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•μ²³Ê·μ¤μ¢ •. ’. ¨ ¤·. �12-2009-71
Œμ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö
¢ ²¨´μ³¨Í¨´  ¸ ¨μ´ ³¨ K+ ¨ Na+ ¢ ¢μ¤´μ° ¸·¥¤¥

–¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö μÍ¥´±  ´ ¶·Ö¦¥´´μ¸É¥° Ô²¥±É·¨Î¥¸±¨Ì
¶μ²¥° (· §´μ¸É¨ ¶μÉ¥´Í¨ ²μ¢) ¢ ¸¨¸É¥³¥ ¢ ²¨´μ³¨Í¨´ + ¨μ´Ò Š+ ¨ Na+ ¶μ
¤ ´´Ò³ ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ (Œ„). �´ ²¨§ ¶·μÍ¥¸¸μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ²¨-
´μ³¨Í¨´  ¸ ¨μ´ ³¨ ± ²¨Ö ¨ ´ É·¨Ö ¶·μ¢¥¤¥´ ¢ ¢μ¤´μ° ¸·¥¤¥. �μ²ÊÎ¥´μ, ÎÉμ ¢§ -
¨³μ¤¥°¸É¢¨¥ ¨μ´μ¢ Š+(Na+) Î¥·¥§ ¸É·Ê±ÉÊ·´ÊÕ Ð¥²Ó ³μ²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´ 
¢μ§³μ¦¥´ ´¥ ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ ´ ¶·Ö¦¥´´μ¸É¨ ¢´¥Ï´¥£μ ¶μ²Ö. „²Ö ± ¦¤μ£μ
¨§ ¤¢ÊÌ ¸μ·Éμ¢ ¨μ´μ¢ (Š+ ¨²¨ Na+) ¸ÊÐ¥¸É¢Ê¥É ¶·¥¤¥²Ó´μ¥ (±·¨É¨Î¥¸±μ¥) §´ -
Î¥´¨¥ ´ ¶·Ö¦¥´´μ¸É¨,  ¸¸μÍ¨¨·Ê¥³μ° ¸ ¶·μÎ´μ¸ÉÓÕ Ì¨³¨Î¥¸±μ° ¸¢Ö§¨ ¨μ´  ¨
¢ ²¨´μ³¨Í¨´ , ¶·¨ ±μÉμ·μ° ¨μ´ (Š+ ¨²¨ Na+) ¢¸¥ ¥Ð¥ μ¸É ¥É¸Ö § Ì¢ Î¥´´Ò³
¨ ²μ± ²¨§μ¢ ´´Ò³ ¢ Ð¥²¨ ³μ²¥±Ê²Ò. �μ²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö Ìμ·μÏμ ¸μ£² ¸Ê-
ÕÉ¸Ö ¸ Ë¨§¨μ²μ£¨Î¥¸±¨³ Ô²¥±É·¨Î¥¸±¨³ ¶μÉ¥´Í¨ ²μ³ ±²¥É±¨ μÉ´μ¸¨É¥²Ó´μ ¥¥
μ±·Ê¦¥´¨Ö.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ · ¤¨ Í¨μ´´μ° ¡¨μ²μ£¨¨ �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2009

Kholmurodov Kh. T. et al. �12-2009-71
Molecular Dynamics Simulations of Interactions of Valinomycin
with Potassium and Sodium Ions in Water Solvent

The aim of the present work is to estimate the value of the electric ˇeld (po-
tentials) for the system of valinomycin + ions Š+ and Na+ based on the molecular
dynamics (MD) study. The analysis of the interaction processes for the valinomycin
+ ion Š+(Na+) has been performed in water solvent. It is obtained that the cap-
turing of the ion Š+(Na+) in the valinomycin cavity has to be possible not for
all values of the electrical strength. For each of two kinds of ions (Š+ or Na+)
there exists the own critical electrical ˇeld, that is associated with ion bonding to
valinomycin, for which the ion has to remain yet localized inside the valinomycin
cavity. The obtained results on the electrical potential are in a good agreement with
the physiological value of the electrical potential in the cell of native environment.

The investigation has been performed at the Laboratory of Radiation Biology,
JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2009
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‚ ²¨´μ³¨Í¨´ ¡Ò² ¢¶¥·¢Ò¥ ¢Ò¤¥²¥´ ¨§ ¡ ±É¥·¨¨ Streptomyces fulvissimus
¢ 1955 £.,   ¢ 1967 £. ¡Ò²μ Ê¸É ´μ¢²¥´μ, ÎÉμ μ´ ± É ²¨§¨·Ê¥É μ¡³¥´ Š+ ¨ �+

