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Šμ´Í¥´É· Í¨μ´´ Ö § ¢¨¸¨³μ¸ÉÓ ³¨±·μ¸É·Ê±ÉÊ·´ÒÌ ¸¢μ°¸É¢
¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³μ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±μ£μ (Œ„) ³μ¤¥²¨·μ¢ -
´¨Ö ¡Ò²¨ ¨¸¸²¥¤μ¢ ´Ò Î¥ÉÒ·¥ ¸¨¸É¥³Ò Ô²¥±É·μ²¨Éμ¢ Å HClÄH2O, LiClÄH2O, NaClÄH2O
¨ KClÄH2O, · ¸¸³ É·¨¢ ¥³Ò¥ ± ± ¡¨´ ·´ Ö ¸³¥¸Ó ¢μ¤Ò, ± É¨μ´μ¢ ¨  ´¨μ´μ¢ ¸μμÉ¢¥É-
¸É¢¥´´μ. „²Ö ¤¢ÊÌ ¨§ Î¥ÉÒ·¥Ì ³μ¤¥²¥° Ô²¥±É·μ²¨Éμ¢,   ¨³¥´´μ HClÄH2O ¨ NaClÄH2O,
¡Ò²¨ ¨§³¥´¥´Ò ¶ · ³¥É·Ò ³¥¦³μ²¥±Ê²Ö·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¢μ§-
³μ¦´μ¸É¨ μ¡· §μ¢ ´¨Ö £¨¤· É´ÒÌ μ¡μ²μÎ¥± ¢μ±·Ê£ ¨μ´μ¢. �μ± § ´μ, ÎÉμ ¢ ·Ó¨·μ¢ ´¨¥
¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²  μ± §Ò¢ ¥É ¸¨²Ó´μ¥ ¢²¨Ö´¨¥ ´  ¤¨´ ³¨Î¥¸±¨¥ ¨ ¸É·Ê±ÉÊ·´Ò¥ Ì -
· ±É¥·¨¸É¨±¨ ¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢.

Œ„-³μ¤¥²¨·μ¢ ´¨¥ μ¸ÊÐ¥¸É¢²Ö²μ¸Ó ¢ É¥³¶¥· ÉÊ·´μ³ ¤¨ ¶ §μ´¥ μÉ 300 ¤μ 600 Š ¸ Ï -
£μ³ ¢ 50 Š. Œμ¤¥²¨·μ¢ ´¨¥ ¢¸¥Ì ¸¨¸É¥³ (HClÄH2O; LiClÄH2O; NaClÄH2O; KClÄH2O) ¶·μ-
¢μ¤¨²μ¸Ó ¶·¨ É·¥Ì ±μ´Í¥´É· Í¨μ´´ÒÌ ¸μμÉ´μÏ¥´¨ÖÌ ¢μ¤ ÄÔ²¥±É·μ²¨É ¶μ ³μ²¥±Ê² ³ Å
50:50 (16 ³μ²Ó/±£), 33:66 (8 ³μ²Ó/±£) ¨ 4:96 (1 ³μ²Ó/±£).

	 ¸Î¥É Ô´¥·£¨¨  ±É¨¢ Í¨¨ ¤¨ËËÊ§¨¨ Ô²¥±É·μ²¨Éμ¢ ¢Ò¶μ²´¥´ ´  μ¸´μ¢¥ § ±μ´  �·-
·¥´¨Ê¸  ¸ ¶μ¸É·μ¥´¨¥³ £· Ë¨±μ¢ É¥³¶¥· ÉÊ·´μ° § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨
¤²Ö Î¥ÉÒ·¥Ì ³μ¤¥²¥° Ô²¥±É·μ²¨Éμ¢. � ¡²Õ¤ ¥³Ò¥ ¸¢μ°¸É¢  ¤¨ËËÊ§¨¨ ¤²Ö ¸¨¸É¥³ Ô²¥±-
É·μ²¨Éμ¢ Ìμ·μÏμ ±μ··¥²¨·ÊÕÉ ¸ ¤ ´´Ò³¨ Ô´¥·£¥É¨Î¥¸±μ£μ ¨ ¸É·Ê±ÉÊ·´μ£μ · ¤¨ ²Ó´μ£μ
· ¸¶·¥¤¥²¥´¨Ö.

	 ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ · ¤¨ Í¨μ´´μ° ¡¨μ²μ£¨¨ �ˆŸˆ.
�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2013

Khalansky D.A. et al. P12-2013-119
Concentration Dependence of Microstructure Properties
of Electrolytic Systems

A novel data obtained in the present work deals with the parameterization strategies and
adjustment of the ionic force ˇelds of the alkali cations and halide anions. In the present work,
using molecular dynamics (MD) simulation technique, we have investigated four electrolytic
systems Å HClÄH2O, LiClÄH2O, NaClÄH2O and KClÄH2O Å as binary mixtures of water
and cations and anions, respectively. For two of the four electrolytes, namely for the HClÄH2O
and NaClÄH2O models, the intermolecular interaction parameters were varied, to simulate the
possibilities of formation of various ionic shells during the interaction with water.

It is demonstrated that the variation of the potential parameters induces a strong effect on
the dynamical and structural characteristics of the electrolyte systems. The MD simulations
were performed in the temperature range of 300 to 600 K with step of 50 K. The MD
simulations for all electrolyte models (HClÄH2O; LiClÄH2O; NaClÄH2O; KClÄH2O) were
also realized on different molar fractions of electrolytes with regard to the concentration of
water solvent, Å 50:50 (16 mol/kg), 33:66 (8 mol/kg) and 4:96 (1 mol/kg).

The diffusion activation energies were calculated on the basis of Arrhenius equation,
thereby constructing the temperature dependence graphs of diffusion coefˇcient for all four
electrolyte systems. The observed diffusion properties of the electrolyte systems were found
to correlate well with the energetical and structural radial distribution data.

The investigation has been performed at the Laboratory of Radiation Biology, JINR.
Preprint of the Joint Institute for Nuclear Research. Dubna, 2013
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ˆμ´´Ò¥ ÔËË¥±ÉÒ ¢ ¦´Ò ¤²Ö ¶μ´¨³ ´¨Ö μ£·μ³´μ£μ Î¨¸²  Ö¢²¥´¨° ¢ ¡¨μ-
²μ£¨¨, Ì¨³¨¨ ¨ Ë¨§¨±¥. 	 ¸É¢μ·Ò Ô²¥±É·μ²¨Éμ¢ ¨£· ÕÉ ¢ ¦´ÊÕ ·μ²Ó ¢μ ³´μ-
£¨Ì μÉ· ¸²ÖÌ ¶·μ³ÒÏ²¥´´μ¸É¨,   É ±¦¥ ¢ Ì¨³¨Î¥¸±¨Ì ¨ ¶·¨·μ¤´ÒÌ ¶·μÍ¥¸-
¸ Ì. ”¨§¨μ²μ£¨Î¥¸±¨¥ Ë²Õ¨¤Ò É ±¦¥ ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö · §²¨Î´Ò¥ ¨μ´Ò,
¨ ¡¨μ²μ£¨Î¥¸±ÊÕ  ±É¨¢´μ¸ÉÓ ¡¨μ³μ²¥±Ê² ´¥²Ó§Ö · ¸¸³ É·¨¢ ÉÓ ¡¥§ ÊÎ¥É  ¨Ì
¢§ ¨³μ¤¥°¸É¢¨° ¨ ·¥ ±Í¨° ¸ ÔÉ¨³¨ ¨μ´ ³¨. ’ ±¨³ μ¡· §μ³, · ¸É¢μ·Ò Ô²¥±-
É·μ²¨Éμ¢ ¶·¥¤¸É ¢²ÖÕÉ ¡μ²ÓÏμ° ´ ÊÎ´Ò° ¨´É¥·¥¸ [1Ä5].

�·¨ ¨§ÊÎ¥´¨¨ · ¸É¢μ·μ¢ Ô²¥±É·μ²¨Éμ¢ ¨ ¢¨§Ê ²¨§ Í¨¨ ¨Ì ¸É·Ê±ÉÊ·´ÒÌ,
· ¢´μ¢¥¸´ÒÌ ¨ ¤¨´ ³¨Î¥¸±¨Ì ¸¢μ°¸É¢ ´¥²Ó§Ö ´¥ Ê¶μ³Ö´ÊÉÓ ³¥Éμ¤ ¢ÒÎ¨¸²¨-
É¥²Ó´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö, Ê¤μ¡´Ò° ¶·¨ ¶·¨³¥´¥´¨¨ ± ³¨±·μ¸±μ¶¨Î¥¸±¨³ ¸¨-
¸É¥³ ³ ´  Ê·μ¢´¥  Éμ³μ¢ [1]. �¤´¨³ ¨§ ¸μ¢·¥³¥´´ÒÌ  ¸¶¥±Éμ¢ ¢ ¨§ÊÎ¥´¨¨
¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢ Ö¢²Ö¥É¸Ö ³¥Éμ¤ ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ (Œ„); ¸ ¶μ³μ-
ÐÓÕ ÔÉμ£μ ³¥Éμ¤  ³μ¦´μ · ¸¸Î¨É ÉÓ Ô²¥±É·μ¸É É¨Î¥¸±¨¥ ¤ ²Ó´μ¤¥°¸É¢ÊÕÐ¨¥
¢§ ¨³μ¤¥°¸É¢¨Ö ¢ · ¸É¢μ· Ì Ô²¥±É·μ²¨Éμ¢ ´  ³μ²¥±Ê²Ö·´μ³ Ê·μ¢´¥. ‚ ¸¢Ö§¨
¸ ÔÉ¨³ ¸Éμ¨É Ê¶μ³Ö´ÊÉÓ É ±¨¥ ¡Ò¸É·Ò¥ ¨ ÔËË¥±É¨¢´Ò¥  ²£μ·¨É³Ò, ± ± ³¥-
Éμ¤ ¸Ê³³¨·μ¢ ´¨Ö ¶μ �¢ ²Ó¤Ê PME (Particle-Mesh Ewald Å ³¥Éμ¤ �¢ ²Ó¤ 
®Î ¸É¨Í Ä¸¥É± ¯), FMM (Fast Multipole Method Å ¡Ò¸É·Ò° ³Ê²ÓÉ¨¶μ²Ó´Ò°
³¥Éμ¤) ¨ É. ¤. �·¨ ÔÉμ³ ±μ´É¨´Ê ²Ó´Ò¥ (´¥Ö¢´Ò¥) ³μ¤¥²¨ · ¸É¢μ·¨É¥²Ö ³μ£ÊÉ
¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¢ ± Î¥¸É¢¥  ²ÓÉ¥·´ É¨¢´μ£μ ¸¶μ¸μ¡ , É ± ± ± μ´¨ §´ Î¨É¥²Ó´μ
¸μ±· Ð ÕÉ ¢ÒÎ¨¸²¨É¥²Ó´Ò¥ ·¥¸Ê·¸Ò ¨ ¢·¥³Ö.

