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�´ ²¨É¨Î¥¸± Ö ³μ¤¥²Ó  ±É¨¢´μ£μ ¨ ¶ ¸¸¨¢´μ£μ É· ´¸¶μ·É 
¢ ¡¨μ²μ£¨Î¥¸±μ° ³¥³¡· ´¥

�μ²ÊÎ¥´  Ëμ·³Ê²  ¤²Ö · ¸Î¥É  ¶·μË¨²Ö ±μ´Í¥´É· Í¨¨ ¨μ´μ¢ ¢ ¡¨μ²μ£¨-
Î¥¸±¨Ì ³¥³¡· ´ Ì. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¨μ´Ò ¤¢¨¦ÊÉ¸Ö ¢ ¢Ö§±μ° ¸·¥¤¥ ¶μ¤
¤¥°¸É¢¨¥³ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¨ £· ¤¨¥´É  ±μ´Í¥´É· Í¨¨. ‘¨²  É·¥´¨Ö ¸²¥¤Ê¥É
§ ±μ´Ê ‘Éμ±¸ . ˆμ´Ò ¶μ±·ÒÉÒ £¨¤· É´μ° μ¡μ²μÎ±μ°, ±μÉμ· Ö ¨§³¥´Ö¥É ¨Ì É·¥´¨¥
¢ · ¸É¢μ·¥. �μ± § ´μ, ÎÉμ ¥¸²¨ ¸¨²  É·¥´¨Ö ´  ¢Ìμ¤¥ ¢ ± ´ ² ³¥³¡· ´Ò ¡μ²ÓÏ¥,
Î¥³ ´  ¢ÒÌμ¤¥ ¨§ ± ´ ² , Éμ ¶¥·¥´μ¸ ¨μ´μ¢ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶ÊÉ¥³  ±É¨¢´μ£μ
É· ´¸¶μ·É . �μ²ÊÎ¥´μ  ´ ²¨É¨Î¥¸±μ¥ Ê¸²μ¢¨¥, ¶·¨ ±μÉμ·μ³  ±É¨¢´Ò° É· ´¸¶μ·É
¨ ´μ·³ ²Ó´ Ö ¦¨§´¥¤¥ÖÉ¥²Ó´μ¸ÉÓ ±²¥É±¨ ¸É ´μ¢ÖÉ¸Ö ´¥¢μ§³μ¦´Ò³¨. �¥§Ê²ÓÉ ÉÒ
±μ²¨Î¥¸É¢¥´´μ ¸μ£² ¸ÊÕÉ¸Ö ¸ ¨§³¥·¥´¨Ö³¨ μÉ´μ¸¨É¥²Ó´ÒÌ ±μ´Í¥´É· Í¨° Na+1,
K+1 ¨ Cl−1 ´  ³¥³¡· ´ Ì ±²¥Éμ± ²Ö£ÊÏ±¨ ¨ ± ²Ó³ · .
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Analytical Model of Active and Passive Transport
in Biological Membranes

A formula is obtained for calculating the ion concentration proˇle in biological
membranes. It is assumed that spherical ions move in an aqueous solution under the
in
uence of an electric ˇeld and a concentration gradient. The friction force follows
the Stokes law. The ions are covered with hydrate shells consisting of a dipole of
water molecules which change their effective radius and friction. It is shown that if
the friction force at the membrane inlet is stronger than at its outlet, then the ions can
move by active transport. Analysis of the hydration allows the development of an
analytical model of active and passive ion transport in membranes. The calculations
are consistent with the concentration proˇle of Na+1, K+1 and Cl−1 measured in
frog and squid cells.
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‚‚…„…�ˆ…

‚ É¢¥·¤ÒÌ, ¦¨¤±¨Ì ¨ £ §μμ¡· §´ÒÌ ¸·¥¤ Ì ¸¨²  Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö,
¤¥°¸É¢ÊÕÐ Ö ´  ¨μ´Ò, Ê· ¢´μ¢¥Ï¨¢ ¥É¸Ö ¸¨²μ° É·¥´¨Ö, ¶·μ¶μ·Í¨μ´ ²Ó´μ°
¸±μ·μ¸É¨ ¤¢¨¦¥´¨Ö § ·Ö¦¥´´μ° Î ¸É¨ÍÒ. �·¨ · ¢¥´¸É¢¥ ¸¨² ¤·¥°Ëμ¢ Ö ¸±μ-
·μ¸ÉÓ § ·Ö¤  μ± §Ò¢ ¥É¸Ö ¶·μ¶μ·Í¨μ´ ²Ó´μ° ´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ
¶μ²Ö. ‚ ¡¨μ²μ£¨Î¥¸±¨Ì ³¥³¡· ´ Ì ¸±μ·μ¸ÉÓ § ¢¨¸¨É É ±¦¥ μÉ £· ¤¨¥´É  ±μ´-
Í¥´É· Í¨¨ ¨μ´μ¢ ¨ ¸¶¥Í¨Ë¨Î¥¸±μ£μ ¸¢μ°¸É¢  ³¥³¡· ´Ò ´ ¶· ¢²ÖÉÓ ¨μ´Ò ¶μ
¶ÊÉ¨  ±É¨¢´μ£μ ¨ ¶ ¸¸¨¢´μ£μ É· ´¸¶μ·É . ‚ · ¡μÉ¥ · ¸¸Î¨É ´ ¶·μË¨²Ó ±μ´-
Í¥´É· Í¨¨ ¨μ´μ¢ ¢ ³¥³¡· ´¥ ¸ Í¨²¨´¤·¨Î¥¸±¨³¨ ± ´ ² ³¨ [1]. �·¨¢μ¤¨É¸Ö
 ´ ²¨É¨Î¥¸±μ¥ μ¡μ¸´μ¢ ´¨¥ ¤¥°¸É¢¨Ö ³¥Ì ´¨§³   ±É¨¢´μ£μ É· ´¸¶μ·É . �μ-
± § ´μ, ÎÉμ  ±É¨¢´Ò° É· ´¸¶μ·É ¢μ§³μ¦¥´ Éμ²Ó±μ Éμ£¤ , ±μ£¤  ¸¨²  É·¥´¨Ö
¨μ´  ´  ¢Ìμ¤¥ ¢ ± ´ ²Ò ³¥³¡· ´Ò ¡μ²ÓÏ¥, Î¥³ ´  ¢ÒÌμ¤¥. �·¨ · ¢¥´¸É¢¥ ¸¨²
¦¨§´¥¤¥ÖÉ¥²Ó´μ¸ÉÓ ±²¥Éμ± ¶·¥±· Ð ¥É¸Ö.