Î¥·¥§ ³¥³¡· ´Ê ³¨ÉμÌμ´¤·¨¨ ¢´ÊÉ·¨ ±²¥Éμ± ¶μ ³¥Ì ´¨§³Ê ¸ ÊÎ ¸É¨¥³ ¶¥·¥-
´μ¸Î¨± , ´¥ ¨§³¥´ÖÖ ±μ´Í¥´É· Í¨Õ Na+ [1Ä3]. ‚ ¡¨μ²μ£¨Î¥¸±¨Ì ³¥³¡· ´ Ì
¨³¥¥É¸Ö ´¥¸±μ²Ó±μ · §´μ¢¨¤´μ¸É¥° ¨μ´´ÒÌ ´ ¸μ¸μ¢, · ¡μÉ ÕÐ¨Ì §  ¸Î¥É ¸¢μ-
¡μ¤´μ° Ô´¥·£¨¨ £¨¤·μ²¨§  �’”, Å ¸¶¥Í¨ ²Ó´ÒÌ ¸¨¸É¥³ ¨´É¥£· ²Ó´ÒÌ ¡¥²±μ¢
(É· ´¸¶μ·É´Ò¥ �’” §Ò). �¥·¥´μ¸ ¨μ´μ¢ É· ´¸¶μ·É´Ò³¨ �’” § ³¨ ¶·μ¨¸Ìμ-
¤¨É ¢¸²¥¤¸É¢¨¥ ¸μ¶·Ö¦¥´¨Ö ¶·μÍ¥¸¸μ¢ ¶¥·¥´μ¸  ¸ Ì¨³¨Î¥¸±¨³¨ ·¥ ±Í¨Ö³¨ § 
¸Î¥É Ô´¥·£¨¨ ³¥É ¡μ²¨§³  ±²¥Éμ±. �·¨ · ¡μÉ¥ K+-Na+-�’” §Ò §  ¸Î¥É Ô´¥·-
£¨¨ Ì¨³¨Î¥¸±¨Ì ¸¢Ö§¥°, μ¸¢μ¡μ¦¤ ÕÐ¥°¸Ö ¶·¨ £¨¤·μ²¨§¥ ± ¦¤μ° ³μ²¥±Ê²Ò
�’”, ¢ ±²¥É±Ê ¶¥·¥´μ¸ÖÉ¸Ö ¤¢  ¨μ´  ± ²¨Ö ¨ μ¤´μ¢·¥³¥´´μ ¨§ ±²¥É±¨ ¢Ò± -
Î¨¢ ÕÉ¸Ö É·¨ ¨μ´  ´ É·¨Ö. ’ ±¨³ μ¡· §μ³, ¸μ§¤ ¥É¸Ö Ô²¥±É·¨Î¥¸± Ö · §´μ¸ÉÓ
¶μÉ¥´Í¨ ²μ¢ §  ¸Î¥É ¶μ¢ÒÏ¥´´μ° ¶μ ¸· ¢´¥´¨Õ ¸ ³¥¦±²¥ÉμÎ´μ° ¸·¥¤μ° ±μ´-
Í¥´É· Í¨¨ ¢ ±²¥É±¥ ¨μ´μ¢ ± ²¨Ö ¨ ¶μ´¨¦¥´´μ° ±μ´Í¥´É· Í¨¨ ¨μ´μ¢ ´ É·¨Ö,
ÎÉμ ¨³¥¥É μ£·μ³´μ¥ Ë¨§¨μ²μ£¨Î¥¸±μ¥ §´ Î¥´¨¥. Šμ´±·¥É´μ, ¢ ´¥°·μ´ Ì ±μ³-
¡¨´ Í¨Ö ¤¢ÊÌ ³¥Ì ´¨§³μ¢ μÉ¢¥Î ¥É §  ¸μ§¤ ´¨¥ ¨ ¶μ¤¤¥·¦ ´¨¥ ¤¨´ ³¨Î¥¸±μ£μ
· ¢´μ¢¥¸¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¨Ì ¸μ¸ÉμÖ´¨Õ ¢ ¶μ±μ¥. ‚´ÊÉ·¥´´ÖÖ ±μ´Í¥´É· -
Í¨Ö ´ É·¨Ö ¢ ±²¥É±¥ ¢ 10 · § ´¨¦¥, Î¥³ ¢ ¥¥ μ±·Ê¦¥´¨¨,   ±μ´Í¥´É· Í¨Ö
± ²¨Ö ¢ 10 · § ¢ÒÏ¥. �É¨ ±μ´Í¥´É· Í¨¨ ¸É·¥³ÖÉ¸Ö ± ¢Ò· ¢´¨¢ ´¨Õ ¸ ¶μ³μ-
ÐÓÕ ÊÉ¥Î±¨ Î¥·¥§ ¶μ·Ò ¢ ³¥³¡· ´¥ ±²¥É±¨. —Éμ¡Ò ¸μÌ· ´¨ÉÓ ´¥μ¡Ìμ¤¨³ÊÕ
±μ´Í¥´É· Í¨Õ, ¶·μÉ¥¨´μ¢Ò¥ ³μ²¥±Ê²Ò ³¥³¡· ´Ò, ´ §Ò¢ ¥³Ò¥ ´ É·¨¥¢Ò³¨
´ ¸μ¸ ³¨, ¶μ¸ÉμÖ´´μ μÉ¸ ¸Ò¢ ÕÉ ´ É·¨° ¨§ ±²¥É±¨ ¨ ¶μ¤± Î¨¢ ÕÉ ± ²¨° ¢
±²¥É±Ê. Š ¦¤Ò° ´ ¸μ¸ ¶¥·¥³¥Ð ¥É ¶·¨¡²¨§¨É¥²Ó´μ ¤¢¥ ¸μÉ´¨ ¨μ´μ¢ ´ É·¨Ö ¨
μ±μ²μ ¸É  É·¨¤Í É¨ ¨μ´μ¢ ± ²¨Ö ¢ ¸¥±Ê´¤Ê. �¥°·μ´, ± ¶·¨³¥·Ê, ³μ¦¥É ¨³¥ÉÓ
³¨²²¨μ´Ò É ±¨Ì ´ ¸μ¸μ¢, ¶¥·¥³¥Ð ÕÐ¨Ì ¸μÉ´¨ ³¨²²¨μ´μ¢ ¨μ´μ¢ ± ²¨Ö ¨
´ É·¨Ö Î¥·¥§ ³¥³¡· ´Ê ±²¥É±¨ ¢ ± ¦¤ÊÕ ¸¥±Ê´¤Ê [2Ä4].

�  ±μ´Í¥´É· Í¨Õ ± ²¨Ö ¢´ÊÉ·¨ ÖÎ¥°±¨ ¢²¨Ö¥É É ±¦¥ ´ ²¨Î¨¥ ¡μ²ÓÏμ£μ
Î¨¸²  ¶μ¸ÉμÖ´´μ μÉ±·ÒÉÒÌ ± ²¨¥¢ÒÌ ± ´ ²μ¢, É. ¥. ¶·μÉ¥¨´μ¢ÒÌ ³μ²¥±Ê², ±μ-
Éμ·Ò¥ Ìμ·μÏμ ¶·μ¶Ê¸± ÕÉ ¨μ´Ò ± ²¨Ö ¢ ±²¥É±Ê, ´μ ¶·¥¶ÖÉ¸É¢ÊÕÉ ¶·μÌμ¦¤¥-
´¨Õ ´ É·¨Ö. ‡  ¶¥·¥´μ¸ ¨μ´μ¢ ± ²¨Ö ¨ ¤·Ê£¨Ì ¢¥Ð¥¸É¢ Î¥·¥§ ³¥³¡· ´Ê ¢
±²¥É±¥ μÉ¢¥É¸É¢¥´´Ò ¸¶¥Í¨ ²Ó´Ò¥ ³¥³¡· ´´Ò¥ É· ´¸¶μ·É´Ò¥ ¡¥²±¨. �·¨³¥-
·μ³ ¡¥²±μ¢-¶¥·¥´μ¸Î¨±μ¢ Ö¢²Ö¥É¸Ö ¢ ²¨´μ³¨Í¨´ Å ¶¥·¥´μ¸Î¨± ¨μ´μ¢ ± ²¨Ö.
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Œμ²¥±Ê²  ¢ ²¨´μ³¨Í¨´  ¨³¥¥É Ëμ·³Ê ³ ´¦¥É±¨, Ê¸É² ´´μ° ¢´ÊÉ·¨ ¶μ²Ö·-
´Ò³¨ £·Ê¶¶ ³¨,   ¸´ ·Ê¦¨ Å ´¥¶μ²Ö·´Ò³¨. ‚ ²¨´μ³¨Í¨´, μÉ´μ¸ÖÐ¨°¸Ö ±
¨μ´μËμ· ³-¶¥·¥´μ¸Î¨± ³, ¨³¥¥É ³ ±·μÍ¨±²¨Î¥¸±ÊÕ ¸É·Ê±ÉÊ·Ê, ¨´Ò³¨ ¸²μ-
¢ ³¨ Å ±μ²ÓÍμ (¸³. ·¨¸. 1,  , ¡). ‚ ¸¨²Ê μ¸μ¡¥´´μ¸É¨ ¸¢μ¥£μ Ì¨³¨Î¥¸±μ£μ
¸É·μ¥´¨ Ö ¢ ²¨´μ³¨Í¨´ ¸¶μ¸μ¡¥´ μ¡· §μ¢Ò¢ ÉÓ ±μ³¶²¥±¸ ¸ ¨μ´ ³¨ ± ²¨Ö,