‚ ÔÉμ³ μÉ´μÏ¥´¨¨ ÊÉμÎ´¥´¨¥ ¨μ´´ÒÌ ¸¨²μ¢ÒÌ ¶μ²¥° ¤²Ö Ô²¥±É·μ²¨É¨-
Î¥¸±¨Ì ¨ ¢μ¤´ÒÌ · ¸É¢μ·μ¢ Ö¢²Ö¥É¸Ö ¸²μ¦´μ° § ¤ Î¥°, ¨ ´μ¢Ò¥ ¶μ¤Ìμ¤Ò ¤²Ö
³μ¤¥²¨·μ¢ ´¨Ö ¸¨²Ó´ÒÌ Ô²¥±É·μ¸É É¨Î¥¸±¨Ì ¢§ ¨³μ¤¥°¸É¢¨° ¢ ¨μ´´ÒÌ ¸¨¸É¥-
³ Ì, μ±·Ê¦¥´´ÒÌ ¢μ¤μ° ¨²¨ ¤·Ê£¨³¨ · ¸É¢μ·¨É¥²Ö³¨, ¢¸¥£¤  ¢μ¸É·¥¡μ¢ ´Ò ¨
 ±ÉÊ ²Ó´Ò. ‚ Éμ ¦¥ ¢·¥³Ö Éμ²Ó±μ ¢ ·Ó¨·μ¢ ´¨¥ ¨²¨ ¶μ¢Éμ·´ Ö ¶ · ³¥É·¨-
§ Í¨Ö · §²¨Î´ÒÌ ¨μ´´ÒÌ ¨²¨ ³μ²¥±Ê²Ö·´ÒÌ ¸¨²μ¢ÒÌ ¶μ²¥° ¶·¨ ³μ¤¥²¨·μ-
¢ ´¨¨ ³μ¦¥É μ¡¥¸¶¥Î¨ÉÓ ÔËË¥±É¨¢´μ¸ÉÓ É¥μ·¥É¨Î¥¸±¨Ì  ²£μ·¨É³μ¢. ‚ Î ¸É-
´μ¸É¨, ¤²Ö Ð¥²μÎ´ÒÌ ± É¨μ´μ¢ ¨ £ ²μ£¥´¨¤- ´¨μ´μ¢ ¢ ²¨É¥· ÉÊ·¥ Ê± § ´Ò
· §²¨Î´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¤ ¦¥ ¤²Ö μ¤´μ£μ ¨μ´ . �´ ²μ£¨Î´ Ö ¸¨ÉÊ Í¨Ö
¤²Ö ¨μ´μ¢, ±μÉμ·Ò³ ¶·¨¸ÊÐ¨ ¤μ¶μ²´¨É¥²Ó´Ò¥ Ê¸²μ¢¨Ö: ´ ¶·¨³¥·, ¶·¨ · ¸-
¸³μÉ·¥´¨¨ ¡¨´ ·´μ£μ ¢μ¤´μ£μ · ¸É¢μ· , ¸μ¤¥·¦ Ð¥£μ · ¸É¢μ·¨É¥²Ó, ± É¨μ´Ò,
 ´¨μ´Ò ¨ É. ¤. [2].
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�¨μ²μ£¨Î¥¸±¨¥ ¸É·Ê±ÉÊ·Ò § ¢¨¸ÖÉ μÉ ¡ ² ´¸  ´¥±μ¢ ²¥´É´ÒÌ ¢§ ¨³μ¤¥°-
¸É¢¨°, ´ ¶·¨³¥·, ±μ£¤  μ´¨ ¢¸ÉÊ¶ ÕÉ ¢μ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ ¨μ´ ³¨ ¨²¨ ³¥¦¤Ê
¸μ¡μ°. ‚ · ¡μÉ¥ [3] · ¸¸³μÉ·¥´μ ³μ²¥±Ê²Ö·´μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ¸ ±μ²¨Î¥-
¸É¢¥´´μ ÉμÎ´Ò³¨ ³μ¤¥²Ö³¨, ¢ ±μÉμ·ÒÌ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¢ ·Ö¤Ê K+ <
Na+ < Li+ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸·μ¤¸É¢μ ¸ ± ·¡μ±¸¨² É-¨μ´ ³¨, ÎÉμ ¢¥¤¥É ± μ¡· -
§μ¢ ´¨Õ ¸² ¡μ£μ · ¸É¢μ·¨É¥²Ö ¸ μ¡Ð¨³¨ Ô²¥±É·μ´´Ò³¨ ¶ · ³¨.

ˆ¸¶μ²Ó§ÊÖ μ£· ´¨Î¥´´Ò° ³¥Éμ¤ ³μ²¥±Ê²Ö·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö, ¢ · -
¡μÉ¥ [4]  ¢Éμ· ¨¸¸²¥¤Ê¥É ¸¨¸É¥³Ò LiCl ¨ NaCl ¢ ¢μ¤¥ ¸ ÉμÎ±¨ §·¥´¨Ö Ô²¥±-
É·μμÉ·¨Í É¥²Ó´μ¸É¨ ¨ ³¥Éμ¤  Ê· ¢´¨¢ ´¨Ö. �·¨ ³μ¤¥²¨·μ¢ ´¨¨ ¨¸¶μ²Ó§μ¢ -
² ¸Ó £¨¡± Ö ³μ¤¥²Ó ¢μ¤Ò ABEEM-7P [29], ´  μ¸´μ¢¥ ±μÉμ·μ° ¡Ò² ¸³μ¤¥²¨-
·μ¢ ´ ¶μÉ¥´Í¨ ² ¨μ´-¢μ¤´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°. ’ ±¦¥ ¢ · ¡μÉ¥ ¡Ò²¨ ¨§ÊÎ¥´Ò
¸·¥¤´¨¥ ¸¨²Ò ¨ ¶μÉ¥´Í¨ ² ¸·¥¤´¥° ¸¨²Ò (�‘‘) ¤²Ö LiCl ¨ NaCl ¢ ¢μ¤¥, · ¸-
¶·¥¤¥²¥´¨¥ § ·Ö¤  ¨ ¸É·Ê±ÉÊ·´Ò¥ ¨ ¤¨´ ³¨Î¥¸±¨¥ ¸¢μ°¸É¢  ±μ´É ±É´ÒÌ ¨μ´-
´ÒÌ ¶ ·. � ¶·¨³¥·, ¸μ²Ó¢ É´μ · §¤¥²¥´´ Ö ¨μ´´ Ö ¶ ·  ¢ ¢μ¤´μ³ · ¸É¢μ·¥
LiCl ¡μ²¥¥ Ê¸Éμ°Î¨¢ , Î¥³ ±μ´É ±É´ Ö, ÎÉμ ¸¢Ö§ ´μ ¸ £¨¡±μ¸ÉÓÕ ¨ Ë²Ê±ÉÊ -
Í¨¥° § ·Ö¤μ¢ ³μ²¥±Ê² ¢μ¤Ò. ‚Ò¸Î¨É ´´Ò° �‘‘ ¤²Ö NaCl ¢ ¢μ¤¥ ¶μ± §Ò¢ ¥É,
ÎÉμ ±μ´É ±É´ Ö ¨ · §¤¥²¥´´ Ö · ¸É¢μ·¨É¥²¥³ ¨μ´´Ò¥ ¶ ·Ò Ö¢²ÖÕÉ¸Ö ¸· ¢´¨-
É¥²Ó´μ Ê¸Éμ°Î¨¢Ò³¨ [4].

�μ´¨³ ´¨¥ É· ´¸¶μ·É´ÒÌ ¸¢μ°¸É¢ Ô²¥±É·μ²¨Éμ¢ ¢ ¢μ¤´μ³ · ¸É¢μ·¥ Ö¢²Ö-
¥É¸Ö ¥Ð¥ μ¤´μ° ¢ ¦´μ° § ¤ Î¥°. ’· ´¸¶μ·É Ô²¥±É·μ²¨Éμ¢ Å Í¥´É· ²Ó´ Ö
¶·μ¡²¥³  ¤²Ö ³´μ£¨Ì Ô²¥±É·μ±¨´¥É¨Î¥¸±¨Ì Ö¢²¥´¨°, μ¸μ¡¥´´μ ¤²Ö ¡¨μ²μ-
£¨Î¥¸±¨Ì ¨ ¸¨´É¥É¨Î¥¸±¨Ì ´ ´μ¸¨¸É¥³. �·¨ · §´ÒÌ Ê¸²μ¢¨ÖÌ É· ´¸¶μ·É´Ò¥
¸¢μ°¸É¢ , ¶·μÖ¢²ÖÕÐ¨¥¸Ö ¢ Ìμ¤¥ Œ„-³μ¤¥²¨·μ¢ ´¨Ö Ô²¥±É·μ²¨É , ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ ¸Ìμ¦¨Ì  ²£μ·¨É³μ¢ ¨ Ê¸²μ¢¨° ¤²Ö μ¶¨¸ ´¨Ö ¸²μ¦´ÒÌ ¸¨¸É¥³ ¶μ± §Ò-
¢ ÕÉ μÎ¥´Ó ¨´É¥·¥¸´Ò¥ ·¥§Ê²ÓÉ ÉÒ. ˆ§ ¶μ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ [5] ¢¨¤´μ, ÎÉμ ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ¸É ´¤ ·É´ÒÌ ¶ · ³¥É·μ¢ ³μ¤¥²¨·μ¢ ´¨Ö, ¶·¨³¥´ÖÕÐ¨Ì¸Ö ±
¸²μ¦´Ò³ ¸¨¸É¥³ ³, ¶·μ¢μ¤¨³μ¸ÉÓ Ô²¥±É·μ²¨É  KCl ¤μ¸É ÉμÎ´μ Ìμ·μÏμ ¢μ¸-
¶·μ¨§¢μ¤¨³ .

‘É·Ê±ÉÊ·´Ò¥ ¨ ¤¨´ ³¨Î¥¸±¨¥ ¸¢μ°¸É¢  £¨¤· É Í¨¨ Li+, Na+ ¨ K+ ¢ ¢μ¤¥
¶·¨ Ê¸²μ¢¨ÖÌ μ±·Ê¦ ÕÐ¥° ¸·¥¤Ò ¡Ò²¨ É ±¦¥ ¨§ÊÎ¥´Ò ¸ ¶μ³μÐÓÕ ³¥Éμ¤ 
³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ [6]. ‚ · ¡μÉ¥ ¶μ± § ´Ò · §²¨Î¨Ö ¢ £¨¤· É Í¨¨ É·¥Ì
Ð¥²μÎ´ÒÌ ¨μ´μ¢; ·¥§Ê²ÓÉ ÉÒ μÎ¥´Ó ¡²¨§±¨ ± Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³.
ƒ¥μ³¥É·¨Î¥¸±¨ Î¥É±μ μ¶·¥¤¥²¥´  ¸É·Ê±ÉÊ·  £¨¤· É Í¨¨ ¨μ´μ¢ Li+ ¨ Na+;
¤²Ö ¶¥·¢μ£μ ÔÉμ É¥É· Ô¤·¨Î¥¸± Ö ¨¸± ¦¥´´ Ö É·¨£μ´ ²Ó´ Ö ¡¨¶¨· ³¨¤ , ¤²Ö
¢Éμ·μ£μ Å ±¢ ¤· É´ Ö ¶¨· ³¨¤ ²Ó´ Ö ¸É·Ê±ÉÊ· . —Éμ ¦¥ ± ¸ ¥É¸Ö ¨μ´  K+,
Éμ ¥£μ £¨¤· É Í¨Ö ¡μ²¥¥ £¨¡± Ö, ÎÉμ § É·Ê¤´Ö¥É μ¶·¥¤¥²¥´¨¥ £¥μ³¥É·¨¨ [7].

–¥²Ó ´ ¸ÉμÖÐ¥° · ¡μÉÒ Å ¨§ÊÎ¨ÉÓ ¶μ¢¥¤¥´¨¥ ¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢, · ¸-
É¢μ·¥´´ÒÌ ¢ ¢μ¤¥ ¶·¨ · §²¨Î´ÒÌ ±μ´Í¥´É· Í¨ÖÌ ¨ É¥³¶¥· ÉÊ· Ì. �·μ¸É· ´-
¸É¢¥´´ Ö ¸É·Ê±ÉÊ·  Ô²¥±É·μ²¨É  · ¸¸³ É·¨¢ ² ¸Ó ¢ É¥¸´μ° ±μ··¥²ÖÍ¨¨ ¸ Ì -
· ±É¥·μ³ ¨μ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°. ˆμ´Ò (± É¨μ´Ò ¨  ´¨μ´Ò ¸ μ¤¨´ ±μ¢Ò³
¢ ²¥´É´Ò³ § ·Ö¤μ³) ³μ£ÊÉ μ¡· §μ¢Ò¢ ÉÓ Ê¸Éμ°Î¨¢ÊÕ ¶ ·Ê, ¥¸²¨ ¨Ì · §³¥·Ò
¡Ê¤ÊÉ ¸μ¨§³¥·¨³Ò. ‚ Î ¸É´μ¸É¨, ±μ··¥²ÖÍ¨Ö ¨μ´´μ° ¶ ·Ò ¨£· ¥É ¢ ¦´ÊÕ

2



·μ²Ó ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸ ¢μ¤μ°, ¢ ¶·μÍ¥¸¸¥ Ëμ·³¨·μ¢ ´¨Ö £¨¡±μ° £¨¤· É-
´μ° μ¡μ²μÎ±¨. �¡· §μ¢ ´¨¥ É ±¨Ì ¨μ´´ÒÌ ¶ · ³μ¦¥É ¸ÊÐ¥¸É¢¥´´μ ¶μ¢²¨ÖÉÓ
´  É¥·³μ¤¨´ ³¨Î¥¸±ÊÕ Ê¸Éμ°Î¨¢μ¸ÉÓ ¡¥²±μ¢ ¢ · ¸É¢μ· Ì Ð¥²μÎ´ÒÌ ¸μ²¥°,
Ë¨§¨μ²μ£¨Î¥¸±¨ ¶·¨¸ÊÉ¸É¢ÊÕÐ¨Ì ¢ Î¥²μ¢¥Î¥¸±μ³ μ·£ ´¨§³¥.

�¢Éμ· ³¨ ¤ ´´μ° · ¡μÉÒ ¡Ò²μ ¶·μ¢¥¤¥´μ ´¥¸±μ²Ó±μ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ
Ô±¸¶¥·¨³¥´Éμ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¥Éμ¤  ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ ¤²Ö ¸· ¢´¥-
´¨Ö ¨ μÍ¥´±¨ É¥·³μ¤¨´ ³¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¦¨¤±¨Ì Ô²¥±É·μ²¨Éμ¢. „²Ö
μÍ¥´±¨ ¤¨´ ³¨Î¥¸±¨Ì ¨ ¸É·Ê±ÉÊ·´ÒÌ μ¸μ¡¥´´μ¸É¥°, É ±¨Ì ± ± ±μÔËË¨Í¨-
¥´ÉÒ ¤¨ËËÊ§¨¨ ¨ Ô´¥·£¨Ö  ±É¨¢ Í¨¨ μÉ¤¥²Ó´ÒÌ ¨μ´μ¢, ¡Ò²¨ ¸³μ¤¥²¨·μ¢ ´Ò
Î¥ÉÒ·¥ ¸¨¸É¥³Ò Ô²¥±É·μ²¨Éμ¢ (HClÄH2O, LiClÄH2O, NaClÄH2O ¨ KClÄH2O).
	 ¸Î¥É Ô´¥·£¨¨  ±É¨¢ Í¨¨ ¤¨ËËÊ§¨¨ ¨μ´μ¢ Ô²¥±É·μ²¨Éμ¢ ¢Ò¶μ²´¥´ ´  μ¸´μ¢¥
§ ±μ´  �··¥´¨Ê¸  ¸ ¶μ¸É·μ¥´¨¥³ § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ μÉ
É¥³¶¥· ÉÊ·Ò ¢ ¨´É¥·¢ ²¥ μÉ 300 ¤μ 600 Š ¸ Ï £μ³ ¢ 50 Š. „²Ö ¤¢ÊÌ ¨§
Î¥ÉÒ·¥Ì ³μ¤¥²¥° (HClÄH2O, LiClÄH2O, NaClÄH2O, KClÄH2O) ¶·μ¨§¢μ¤¨² ¸Ó
¶¥·¥μÍ¥´±  ¢¸¥Ì Ë¨§¨Î¥¸±¨Ì ¨ ¸É·Ê±ÉÊ·´ÒÌ §´ Î¥´¨° ¶μ¸·¥¤¸É¢μ³ ÊÉμÎ´¥-
´¨Ö ¶ · ³¥É·μ¢ ¸¨²μ¢μ£μ ¶μ²Ö; ¶ · ³¥É·Ò ¸¨²μ¢μ£μ ¶μ²Ö ¡Ò²¨ ¨¸¶· ¢²¥´Ò ¸
ÊÎ¥Éμ³ ¢μ§³μ¦´μ¸É¨ μ¶¨¸ ´¨Ö £¨¤· É´ÒÌ μ¡μ²μÎ¥± ¢μ±·Ê£ ¨μ´μ¢.

�É³¥É¨³, ÎÉμ ³¥Éμ¤μ³ ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ · ¸É¢μ·Ò Ô²¥±É·μ²¨Éμ¢
¨¸¸²¥¤μ¢ ²¨¸Ó ¨ ¤·Ê£¨³¨  ¢Éμ· ³¨. �¢Éμ·Ò · ¡μÉÒ [8] ¨¸¸²¥¤μ¢ ²¨ Ð¥²μÎ-
´Ò¥ ¨ £ ²μ£¥´¨¤´Ò¥ ¨μ´Ò ¤²Ö ¨§ÊÎ¥´¨Ö  ¡¸μ·¡Í¨μ´´ÒÌ ¸¢μ°¸É¢ ´  £· ´¨Í¥
¢μ§¤ÊÌ/¢μ¤ , ¨¸¶μ²Ó§ÊÖ ´μ¢Ò¥ ´¥¶μ²Ö·¨§Ê¥³Ò¥ ¸¨²μ¢Ò¥ ¶μ²Ö. ‘ ¶μ³μÐÓÕ
±² ¸¸¨Î¥¸±μ£μ ³μ²¥±Ê²Ö·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¸ ¶μ²Ö·¨§Ê¥³Ò³¨ ³μ¤¥²Ö³¨ ¶μ-
É¥´Í¨ ²   ¢Éμ·Ò · ¡μÉÒ [9] ±μ²¨Î¥¸É¢¥´´μ μ¶·¥¤¥²¨²¨ ÔËË¥±ÉÒ ¢²¨Ö´¨Ö ±μ´-
Í¥´É· Í¨¨ KCl ´  Ô²¥±É·μ¸É É¨Î¥¸±¨¥ ¶μ¢¥·Ì´μ¸É´Ò¥ ¶μÉ¥´Í¨ ²Ò ¤²Ö ¢μ¤Ò
´  £· ´¨Í¥ ¶ ·/¦¨¤±μ¸ÉÓ. ‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ ¢ ÔÉμ° · ¡μÉ¥ ¡Ò²¨
¢¶¥·¢Ò¥ · ¸¸Î¨É ´Ò ¶μ¢¥·Ì´μ¸É´Ò¥ ¶μÉ¥´Í¨ ²Ò ¤²Ö · ¸É¢μ·μ¢ Ô²¥±É·μ²¨-
Éμ¢ [9]. ‚ · ¡μÉ¥ [10] · ¸¸Î¨É ´μ ¸ ¶μ³μÐÓÕ ³μ²¥±Ê²Ö·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö
³¥Éμ¤μ³ Œμ´É¥-Š ·²μ · ¢´μ¢¥¸¨¥ ¢ ¸¨¸É¥³¥ ®É¢¥·¤μ¥ ¢¥Ð¥¸É¢μÄ · ¸É¢μ·¯ ¤²Ö
NaCl ¨ KF. Š·μ³¥ Éμ£μ,  ¢Éμ·Ò μ¶·¥¤¥²¨²¨ Ì¨³¨Î¥¸±¨¥ ¶μÉ¥´Í¨ ²Ò · ¸É¢μ-
·¥´´μ£μ ¢¥Ð¥¸É¢  ¢ · ¸É¢μ·¥ ¨ ¢ É¢¥·¤μ³ ¸μ¸ÉμÖ´¨¨. �¢Éμ·Ò · ¡μÉÒ [11]
Ê¸É ´μ¢¨²¨ ÉμÎ´μ¸ÉÓ ´μ¢μ£μ μ¡μ¡Ð¥´´μ£μ ¶Ê§Ò·Ó±μ¢μ£μ ³¥Éμ¤  ”Ê·Ó¥ ¢ ¢Ò-
Î¨¸²¥´¨¨ ¸¢μ¡μ¤´μ° Ô´¥·£¨¨ ¨²¨ ¶μÉ¥´Í¨ ²μ¢ ¸·¥¤´¥° ¸¨²Ò. ˆ¸¶μ²Ó§ÊÖ ÔÉμÉ
³¥Éμ¤, μ´¨ ¨§ÊÎ¨²¨ § ¢¨¸¨³μ¸ÉÓ ¶μÉ¥´Í¨ ²μ¢ ¸·¥¤´¥° ¸¨²Ò Na+ÄCl− ¢ Ï¨-
·μ±μ³ ¤¨ ¶ §μ´¥ ±μ´Í¥´É· Í¨°, ¢±²ÕÎ Ö §´ Î¨³Ò¥ ¸ Ë¨§¨μ²μ£¨Î¥¸±μ° ÉμÎ±¨
§·¥´¨Ö. ‚ [12] ¡Ò²¨ ¨§ÊÎ¥´Ò ´μ¢Ò¥ ³μ²¥±Ê²Ö·´Ò¥ ³μ¤¥²¨, μ¸´μ¢ ´´Ò¥ ´  ¶μ-
²Ö·¨§Ê¥³ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ, ¤²Ö ¡μ²¥¥ £²Ê¡μ±μ£μ ¶μ´¨³ ´¨Ö ¶μ¢¥·Ì´μ¸É´ÒÌ
¸¢μ°¸É¢ ¢μ¤´ÒÌ Ô²¥±É·μ²¨É´ÒÌ ¸¨¸É¥³. Œμ¤¥²¨ ¡Ò²¨ ¶ · ³¥É·¨§μ¢ ´Ò ¤²Ö
¶μ²ÊÎ¥´¨Ö ¸¢μ¡μ¤´μ° Ô´¥·£¨¨ £¨¤· É Í¨¨ ¨ ¨§³¥´¥´¨Ö  ±É¨¢´μ¸É¨ ¸ ±μ´Í¥´-
É· Í¨¥° ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ô±¸¶¥·¨³¥´Éμ³. ˆ¸¸²¥¤μ¢ ´Ò ¸¨¸É¥³Ò NaCl, NaBr
¨ NaI, ÊÉμÎ´¥´μ ¶μ¢¥¤¥´¨¥  ´¨μ´μ¢ ´  £· ´¨Í¥ ¢μ§¤ÊÌ/¢μ¤  ¶μ ¸· ¢´¥´¨Õ ¸
¤·Ê£¨³¨ · §· ¡μÉ ´´Ò³¨ ¶μ²Ö·¨§Ê¥³Ò³¨ ³μ¤¥²Ö³¨. ‚ · ¡μÉ¥ [13] ¢ÒÎ¨¸²¥´ 
§ ¢¨¸¨³μ¸ÉÓ ±μ´Í¥´É· Í¨¨ μÉ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  ¢μ¤Ò ¢ · ¸É¢μ·¥ NaCl
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¢¶²μÉÓ ¤μ ¢Ò¸μ±¨Ì ±μ´Í¥´É· Í¨° · ¸É¢μ·¥´´μ£μ ¢¥Ð¥¸É¢  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
³μ¤¥²¨ ¢μ¤Ò SPC/E ¨ ¸¨²μ¢μ£μ ¶μ²Ö YoungÄCheatham [28] ¤²Ö Ô²¥±É·μ²¨É .
•¨³¨Î¥¸±¨° ¶μÉ¥´Í¨ ² ¢μ¤Ò ¡Ò² · ¸¸Î¨É ´ ¸ ¶μ³μÐÓÕ μ¸³μÉ¨Î¥¸±μ£μ  ²-
£μ·¨É³  Œμ´É¥-Š ·²μ ¶·¨ ¢ ·Ó¨·μ¢ ´¨¨ Î¨¸²  ³μ²¥±Ê² ¢μ¤Ò ¨ ¶μ¸ÉμÖ´´μ³
±μ²¨Î¥¸É¢¥ · ¸É¢μ·¥´´μ£μ ¢¥Ð¥¸É¢ . �¢Éμ·Ò ¶·μ¢¥·¨²¨ ¸μ£² ¸μ¢ ´´μ¸ÉÓ ¤ ´-
´ÒÌ ¶μ Ì¨³¨Î¥¸±μ³Ê ¶μÉ¥´Í¨ ²Ê ¢μ¤Ò ¸ ¢ÒÎ¨¸²¥´´Ò³¨ · ´¥¥ ·¥§Ê²ÓÉ É ³¨
OEMC ¤²Ö Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  NaCl ¤¢Ê³Ö · §´Ò³¨ ¸¶μ¸μ¡ ³¨ ¸ ¶μ³μ-
ÐÓÕ Ê· ¢´¥´¨Ö ƒ¨¡¡¸ Ä„Õ£¥³ . �μ¤¢¨¦´μ¸É¨ ¨μ´μ¢ Ð¥²μÎ´ÒÌ ³¥É ²²μ¢ ¨
¨μ´μ¢ £ ²μ£¥´¨¤μ¢ ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¢ · ¡μÉ Ì [14, 15] ¢ · §¡ ¢²¥´´ÒÌ · ¸É¢μ-
· Ì ¸ ¶μ³μÐÓÕ ³¥Éμ¤  ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ³μ¤¥²¨
SPC/E ¤²Ö ¢μ¤Ò ¶·¨ 25 ◦C. Œ¥Éμ¤ ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ ¤²Ö ¢μ¤´ÒÌ · ¸-
É¢μ·μ¢ NaCl ¢ ± ´μ´¨Î¥¸±μ³  ´¸ ³¡²¥ ¨¸¶μ²Ó§μ¢ ´ ¢ · ¡μÉ¥ [16] ¢ μ¡ÒÎ´ÒÌ ¨
¸Ê¶¥·±·¨É¨Î¥¸±¨Ì Ê¸²μ¢¨ÖÌ, ÎÉμ¡Ò μ¶·¥¤¥²¨ÉÓ ¢²¨Ö´¨¥ £¨¤· É´μ° ¸É·Ê±ÉÊ·Ò
´  É¥·³μ¤¨´ ³¨±Ê  ¸¸μÍ¨ Í¨¨ ¨μ´´ÒÌ ¶ ·.

‚ Éμ ¦¥ ¢·¥³Ö ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¨³¥´´μ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¢ μÉ-
²¨Î¨¥ μÉ ¨§¢¥¸É´ÒÌ ¢ ²¨É¥· ÉÊ·¥ ·¥§Ê²ÓÉ Éμ¢, ¨§²μ¦¥´´ÒÌ ¢ÒÏ¥, ¢¶¥·¢Ò¥
¶·μ¨§¢μ¤¨É¸Ö ¢ÒÎ¨¸²¥´¨¥ Ô´¥·£¨°  ±É¨¢ Í¨¨ ¤¨ËËÊ§¨¨ ¨¸¸²¥¤Ê¥³ÒÌ Ô²¥±É·μ-
²¨Éμ¢. �·¨ ÔÉμ³ ¶μ²ÊÎ¥´  ¶·Ö³ Ö § ¢¨¸¨³μ¸ÉÓ ¤¨ËËÊ§¨μ´´ÒÌ ¸¢μ°¸É¢ ¤ ¦¥
μÉ ³ ²ÒÌ ¨§³¥´¥´¨° ¶ · ³¥É·μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μÉ¥´Í¨ ²  ‹¥´´ ·¤-„¦μ´¸ 
(‹„; Lennard-Jones, LJ potential).

1. Œ�’…�ˆ�‹› ˆ Œ…’�„›

1.1. � Î ²Ó´ Ö ±μ´Ë¨£Ê· Í¨Ö, Éμ¶μ²μ£¨Ö ³μ²¥±Ê²Ö·´μ£μ ¶μ²Ö. ‚ ´ ¸-
ÉμÖÐ¥° · ¡μÉ¥ ´ ³¨ ¡Ò²¨ ¸³μ¤¥²¨·μ¢ ´Ò ´¥¸±μ²Ó±μ ¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢
(HCl, LiCl, NaCl ¨ KCl) ¸ ¢μ¤μ° ¶·¨ · §´ÒÌ ±μ´Í¥´É· Í¨ÖÌ ¸μ²¨. �  ·¨¸. 1
μÉ· ¦¥´  ±μ´Ë¨£Ê· Í¨Ö ¸¨¸É¥³Ò NaClÄH2O. Œμ¤¥²¨·μ¢ ´¨¥ ¶·μÌμ¤¨²μ ¶·¨
É·¥Ì · §´ÒÌ ¸μμÉ´μÏ¥´¨ÖÌ Ô²¥±É·μ²¨ÉÄ¢μ¤ : 50:50 (16 ³μ²Ó/±£), 33:66
(8 ³μ²Ó/±£) ¨ 4:96 (1 ³μ²Ó/±£). ’ ±¨³ μ¡· §μ³, ¶²μÉ´μ¸ÉÓ · ¸É¢μ·μ¢ Ô²¥±-
É·μ²¨Éμ¢ ¢ ·Ó¨·μ¢ ² ¸Ó ¢ ¨´É¥·¢ ²¥ ρ = 0,5−1,4 £/¸³3. ‘μμÉ¢¥É¸É¢ÊÕÐ¨°
· §³¥· ¨ ¶ · ³¥É·Ò �¢ ²Ó¤  ³μ¤¥²¨·Ê¥³ÒÌ ¸¨¸É¥³ ¶·¨¢¥¤¥´Ò ¢ É ¡². 1.

„²Ö ³μ¤¥²¨·μ¢ ´¨Ö ³¥¦³μ²¥±Ê²Ö·´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¡Ò² ¨¸¶μ²Ó§μ¢ ´
¶μÉ¥´Í¨ ² ‹„, ±μÉμ·Ò° μ¡ÒÎ´μ ¶·¨³¥´Ö¥É¸Ö ¤²Ö μ¶¨¸ ´¨Ö ¢ ´¤¥·¢  ²Ó¸μ¢ÒÌ
(‚„‚; Van der Waals, VDW) ¢§ ¨³μ¤¥°¸É¢¨° ¢ ¦¨¤±μ¸ÉÖÌ. �²¥±É·μ¸É É¨Î¥-
¸±¨¥ ¨ ‹„-¶μÉ¥´Í¨ ²Ò ¨³¥ÕÉ ¢¨¤

U =
∑
ij

[
4εij

((
σij

rij

)12

−
(

σij

rij

)6
)

+
qiqj

rij

]
, (1)

£¤¥ σij , εij Å ¶ · ³¥É·Ò ¢ ´¤¥·¢  ²Ó¸μ¢ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° i- ¨ j- Éμ³μ¢;
rij Å ³¥¦ Éμ³´Ò¥ · ¸¸ÉμÖ´¨Ö; qi, qj Å Î ¸É¨Î´Ò¥  Éμ³´Ò¥ § ·Ö¤Ò. εij Å
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	¨¸. 1. � Î ²Ó´ Ö (¸²¥¢ ) ¨ ±μ´¥Î´ Ö (¸¶· ¢ ) ±μ´Ë¨£Ê· Í¨¨ ¤²Ö ¸¨¸É¥³Ò NaClÄH2O.
ˆμ´Ò Na+ μ¡μ§´ Î¥´Ò ¸¨´¨³¨, Cl− Å £μ²Ê¡Ò³¨, ±¨¸²μ·μ¤ ¨ ¢μ¤μ·μ¤ ³μ²¥±Ê²Ò
¢μ¤Ò Å ±· ¸´Ò³¨ ¨ ¡¥²Ò³¨ ¸Ë¥· ³¨

’ ¡²¨Í  1. ƒ¥μ³¥É·¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¨ ³μ²¥±Ê²Ö·´Ò° ¸μ¸É ¢ ¨§ÊÎ¥´´ÒÌ ¸¨¸É¥³
Ô²¥±É·μ²¨Éμ¢

	 §³¥· ¸¨¸É¥³Ò
Ô²¥±É·μ²¨ÉÄ¢μ¤ 

X, 
A Y , 
A Z, 
A ρ, £/¸³3
� · ³¥É·
�¢ ²Ó¤ 

(k1, k2, k3)

(HCl)2500(H2O)2500
(LiCl)2500(H2O)2500
(NaCl)2500(H2O)2500
(KCl)2500(H2O)2500
(HCl)1728(H2O)3456
(LiCl)1728(H2O)3456
(NaCl)1728(H2O)3456
(KCl)1728(H2O)3456
(HCl)432(H2O)10368
(LiCl)432(H2O)10368
(NaCl)432(H2O)10368
(NaCl)432(H2O)10368
(KCl)432(H2O)10368

55,0
55,0
55,0
55,0
55,0
55,0
55,0
55,0
49,2
48,6
48,0
49,2
49,2

45,0
45,0
45,0
45,0
45,0
45,0
45,0
45,0
49,2
48,6
48,0
49,2
49,2

45,0
45,0
45,0
45,0
45,0
45,0
45,0
45,0
48,9
48,6
48,0
48,9
48,9

0,81
0,90
1,14
1,38
0,51
0,58
0,74
0,90
0,98
1,03
1,12
1,05
1,10

22, 22, 30
22, 22, 30
22, 22, 30
22, 22, 30
22, 22, 30
22, 22, 30
22, 22, 30
22, 22, 30
22, 22, 30
22, 22, 30
22, 22, 30
22, 22, 30
22, 22, 30

£²Ê¡¨´  ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò, σij Å · ¸¸ÉμÖ´¨¥, ´  ±μÉμ·μ³ Ê· ¢´μ¢¥Ï¨¢ -
ÕÉ¸Ö ¸¨²Ò μÉÉ ²±¨¢ ´¨Ö ¨ ¶·¨ÉÖ¦¥´¨Ö ³¥¦¤Ê  Éμ³ ³¨. � · ³¥É·Ò ¢§ ¨-
³μ¤¥°¸É¢¨Ö · §²¨Î´ÒÌ  Éμ³μ¢ μ¶·¥¤¥²¥´Ò ¸ ¶μ³μÐÓÕ ¶· ¢¨²  ¸³¥Ï¥´¨Ö
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‹μ·¥´Í Ä�¥·É²μ (LorentzÄBerthelot mixing rule):

σij = (σi + σj)/2, εij =
√

εiεj . (2)

� · ³¥É·Ò ¶μÉ¥´Í¨ ²  ‹¥´´ ·¤-„¦μ´¸  ¨ Î ¸É¨Î´Ò¥ § ·Ö¤Ò  Éμ³μ¢ ¤²Ö
¢¸¥Ì  Éμ³μ¢ Ô²¥±É·μ²¨Éμ¢ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 2. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ
¤²Ö ¤¢ÊÌ ¨§ Î¥ÉÒ·¥Ì ³μ¤¥²¥° Ô²¥±É·μ²¨Éμ¢ (HClÄH2O ¨ NaClÄH2O) ¶ · ³¥-
É·Ò ¶μÉ¥´Í¨ ²  ‹¥´´ ·¤-„¦μ´¸  ¢ ·Ó¨·μ¢ ²¨¸Ó, ÎÉμ¡Ò ¡Ò²μ ¢μ§³μ¦´μ ÊÎ¥¸ÉÓ
μ¡· §μ¢ ´¨¥ £¨¤· É´μ° μ¡μ²μÎ±¨ ¢μ±·Ê£ ¨μ´μ¢ ¢¸²¥¤¸É¢¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸
¢μ¤μ°. ‚ É ¡². 2 ¤¢  ¢ ·¨ ´É  ¢μ§³μ¦´ÒÌ ¢¥²¨Î¨´ σij ¨ εij μ¡μ§´ Î¥´Ò ± ±
¢ ·. 1 ¨ ¢ ·. 2. ‚¨¤´μ, ÎÉμ ¨§³¥´¥´¨¥ ¨μ´´ÒÌ ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²  ¸¨²Ó´μ
¢²¨Ö¥É ´  ¤¨´ ³¨Î¥¸±¨¥ ¨ ¸É·Ê±ÉÊ·´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢.
‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ³μ¤¥²Ó SPC ¤²Ö ¢μ¤Ò [21Ä23]. „²¨´ 
¨ Ê£²Ò ¸¢Ö§¨ ¢ ³μ²¥±Ê²¥ ¢μ¤Ò ´¥ ¡Ò²¨ Ë¨±¸¨·μ¢ ´Ò (unconstrained).

’ ¡²¨Í  2. � · ³¥É·Ò ¶μÉ¥´Í¨ ²  ‹„ ¨ Î ¸É´Ò¥ § ·Ö¤Ò  Éμ³μ¢ ¤²Ö ¢¸¥Ì ¸¨¸É¥³
Ô²¥±É·μ²¨Éμ¢

ˆμ´
� · ³¥É·

ε, ±± ²/³μ²Ó σ, 
A q, |e|
H+ (¢ ·. 1) 0,020 1,800 +1,00
H+ (¢ ·. 2) 0,017 2,810 +1,00
Li+ 0,119 2,000 +1,00
Na+ (¢ ·. 1) 0,130 2,350 +1,00
Na+ (¢ ·. 2) 0,076 2,450 +1,00
K+ 0,324 3,130 +1,00
Cl− 0,100 4,450 Ä1,00
OW− 0,156 3,166 Ä0,82

1.2. �´¸ ³¡²Ó,  ²£μ·¨É³ ¨´É¥£·¨·μ¢ ´¨Ö, ¸¨²μ¢Ò¥ ¶μ²Ö. ‚ ´ Ï¥° · -
¡μÉ¥ ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¶·μ£· ³³´Ò° ¶ ±¥É DL POLY 2.20, ´  ±μÉμ·μ³ μ¸´μ-
¢ ´  ±² ¸¸¨Î¥¸± Ö ³μ²¥±Ê²Ö·´ Ö ¤¨´ ³¨±  [25]. ‚ Ìμ¤¥ ³μ¤¥²¨·μ¢ ´¨Ö ¶·¨-
³¥´Ö²μ¸Ó ¨´É¥£·¨·μ¢ ´¨¥ ‚¥·²¥ (Verle algorithm) ¨ É¥·³μ¸É É �μ§ÔÄ•Ê¢¥· 
(NoseÄHoover thermostat) ¢ ¸μÎ¥É ´¨¨ ¸  ´¸ ³¡²¥³ NVT ¶·¨ T = 300 K. ˜ £
¨´É¥£·¨·μ¢ ´¨Ö ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö Å 1 Ë¸. �²£μ·¨É³ ´ 
μ¸´μ¢¥ ³¥Éμ¤  ƒ Ê¸¸ Ä‡¥°¤¥²Ö ¶·¨³¥´Ö²¸Ö ¸ ÉμÎ±¨ §·¥´¨Ö ¶μ¢Éμ·¥´¨Ö ¤ ´-
´ÒÌ ¤²Ö μ£· ´¨Î¥´¨Ö ¦¥¸É±¨Ì ¨ ¤·Ê£¨Ì Ì¨³¨Î¥¸±¨Ì ¸¢Ö§¥° [23, 24]. Œ¥Éμ¤
¸Ê³³¨·μ¢ ´¨Ö ¶μ �¢ ²Ó¤Ê (Ewald summation) ¨¸¶μ²Ó§μ¢ ²¸Ö ¤²Ö · ¸Î¥É  ¤ ²Ó-
´μ¤¥°¸É¢ÊÕÐ¨Ì Ô²¥±É·μ¸É É¨Î¥¸±¨Ì ¸¨² ¸  ¢Éμ³ É¨Î¥¸±¨³ ¶ · ³¥É·μ³ μ¶É¨-
³¨§ Í¨¨ f = 1,0 · 10−4 ¨ ¶ · ³¥É·μ³ ¸Ìμ¤¨³μ¸É¨ 0,24375 
A−1.

„²Ö Ô²¥±É·μ²¨É  ¨ ³μ²¥±Ê²Ò ¢μ¤Ò ¶ · ³¥É·Ò ¸¨²μ¢μ£μ ¶μ²Ö ¢Ò¡¨· ²¨¸Ó
¨§ ¡ §Ò ¤ ´´ÒÌ DL FIELD [25], ±μÉμ·Ò¥, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¢§ÖÉÒ ¨§ ¡ §Ò
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¤ ´´ÒÌ ¶ ±¥É  CHARMM [26]. „²Ö ³μ²¥±Ê² Ô²¥±É·μ²¨É  ¶ · ³¥É·Ò ¶μÉ¥´-
Í¨ ² , ¶·¥¤¸É ¢²¥´´Ò¥ ¢ É ¡². 2, ¢ ·. 1 ¨ ¢ ·. 2, μÉ´μ¸ÖÉ¸Ö ± · ¡μÉ ³ [26]
¨ [6] ¸μμÉ¢¥É¸É¢¥´´μ. „¥É ²Ó´μ¥ μ¶¨¸ ´¨¥ ¶μÉ¥´Í¨ ²  ¨ Éμ¶μ²μ£¨¨ ¸¨²μ¢μ£μ
¶μ²Ö (Ì¨³¨Î¥¸±¨¥, Ê£²μ¢Ò¥ ¶ · ³¥É·Ò ¸¢Ö§¨,  Éμ³´Ò¥ § ·Ö¤Ò ¨ É. ¤.) ³μ¤¥-
²¥° Ô²¥±É·μ²¨Éμ¢ ³μ¦´μ ´ °É¨ ¢ · ¡μÉ Ì [6, 7, 17Ä25]. Œ„-³μ¤¥²¨·μ¢ ´¨¥
μ¸ÊÐ¥¸É¢²Ö²μ¸Ó ¢ ¤¨ ¶ §μ´¥ É¥³¶¥· ÉÊ· μÉ 300 ¤μ 600 Š ¸ Ï £μ³ ¢ 50 Š.

2. �…‡“‹œ’�’› ˆ ��‘“†„…�ˆŸ

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ³¥Éμ¤μ³ ³μ²¥±Ê²Ö·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¡Ò²¨ ¶μ²Ê-
Î¥´Ò ´ ´μ¸¥±Ê´¤´Ò¥ É· ¥±Éμ·¨¨ ¨ ´ °¤¥´Ò ·¥² ±¸¨·μ¢ ´´Ò¥ ±μ´Ë¨£Ê· Í¨¨
¤²Ö ³´μ£μÎ ¸É¨Î´ÒÌ  ´¸ ³¡²¥°, μÉ· ¦ ÕÐ¨Ì ¸¢μ°¸É¢  ¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢.
„²Ö ± ¦¤μ° ¨§ Î¥ÉÒ·¥Ì ³μ¤¥²¥° (HClÄH2O, LiClÄH2O, NaClÄH2O, KClÄH2O)
³μ¤¥²¨·μ¢ ´¨¥ μ¸ÊÐ¥¸É¢²Ö²μ¸Ó ¢ ¤¨ ¶ §μ´¥ É¥³¶¥· ÉÊ· μÉ 300 ¤μ 600 Š.
„²Ö ¤¢ÊÌ ¨§ Î¥ÉÒ·¥Ì ³μ¤¥²¥° Ô²¥±É·μ²¨Éμ¢ (HClÄH2O ¨ NaClÄH2O) ¶ · ³¥-
É·Ò ¶μÉ¥´Í¨ ²  ‹„ ¢ ·Ó¨·μ¢ ²¨¸Ó ¢ Ìμ¤¥ Œ„-³μ¤¥²¨·μ¢ ´¨Ö. �Ò²¨ ¶μ²Ê-
Î¥´Ò ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ · ¤¨ ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö (”		) ¨ ¤¨ËËÊ§¨μ´-
´Ò¥ Ô´¥·£¨¨  ±É¨¢ Í¨¨ (¢ ±± ²/³μ²Ó) ¤²Ö É·¥Ì ±μ´Í¥´É· Í¨° Ô²¥±É·μ²¨É  ¢
¢μ¤¥ Å 50:50 (16 ³μ²Ó/±£), 33:66 (8 ³μ²Ó/±£) ¨ 4:96 (1 ³μ²Ó/±£). Šμ´Í¥´É· Í¨Ö
50:50 (16 ³μ²Ó/±£) μ§´ Î ¥É 16 ³μ²Ó ¨μ´μ¢ Ô²¥±É·μ²¨É  ´  1 ±£ · ¸É¢μ·¨É¥²Ö
(¢μ¤Ò), 33:66 (8 ³μ²Ó/±£) μ§´ Î ¥É 8 ³μ²Ó ¨μ´μ¢ Ô²¥±É·μ²¨É  ´  1 ±£ · ¸É¢μ·¨-
É¥²Ö, 4:96 (1 ³μ²Ó/±£) μ§´ Î ¥É 1 ³μ²Ó ¨μ´μ¢ Ô²¥±É·μ²¨É  ´  1 ±£ · ¸É¢μ·¨É¥²Ö.
„·Ê£¨³¨ ¸²μ¢ ³¨, ¢ ¸²ÊÎ ¥ ±μ´Í¥´É· Í¨¨ 50:50 1 ¨μ´´ Ö ¶ ·  (¸± ¦¥³, NaCl)
μ±·Ê¦¥´  1 ³μ²¥±Ê²μ° (H2O) ¢μ¤Ò; ¢ ¸²ÊÎ ¥ ¸ ±μ´Í¥´É· Í¨¥° 33:66 Å 1 ¨μ´-
´ Ö ¶ ·  μ±·Ê¦¥´  2 ³μ²¥±Ê² ³¨ ¢μ¤Ò; ¶·¨ ±μ´Í¥´É· Í¨¨ 4:96 Å 1 ¨μ´´ Ö
¶ ·  μ±·Ê¦¥´  24 ³μ²¥±Ê² ³¨ ¢μ¤Ò. Šμ´Í¥´É· Í¨¨ 8 ³μ²Ó/±£ ¨, É¥³ ¡μ-
²¥¥, 16 ³μ²Ó/±£ ³Ò ¸Î¨É ¥³ £¨¶μÉ¥É¨Î¥¸±¨³¨ ¨ · ¸¸³ É·¨¢ ¥³ ¨Ì Éμ²Ó±μ ¤²Ö
¸· ¢´¥´¨Ö.

2.1. � ¸Î¥É ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¨ Ô´¥·£¨¨  ±É¨¢ Í¨¨. ‚ ´ ¸ÉμÖ-
Ð¥° · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò ¨ ¶·μ ´ ²¨§¨·μ¢ ´Ò ·¥§Ê²ÓÉ ÉÒ Œ„-³μ¤¥²¨·μ¢ ´¨Ö
¤²Ö ±μÔËË¨Í¨¥´É  ¸ ³μ¤¨ËËÊ§¨¨ D Ô²¥±É·μ²¨Éμ¢ ¨ ³μ²¥±Ê² ¢μ¤Ò. �  ·¨¸. 3
(¸²¥¢ ) ¶μ± § ´Ò £· Ë¨±¨ ±μÔËË¨Í¨¥´Éμ¢ ¸ ³μ¤¨ËËÊ§¨¨ ¤²Ö ±μ´Í¥´É· Í¨¨
50:50 ¶μ ³μ²¥±Ê² ³. ‚¨¤´μ, ÎÉμ ¸ Ê³¥´ÓÏ¥´¨¥³ É¥³¶¥· ÉÊ·Ò ´ ¡²Õ¤ ¥É¸Ö
Ê³¥´ÓÏ¥´¨¥ ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨. ‚μ§³μ¦´μ, ÔÉμ ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ μ¡· -
§μ¢ ´¨¥³ ¢μ¤μ·μ¤´ÒÌ ¸¢Ö§¥° ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì. �μ¢¥¤¥´¨¥ £· Ë¨±μ¢
¤¨ËËÊ§¨¨ ¶μ¤Î¨´Ö¥É¸Ö ·Ö¤Ê Na+ > K+ > Li+ > H+ ¶·¨ ´¨§±¨Ì É¥³¶¥· -
ÉÊ· Ì ¨ ·Ö¤Ê Li+ > H+ > K+ > Na+ ¶·¨ ¶μ¢ÒÏ¥´´ÒÌ. �μÌμ¦ Ö ¸¨ÉÊ Í¨Ö
´ ¡²Õ¤ ¥É¸Ö ¤²Ö ¨μ´  Cl−. �¤´ ±μ ¤²Ö ¢μ¤Ò ¶μ¢¥¤¥´¨¥ ±·¨¢μ° ¤¨ËËÊ§¨¨
¶μ¤Î¨´Ö¥É¸Ö ·Ö¤Ê Na+ > Li+ > K+ > H+ ¢ § ¢¨¸¨³μ¸É¨ μÉ É¥³¶¥· ÉÊ·Ò,
É. ¥. ¢μ¤  ¢¥¤¥É ¸¥¡Ö ¡μ²¥¥ ¶μ¤¢¨¦´μ ¢ ¸¨¸É¥³ Ì NaClÄH2O ¨ LiClÄH2O, ÎÉμ
¸· ¢´¨É¥²Ó´μ ³¥´ÓÏ¥, Î¥³ ¤²Ö ¸¨¸É¥³ HClÄH2O ¨ KClÄH2O. �·¨ ±μ³´ É´μ°
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É¥³¶¥· ÉÊ·¥ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ ¤²Ö ¨μ´μ¢ Na+ ¨ K+ μ¤¨´ ±μ¢Ò, ´μ
¡μ²ÓÏ¥, Î¥³ ¤²Ö ¨μ´μ¢∗ Li+ ¨ H+.

Š·μ³¥ Éμ£μ, ¡Ò²μ · ¸¸³μÉ·¥´μ Ê³¥´ÓÏ¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¨μ´´ÒÌ ¢§ ¨-
³μ¤¥°¸É¢¨° ¨ Ê¢¥²¨Î¥´¨¥ ÔËË¥±É¨¢´μ£μ ¤¨ ³¥É·  ¨μ´μ¢. ‘Éμ¨É μÉ³¥É¨ÉÓ, ÎÉμ
¨§³¥´¥´¨¥ ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²  ‹¥´´ ·¤-„¦μ´¸ , ± ± ¶μ± § ´μ ´  ·¨¸. 2
([6, 17Ä27]), Î ¸Éμ ¨¸¶μ²Ó§μ¢ ²μ¸Ó ¢ Œ„-³μ¤¥²¨·μ¢ ´¨¨ ¦¨¤±μ¸É¥° ¨ ¦¨¤±¨Ì
Ë §, ¢±²ÕÎ Ö ¸¨¸É¥³Ò Ô²¥±É·μ²¨Éμ¢.

�  ·¨¸. 3 (¸¶· ¢ ) ³μ¦´μ Ê¢¨¤¥ÉÓ £· Ë¨± ¤¨ËËÊ§¨¨ ¶·¨ ¨§³¥´¥´´ÒÌ ¶ -
· ³¥É· Ì ¢§ ¨³μ¤¥°¸É¢¨Ö ε ¨ σ. � · ³¥É·Ò ¶μÉ¥´Í¨ ²  ‹¥´´ ·¤-„¦μ´¸  ε

	¨¸. 2. ˆ§³¥´¥´´Ò¥ ¶ · ³¥É·Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ¤²Ö ¸¨¸É¥³ HClÄH2O (¸²¥¢ ) ¨ NaClÄ
H2O (¸¶· ¢ )

	¨¸. 3. ŠμÔËË¨Í¨¥´ÉÒ ¸ ³μ¤¨ËËÊ§¨¨ ¶·¨ ±μ´Í¥´É· Í¨¨ 50:50 ¶μ ³μ²¥±Ê² ³
(16 ³μ²Ó/±£) ± ± ËÊ´±Í¨Ö É¥³¶¥· ÉÊ·Ò. ‘²¥¢  Å ¶ · ³¥É·Ò ¸¨²μ¢μ£μ ¶μ²Ö ¨§
¢ ·. 1 [26], ¸¶· ¢  Å ¨§ ¢ ·. 2 [6]

∗�É³¥É¨³, ÎÉμ ¶μ´ÖÉ¨¥ ®¶·μÉμ´¯ ¢ ¤ ´´μ³ ±μ´É¥±¸É¥ ¸²¥¤Ê¥É ¢μ¸¶·¨´¨³ ÉÓ Ê¸²μ¢´μ, ¤ ¦¥
¥¸²¨ ¶·μÉμ´ ¶·¨¸μ¥¤¨´Ö¥É¸Ö ± ± ±μ³Ê-²¨¡μ μ¸´μ¢ ´¨Õ, ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ± ³μ²¥±Ê²¥ H2O ¢ Ëμ·³¥
¨μ´  £¨¤·μ´¨Ö H3O+. ˆ§-§  ¡Ò¸É·μ£μ ¶¥·¥³¥Ð¥´¨Ö ¶·μÉμ´  ³¥¦¤Ê ³μ²¥±Ê² ³¨ (´ ¶·¨³¥·, ³μ-
¡¨²Ó´μ¸ÉÓ ¶·μÉμ´  ¢ ¢μ¤¥) μ¶¨¸ ´¨¥ ¶·μÉμ´  É·¥¡Ê¥É ¡μ²ÓÏμ°  ±±Ê· É´μ¸É¨. ’ ± ÎÉμ μ¡μ§´ Î¥-
´¨¥ H+ ´¥μ¡Ìμ¤¨³μ ¶·¨´¨³ ÉÓ ± ± ¶μ²μ¦¨É¥²Ó´μ § ·Ö¦¥´´Ò° ¢μ¤μ·μ¤´Ò°  Éμ³.
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¨ σ ¢ ·Ó¨·μ¢ ²¨¸Ó ¤²Ö ¤¢ÊÌ ³μ¤¥²¥° Ô²¥±É·μ²¨Éμ¢ HClÄH2O ¨ NaClÄH2O.
ˆ§ ·¨¸. 3 (¸¶· ¢ ) ¢¨¤´μ, ÎÉμ ¤ ¦¥ ´¥§´ Î¨É¥²Ó´μ¥ ¨§³¥´¥´¨¥ ¶ · ³¥É·μ¢
¢§ ¨³μ¤¥°¸É¢¨Ö ³μ¦¥É ¸ÊÐ¥¸É¢¥´´μ ¨§³¥´¨ÉÓ ¶μ¢¥¤¥´¨¥ ±·¨¢ÒÌ ¤¨ËËÊ§¨¨
¤²Ö ¨μ´μ¢ H+, Na+ ¨ Cl−. ’ ±, ¤²Ö Na+ ¨ Cl− ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨
·¥§±μ Ê³¥´ÓÏ ÕÉ¸Ö ¨ ¤ ²¥¥ ´¥ ¨§³¥´ÖÕÉ¸Ö ¢ § ¢¨¸¨³μ¸É¨ μÉ É¥³¶¥· ÉÊ·Ò.
‚ Éμ ¦¥ ¢·¥³Ö ¤¨ËËÊ§¨Ö ¢μ¤Ò ¤²Ö NaClÄH2O ¨ HClÄH2O § ³¥É´μ Ê¢¥²¨Î¨¢ -
¥É¸Ö ¨ ¶μ¢¥¤¥´¨¥ ±·¨¢μ° ¤¨ËËÊ§¨¨ ¶μ¤Î¨´Ö¥É¸Ö ·Ö¤Ê Na+ > H+ > Li+ > K+

¢ § ¢¨¸¨³μ¸É¨ μÉ É¥³¶¥· ÉÊ·Ò.
�  ·¨¸. 4 (¸²¥¢ ) ¨ 5 (¸²¥¢ ) ¶μ± § ´Ò ±·¨¢Ò¥ ±μÔËË¨Í¨¥´É  ¸ ³μ¤¨Ë-

ËÊ§¨¨ ¶·¨ ±μ´Í¥´É· Í¨ÖÌ 33:66 ¨ 4:96 ¶μ ³μ²¥±Ê² ³ ¸μμÉ¢¥É¸É¢¥´´μ. Š ± ¨
μ¦¨¤ ²μ¸Ó, Ê³¥´ÓÏ¥´¨¥ ±μ´Í¥´É· Í¨¨ Ô²¥±É·μ²¨É  ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ
±μÔËË¨Í¨¥´É  ¸ ³μ¤¨ËËÊ§¨¨ D (³μ¦´μ ¸· ¢´¨ÉÓ ¸ ±·¨¢Ò³¨ ¶·¨ ±μ´Í¥´-
É· Í¨ÖÌ 50:50 ¶μ ³μ²¥±Ê² ³). � ¨§³¥´¥´¨¥ ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²  ‹¥´´ ·¤-
„¦μ´¸  ¶·¨¢μ¤¨É ± μ¶¨¸ ´´μ³Ê · ´¥¥ ÔËË¥±ÉÊ (·¨¸. 3 (¸¶· ¢ )). Š ± ¢¨¤´μ

	¨¸. 4. ŠμÔËË¨Í¨¥´ÉÒ ¸ ³μ¤¨ËËÊ§¨¨ ¶·¨ ±μ´Í¥´É· Í¨¨ 33:66 ¶μ ³μ²¥±Ê² ³
(8 ³μ²Ó/±£) ± ± ËÊ´±Í¨Ö É¥³¶¥· ÉÊ·Ò. ‘²¥¢  Å ¶ · ³¥É·Ò ¸¨²μ¢μ£μ ¶μ²Ö ¨§
¢ ·. 1 [26], ¸¶· ¢  Å ¨§ ¢ ·. 2 [6]

	¨¸. 5. ŠμÔËË¨Í¨¥´ÉÒ ¸ ³μ¤¨ËËÊ§¨¨ ¶·¨ ±μ´Í¥´É· Í¨¨ 4:96 ¶μ ³μ²¥±Ê² ³
(1 ³μ²Ó/±£) ± ± ËÊ´±Í¨Ö É¥³¶¥· ÉÊ·Ò. ‘²¥¢  Å ¶ · ³¥É·Ò ¸¨²μ¢μ£μ ¶μ²Ö ¨§
¢ ·. 1 [26], ¸¶· ¢  Å ¨§ ¢ ·. 2 [6]

9



¨§ ·¨¸. 4 (¸¶· ¢ ) ¨ 5 (¸¶· ¢ ), ¶μ¢¥¤¥´¨¥ ¤¨ËËÊ§¨¨ ¨μ´μ¢ H+, Na+ ¨ Cl−

¤²Ö ¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢ HClÄH2O ¨ NaClÄH2O ¸ÊÐ¥¸É¢¥´´μ ¨§³¥´Ö¥É¸Ö ¸
·μ¸Éμ³ ¤¨ËËÊ§¨¨ ¢μ¤Ò. „¨ËËÊ§¨μ´´ Ö ¸¶μ¸μ¡´μ¸ÉÓ ¤²Ö Na+ ¨ Cl− ·¥§±μ
Ê³¥´ÓÏ ¥É¸Ö ¸ É¥³¶¥· ÉÊ·μ° ¨ § É¥³ μ¸É ¥É¸Ö ´¥¨§³¥´´μ°.

�  μ¸´μ¢¥ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ (·¨¸. 3Ä5) ³μ¦´μ μÍ¥´¨ÉÓ Ô´¥·£¨Õ
 ±É¨¢ Í¨¨ ¤¨ËËÊ§¨¨ ¤²Ö ¢¸¥Ì ¨μ´μ¢. ˆ§¢¥¸É´μ, ÎÉμ ¢ Ï¨·μ±μ³ ¨´É¥·¢ ²¥
É¥³¶¥· ÉÊ· ±μÔËË¨Í¨¥´É ¸ ³μ¤¨ËËÊ§¨¨ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° Ê· ¢´¥´¨¥ �··¥-
´¨Ê¸  [21], ±μÉμ·μ¥ ¨³¥¥É ¢¨¤

D = D0 exp (−E/RT ), (3)

£¤¥ D Å ±μÔËË¨Í¨¥´É ¸ ³μ¤¨ËËÊ§¨¨ (³2 · ¸−1), E Å Ô´¥·£¨Ö  ±É¨¢ Í¨¨,
R Å Ê´¨¢¥·¸ ²Ó´ Ö £ §μ¢ Ö ¶μ¸ÉμÖ´´ Ö (8,31 „¦/³μ²Ó ·Š), T Å É¥³¶¥· -
ÉÊ·  (Š). �´¥·£¨Õ  ±É¨¢ Í¨¨ ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ ¶μ £· Ë¨±Ê § ¢¨¸¨³μ¸É¨

	¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ ln D μÉ f(1/T ) ¤²Ö ±μ´Í¥´É· Í¨¨ 50:50 (16 ³μ²Ó/±£): ¸²¥¢  Å
¶ · ³¥É·Ò ¸¨²μ¢μ£μ ¶μ²Ö ¨§ ¢ ·. 1 [26], ¸¶· ¢  Å ¨§ ¢ ·. 2 [6]

	¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ ln D μÉ f(1/T ) ¤²Ö ±μ´Í¥´É· Í¨¨ 33:66 (8 ³μ²Ó/±£): ¸²¥¢  Å
¶ · ³¥É·Ò ¸¨²μ¢μ£μ ¶μ²Ö ¨§ ¢ ·. 1 [26], ¸¶· ¢  Å ¨§ ¢ ·. 2 [6]

10



	¨¸. 8. ‡ ¢¨¸¨³μ¸ÉÓ lnD μÉ f(1/T ) ¤²Ö ±μ´Í¥´É· Í¨¨ 4:96 (1 ³μ²Ó/±£): ¸²¥¢  Å
¶ · ³¥É·Ò ¸¨²μ¢μ£μ ¶μ²Ö ¨§ ¢ ·. 1 [26], ¸¶· ¢  Å ¨§ ¢ ·. 2 [6]

’ ¡²¨Í  3. 	´¥·£¨Ö  ±É¨¢ Í¨¨ E (±± ²/³μ²Ó), · ¸¸Î¨É ´´ Ö ¶μ Ê· ¢´¥´¨Õ �··¥-
´¨Ê¸  ¶·¨ · §´ÒÌ ±μ´Í¥´É· Í¨ÖÌ Ô²¥±É·μ²¨É  ¶μ μÉ´μÏ¥´¨Õ ± ¢μ¤¥ (1 ³μ²Ó/±£
μ§´ Î ¥É 1 ³μ²Ó ¨μ´μ¢ Ô²¥±É·μ²¨É  ´  1 ±£ · ¸É¢μ·¨É¥²Ö ¨ É. ¤.)

�²¥±É·μ²¨É
ˆμ´

E (H+) E (Li+) E (Na+) E (K+) E (Cl−) E (OW−)

50:50 (16 ³μ²Ó/±£) ±μ´Í¥´É· Í¨Ö

HCl (¢ ·. 1)
HCl (¢ ·. 2)
LiCl
NaCl (¢ ·. 1)
NaCl (¢ ·. 2)
KCl

3,56
3,11

4,46
2,68
0,77

5,28

3,37
3,04
4,38
2,68
0,57
5,32

3,97
3,86
4,62
4,00
3,05
4,64

33:66 (8 ³μ²Ó/±£) ±μ´Í¥´É· Í¨Ö

HCl (¢ ·. 1)
HCl (¢ ·.2 )
LiCl
NaCl (¢ ·. 1)
NaCl (¢ ·. 2)
KCl

3,05
2,06

2,83
3,62
0,03

2,74

2,98
1,91
2,85
2,31
0,02
2,84

4,66
3,69
4,14
3,89
3,16
3,05

4:96 (1 ³μ²Ó/±£) ±μ´Í¥´É· Í¨Ö

HCl (¢ ·. 1)
HCl (¢ ·. 2)
LiCl
NaCl (¢ ·. 1)
NaCl (¢ ·. 2)
KCl

2,25
2,54

2,56
2,63
0,05

1,88

2,39
2,23
2,50
2,34
0,21
1,89

2,19
2,19
2,27
2,25
2,19
1,89
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ln D ∼ f(1/T ) Î¥·¥§ Ê£μ² ´ ±²μ´  (tg α = ΔY/ΔX):

E = RT tg α. (4)

�  ·¨¸. 6Ä8 (¸²¥¢ ) ¶μ± § ´Ò £· Ë¨±¨ § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨
μÉ É¥³¶¥· ÉÊ·Ò ¢ ²μ£ ·¨Ë³¨Î¥¸±μ³ ³ ¸ÏÉ ¡¥ ¤²Ö ¢¸¥Ì ¨¸¸²¥¤Ê¥³ÒÌ ±μ´Í¥´-
É· Í¨°. ’ ± Ö ¦¥ § ¢¨¸¨³μ¸ÉÓ ´ ¡²Õ¤ ¥É¸Ö ¤²Ö ¤¢ÊÌ ¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢ ¸
¨§³¥´¥´´Ò³¨ ¶ · ³¥É· ³¨ ε ¨ σ (·¨¸. 6Ä8 (¸¶· ¢ )).

ˆ¸¶μ²Ó§ÊÖ ÔÉ¨ £· Ë¨±¨,  ¢Éμ·Ò ´ ¸ÉμÖÐ¥° · ¡μÉÒ · ¸¸Î¨É ²¨ Ô´¥·£¨Õ
 ±É¨¢ Í¨¨ (E) ¤²Ö ¢¸¥Ì ¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢ (É ¡². 3). �´ ²¨§¨·ÊÖ ¶μ²ÊÎ¥´-
´Ò¥ § ¢¨¸¨³μ¸É¨, ³μ¦´μ ¶·¨°É¨ ± ¢Ò¢μ¤Ê, ÎÉμ ¤²Ö ±μ´Í¥´É· Í¨° 50:50 ¨
33:66 ¶μ ³μ²¥±Ê² ³ ¤¨ËËÊ§¨μ´´ Ö ¸¶μ¸μ¡´μ¸ÉÓ ¨μ´  Na+ Ö¢²Ö¥É¸Ö ´ ¨¡μ²Ó-
Ï¥° ¸·¥¤¨ ¢¸¥Ì ¨¸¸²¥¤Ê¥³ÒÌ ¨μ´μ¢, μ¤´ ±μ ¶·¨ ±μ´Í¥´É· Í¨¨ 4:96 ¶μ ³μ-
²¥±Ê² ³ ´ ¨¡μ²ÓÏÊÕ ¶μ¤¢¨¦´μ¸ÉÓ ¶·μÖ¢²Ö¥É ¨μ´ K+. „ ¦¥ ´¥§´ Î¨É¥²Ó´μ¥
¨§³¥´¥´¨¥ ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²  ε ¨ σ ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´´Ò³ ¨§³¥´¥-
´¨Ö³ ±·¨¢ÒÌ ¤¨ËËÊ§¨¨ ¨ Ô´¥·£¨¨  ±É¨¢ Í¨¨ (·¨¸. 3Ä5 (¸¶· ¢ ) ¨ ·¨¸. 6Ä8
(¸¶· ¢ )) ¶·¨ ¢¸¥Ì ¨¸¸²¥¤Ê¥³ÒÌ ±μ´Í¥´É· Í¨ÖÌ. Œμ¦´μ Ê¢¨¤¥ÉÓ, ÎÉμ ¸¶μ-
¸μ¡´μ¸ÉÓ ¤¨ËËÊ§¨¨ ¤²Ö ¨μ´μ¢ H+, Na+ ¨ Cl− ·¥§±μ Ê³¥´ÓÏ ¥É¸Ö ¤ ¦¥ ¶·¨
´¥§´ Î¨É¥²Ó´μ³ Ê¢¥²¨Î¥´¨¨ ÔËË¥±É¨¢´μ£μ ¤¨ ³¥É·  ¨μ´  σ.

2.2. ”μ·³¨·μ¢ ´¨¥ ¸É·Ê±ÉÊ·Ò. ‘É·Ê±ÉÊ·  ¦¨¤±μ¸É¥° μ¡ÒÎ´μ μ¶¨¸Ò-
¢ ¥É¸Ö ËÊ´±Í¨¥° · ¤¨ ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö (”		) g(r). � ¨¡μ²¥¥ §´ Î¨³Ò
¨ ¨´É¥·¥¸´Ò ”		 ¤²Ö É ±μ£μ ´ ¡μ·   Éμ³μ¢, ± ± (H+, Li+, Na+, K+)ÄCl−,
(H+, Li+, Na+, K+)ÄOW ¨ OWÄCl−. �¨¦¥ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ”		, ¶μ-
²ÊÎ¥´´Ò¥ ¢ Ìμ¤¥ Œ„-³μ¤¥²¨·μ¢ ´¨Ö Î¥ÉÒ·¥Ì ³μ¤¥²¥° Ô²¥±É·μ²¨Éμ¢ ¶·¨ ¢¸¥Ì
¨§ÊÎ¥´´ÒÌ ±μ´Í¥´É· Í¨ÖÌ,   É ±¦¥ ¸¨¸É¥³Ò Ô²¥±É·μ²¨Éμ¢ ¸ ¨§³¥´¥´´Ò³¨
¶ · ³¥É· ³¨ ¶μÉ¥´Í¨ ² .

�  ·¨¸. 9 ¶μ± § ´μ ¸É·Ê±ÉÊ·´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¢ ¸¨¸É¥³¥ Ô²¥±É·μ²¨ÉÄ¢μ¤ 
¨ μ¸μ¡¥´´μ¸É¨ ”		 ¤²Ö ¶ ·  Éμ³μ¢ (H+, Li+, Na+, K+)ÄCl−, (H+, Li+, Na+,

	¨¸. 9. ”		 (H+, Li+, Na+, K+)ÄCl−, (H+, Li+, Na+, K+)ÄOW ¨ OWÄCl− ¶·¨
±μ´Í¥´É· Í¨¨ 16 ³μ²Ó/±£: ¸²¥¢  Å ¶ · ³¥É·Ò ¸¨²μ¢μ£μ ¶μ²Ö ¨§ ¢ ·. 1 [26], ¸¶· ¢  Å
¨§ ¢ ·. 2 [6]
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K+)ÄOW ¨ OWÄCl−. �¥·¢Ò° ¡μ²ÓÏμ° ¶¨± ”		 ¸μμÉ¢¥É¸É¢Ê¥É μ¡· §μ¢ ´¨Õ
±μ´É ±É´μ° ¨μ´´μ° ¶ ·Ò, ¢ Éμ ¢·¥³Ö ± ± ¶μ¸²¥¤ÊÕÐ¨¥ ¶¨±¨ Å μ¡· §μ¢ ´¨Õ
· §¤¥²¥´´μ° ¨μ´´μ° ¶ ·Ò. ˆ§ ·¨¸. 9 (¸²¥¢ ) ¢¨¤´μ, ÎÉμ ¶μ¢¥¤¥´¨¥ ”		 ¤²Ö ¶ ·
 Éμ³μ¢ H+−Cl−, Li+−Cl− ¨ Na+−Cl− Ê± §Ò¢ ¥É ´  ¡μ²¥¥ Ê¶μ·Ö¤μÎ¥´´ÊÕ
¸É·Ê±ÉÊ·Ê, Î¥³ ¤²Ö K+−Cl−.

�¥·¢Ò° ¡μ²ÓÏμ° ¶¨± ´  ·¨¸. 9 (¸²¥¢ ) ¤²Ö ¶ ·  Éμ³μ¢ H+−Cl− ¨ Li+−Cl−

´ Ìμ¤¨É¸Ö ´  · ¸¸ÉμÖ´¨¨ ∼ 2,6−2,7 
A,   ¢Éμ·μ° ¶¨± ”		 ¤²Ö Li+−Cl− ¨
H+−Cl− ¸² ¡μ ¢Ò· ¦¥´ ¨ · ¸¶μ²μ¦¥´ ´  · ¸¸ÉμÖ´¨¨ ∼ 5 
A. „²Ö ¶ ·Ò  Éμ-
³μ¢ Na+−Cl− ¶¥·¢Ò° ¶¨± ¸μμÉ¢¥É¸É¢Ê¥É · ¸¸ÉμÖ´¨Õ ∼ 2,81 
A, ¢Éμ·μ° ´ ¡²Õ-
¤ ¥É¸Ö ´¥³´μ£μ ¤ ²ÓÏ¥ Î¥³ 5 
A. � ¤²Ö ¶ ·Ò  Éμ³μ¢ K+−Cl− ¶¥·¢Ò° ¶¨± ”		
´ Ìμ¤¨É¸Ö ´  · ¸¸ÉμÖ´¨¨ ∼ 3,34 
A,   ¢Éμ·μ° Å ´  · ¸¸ÉμÖ´¨¨ ∼ 5,36 
A. „²Ö
ÔÉ¨Ì  Éμ³μ¢ ´ ¡²Õ¤ ÕÉ¸Ö ´¥¸±μ²Ó±μ ¶¨±μ¢ ¸μ²Ó¢ É´μ · §¤¥²¥´´μ° ¨μ´´μ°
¶ ·Ò, ±μÉμ·Ò¥ Ì · ±É¥·´Ò ¤²Ö ¶²μÉ´μ° ±·¨¸É ²²¨Î¥¸±μ° Ë §Ò.

ˆ§ ·¨¸. 9 (¸²¥¢ ) ¢¨¤´μ, ÎÉμ ¶μ·Ö¤μ± · ¸¶μ²μ¦¥´¨Ö ¶¥·¢ÒÌ ¶¨±μ¢, ¸μμÉ-
¢¥É¸É¢ÊÕÐ¨Ì ±μ´É ±É´μ° ¨μ´´μ° ¶ ·¥, ¸²¥¤ÊÕÐ¨°: H+ < Li+ < Na+ < K+.
�  ·¨¸. 9 (¸¶· ¢ ) ¶μ± § ´μ ¶μ¢¥¤¥´¨¥ ”		 ¤²Ö H+−Cl− ¨ Na+−Cl− ¸ ¨§-
³¥´¥´´Ò³¨ ¶ · ³¥É· ³¨ ¶μÉ¥´Í¨ ² , ¤²Ö ±μÉμ·ÒÌ Ì · ±É¥·¥´ ¸²¥¤ÊÕÐ¨°
¶μ·Ö¤μ± · ¸¶μ²μ¦¥´¨Ö ¶¥·¢ÒÌ ¶¨±μ¢: Li+ < H+ < Na+ < K+. ‘²¥¤Ê¥É
μ¡· É¨ÉÓ μ¸μ¡μ¥ ¢´¨³ ´¨¥ ´  ¶μ¢¥¤¥´¨¥ £· Ë¨±μ¢ ¤²Ö ¶ ·  Éμ³μ¢ H+−OW
¨ Na+−OW, ”		 ±μÉμ·ÒÌ ¸É ²  ³¥´¥¥ ¢Ò· ¦¥´ . ’ ±¨³ μ¡· §μ³, ¨§³¥´¥-
´¨¥ ¶ · ³¥É·μ¢ ¶μÉ¥´Í¨ ²  ‹¥´´ ·¤-„¦μ´¸  ¤²Ö ¨μ´μ¢ H+ ¨ Na+¶·¨¢μ¤¨É ±
Éμ³Ê, ÎÉμ ¢μ§´¨± ¥É ¸² ¡μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ ±¨¸²μ·μ¤μ³ ¢μ¤Ò, ±μÉμ·μ¥ ¨§-
³¥´Ö¥É ¸É·Ê±ÉÊ·Ê ¸¢Ö§¨ ³¥¦¤Ê ¨μ´ ³¨ Ô²¥±É·μ²¨Éμ¢ (H+, Li+, Na+, K+)ÄCl−

¨ (H+, Li+, Na+, K+)ÄOW (·¨¸. 9 (¸¶· ¢ )).

�  ·¨¸. 10 (¸²¥¢ , ¸¶· ¢ ) ¨ 11 (¸²¥¢ , ¸¶· ¢ )  ´ ²μ£¨Î´μ ¶μ± § ´μ ¸É·Ê±-
ÉÊ·´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨ μ¸μ¡¥´´μ¸É¨ ”		 ¤²Ö ¶ ·  Éμ³μ¢ (H+, Li+, Na+,
K+)ÄCl−, (H+, Li+, Na+, K+)ÄOW ¨ OWÄCl− ¶·¨ ±μ´Í¥´É· Í¨ÖÌ ¸¨¸É¥³Ò

	¨¸. 10. ”		 (H+, Li+, Na+, K+)ÄCl−, (H+, Li+, Na+, K+)ÄOW ¨ OWÄCl− ¶·¨
±μ´Í¥´É· Í¨¨ 8 ³μ²Ó/±£: ¸²¥¢  Å ¶ · ³¥É·Ò ¸¨²μ¢μ£μ ¶μ²Ö ¨§ ¢ ·. 1 [26], ¸¶· ¢  Å
¨§ ¢ ·. 2 [6]
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	¨¸. 11. ”		 (H+, Li+, Na+, K+)ÄCl−, (H+, Li+, Na+, K+)ÄOW ¨ OWÄCl− ¶·¨
±μ´Í¥´É· Í¨¨ 1 ³μ²Ó/±£: ¸²¥¢  Å ¶ · ³¥É·Ò ¸¨²μ¢μ£μ ¶μ²Ö ¨§ ¢ ·. 1 [26], ¸¶· ¢  Å
¨§ ¢ ·. 2 [6]

8 ¨ 1 ³μ²Ó/±£ ¸μμÉ¢¥É¸É¢¥´´μ. �μ¢¥¤¥´¨¥ ”		 ¤²Ö ¶ ·  Éμ³μ¢ Li+−Cl−,
H+ÄCl− ¨ Na+ÄCl− É ±¦¥ Ê± §Ò¢ ¥É ´  ¡�μ²ÓÏÊÕ Ê¶μ·Ö¤μÎ¥´´μ¸ÉÓ, Î¥³ ¤²Ö
K+ÄCl−. 	 ¸¶μ²μ¦¥´¨¥ ¶¥·¢μ£μ ¶¨±  ¢¸¥Ì ¶ ·  Éμ³μ¢ ¤²Ö ”		  ´ ²μ£¨Î´μ
±μ´Í¥´É· Í¨¨ 16 ³μ²Ó/±£ (·¨¸. 9 (¸²¥¢ , ¸¶· ¢ )). �¤´ ±μ ¤²Ö ¶ ·Ò  Éμ³μ¢
K+ÄCl− ”		 ¶·¨ 8 ¨ 1 ³μ²Ó/±£ ´¥ ¨³¥¥É ¢Ò· ¦¥´´μ£μ ¢Éμ·μ£μ ¶¨± . ‚Ò-
¸μÉ  ¶¥·¢ÒÌ ¶¨±μ¢, μÉ¢¥Î ÕÐ¨Ì μ¡· §μ¢ ´¨Õ ±μ´É ±É´ÒÌ ¨μ´´ÒÌ ¶ ·, §´ -
Î¨É¥²Ó´μ ¢ÒÏ¥, Î¥³ ¶·¨ ±μ´Í¥´É· Í¨¨ 16 ³μ²Ó/±£. 	 ¸¶μ²μ¦¥´¨¥ ¶¥·¢ÒÌ
¶¨±μ¢ ¶μ¤Î¨´Ö¥É¸Ö ·Ö¤Ê H+ < Li+ < Na+ < K+ (·¨¸. 10 (¸²¥¢ )). �  ·¨¸. 10
(¸¶· ¢ ) ¶·¥¤¸É ¢²¥´  ”		 ¤²Ö ¶ ·  Éμ³μ¢ H+Ä(Cl−,OW) ¨ Na+Ä(Cl−,OW),
¶ · ³¥É·Ò ¶μÉ¥´Í¨ ²  ±μÉμ·ÒÌ ¡Ò²¨ ¨§³¥´¥´Ò. „²Ö ÔÉ¨Ì ¤¢ÊÌ ¨μ´μ¢ ´ -
¡²Õ¤ ¥É¸Ö μ¸² ¡²¥´¨¥ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ±¨¸²μ·μ¤μ³ ¢μ¤Ò ¨ ¨§³¥´¥´¨¥
¸É·Ê±ÉÊ·Ò ¸¢Ö§Ò¢ ´¨Ö ³¥¦¤Ê (H+, Li+, Na+, K+)ÄCl−¨ (H+, Li+, Na+, K+)Ä
OW (·¨¸. 10 (¸¶· ¢ ) ¨ 11 (¸¶· ¢ )).

‡�Š‹
—…�ˆ…

�  μ¸´μ¢¥ ³¥Éμ¤  ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³´μ£μÍ¥²¥-
¢μ£μ ¶·μ£· ³³´μ£μ ¶ ±¥É  DL POLY 2.20 ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¡Ò²¨ ¨§ÊÎ¥´Ò
¤¨´ ³¨Î¥¸±¨¥ ¨ ¸É·Ê±ÉÊ·´Ò¥ ¸¢μ°¸É¢  ¢Ò¡· ´´ÒÌ ¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢ ¶·¨
· §´ÒÌ ±μ´Í¥´É· Í¨ÖÌ. „²Ö ± ¦¤μ° ¨§ Î¥ÉÒ·¥Ì ¸¨¸É¥³ (HClÄH2O, LiClÄH2O,
NaClÄH2O, KClÄH2O) ¶μ¸É·μ¥´Ò £· Ë¨±¨ ¤¨ËËÊ§¨¨, ËÊ´±Í¨¨ · ¤¨ ²Ó´μ£μ
· ¸¶·¥¤¥²¥´¨Ö (”		),   É ±¦¥ · ¸¸Î¨É ´  Ô´¥·£¨Ö  ±É¨¢ Í¨¨ ¢ ¤¨ ¶ §μ´¥
É¥³¶¥· ÉÊ· μÉ 300 ¤μ 600 Š. „²Ö ¤¢ÊÌ ³μ¤¥²¥° Ô²¥±É·μ²¨Éμ¢ (HClÄH2O ¨
NaClÄH2O) ¨§³¥´¥´Ò ¶ · ³¥É·Ò ¶μÉ¥´Í¨ ²  ‹¥´´ ·¤-„¦μ´¸ . 	 ¸¸³μÉ·¥´Ò
É·¨ ±μ´Í¥´É· Í¨¨ Ô²¥±É·μ²¨É  ¶μ μÉ´μÏ¥´¨Õ ± ¢μ¤¥ ± ± ± · ¸É¢μ·¨É¥²Õ Å
50:50 (16 ³μ²Ó/±£), 33:66 (8 ³μ²Ó/±£) ¨ 4:96 (1 ³μ²Ó/±£).
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	¥§Ê²ÓÉ ÉÒ Œ„-³μ¤¥²¨·μ¢ ´¨Ö ±μÔËË¨Í¨¥´Éμ¢ ¸ ³μ¤¨ËËÊ§¨¨ D ¤²Ö
Ô²¥±É·μ²¨Éμ¢ ¨ ³μ²¥±Ê² ¢μ¤Ò ¸μμÉ¢¥É¸É¢ÊÕÉ μ¶·¥¤¥²¥´´μ³Ê ¶μ·Ö¤±Ê Na+ >
K+ > Li+ > H+ ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¨ Li+ > H+ > K+ > Na+ Å
¶·¨ ¢Ò¸μ±¨Ì. �μÌμ¦ Ö ¸¨ÉÊ Í¨Ö ´ ¡²Õ¤ ¥É¸Ö ¨ ¤²Ö ¨μ´  Cl−. �¤´ ±μ ¤²Ö
³μ²¥±Ê²Ò ¢μ¤Ò ¶μ¢¥¤¥´¨¥ ±·¨¢ÒÌ ¤¨ËËÊ§¨¨ ¸ ·μ¸Éμ³ É¥³¶¥· ÉÊ·Ò ¶μ¤Î¨´Ö-
¥É¸Ö ¸²¥¤ÊÕÐ¥³Ê ·Ö¤Ê: Na+ > Li+ > K+ > H+. ˆ§ ¢¸¥£μ ¢ÒÏ¥μ¶¨¸ ´´μ£μ
³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ³μ²¥±Ê²Ò ¢μ¤Ò ¡μ²¥¥ ¶μ¤¢¨¦´Ò ¢ ¸¨¸É¥³ Ì NaClÄ
H2O ¨ LiClÄH2O ¨ ¨³¥ÕÉ §´ Î¨É¥²Ó´μ ³¥´ÓÏÊÕ ¶μ¤¢¨¦´μ¸ÉÓ ¤²Ö ¸¨¸É¥³
HClÄH2O ¨ KClÄH2O. �·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥ ¶μ¢¥¤¥´¨¥ ±·¨¢ÒÌ ¤¨Ë-
ËÊ§¨¨ ¨μ´μ¢ Na+ ¨ K+ ¸Ìμ¦¥ ¨ ±μÔËË¨Í¨¥´ÉÒ ¤¨ËËÊ§¨¨ ¢ÒÏ¥, Î¥³ ¤²Ö
¨μ´μ¢ Li+ ¨ H+.

Š·μ³¥ Éμ£μ, ¡Ò²¨ ¸³μ¤¥²¨·μ¢ ´Ò ¸¨¸É¥³Ò Ô²¥±É·μ²¨Éμ¢, ¤²Ö ±μÉμ·ÒÌ ³¥-
´Ö²¨¸Ó ¶ · ³¥É·Ò ³¥¦¨μ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¨ ÔËË¥±É¨¢´Ò° ¤¨ ³¥É· ¨μ´ .
’ ±μ¥ ¨§³¥´¥´¨¥ ¶ · ³¥É·μ¢ ³¥¦ Éμ³´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° (¶·μ¨²²Õ¸É·¨·μ-
¢ ´μ ¸ ¶μ³μÐÓÕ £· Ë¨±μ¢ ´¨¦¥ ¤²Ö H+ ¨ Na+ ± ± £μ²Ê¡μ¢ É Ö ¸Ë¥·  ¢μ±·Ê£
¨μ´ ) Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥É¸Ö ¢ Œ„-¨¸¸²¥¤μ¢ ´¨ÖÌ ¤²Ö ¨§ÊÎ¥´¨Ö ¦¨¤±μ¸É¥° ¨²¨
±μ´¤¥´¸¨·μ¢ ´´ÒÌ ³ É¥·¨ ²μ¢ ¸ ÉμÎ±¨ §·¥´¨Ö ±μ··¥±É¨·μ¢±¨ ÉμÎ´μ¸É¨ ³¥-
Éμ¤ . ˆ§³¥´¥´¨¥ ¶ · ³¥É·μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¢μ§³μ¦´μ, ¶μ§¢μ²Ö¥É ÊÎ¨ÉÒ¢ ÉÓ
μ¡· §μ¢ ´¨¥ £¨¡±μ° £¨¤· É´μ° μ¡μ²μÎ±¨ ¢μ±·Ê£ ¨μ´ . ’ ±¨³ μ¡· §μ³, ¸μ§¤ -
¥É¸Ö ¡μ²ÓÏ¥ ¢μ§³μ¦´μ¸É¥° ¤²Ö μ¶·¥¤¥²¥´¨Ö ±μ··¥²ÖÍ¨¨ ¨ ¸μμÉ¢¥É¸É¢¨Ö ¨μ´-
´ÒÌ ¶ · ¨ · §³¥·μ¢. ’ ±, ¨μ´Ò Å ± É¨μ´Ò ¨  ´¨μ´Ò ¸ μ¤¨´ ±μ¢Ò³ ¢ ²¥´É´Ò³
§ ·Ö¤μ³ Å ³μ£ÊÉ μ¡· §μ¢Ò¢ ÉÓ Ê¸Éμ°Î¨¢ÊÕ ¶ ·Ê, ¥¸²¨ ¨Ì · §³¥·Ò ¡Ê¤ÊÉ ¸μ-
¨§³¥·¨³Ò. �·¨ Ëμ·³¨·μ¢ ´¨¨ ¡¨μ³μ²¥±Ê², ´ ¶·¨³¥· ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨
¡¥²±μ¢ ¸ ¨μ´ ³¨ ¨ ¢μ¤μ°, μ¡· §μ¢ ´¨¥ ¨μ´´ÒÌ ¶ · ³μ¦¥É μ± §Ò¢ ÉÓ ¸ÊÐ¥-
¸É¢¥´´μ¥ ¢²¨Ö´¨¥ ´  ¨Ì É¥·³μ¤¨´ ³¨Î¥¸±ÊÕ ¸É ¡¨²Ó´μ¸ÉÓ. � ¶·¨³¥·, ¡¥²±¨
¢ Ð¥²μÎ´ÒÌ ¸μ²ÖÌ, Ë¨§¨μ²μ£¨Î¥¸±¨ ¶·¨¸ÊÉ¸É¢ÊÕÐ¨¥ ¢ μ·£ ´¨§³¥ Î¥²μ¢¥± ,
³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ± Î¥¸É¢¥ ³μ²¥±Ê²Ö·´μ° Í¥¶¨, ¸¶μ¸μ¡¸É¢ÊÕÐ¥°
±μ··¥²ÖÍ¨¨ ¨μ´´μ° ¶ ·Ò ¨ É. ¤.

�¸´μ¢Ò¢ Ö¸Ó ´  ·¥§Ê²ÓÉ É Ì Œ„-³μ¤¥²¨·μ¢ ´¨Ö ¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢,
³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ Éμ³, ÎÉμ ¤ ¦¥ ´¥¡μ²ÓÏμ¥ ¨§³¥´¥´¨¥ ¶ · ³¥É·μ¢ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ³μ¦¥É §´ Î¨É¥²Ó´μ ¶μ¢²¨ÖÉÓ ´  ¶μ¢¥¤¥´¨¥ ¤¨ËËÊ§¨¨ ¨μ´μ¢ H+,
Na+ ¨ Cl−, · ¸¸³μÉ·¥´´ÒÌ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·¨ ¢ ·Ó¨·ÊