîÿâèëàñü òðàäèöèÿ:

âî âðåìÿ îïóñêàíèÿ òåëà óìåðøåãî ðàáîòíèêà
ñåëüñîâåòà ñòðåëÿòü èç âèíòîâîê [4].

Òàêèì îáðàçîì, ëèòåðàòóðíîå íàñëåäèå
Ìóñòàÿ Êàðèìà ñëóæèò ñâîåãî ðîäà ó÷åáíûì
ïîñîáèåì ïî ýòíè÷åñêîé èñòîðèè, ìàòåðèàëü-
íîé è äóõîâíîé æèçíè áàøêèðñêîãî íàðîäà.
Åãî ñîïîñòàâëåíèå ñ íàó÷íûìè íåîïóáëèêî-
âàííûìè (ïîëåâûìè è àðõèâíûìè) è îïóá-
ëèêîâàííûìè ìàòåðèàëàìè ñâèäåòåëüñòâóåò
î äîñòîâåðíîñòè îïèñàíèé ïîñåëåíèé è óñà-
äåá, õîçÿéñòâåííûõ çàíÿòèé, îäåæäû, íàöèî-
íàëüíîé êóõíè, îáðÿäîâ è ïðàçäíèêîâ, äîïîë-
íÿåò, óòî÷íÿåò è êîíêðåòèçèðóåò.
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ETHNOGRAPHY  OF  THE  BASHKIRS  IN  THE  WORKS  OF  MUSTAI  KARIM
© F.G. Galieva

Ethnological Research Institute named RG Kuzeev Ufa Scientific Center, Russian Academy of Sciences,
6, K. Marksa street, Ufa, 450077, Bashkortostan, Russia

The purpose of this paper is an introduction to the scientific field ethnographers, folklorists, cultural scientists
and other scholars of the creative heritage of classic Bashkir and Tatar literature Mustai Karim. This need stems
from the fact that a comprehensive scientific approach involves not only the collection of field data from modern
informants and analysis of archival sources of the past centuries (in addition to learning from the scientific baggage),
but also the involvement of indirect sources. Last may just be the works of writers, poets, playwrights, “emerged”
from the people and realistically reflect the life of society in a particular historical period.

The subject of study of selected works of the national poet of the Republic of Bashkortostan Mustai Karim
(Mustafa Safich Karimov), who was born here, in practice and knew the laws of traditional Bashkir community foundations,
and modern society. Material for scientific analysis had his works created in a variety of genres – tragedy, drama, novel,
including an autobiographical poem, a poem. They describe Bashkir life, family and tribal relations, material and spiritual
culture, rituals and festivals, folk medicine, children’s games. Provides information about the types of settlements,
residential and farm buildings on the activities, crafts, fisheries, power supply system, dress and customs. Mustai Karim
made observations on folk psychology, pedagogy, the ethnic character. Focuses on the history and culture of the
Bashkirs living in close cooperation with Russian, Tatar, Chuvash and other peoples in a traditional society in the Soviet
period, in the countryside and the city. Comparison of scientific and literary sources revealed that describe Mustai Karim
not only do not contradict the information ethnographers (R. Kuzeev, N. Bikbulatov, S. Shitova) and folklore (F. Nadrshina,
R. Sultangareeva ), but often complement them. Literary creativity Mustai Karim complements ethnographic and folklore
with new materials, is the ethnic culture of the historical dynamics and diversity.

Key words: essays Mustai Karim, Bashkirs, Bashkir family, village.
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