�¨¸. 1. Šμ´Ë¨£Ê· Í¨Ö ³μ²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´  (  Å ¢¨¤ ¶²μ¸±μ¸É¨ ³μ²¥±Ê²Ò, ¡ Å
¢¨¤ ¸¡μ±Ê). –¢¥É´Ò¥ ¸Ë¥·Ò μ§´ Î ÕÉ  Éμ³Ò  §μÉ  (£μ²Ê¡Ò¥ Ï ·¨±¨), Ê£²¥·μ¤  (¸¨-
´¨¥), ¢μ¤μ·μ¤  (¡¥²Ò¥) ¨ ±¨¸²μ·μ¤  (±· ¸´Ò¥). ˜¥¸ÉÓ ¢´ÊÉ·¥´´¨Ì  Éμ³μ¢ ±¨¸²μ·μ¤ ,
¸¶μ¸μ¡´ÒÌ § Ì¢ ÉÒ¢ ÉÓ ± ³μ²¥±Ê²¥ ¢ ²¨´μ³¨Í¨´  ¢´¥Ï´¨¥ ¨μ´Ò (μ±·Ê¦ ÕÐ¨Ì · ¸-
É¢μ·¨É¥²¥°), μ¡μ§´ Î¥´Ò ¡Ê±¢ ³¨ Oe

¶μ¶ ¤ ÕÐ¨³¨ ¢´ÊÉ·Ó ³μ²¥±Ê²Ò Å ³ ´¦¥É±¨, ¨ ¸ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢ ²¨´μ-
³¨Í¨´ · ¸É¢μ·¨³ ¢ ²¨¶¨¤´μ° Ë §¥ ³¥³¡· ´Ò, É ± ± ± ¸´ ·Ê¦¨ ¥£μ ³μ²¥±Ê² 
´¥¶μ²Ö·´ . Œμ²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´ , μ± § ¢Ï¨¥¸Ö Ê ¶μ¢¥·Ì´μ¸É¨ ³¥³¡· ´Ò,
³μ£ÊÉ § Ì¢ ÉÒ¢ ÉÓ ¨§ μ±·Ê¦ ÕÐ¥£μ · ¸É¢μ·  ¨μ´Ò ± ²¨Ö. „¨ËËÊ´¤¨·ÊÖ ¢
³¥³¡· ´¥, ³μ²¥±Ê²Ò ¶¥·¥´μ¸ÖÉ ± ²¨° Î¥·¥§ ³¥³¡· ´Ê, ¨ ´¥±μÉμ·Ò¥ ¨§ ´¨Ì
μÉ¤ ÕÉ ¨μ´Ò ¢ · ¸É¢μ· ¶μ ¤·Ê£ÊÕ ¸Éμ·μ´Ê ³¥³¡· ´Ò. ƒ· ¤¨¥´É ¨μ´´μ° ±μ´-
Í¥´É· Í¨¨ ¢ ³¥³¡· ´¥ ±²¥É±¨ ¢Ò· ¡ ÉÒ¢ ¥É ¢´ÊÉ·¨ ±²¥É±¨ Ô²¥±É·¨Î¥¸±¨° ¶μ-
É¥´Í¨ ² Ä 70 ³‚ μÉ´μ¸¨É¥²Ó´μ ¥¥ μ±·Ê¦¥´¨Ö. —Éμ¡Ò ¢μ§¡Ê¤¨ÉÓ ±²¥É±Ê (¸É¨³Ê-
²¨·μ¢ ÉÓ ¢μ§´¨±´μ¢¥´¨¥ ¶μÉ¥´Í¨ ²  ¤¥°¸É¢¨Ö) ¸¨´ ¶É¨Î¥¸±¨¥ ¢Ìμ¤Ò ¤μ²¦´Ò
Ê³¥´ÓÏ¨ÉÓ ÔÉμÉ Ê·μ¢¥´Ó ¤μ ¶·¨¡²¨§¨É¥²Ó´μ Ä50 ³‚. �·¨ ÔÉμ³ ¶μÉμ±¨ ´ -
É·¨Ö ¨ ± ²¨Ö ¸· §Ê ´ ¶· ¢²ÖÕÉ¸Ö ¢ μ¡· É´ÊÕ ¸Éμ·μ´Ê; ¢ É¥Î¥´¨¥ ³¨²²¨¸¥±Ê´¤
¢´ÊÉ·¥´´¨° ¶μÉ¥´Í¨ ² ±²¥É±¨ ¸É ´μ¢¨É¸Ö +50 ³‚ μÉ´μ¸¨É¥²Ó´μ ¢´¥Ï´¥£μ
μ±·Ê¦¥´¨Ö [3Ä6].

–¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö μÍ¥´±  ´ ¶·Ö¦¥´´μ¸É¥° Ô²¥±É·¨Î¥-
¸±¨Ì ¶μ²¥° (· §´μ¸É¨ ¶μÉ¥´Í¨ ²μ¢) ¢ ¸¨¸É¥³¥ ¢ ²¨´μ³¨Í¨´ + ¨μ´Ò Š+ ¨
Na+ ¶μ ¤ ´´Ò³ ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ (Œ„). Œ„-³μ¤¥²¨·μ¢ ´¨¥ ¶·μÍ¥¸-
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¸μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ²¨´μ³¨Í¨´  ¸ ¨μ´ ³¨ Š+ ¨ Na+ ¶·μ¢μ¤¨²μ¸Ó ¢ ¢μ¤´μ³
· ¸É¢μ·¥. �·¨¢μ¤¨É¸Ö ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ Œ„-³μ¤¥²¨·μ¢ ´¨Ö ¸ Ë¨§¨μ²μ-
£¨Î¥¸±¨³¨ ¤ ´´Ò³¨ ¶μ Ô²¥±É·¨Î¥¸±μ³Ê ¶μÉ¥´Í¨ ²Ê ¢ ±²¥É±¥.

Œ�’…�ˆ�‹› ˆ Œ…’�„›

� ¢´μ¢¥¸´ Ö ±μ´Ë¨£Ê· Í¨Ö ³μ²¥±Ê²Ö·´μ° ¸¨¸É¥³Ò ¢ ²¨´μ³¨Í¨´ + ¨μ´Ò
± ²¨Ö ¶·¨¢¥¤¥´  ´  ·¨¸. 2. �·¨ ÔÉμ³ ¶·¨³¥´ÖÕÉ¸Ö ¶¥·¨μ¤¨Î¥¸±¨¥ £· ´¨Î-
´Ò¥ Ê¸²μ¢¨Ö ¶μ ¢¸¥³ ¶·μ¸É· ´¸É¢¥´´Ò³ ´ ¶· ¢²¥´¨Ö³. Šμ´Ë¨£Ê· Í¨Ö ¸¨-
¸É¥³Ò £¥μ³¥É·¨Î¥¸±¨ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° Ê¸¥Î¥´´Ò° μ±É Ô¤· (truncated oc-
tahedron boundary conditions) ¸ ¤²¨´μ° ¡μ±μ¢μ° ¸Éμ·μ´Ò 42,86 	A. „²Ö Œ„-
³μ¤¥²¨·μ¢ ´¨Ö ¨¸¶μ²Ó§μ¢ ²¨ ¢¥·¸¨Õ 2.19 ±μ¤  DL POLY, ¶·μ£· ³³´Ò° ¶ ±¥É
³´μ£μÍ¥²¥¢μ£μ ´ §´ Î¥´¨Ö [7],   ´ Î ²Ó´ Ö £¥μ³¥É·¨Ö ±μ³¶²¥±¸  ³μ²¥±Ê²Ò
¢ ²¨´μ³¨Í¨´  § ¤ ´  ¨§ ¡ §Ò ¤ ´´ÒÌ ¶ ±¥É  (http://www.cse.scitech.ac.uk/ccg/
software/DL POLY/). �¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¨ É·¥Ì³¥·´Ò¥ ¨§μ¡· ¦¥´¨Ö
³μ²¥±Ê²Ö·´μ° ¸¨¸É¥³Ò  ´ ²¨§¨·μ¢ ²¨ ¸ ¶μ³μÐÓÕ ¶·μ£· ³³´ÒÌ ¶ ±¥Éμ¢ Ras-
mol ¨ MOLMOL (Koradi et al., 1996). ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ³¥Éμ¤Ò Œ„-
³μ¤¥²¨·μ¢ ´¨Ö ´ ¨¡μ²¥¥ Ê¸¶¥Ï´μ ¶·¨³¥´Ö²¨¸Ó ¤²Ö ¨§ÊÎ¥´¨Ö ¤¨´ ³¨Î¥¸±¨Ì
¨ · ¢´μ¢¥¸´ÒÌ ¸¢μ°¸É¢ ³μ²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´  ¢μ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸ · §²¨Î-
´Ò³¨ ± É¨μ´ ³¨ ¨ · ¸É¢μ· ³¨ (¸³., ´ ¶·¨³¥·, [8Ä10]). ‘¥²¥±É¨¢´μ¸ÉÓ ³μ-
²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´  ¶μ μÉ´μÏ¥´¨Õ ± ¨μ´ ³ K+/Na+ ¶μ± § ´  ´  μ¸´μ¢¥
³μ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±¨Ì · ¸Î¥Éμ¢ ¢ [8]. �·μÍ¥¸¸ § Ì¢ É  ¨μ´μ¢ ± ²¨Ö
³μ²¥±Ê²μ° ¢ ²¨´μ³¨Í¨´  ¨¸¸²¥¤μ¢ ´ ¢ · ¡μÉ¥ [9]. ‚ [10] ¡Ò²¨ ¶μ²ÊÎ¥´Ò
Ô´¥·£¥É¨Î¥¸±¨¥ μÍ¥´±¨ ¸¢Ö§Ò¢ ´¨Ö ± É¨μ´  ± ¢ ²¨´μ³¨Í¨´Ê.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·μÍ¥¸¸ Œ„-¢ÒÎ¨¸²¥´¨Ö ´ Î¨´ ¥É¸Ö ¶μ¸²¥ ¤μ¢¥¤¥-
´¨Ö ¸¨¸É¥³Ò ¤μ Ô´¥·£¥É¨Î¥¸±¨ ³¨´¨³¨§¨·μ¢ ´´ÒÌ ¸μ¸ÉμÖ´¨° ¶·¨ T = 300 K.
„²Ö ±μ´É·μ²Ö §´ Î¥´¨Ö É¥³¶¥· ÉÊ·Ò ¸¨¸É¥³Ò ¢ É¥Î¥´¨¥ ¢¸¥£μ ¶·μÍ¥¸¸  ³μ-
¤¥²¨·μ¢ ´¨Ö (μÉ ¤¥¸ÖÉ¨ ¤μ ¸μÉ¥´ ÉÒ¸ÖÎ Ï £μ¢ ¶μ ¢·¥³¥´¨) ¡Ò² ¶·¨³¥´¥´
É¥·³μ¸É É �μ§ÔÄ•Ê¢¥·  (NVT- ´¸ ³¡²Ó); ¶ · ³¥É· ·¥² ±¸ Í¨¨ É¥·³μ¸É É  Å
0,5 ¶¸ [11]. ˜ £ ¨´É¥£·¨·μ¢ ´¨Ö ´ÓÕÉμ´μ¢¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö · ¢¥´
2 Ë¸. ‚ÒÎ¨¸²¥´¨Ö ¤²¨´ Ì¨³¨Î¥¸±¨Ì ¸¢Ö§¥° ³μ²¥±Ê² ¶·μ¢μ¤¨²¨¸Ó ´  ¡ §¥
 ²£μ·¨É³  Shake ¸ ÉμÎ´μ¸ÉÓÕ 10−8. ‚ Œ„-³μ¤¥²¨·μ¢ ´¨¨ Î¨¸²μ  Éμ³μ¢ ¢
³μ²¥±Ê²¥ ¢ ²¨´μ³¨Í¨´  ¡Ò²μ · ¢´μ 168; Éμ¶μ²μ£¨Ö ¸¨²μ¢μ£μ ¶μ²Ö ¢ ²¨´μ-
³¨Í¨´  ÊÎ¨ÉÒ¢ ¥É ¢¸¥¢μ§³μ¦´Ò¥ ¥¥ Ì¨³¨Î¥¸±¨¥ ¸¢Ö§¨ (μ·¤¨´ ·´Ò¥ ¨ ¤¢μ°-
´Ò¥, Ê£²μ¢Ò¥ ¨ Éμ·¸¨μ´´Ò¥ (¤¨£¥¤· ²Ó´Ò¥)). Œμ²¥±Ê²  ¢μ¤Ò ¶·¥¤¸É ¢²Ö¥É
¸μ¡μ° 3-¸ °Éμ¢μ¥ ¦¥¸É±μ¥ É¥²μ; μ¡Ð¥¥ Î¨¸²μ  Éμ³μ¢ ¢μ¤´μ£μ · ¸É¢μ·  · ¢´μ
1113 × 3 = 3339,   Î¨¸²μ ¨μ´μ¢ ± ²¨Ö (´ É·¨Ö) Å 109.

�μ²´ Ö ±μ´Ë¨£Ê· Í¨μ´´ Ö Ô´¥·£¨Ö Œ„-³μ¤¥²¨ ¶·¥¤¸É ¢²Ö¥É¸Ö ± ± ¸Ê³³ 
¢´ÊÉ·¨³μ²¥±Ê²Ö·´μ° ¢ ²¥´É´μ° Ô´¥·£¨¨ E ¨ Ô´¥·£¨¨ ´¥¢ ²¥´É´ÒÌ ¢§ ¨³μ¤¥°-
¸É¢¨° E:

E = E¢ ² + E´¢.
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�¨¸. 2. Šμ´Ë¨£Ê· Í¨Ö ³μ²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´  (¢ Í¥´É·¥ Å Í¥¶μÎ±  ¢ ¢¨¤¥ É·¥-
Ê£μ²Ó´¨± ), μ±·Ê¦¥´´μ£μ ¨μ´ ³¨ ± ²¨Ö (§¥²¥´Ò¥ ¸Ë¥·Ò) ¨ ³μ²¥±Ê² ³¨ ¢μ¤Ò (±· ¸´Ò¥
¸Ë¥·Ò Å  Éμ³Ò ±¨¸²μ·μ¤ , ¡¥²Ò¥ Å  Éμ³Ò ¢μ¤μ·μ¤ )

�·¨ ÔÉμ³ Ô´¥·£¨Ö ¢ ²¥´É´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° E¢ ² § ¤ ¥É¸Ö ¸μμÉ´μÏ¥´¨¥³

E¢ ² = E¢³¸ + EÊ£² + EÉμ·¸ + E¨´¢,

£¤¥ E¢³¸ Å Ô´¥·£¨Ö ¢´ÊÉ·¨³μ²¥±Ê²Ö·´μ° ¸¢Ö§¨, EÊ£² Å Ô´¥·£¨Ö Ê£²μ¢μ° ¸¢Ö§¨,
EÉμ·¸ Å Éμ·¸¨μ´´ Ö Ô´¥·£¨Ö ¨ E¨´¢ Å ¨´¢¥·¸¨μ´´ Ö Ô´¥·£¨Ö,   Ô´¥·£¨Ö ´¥¢ -
²¥´É´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¸μ¸Éμ¨É ¨§ ¢ ´¤¥·¢  ²Ó¸μ¢μ° (‚„‚), Ô²¥±É·μ¸É É¨-
Î¥¸±μ° ¨ Ô´¥·£¨¨ ¢μ¤μ·μ¤´ÒÌ ¸¢Ö§¥°:

E´¢ = E‚„‚ + EÔ² + E¢¸.

„²Ö ¢ÒÎ¨¸²¥´¨Ö Ô²¥±É·μ¸É É¨Î¥¸±¨Ì ¢§ ¨³μ¤¥°¸É¢¨° ¡Ò² ¶·¨³¥´¥´ É ±
´ §Ò¢ ¥³Ò°  ²£μ·¨É³ ®·¥ ±Í¨Ö ¶μ²Ö¯ (reaction ˇeld) [7, 8], ¢ ±μÉμ·μ³ § -
¤ ´´ Ö ³μ²¥±Ê²  μ±·Ê¦ ¥É¸Ö ¸Ë¥·¨Î¥¸±μ° ± ¢¥·´μ° ±μ´¥Î´μ£μ · ¤¨Ê¸ , £¤¥
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Ô²¥±É·μ¸É É¨Î¥¸±¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ÒÎ¨¸²ÖÕÉ¸Ö Ö¢´μ; ¢´¥ ± ¢¥·´Ò ¸¨¸É¥³ 
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¤¨Ô²¥±É·¨Î¥¸±¨° ±μ´É¨´ÊÊ³. �·¨ É ±μ³ ¶μ¤Ìμ¤¥ ¶μ²´Ò°
±Ê²μ´μ¢¸±¨° ¶μÉ¥´Í¨ ² ¡Ê¤¥É · ¢¥´

U(rnj) =
1

4πε0
qjqn

[
1

rnj
+

B0r
2
nj

2R3
c

]
,

£¤¥ Rc Å · ¤¨Ê¸ ± ¢¥·´Ò,   ¶μ¸ÉμÖ´´ Ö B ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ¤¨Ô²¥±É·¨Î¥¸±ÊÕ
±μ´¸É ´ÉÊ ±μ´É¨´ÊÊ³ :

B0 =
2(ε1 − 1)
(2ε1 + 1)

.

„²Ö · ¸Î¥É  ¢ ´¤¥·¢  ²Ó¸μ¢ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¶μÉ¥´-
Í¨ ² ‹¥´´ ·¤ Ä„¦μ´¸  (LJ),

U(r) = 4ε

[(σ

r

)12

−
(σ

r

)6
]

.

� · ³¥É·Ò ¢§ ¨³μ¤¥°¸É¢¨Ö  Éμ³μ¢ ¢ ³μ²¥±Ê²Ö·´μ° ¸¨¸É¥³¥ ¢ ²¨´μ³¨Í¨´
+ ¨μ´Ò Š+(Na+) + ¢μ¤  ¶·¨¢¥¤¥´Ò ¢ É ¡². 1.

„²Ö  Éμ³μ¢ · §´μ£μ ¸μ·É  ¶·¨³¥´Ö²¨¸Ó ±μ³¡¨´¨·μ¢ ´´Ò¥ ¶· ¢¨²  ‹μ·¥´Í Ä

¥·Ï¥²μÉ  (LorentzÄBerthelot combining rules):

εij = (εiiεjj)
1
2 ¨ σij =

1
2
(σii + σjj).

‚ É ¡². 2 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö ³ ¸¸Ò ¨ § ·Ö¤  Î ¸É¨Í ¢ ¸¨¸É¥³¥ ¢ ²¨´μ-
³¨Í¨´ + ¨μ´Ò Š+(Na+)+ ¢μ¤ , ¨¸¶μ²Ó§Ê¥³Ò¥ ¢ ³μ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±¨Ì
· ¸Î¥É Ì.

’ ¡²¨Í  1. � · ³¥É·Ò ¶μÉ¥´Í¨ ²  ‹¥´´ ·¤ Ä„¦μ´¸  (LJ) ¤²Ö  Éμ³´ÒÌ ¶ ·

�Éμ³´ Ö �μÉ¥´Í¨ ² ”Ê´±Í¨μ´ ²Ó´ Ö � · ³¥É·Ò, ε, σ, 	A
¶ ·  Ëμ·³  ±± ²/³μ²Ó

CÄC LJ U(r) = 4ε
[(

σ
r

)12 −
(

σ
r

)6]
ε, σ 0,12 3,30

HÄH . . . . . . . . . 0,02 1,78
NÄN . . . . . . . . . 0,16 3,12
OÄO . . . . . . . . . 0,20 2,85

OSÄOS . . . . . . . . . 0,15 2,94
OeÄOe . . . . . . . . . 0,20 2,85

OWÄOW . . . . . . . . . 0,16 3,17
HWÄHW . . . . . . . . . 0,02 1,78

KÄK . . . . . . . . . 0,32 3,13
NaÄNa . . . . . . . . . 0,08 2,73
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’ ¡²¨Í  2. ‡´ Î¥´¨Ö ³ ¸¸Ò ¨ § ·Ö¤  Î ¸É¨Í ¢ ¸¨¸É¥³¥ ¢ ²¨´μ³¨Í¨´ + ¨μ´Ò
Š+(Na+)+ ¢μ¤ 

�Éμ³ Œ ¸¸μ¢μ¥ Î¨¸²μ, ‡ ·Ö¤μ¢μ¥ Î¨¸²μ q,
 .¥.³. ¢ ¥¤. e, § ·Ö¤ ¶·μÉμ´ 

C 12,01 +0,47

H 1,00 +0,21

N 14,01 −0,40

O 16,00 −0,41

OS 16,00 −0,46

Oe 16,00 −0,41

OW 15,99 −0,82

HW 1,00 +0,41

K 39,10 +1,00

Na 23,00 +1,00

�…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

‚Ò¶μ²´Ö²¨¸Ó ¸¥·¨¨ Œ„-· ¸Î¥Éμ¢ · §¤¥²Ó´μ ¤²Ö ¸¨¸É¥³ ¢ ²¨´μ³¨Í¨´ +
¨μ´Ò Š+ + ¢μ¤  ¨ ¢ ²¨´μ³¨Í¨´ + ¨μ´Ò Na+ + ¢μ¤  ¶·¨ μ¤¨´ ±μ¢ÒÌ Ê¸²μ-
¢¨ÖÌ ³μ¤¥²¨·μ¢ ´¨Ö, μ¶¨¸ ´´Ò¥ ¢ÒÏ¥. ‘ Í¥²ÓÕ ¸μμ¡Ð¥´¨Ö ¨μ´ ³ Š+(Na+)
¤¢¨¦¥´¨Ö, ´ ¶· ¢²¥´´μ£μ ¸É·μ£μ ¢ Ð¥²¨ ³μ²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´ , ¨¸¶μ²Ó-
§μ¢ ´μ ¢´¥Ï´¥¥ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ¸ · §²¨Î´Ò³¨ (Ë¨±¸¨·μ¢ ´´Ò³¨) §´ -
Î¥´¨Ö³¨ ´ ¶·Ö¦¥´´μ¸É¨ ¶μ²Ö. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¡¥§ Ô²¥±É·¨Î¥¸±μ£μ
¶μ²Ö ¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ²¨´μ³¨Í¨´  ¸ ¨μ´ ³¨ Š+(Na+) ´ ¡²Õ¤ ²μ¸Ó Éμ²Ó±μ
¢ μ±·¥¸É´μ¸ÉÖÌ ¢ ²¨´μ³¨Í¨´ ,   ´¥ ´¥¶μ¸·¥¤¸É¢¥´´μ ¢´ÊÉ·¨ ¸ ³μ° Ð¥²¨. � 
·¨¸. 3,  , ¡ ¶μ± § ´Ò ¢ ²¨´μ³¨Í¨´ + ¨μ´Ò Š+; Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ´ ¶· -
¢²¥´μ ¢ ¸Éμ·μ´Ê ¶²μ¸±μ¸É¨ ¢ ²¨´μ³¨Í¨´  ÉμÎ´μ ¢ Ð¥²Ó ³μ²¥±Ê²Ò (³μ²¥±Ê²Ò
¢μ¤Ò ´¥ ¶μ± § ´Ò). �·¨¥´É Í¨Ö (· ¸¶μ²μ¦¥´¨¥) ³μ²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´ 
Ë¨±¸¨·μ¢ ² ¸Ó ¢ ¶·μ¸É· ´¸É¢¥ ¢ É¥Î¥´¨¥ ¢¸¥£μ ¢·¥³¥´¨ ¤¨´ ³¨Î¥¸±¨Ì ¨§³¥-
´¥´¨° É ±, ÎÉμ  Éμ³Ò ¢ ²¨´μ³¨Í¨´  ¡Ò²¨ ¸¶μ¸μ¡´Ò ¸μ¢¥·Ï ÉÓ Éμ²Ó±μ ¢¨¡· -
Í¨μ´´Ò¥ ¨²¨ ¢· Ð É¥²Ó´Ò¥ ¤¢¨¦¥´¨Ö; ¨Ì ¶μ¸ÉÊ¶ É¥²Ó´ Ö ³μ¡¨²Ó´μ¸ÉÓ § ³μ-
·μ¦¥´  ¢ ¨¸Ìμ¤´μ° ¶μ§¨Í¨¨. �·¨ É ±¨Ì Ê¸²μ¢¨ÖÌ ¶·μ¨¸Ìμ¤¨É ÔËË¥±É¨¢´Ò°
μ¡³¥´ ¢ ²¨´μ³¨Í¨´  ¸ ¨μ´ ³¨ Š+(Na+) ¨ ³μ²¥±Ê² ¢μ¤Ò ¨³¥´´μ ¢ ¸ ³μ° Ð¥²¨
¢ ²¨´μ³¨Í¨´ . �  ·¨¸. 4,  , ¡ ¶μ± § ´Ò · ¢´μ¢¥¸´ Ö ±μ´Ë¨£Ê· Í¨Ö ³μ²¥±Ê²Ò
¢ ²¨´μ³¨Í¨´  + ¨μ´Ò Na+, μ±·Ê¦¥´´μ£μ ¢μ¤μ°,   É ±¦¥ Ï¥¸ÉÓ ¶μ¸²¥¤μ¢ -
É¥²Ó´ÒÌ ±μ´Ë¨£Ê· Í¨° ¢ ²¨´μ³¨Í¨´  ¨ μ¤¨´ ¨μ´ ´ É·¨Ö, ¶·μÌμ¤ÖÐ¨° Î¥·¥§
Ð¥²Ó. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶·μÌμ¤ ¨μ´μ¢ Š+(Na+) Î¥·¥§ Ð¥²Ó ¢ ²¨´μ³¨-
Í¨´  ¢μ§³μ¦¥´ ´¥ ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ ´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö.
� ¨³¥´´μ, ¤²Ö ± ¦¤μ£μ ¨§ ¤¢ÊÌ ¸μ·Éμ¢ ¨μ´μ¢ (Š+ ¨²¨ Na+) ¸ÊÐ¥¸É¢Ê¥É ¸μ¡-
¸É¢¥´´μ¥ ±·¨É¨Î¥¸±μ¥ ¶μ²¥, ¶·¨ ±μÉμ·μ³ ¨μ´ ¢¸¥ ¥Ð¥ μ¸É ¥É¸Ö § Ì¢ Î¥´´Ò³
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�¨¸. 3. �·¨¥´É Í¨Ö ³μ²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´  ( ) ¨ ´ ¶· ¢²¥´¨¥ ¢´¥Ï´¥£μ Ô²¥±É·¨Î¥-
¸±μ£μ ¶μ²Ö (¡) ¤²Ö ¸²ÊÎ Ö ¸ ¨μ´ ³¨ ± ²¨Ö. Œμ²¥±Ê²Ò ¢μ¤Ò ´¥ ¶μ± § ´Ò ´  ·¨¸Ê´±¥

(²μ± ²¨§μ¢ ´´Ò³) ¢ Ð¥²¨ ³μ²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´ . �¥§Ê²ÓÉ ÉÒ, ¶·¨¢¥¤¥´´Ò¥
´  ·¨¸. 5, 6,  Ä¢, 7,  , ¡ ¨ 8,  , ¡ ¨²²Õ¸É·¨·ÊÕÉ ± ·É¨´Ê ²μ± ²¨§ Í¨¨ (§ Ì¢ É )
¨μ´  ³μ²¥±Ê²μ° ¢ ²¨´μ³¨Í¨´  ¢´ÊÉ·¨ ¥¥ Ð¥²¨. �  ·¨¸. 5 ¶·¨¢¥¤¥´Ò ¶μ¸²¥¤μ-
¢ É¥²Ó´Ò¥ ±μ´Ë¨£Ê· Í¨¨ ¤¨´ ³¨Î¥¸±¨Ì ¨§³¥´¥´¨° ³μ²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´ 
¸ ¨μ´ ³¨ ± ²¨Ö. �  ·¨¸. 6,  Ä¢ ¶·¥¤¸É ¢²¥´Ò ¤¨ £· ³³Ò É· ¥±Éμ·¨° ¤²Ö É·¥Ì
¨μ´μ¢ ± ²¨Ö, ±μÉμ·Ò¥ ´ Ìμ¤ÖÉ¸Ö ¢´¥ μ¡² ¸É¨ ²μ± ²¨§ Í¨¨ ¢ Ð¥²¨ ¢ ²¨´μ³¨-
Í¨´ . „¨ £· ³³Ò ¨²²Õ¸É·¨·ÊÕÉ ± ·É¨´Ê ¤¢¨¦¥´¨Ö ¨μ´μ¢ ¢ ¶¥·¨μ¤¨Î¥¸±μ°
¸¨¸É¥³¥. �  ·¨¸. 7,   ¶·¥¤¸É ¢²¥´  ¤¨ £· ³³  É· ¥±Éμ·¨¨ ¨μ´  ± ²¨Ö, § Ì¢ -
Î¥´´μ£μ ³μ²¥±Ê²μ° ¢ ²¨´μ³¨Í¨´ . �¨¸. 7, ¡ ¤¥³μ´¸É·¨·Ê¥É ¶μ¸²¥¤μ¢ É¥²Ó´Ò¥
±μ´Ë¨£Ê· Í¨¨ ¸¨¸É¥³Ò ¨μ´μ³ ± ²¨Ö ¢´ÊÉ·¨ μ¡² ¸É¨ ²μ± ²¨§ Í¨¨ ¢ Ð¥²¨ ¢ -
²¨´μ³¨Í¨´ .

�Í¥´±  ¸¢Ö§¨ ¨μ´  ¸ ³μ²¥±Ê²μ° ¢ ²¨´μ³¨Í¨´  ¶·μ¨§¢¥¤¥´  ´  μ¸´μ¢¥
¢ÒÎ¨¸²¥´¨Ö ´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö, ±μÉμ· Ö ¤ ¥É ¶μ μÉ´μÏ¥-
´¨Õ ± ¨μ´ ³ ± ²¨Ö ¨ ´ É·¨Ö · §´Ò¥ §´ Î¥´¨Ö. � §²¨Î¨¥ ¢ ³ ¸¸ Ì ¨μ´μ¢
(K/Na = 39, 10/23, 00) ±μ··¥²¨·Ê¥É¸Ö ¸ ¤ ´´Ò³¨ ±·¨É¨Î¥¸±¨Ì §´ Î¥´¨° ´ -
¶·Ö¦¥´´μ¸É¨ ¶μ²Ö. �¥§Ê²ÓÉ ÉÒ Œ„-· ¸Î¥Éμ¢ ¸Ê³³¨·μ¢ ´Ò ¢ É ¡². 3. Š·¨É¨Î¥-
¸±μ¥ ¶μ²¥, ¶·¨ ±μÉμ·μ³ ¨μ´ ¢¸¥ ¥Ð¥ μ¸É ¥É¸Ö § Ì¢ Î¥´´Ò³ (²μ± ²¨§μ¢ ´´Ò³)
¢ Ð¥²¨ ³μ²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´ , ¤²Ö K+ · ¢´μ 150 ³‚,   ¤²Ö Na+ Å μ±μ²μ
90 ³‚. ‘μ¡¸É¢¥´´μ £μ¢μ·Ö, ¶·¥¤¥²Ó´μ¥ (±·¨É¨Î¥¸±μ¥) §´ Î¥´¨¥ ´ ¶·Ö¦¥´´μ-
¸É¨ ¶μ²Ö · §Ê³´μ  ¸¸μÍ¨¨·μ¢ ÉÓ ¸ ¶·μÎ´μ¸ÉÓÕ Ì¨³¨Î¥¸±μ° ¸¢Ö§¨ ¨μ´  (K+
¨²¨ Na+) ¸ ³μ²¥±Ê²μ° ¢ ²¨´μ³¨Í¨´ .

�·¨ μÍ¥´± Ì Ucr ³Ò ·Ê±μ¢μ¤¸É¢μ¢ ²¨¸Ó ¶·μ¸ÉÒ³ ¸μμÉ´μÏ¥´¨¥³ Ucr =
Ecrd, £¤¥ §  §´ Î¥´¨¥ d ∼ 3 	A ¶·¨´¨³ ² ¸Ó ¤²¨´  Ð¥²¨ ( ±É¨¢´μ° μ¡² ¸É¨)
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�¨¸. 4. Šμ´Ë¨£Ê· Í¨Ö ³μ²¥±Ê²Ò ¢ ²¨´μ³¨Í¨´  ( ), μ±·Ê¦¥´´μ£μ ¨μ´ ³¨ ´ É·¨Ö (£μ-
²Ê¡Ò¥ ¸Ë¥·Ò) ¢ ¢μ¤¥. ˜¥¸ÉÓ ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ ±μ´Ë¨£Ê· Í¨° ¢ ²¨´μ³¨Í¨´  ¸ ¨μ´μ³
´ É·¨Ö (¡), ¶·μÌμ¤ÖÐ¨Ì ¸±¢μ§Ó Ð¥²¨. Šμ´Ë¨£Ê· Í¨¨ ¸¨¸É¥³Ò ¸μμÉ¢¥É¸É¢ÊÕÉ ¢·¥³¥´¨
t = 0, 1, 2, 3, 5 ¨ 10 ¶¸ (Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ¢ (¡) ´ ¶· ¢²¥´μ ¸²¥¢  ´ ¶· ¢μ)

¢ ²¨´μ³¨Í¨´ :

Ucr(K+) ∼ 5 · 108 �/Š² × 3 × 10−10 ³ ∼ 150 ³‚ ¨

Ucr(Na+) ∼ 3 · 106 �/Š² × 3 × 10−10 ³ ∼ 90 ³‚.

�μ²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ Ô²¥±É·¨Î¥¸±¨³ ¶μÉ¥´Í¨ ²μ³
(∼ 100 ³‚), ¸μ§¤ ¢ ¥³Ò³ ¢ ³¥³¡· ´¥ ±²¥É±¨ ¨ ¢´ÊÉ·¨ ±²¥É±¨, μÉ´μ¸¨É¥²Ó-
´μ ¥¥ μ±·Ê¦¥´¨Ö. 
μ²¥¥ Éμ£μ, ´ ²¨Íμ ´ ²¨Î¨¥ ¸¨²Ó´μ° ¸¢Ö§¨ ¢ ²¨´μ³¨Í¨´  ¸
¨μ´ ³¨ K+. Š ± ¨§¢¥¸É´μ, ³μ²¥±Ê²Ö·´ Ö ¸É·Ê±ÉÊ·  ¢ ²¨´μ³¨Í¨´  É ±μ¢ ,

8



�
¨
¸.

5.
˜

¥¸
ÉÓ

¶
μ¸

²¥
¤μ

¢ 
É¥

²Ó
´
Ò
Ì

±μ
´
Ë

¨
£Ê

· 
Í
¨
°

¢ 
²¨

´
μ³

¨
Í
¨
´
 

¸
¨
μ´

 ³
¨

± 
²¨

Ö
(§

¥²
¥´

Ò
¥

¸Ë
¥·

Ò
).

Š
μ´

Ë
¨
£Ê

· 
Í
¨
¨

¸¨
¸É

¥³
Ò

¸μ
μÉ

-
¢¥

É¸
É¢

ÊÕ
É

¢·
¥³

¥´
¨

t
=

0
,1

,2
,3

,5
¨

10
¶
¸.

‚
¨
¤

¸²
¥¢

 
´
 ¶

· 
¢μ

¨
¸¢

¥·
ÌÊ

¢´
¨
§

9



�¨¸. 6. „¨ £· ³³Ò É· ¥±Éμ·¨° É·¥Ì ¨μ´μ¢ ± ²¨Ö, ´ Ìμ¤ÖÐ¨Ì¸Ö ¢´¥ ³μ²¥±Ê²Ò ¢ ²¨´μ-
³¨Í¨´  (¢´¥ μ¡² ¸É¨ ²μ± ²¨§ Í¨¨ ¢ Ð¥²¨ ¢ ²¨´μ³¨Í¨´ )

ÎÉμ ¥¥ ±μ´Ëμ·³ Í¨μ´´ Ö Í¥¶Ó ¸¶μ¸μ¡´  ¶·μÎ´μ ®Ê±ÊÉ ÉÓ¯ ± É¨μ´ ³¥É ²² .
‚ ²¨´μ³¨Í¨´ ¸¥²¥±É¨¢¥´ ± K+, ¶μ¸±μ²Ó±Ê μ´ ¸¶μ¸μ¡¥´ ¸¢μ· Î¨¢ ÉÓ¸Ö É ±¨³
μ¡· §μ³, ÎÉμ¡Ò μ¡· §μ¢Ò¢ ÉÓ ¶μÎÉ¨ μ±É Ô¤·¨Î¥¸±ÊÕ ¸É·Ê±ÉÊ·Ê ¸¨²Ó´Ò³¨ (´¥-
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�¨¸. 7. „¨ £· ³³  É· ¥±Éμ·¨° ¨μ´  ± ²¨Ö ( ), § Ì¢ Î¥´´μ£μ ³μ²¥±Ê²μ° ¢ ²¨´μ³¨Í¨´ .
’·¨ ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ ±μ´Ë¨£Ê· Í¨¨ (¡) ¸ ¨μ´μ³ ± ²¨Ö ¢´ÊÉ·¨ μ¡² ¸É¨ ²μ± ²¨§ Í¨¨
¢ Ð¥²¨ ¢ ²¨´μ³¨Í¨´ 

�¨¸. 8. Šμ´Ë¨£Ê· Í¨¨ ¢ ²¨´μ³¨Í¨´  ¸ ¨μ´μ³ ± ²¨Ö, ²μ± ²¨§μ¢ ´´μ£μ ¢ Ð¥²¨ ³μ²¥-
±Ê²Ò ¢ ²¨´μ³¨Í¨´ 
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’ ¡²¨Í  3. ‡´ Î¥´¨Ö ±·¨É¨Î¥¸±¨Ì ´ ¶·Ö¦¥´´μ¸É¥° Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¤²Ö ¨μ´μ¢
K+ ¨ Na+

Š·¨É¨Î¥¸±μ¥ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ K+ Na+

Ecr,×108 �/Š² 5 3

Ucr,×10−3 ‚ 150 90

¶μ²Ö·¨§Ê¥³Ò³¨) ¤μ´μ· ³¨ Å ± ·¡μ´¨²Ó´Ò³¨  Éμ³ ³¨ ±¨¸²μ·μ¤ , ¢ ÉμÎ´μ¸É¨
¸μμÉ¢¥É¸É¢ÊÕÐÊÕ · §³¥·Ê ± É¨μ´  K+. „ ´´Ò¥ ³μ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±¨Ì
· ¸Î¥Éμ¢ ³μ£ÊÉ ¶μ¸²Ê¦¨ÉÓ ¶·¥¤¶μ¸Ò²±μ° ¶·¨ ¨§ÊÎ¥´¨¨ ¸²μ¦´ÒÌ ³¥Ì ´¨§³μ¢
¸Í¥´ ·¨¥¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨μ´μ¢ ´  ¡¥²±μ¢μ³ Ê·μ¢´¥, ¶·¨ ³μ¤¥²¨·μ¢ ´¨¨ ´¥-
É·¨¢¨ ²Ó´ÒÌ ¶·μÍ¥¸¸μ¢ ¸ ÊÎ ¸É¨¥³ ¢ ²¨´μ³¨Í¨´  ¨ ¨μ´μ¢ K+ ¨ Na+.
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