1. “��‚�…�ˆ… „‹Ÿ Š��–…�’��–ˆˆ ˆ���‚ ‚ Œ…Œ����…

�·¥¦¤¥ Î¥³ ¶¥·¥°É¨ ± · ¸¸³μÉ·¥´¨Õ ¤¢¨¦¥´¨Ö ¨μ´μ¢ ¢ ¡¨μ²μ£¨Î¥¸±μ°
³¥³¡· ´¥, ´ ¶μ³´¨³ ±² ¸¸¨Î¥¸±ÊÕ ¸Ì¥³Ê É ±μ£μ · ¸Î¥É  ´  ¶·¨³¥·¥ Ô²¥±-
É·μ´´μ£μ £ §  ¢ ³¥É ²²¥ [2]. �·¨ ¸Éμ²±´μ¢¥´¨¨ ¸ ·¥Ï¥É±μ° ³¥É ²²  Ô²¥±-
É·μ´ É¥·Ö¥É ¨³¶Ê²Ó¸ mv §  ¸·¥¤´¨° ¨´É¥·¢ ² ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö τ (¸), £¤¥
m (±£) Å ³ ¸¸  ¨ v (³ · ¸−1) Å ¸·¥¤´ÖÖ ¤·¥°Ëμ¢ Ö ¸±μ·μ¸ÉÓ Ô²¥±É·μ´μ¢. �·¨-
· ¢´¨¢ Ö ¸±μ·μ¸ÉÓ ¶¥·¥¤ Î¨ ¨³¶Ê²Ó¸  mv/τ (H) ± ¸¨²¥ eE (H) Ô²¥±É·¨Î¥¸±μ£μ
¶μ²Ö, ¤¥°¸É¢ÊÕÐ¥° ´  § ·Ö¤ e (Š²), ¶μ²ÊÎ¨³ Ê· ¢´¥´¨¥, ±μÉμ·μ¥ Ö¢²Ö¥É¸Ö μ¤-
´μ° ¨§ Ëμ·³ § ¶¨¸¨ § ±μ´  �³  [2]:

mv/τ = −eE. (1)

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ ¤·¥°Ëμ¢ Ö ¸±μ·μ¸ÉÓ Ô²¥±É·μ´μ¢ ¢ ³¥É ²²¥ ¶·μ¶μ·Í¨μ-
´ ²Ó´  ´ ¶·Ö¦¥´´μ¸É¨ ¶μ²Ö E (‚ ·³−1). ”¨§¨Î¥¸± Ö  ´ ²μ£¨Ö ¸μÌ· ´Ö¥É¸Ö ¨
¶·¨ ¤¢¨¦¥´¨¨ ¨μ´  ¢ ³¥³¡· ´¥ ¶μ¤ ¤¥°¸É¢¨¥³ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö E. �Ê¸ÉÓ
¸¨²  É·¥´¨Ö ¸²¥¤Ê¥É § ±μ´Ê ‘Éμ±¸ , ±μÉμ·Ò° ¢ÒÉ¥± ¥É ¨§ £¨¤·μ¤¨´ ³¨Î¥¸±¨Ì
· ¸Î¥Éμ¢ ¤¢¨¦¥´¨Ö ¸Ë¥·¨Î¥¸±μ° Î ¸É¨ÍÒ ¢ ´¥¶·¥·Ò¢´μ° ¢Ö§±μ° ¸·¥¤¥:

fSt = 6πηrv, (2)
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£¤¥ η (±£ ·³−1 · ¸−1) Å ¢Ö§±μ¸ÉÓ · ¸É¢μ· ; r (³) Å · ¤¨Ê¸; v (³ · ¸−1) Å ¸±μ-
·μ¸ÉÓ ¨μ´ . �μ  ´ ²μ£¨¨ ¸ (1) ´  ÔÉμÉ · § ¤μ²¦´μ Ê¸É ´ ¢²¨¢ ÉÓ¸Ö · ¢´μ¢¥¸¨¥,
¶·¨ ±μÉμ·μ³ Ô²¥±É·¨Î¥¸± Ö ¸¨²  zeE (H), £¤¥ z Å ¡¥§· §³¥·´μ¥ Î¨¸²μ ¢ -
²¥´É´μ¸É¨ ¨μ´ , Ê· ¢´μ¢¥Ï¨¢ ¥É¸Ö ¸¨²μ° É·¥´¨Ö fSt ¨μ´ :

6πηrv = zeE. (3)

‚ · ¸É¢μ· Ì ¶μ³¨³μ Ô²¥±É·¨Î¥¸±μ° ¸¨²Ò ¤¥°¸É¢Ê¥É É¥·³μ¤¨´ ³¨Î¥¸± Ö
¸¨²  Fx („¦ ·³), § ¢¨¸ÖÐ Ö μÉ £· ¤¨¥´É  ±μ´Í¥´É· Í¨¨ ¨μ´μ¢ [3]:

Fx = −kT

(
∂ ln C

∂x

)
, (4)

£¤¥ k = 1,38 · 10−23 („¦ ·K−1) Å ¶μ¸ÉμÖ´´ Ö �μ²ÓÍ³ ´ ; T (K) Å  ¡¸μ²ÕÉ-
´ Ö É¥³¶¥· ÉÊ· ; x (³) Å ±μμ·¤¨´ É  ¨μ´  ¢¤μ²Ó Éμ²Ð¨´Ò ³¥³¡· ´Ò; C Å
±μ´Í¥´É· Í¨Ö ¨μ´μ¢. ‘±μ·μ¸ÉÓ v = uE μ¶·¥¤¥²Ö¥É¸Ö ¶μ¤¢¨¦´μ¸ÉÓÕ ¨μ´ 
u (³2 · ¸−1 ·‚−1) ¢ ¸·¥¤¥ ¨ ´ ¶·Ö¦¥´´μ¸ÉÓÕ ¶μ²Ö E. „μ¡ ¢²ÖÖ Fx ¢ Ê· ¢´¥-
´¨¥ (3), ¶μ²ÊÎ¨³ Ê· ¢´¥´¨¥

6πηruE = zeE − kT

(
∂ ln C

∂x

)
. (5)

”μ·³Ê²Ê (5) ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± § ±μ´ �³  ¢ ¶·¨²μ¦¥´¨¨ ± ¡¨μË¨-
§¨±¥ ³¥³¡· ´. �Ê¸ÉÓ ¨μ´´Ò¥ ± ´ ²Ò ¢ ³¥³¡· ´¥ ¨³¥ÕÉ Í¨²¨´¤·¨Î¥¸±ÊÕ
Ëμ·³Ê. �²¥±É·¨Î¥¸±μ¥ ¶μ²¥ · ¢´μ £· ¤¨¥´ÉÊ ¶μÉ¥´Í¨ ²  E = −∂ϕ/∂x,
£¤¥ 0 < x � d; d Å Éμ²Ð¨´  ³¥³¡· ´Ò. �Ê¸ÉÓ ϕ(x = 0) = 0 Å Ô²¥±É·¨Î¥-
¸±¨° ¶μÉ¥´Í¨ ² · ¸É¢μ· ; ϕ(x = d) ´ §Ò¢ ¥É¸Ö ¶μÉ¥´Í¨ ²μ³ ¶μ±μÖ ±²¥É±¨ Vr

¨ ¨³¥¥É É¨¶¨Î´μ¥ §´ Î¥´¨¥ Vr = −(0,05−0,15) B. ˆ´É¥£·¨·ÊÖ (5) ¶μ x,
¶μ²ÊÎ¨³

ln C(x) − ln C(0) =
1

kT
(ze − 6πηru)

x∫
0

− dϕ =
−1
kT

(ze − 6πηru)
(
Vr

x

d
− 0

)
.

(6)
”Ê´±Í¨Ö Vr · x/d μ¶¨¸Ò¢ ¥É ²¨´¥°´μ¥ · ¸¶·¥¤¥²¥´¨¥ ´ ¶·Ö¦¥´¨Ö ¢¤μ²Ó ³¥³-
¡· ´´μ£μ ± ´ ² . �μ¤¢¨¦´μ¸ÉÓ u ¢ Ê· ¢´¥´¨¨ (6) Ê¤μ¡´μ ¢Ò· §¨ÉÓ Î¥·¥§ ±μ-
ÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨ D (³2 · ¸−1), ¶μ¸±μ²Ó±Ê ¶μ¸²¥¤´¨° ´¥ § ¢¨¸¨É μÉ ³μ²¥-
±Ê²Ö·´μ£μ ¢¥¸  ¨ § ·Ö¤  ¨μ´ . ˆ¸¶μ²Ó§ÊÖ Ê· ¢´¥´¨¥ �°´ÏÉ¥°´  [3]

u =
zeD

kT
, (7)

¶μ¤¸É ¢²ÖÖ u ¢ Ê· ¢´¥´¨¥ (6) ¨ § ³¥´ÖÖ −(−Vr) = |Vr|, ¶μ²ÊÎ¨³ ¸²¥¤ÊÕÐÊÕ
Ëμ·³Ê²Ê ¤²Ö ¶·μË¨²Ö ±μ´Í¥´É· Í¨¨ ¨μ´μ¢ ¢¤μ²Ó ³¥³¡· ´Ò [1]:

C(x)/C(0) = exp
{

ze|Vr|
kT

x

d

(
1 − 6πηD

kT
r

)}
. (8)
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�¡μ§´ Î¨³ ¨´¤¥±¸μ³ ®0¯ ¶ · ³¥É·Ò ¨μ´  ¨ · ¸É¢μ·  (r0, D0, η0, T0) ¢ μÉ¸ÊÉ-
¸É¢¨¥ ³¥³¡· ´Ò. �¥§ ³¥³¡· ´Ò C(x) = C(0), ¶μÔÉμ³Ê ¶μ± § É¥²Ó Ô±¸¶μ´¥´ÉÒ
¢ (8) · ¢¥´ ´Ê²Õ ¨ ¤²Ö ¸Ë¥·¨Î¥¸±μ° Î ¸É¨ÍÒ · ¤¨Ê¸ r = r0 ¢ÒÎ¨¸²Ö¥É¸Ö ¶μ
Ëμ·³Ê²¥

r0 =
kT0

6πη0D0
. (9)

”μ·³Ê²  (9) ¨§¢¥¸É´  ± ± Ëμ·³Ê²  ‘Éμ±¸ Ä�°´ÏÉ¥°´  [3]. Šμ³¡¨´¨·ÊÖ Ëμ·-
³Ê²Ò (8) ¨ (9), ¶μ²ÊÎ¨³ ¶·μË¨²Ó ±μ´Í¥´É· Í¨¨ ¨μ´μ¢ ¶μ Éμ²Ð¨´¥ ³¥³¡· ´Ò

C(x)
C(x = 0)

= exp
{

ze|Vr|
kT

x

d

(
1 − ηDT0

η0D0T

r

r0

)}
=

= exp
{

ze|Vr|
kT

x

d

(
1 − ξ

r

r0

)}
, (10)

£¤¥ ξ = ηDT0/(η0D0T ). � ¸¸³μÉ·¨³ ¶·¨³¥·.
ˆμ´ Na+1 ¤¢¨¦¥É¸Ö ¢ ¢μ¤¥,   ³¥³¡· ´  μÉ¸ÊÉ¸É¢Ê¥É. �·¨ T0 = 298 K

η0 = 0,891 ·10−3, D0(Na+1) = 1,33 ·10−9 [3], É. ¥. · ¤¨Ê¸ r0 = 1,84 ·10−10 (9).
�·¨ É¥³¶¥· ÉÊ·¥ T = 309 K η ≈ 0,699 · 10−3 [3], ¨, É ± ± ± ¶·¥¤¶μ² -
£ ¥É¸Ö, ÎÉμ ξ = ηDT0/(η0D0T ) = 1, ´ °¤¥³, ÎÉμ ±μÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨ ¶·¨

T = 309 K Ê¢¥²¨Î¨É¸Ö ¤μ D(Na+1) = 1,76 · 10−9; ¶·¨ ÔÉμ³ · ¤¨Ê¸ r0

¶μ-¶·¥¦´¥³Ê 1,84 · 10−10. Ÿ¸´μ, ÎÉμ ¶·¨ ξ = 1 · ¤¨Ê¸ ¨μ´  ´¥ ¨§³¥´Ö¥É¸Ö.
�¥ ²Ó´ Ö ³μ¤¥²Ó £μ· §¤μ ¸²μ¦´¥¥. ˆ§¢¥¸É´μ [4], ÎÉμ · ¸Î¥É ¶μ Ëμ·³Ê²¥ (9)

¸μ¢¶ ¤ ¥É ¸ ¨§³¥·¥´´Ò³ · ¤¨Ê¸μ³ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ¤¢μ°±¨. �·μ¡²¥³  ¢ Éμ³,
ÎÉμ ¤¨¶μ²¨ ¢μ¤´μ£μ · ¸É¢μ·  Ëμ·³¨·ÊÕÉ £¨¤· É´ÊÕ μ¡μ²μÎ±Ê, ±μÉμ· Ö ¨§-
³¥´Ö¥É É·¥´¨¥ ¨ ÔËË¥±É¨¢´Ò° · ¤¨Ê¸ ¨μ´  [5]. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, · §³¥·Ò
¨μ´μ¢ ¨ ³μ²¥±Ê² · ¸É¢μ·¨É¥²Ö (¢μ¤Ò) ¸· ¢´¨³Ò ¶μ ¢¥²¨Î¨´¥, É ± ÎÉμ ¤¢¨¦¥-
´¨¥ ¶·μ¨¸Ìμ¤¨É ´¥ ¢ ´¥¶·¥·Ò¢´μ° ¨ ¢Ö§±μ° ¸·¥¤¥ [5], ± ± ¶·¥¤¶μ² £ ¥É¸Ö ¢
§ ±μ´¥ ‘Éμ±¸ . �μÖ¸´¨³ ¸± § ´´μ¥ ´  ¶·μ¸ÉÒÌ ¶·¨³¥· Ì.

�·¥¤¸É ¢¨³, ÎÉμ · ¤¨Ê¸ Na+1 (z = +1) ¢ ³¥³¡· ´¥ Ê¢¥²¨Î¨²¸Ö §  ¸Î¥É
£¨¤· É Í¨¨ ¤μ r = 1,5 · r0 = 1,5 · 1,84 · 10−10. �·μË¨²Ó ±μ´Í¥´É· Í¨¨ Na+1,
· ¸¸Î¨É ´´Ò° ¶μ Ëμ·³Ê²¥ (10), ¶μ± § ´ ´  ·¨¸Ê´±¥. Šμ´Í¥´É· Í¨Ö ¨μ´μ¢
Ô±¸¶μ´¥´Í¨ ²Ó´μ ¶ ¤ ¥É ¢¤μ²Ó ± ´ ²  (É ± ´ §Ò¢ ¥³Ò° ¶ ¸¸¨¢´Ò° É· ´¸¶μ·É).

‚ ¸²¥¤ÊÕÐ¥³ ¶·¨³¥·¥ · ¸¸³μÉ·¨³ ¨μ´ Š+1 (z = +1), ¶μÌμ¦¨° ¶μ Ì¨³¨-
Î¥¸±¨³ ¸¢μ°¸É¢ ³ ´  Na+1, ´μ ¨³¥ÕÐ¨° §´ Î¨É¥²Ó´μ ³¥´ÓÏÊÕ ±μ´Í¥´É· Í¨Õ
¢μ ¢´¥±²¥ÉμÎ´μ° ¡¨μ²μ£¨Î¥¸±μ° ¸·¥¤¥ ¶μ ¸· ¢´¥´¨Õ ¸ Na+1. ‡ ³¥É¨³, ÎÉμ
¤¨¶μ²Ó´μ¥ ¨ ±¢ ¤·Ê¶μ²Ó´μ¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨μ´μ¢ ¸ Ô²¥±É·¨Î¥¸±¨³ ¶μ²¥³ ¢
³¥³¡· ´¥ ³ ²Ò, ÎÉμ¡Ò ¢²¨ÖÉÓ ´  ¨Ì ³¥Ì ´¨Î¥¸±μ¥ ¤¢¨¦¥´¨¥. ‚ ¦´ Ö ¶·¨Î¨´ 
¤²Ö  ´ ²¨§  ¢ Éμ³, ÎÉμ £¨¤· É´ Ö μ¡μ²μÎ±  ±μ¶¨·Ê¥É Ëμ·³Ê ¨μ´ . �μ¸±μ²Ó±Ê
μ¡μ²μÎ±  Ö¢²Ö¥É¸Ö ¨´£·¥¤¨¥´Éμ³ · ¸É¢μ· , Éμ ¨³¥´´μ μ´  μ¶·¥¤¥²Ö¥É É·¥-
´¨¥ £¨¤· É¨·μ¢ ´´μ£μ Ëμ·³¨·μ¢ ´¨Ö ´  ¶·μË¨²Ó ±μ´Í¥´É· Í¨¨ ¢ ³¥³¡· ´¥.
’ ±¨¥ ¸²μ¦´Ò¥ ±μ³¡¨´ Í¨¨ § ·Ö¤μ¢, ± ± ¨μ´, μ±·Ê¦¥´´Ò° ¤¨¶μ²Ö³¨ ¢μ¤´ÒÌ
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�·μË¨²Ó ±μ´Í¥´É· Í¨¨ ¨μ´μ¢ ¢ ³¥³¡· ´¥. �·Ö³ Ö ²¨´¨Ö Å · ¸É¢μ· ¶·¨ r = r0;

Na+1 Å ¶ ¸¸¨¢´Ò° É· ´¸¶μ·É ¶·¨ r = 1,5 · r0; K+1 Å  ±É¨¢´Ò° É· ¸¶μ·É ¶·¨

r = r0/1,5. |Vr| = 0,1 B

³μ²¥±Ê², ¶μ ¸²μ¦´μ¸É¨ ´ ¶μ³¨´ ÕÉ ¸É·Ê±ÉÊ·Ê  Éμ³ . ‚§ ¨³μ¤¥°¸É¢¨¥ ¤¨¶μ²Ó-
´μ£μ ³μ³¥´É  ¸ ¸¨²Ó´Ò³ Ô²¥±É·¨Î¥¸±¨³ ¶μ²¥³ ¢ ³¥³¡· ´¥ ¸¶μ¸μ¡´μ ¤¥Ëμ·³¨-
·μ¢ ÉÓ ¸Ë¥·¨Î¥¸±ÊÕ μ¡μ²μÎ±Ê Ê £¨¤· É¨·μ¢ ´´μ£μ ¨μ´  ¢ Ô²²¨¶¸μ¨¤ ²Ó´ÊÕ.
„²Ö ¶·¨³¥·  ¸· ¢´¨³ É·¥´¨¥ ¸Ë¥·¨Î¥¸±μ£μ Š+1-¨μ´  · ¤¨Ê¸μ³ r0 ¨ Ô²²¨¶¸μ-
¨¤ ²Ó´μ£μ ¸ ÔËË¥±É¨¢´Ò³ · ¤¨Ê¸μ³ r0 = (a+ b)/2 , £¤¥ 2a Å ¤²¨´  ¡μ²ÓÏμ°
¨ 2b Å ¤²¨´  ³ ²μ° μ¸¥° Ô²²¨¶¸μ¨¤  [3]. �Ê¸ÉÓ ¨μ´ K+1 ¤¢¨¦¥É¸Ö ¢ ¢μ¤¥
¶·¨ T0 = 298 K, Éμ£¤  η0 = 0,891 ·10−3, D0 = 1,96 ·10−9 [3] ¨ · ¸Î¥É (9) ¤ ¥É
r0 = 1,25 ·10−10. �μ² £ Ö a = 1,95 ·10−10 ¨ b = 0,55 ·10−10, ¶μ²ÊÎ ¥³ ÔËË¥±-
É¨¢´Ò° · ¤¨Ê¸ ¢ÒÉÖ´ÊÉμ£μ Ô²²¨¶¸μ¨¤ , · ¢´Ò° rp

∼= (ab2)1/3 ∼= 0,84·10−10 [3],
¨, ¸μμÉ¢¥É¸É¢¥´´μ, μÉ´μÏ¥´¨¥ ÔËË¥±É¨¢´μ£μ · ¤¨Ê¸  ¨μ´  ¢ ³¥³¡· ´¥ ± ¸Ë¥-
·¨Î¥¸±μ³Ê · ¤¨Ê¸Ê ¨μ´  ¢ · ¸É¢μ·¥, · ¢´μ¥ rp/r0

∼= 0,67. �·¨ ÔÉμ³ Ô±¸¶μ-
´¥´É  ¢ (10) ¸É ´μ¢¨É¸Ö ¶μ²μ¦¨É¥²Ó´μ°, ÎÉμ Ê± §Ò¢ ¥É ´  ·μ¸É ±μ´Í¥´É· Í¨¨
¨μ´μ¢, É. ¥.  ±É¨¢´Ò° É· ´¸¶μ·É K+1. „²Ö Î¨¸²¥´´ÒÌ μÍ¥´μ± Ê¤μ¡´μ Ê¶·μ-
¸É¨ÉÓ (10), ¶μ² £ Ö ξ = 1 ¨ x = d. ’μ£¤  ¶μ²ÊÎ¨³

C(x = d)
C(x = 0)

= exp
{

ze|Vr|
kT

(
1 − r

r0

)}
, (11)

£¤¥ e/k = 11594 Š²/(„¦ ·Š−1). „²Ö ¢ÒÏ¥¶·¨¢¥¤¥´´ÒÌ ¶·¨³¥·μ¢ ¸ Na+1 ¶·¨
r/r0 = 1,5 ¨ |Vr | = 0,1 B Ëμ·³Ê²  (11) ¤ ¥É C(x = d) ∼= C(x = 0)/25.
’ ± ÎÉμ ¢´ÊÉ·¨±²¥ÉμÎ´ Ö ±μ´Í¥´É· Í¨Ö Na+1 μ± §Ò¢ ¥É¸Ö ¶·¨³¥·´μ ¢ 25 · §
´¨¦¥, Î¥³ ¸´ ·Ê¦¨ ±²¥É±¨. „²Ö ¨μ´  K+1 ¢ Ëμ·³¥ ¢ÒÉÖ´ÊÉμ£μ Ô²²¨¶¸μ¨¤ 
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¶·¨ rp/r0
∼= 0,67 ¶μ²ÊÎ ¥É¸Ö C(d)/C(0) ∼= 7, É. ¥. ±μ´Í¥´É· Í¨Ö ¢´ÊÉ·¨

±²¥É±¨ ¢ÒÏ¥, Î¥³ ¸´ ·Ê¦¨, ¢ 7 · §. �¨¦¥ ³Ò ÊÉμÎ´¨³ ÔÉμÉ · ¸Î¥É. �Î¥-
¢¨¤´μ, ÎÉμ ¨μ´Ò K+1 ¸¶μ¸μ¡´Ò ¤¢¨£ ÉÓ¸Ö ¶·μÉ¨¢ ¤¨ËËÊ§¨μ´´μ£μ ¶μÉμ± , É. ¥.
¶ÊÉ¥³  ±É¨¢´μ£μ É· ´¸¶μ·É .

2. ���‹ˆ’ˆ—…‘Š�Ÿ Œ�„…‹œ �Š’ˆ‚��ƒ�
ˆ ��‘‘ˆ‚��ƒ� ’���‘���’�

� ¸¸³μÉ·¨³ · ¡μÉÊ ¡¨μ²μ£¨Î¥¸±μ° ³¥³¡· ´Ò μÉ¤¥²Ó´μ μÉ · ¸É¢μ· . �Ê¸ÉÓ
É¥³¶¥· ÉÊ·  ±²¥É±¨ T = T0 Ë¨±¸¨·μ¢ ´ . ˆ¸¶μ²Ó§ÊÖ (7), ¶¥·¥¶¨Ï¥³ (5)
¢ ¢¨¤¥

∂ ln C

∂x
=

zeE(x)
kT

(
1 − 6π

kT
ηDr(x)

)
. (12)

„²Ö ± ¦¤μ£μ ±μ´±·¥É´μ£μ ¨μ´  ¸¨²  É·¥´¨Ö (2) § ¢¨¸¨É μÉ É·¥Ì ¶ · ³¥É·μ¢:
η, D, r. �Ê¸ÉÓ

ηDr = η0D0r0 + (ηoutDoutrout − ηinDinrin)
x

d
, (13)

£¤¥ ¨´¤¥±¸Ò in (out) μ¡μ§´ Î ÕÉ ¶ · ³¥É·Ò ¨μ´  ¨ ¸·¥¤Ò ´  ¢Ìμ¤¥ ¨ ¢Ò-
Ìμ¤¥ ¨§ ³¥³¡· ´Ò ¸μμÉ¢¥É¸É¢¥´´μ. �μ¤¸É ¢²ÖÖ (13) ¢ (12) ¨ ¸μ±· Ð Ö Î²¥´
(1 − 6πη0D0r0/kT = 0), μÉ¢¥É¸É¢¥´´Ò° §  ¤¢¨¦¥´¨¥ ¨μ´  ¢ · ¸É¢μ·¥,
¶μ²ÊÎ¨³

ln
C(x)
C(0)

=
ze|Vr|
kTd

⎧⎨
⎩

x∫
0

6π

kT
(ηinDinrin − ηoutDoutrout)

x

d
dx

⎫⎬
⎭ . (14)

�Ê¸ÉÓ ¢ ³¥³¡· ´¥ ÔËË¥±É¨¢´Ò° · ¤¨Ê¸ ¨μ´  ¨§³¥´Ö¥É¸Ö μÉ rin ¤μ rout.
�¥·¥¶¨Ï¥³ Ëμ·³Ê²Ê (9), ¨¸¶μ²Ó§ÊÖ μ¡μ§´ Î¥´¨Ö

1
rie(oe)

=
6πηin(out)Din(out)

kT
. (15)

�μ¤¸É ´μ¢±  (15) ¢ (14) ¨ ¨´É¥£·¨·μ¢ ´¨¥ (14) ¶μ x ¤ ¥É

C(x)
C(0)

= exp
{

ze|Vr|
2kT

(x

d

)2
(

rin

rie
− rout

roe

)}
. (16)

� · ³¥É·Ò rin, rout ¢ (16) § ¤ ÕÉ ¨§³¥´¥´¨¥ ÔËË¥±É¨¢´μ£μ · ¤¨Ê¸  ¨μ´  ¢
³¥³¡· ´¥, Éμ£¤  ± ± rie ¨ roe μ¶·¥¤¥²ÖÕÉ ¢²¨Ö´¨¥ ³¥³¡· ´´μ° ¸·¥¤Ò. ’ ±,
¥¸²¨ ¤²Ö ± É¨μ´μ¢ ¢ Ëμ·³Ê²¥ (16)

rin

rie
� rout

roe
, (17)
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Éμ ¶μ± § É¥²Ó Ô±¸¶μ´¥´ÉÒ ¶μ²μ¦¨É¥²Ó´Ò°, É. ¥. (17) Ê± §Ò¢ ¥É ´   ±É¨¢´Ò°
É· ´¸¶μ·É. �·¨ ÔÉμ³ ¸¨²  É·¥´¨Ö (2) ´  ¢Ìμ¤¥ ¨μ´  ¢ ³¥³¡· ´Ê μ± §Ò¢ ¥É¸Ö
¡μ²ÓÏ¥, Î¥³ ´  ¢ÒÌμ¤¥ ¨§ ³¥³¡· ´Ò ¢ ±²¥É±Ê. �¥· ¢¥´¸É¢μ

rin

rie
� rout

roe
(18)

μ§´ Î ¥É ¶·μÉ¨¢μ¤¥°¸É¢¨¥ ³¥³¡· ´Ò ¶·μ¤¢¨¦¥´¨Õ ¨μ´ , É. ¥. ¶ ¸¸¨¢´Ò° É· ´¸-
¶μ·É. ‚ μ¡μ¨Ì ¶·¨³¥· Ì · ¢¥´¸É¢μ ´Ê²Õ ¶μ± § É¥²Ö Ô±¸¶μ´¥´ÉÒ μ§´ Î ¥É
¶·¥±· Ð¥´¨¥ ´μ·³ ²Ó´μ° ¦¨§´¥¤¥ÖÉ¥²Ó´μ¸É¨ ±²¥É±¨. ˆ§¢¥¸É´μ, ÎÉμ ¢ · ¸-
É¢μ·¥ ¡¥§ ³¥³¡· ´Ò ¢Ò¶μ²´Ö¥É¸Ö · ¢¥´¸É¢μ ηinDin = ηoutDout ¨²¨ rie

∼= roe,
´ §Ò¢ ¥³μ¥ ¶· ¢¨²μ³ ‚ ²Ó¤¥´  (Walden's Rull) [3]. ŒÒ ¦¥² ¥³ ¶·μ¢¥·¨ÉÓ,
¸¶· ¢¥¤²¨¢μ ²¨ ÔÉμ ¶· ¢¨²μ ¶·¨ ¤¢¨¦¥´¨¨ ¨μ´  ¢ ³¥³¡· ´¥. � ¸¸³μÉ·¨³
´¥¸±μ²Ó±μ ±μ´±·¥É´ÒÌ ¶·¨³¥·μ¢.

3. ‘��‚�…�ˆ… ‘ �Š‘�…�ˆŒ…�’�Œ

‘· ¢´¨³ · ¸Î¥É ¶μ Ëμ·³Ê²¥ (16) ¸ ¤ ´´Ò³¨ ¨§ · ¡μÉÒ [6] ¤²Ö ±²¥Éμ±
²Ö£ÊÏ±¨ ¨ ± ²Ó³ · . �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¶·¨¢¥¤¥´Ò ¢ ¸Éμ²¡Í Ì 5 ¨ 6 É ¡-
²¨ÍÒ. ˆ§¢¥¸É´Ò³¨ ¤ ´´Ò³¨ Ö¢²ÖÕÉ¸Ö É¨¶ ¨μ´ , ¢ ²¥´É´μ¸ÉÓ, μÉ´μÏ¥´¨¥
±μ´Í¥´É· Í¨° C(d)/C(0) ¨ ¶μÉ¥´Í¨ ² ¶μ±μÖ (¸μμÉ¢¥É¸É¢¥´´μ ¸Éμ²¡ÍÒ 2, 4,
5, 6 É ¡²¨ÍÒ), rmin � r � rmax ¶μ± §Ò¢ ¥É ¤¨ ¶ §μ´ ¨§³¥´¥´¨Ö r ¢ · ¸É¢μ-
· Ì ¸μ£² ¸´μ [5]. � ¸Î¥É ¢¥¤¥É¸Ö ¶μ Ëμ·³Ê²¥ (16) ¶·¨ x = d, e/(2kT ) =
19,48 Š²/„¦.

’ ¡²¨Í 

†¨¢μÉ-
´μ¥ [6]

ˆμ´
[6]

”μ·³ 
¨μ´ 

Z
[6]

C(d)/C(0),
μÉ´. ¥¤. [6]

|Vr |,
B [6]

rmin; rmax,
10−10 ³

[5]

rin; rie,
10−10 ³

(16)

rout; roe,
10−10 ³

(16)

C(d)/C(0),
μÉ´. ¥¤.

(16)

Na+1 ‘Ë¥·  +1 9,2/120 Ä0,090 0,95; 3,58 1,84; 3,58 3,58; 1,84 10/120

‹Ö£ÊÏ±  K+1 ‘Ë¥·  +1 140/2,5 Ä0,090 1,25; 3,31 3,31; 1,25 1,25; 3,31 140/2,5

Cl−1 ‘Ë¥·  Ä1 3Ä4/120 Ä0,090 1,21; 3,32 3,00; 1,21 1,21; 3,00 3,2/120

Na+1 ‘Ë¥·  +1 50/460 Ä0,060 0,95; 3,58 1,84; 3,58 3,58; 1,50 51/460

Š ²Ó³ · K+1 ‘Ë¥·  +1 400/10 Ä0,060 1,25; 3,31 3,31; 1,00 1,00; 3,31 400/12

Cl−1 ‘Ë¥·  Ä1 40Ä100/540 Ä0,060 1,21; 3,32 2,70; 1,21 1,21; 2,70 67/540

�£· ´¨Î¥´´Ò° ´ ¡μ· ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¤ ´´ÒÌ É¥³ ´¥ ³¥´¥¥ ¶μ± §Ò¢ ¥É,
ÎÉμ ¤²Ö ¢¸¥Ì ¨μ´μ¢ ¢ É ¡²¨Í¥ rie �= roe, É. ¥. ηinDin �= ηoutDout; ´ ¶·¨³¥·,
¤²Ö Na+1 rie = 3,58 ·10−10, roe = 1,84 ·10−10 ³, ¸²¥¤μ¢ É¥²Ó´μ, ¶· ¢¨²μ ‚ ²Ó-
¤¥´  ¢ ± ´ ² Ì ³¥³¡· ´ ´¥ ¢Ò¶μ²´Ö¥É¸Ö. �´ ²μ£¨Î´μ¥ § ±²ÕÎ¥´¨¥ ¸²¥¤Ê¥É ¨
¤²Ö ¤·Ê£¨Ì ¨μ´μ¢ ¶μ ¤ ´´Ò³ 8-£μ ¨ 9-£μ ¸Éμ²¡Íμ¢ É ¡²¨ÍÒ.
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—…�ˆ…

�μ²ÊÎ¥´  Ëμ·³Ê²  (16) ¤²Ö · ¸Î¥É  ¶·μË¨²Ö ±μ´Í¥´É· Í¨¨ ¨μ´μ¢ ¢ ¡¨μ-
²μ£¨Î¥¸±¨Ì ³¥³¡· ´ Ì. � ¸Î¥É ¶μ± §Ò¢ ¥É ±μ²¨Î¥¸É¢¥´´μ¥ ¸μ¢¶ ¤¥´¨¥ ¸ ¨§-
³¥·¥´¨Ö³¨ ¢ ±²¥É± Ì ²Ö£ÊÏ±¨ ¨ ± ²Ó³ · . �μ²ÊÎ¥´Ò  ´ ²¨É¨Î¥¸±¨¥ Ê¸²μ¢¨Ö,
μ¡¥¸¶¥Î¨¢ ÕÐ¨¥  ±É¨¢´Ò° ¨ ¶ ¸¸¨¢´Ò° É· ´¸¶μ·É ¢ ³¥³¡· ´ Ì. �μ± § ´μ,
ÎÉμ ¶· ¢¨²μ ‚ ²Ó¤¥´ , ¸¶· ¢¥¤²¨¢μ¥ ¤²Ö · ¸É¢μ·μ¢, ´ ·ÊÏ ¥É¸Ö ¶·¨ ¤¢¨¦¥´¨¨
¨μ´  ¢ ³¥³¡· ´ Ì.
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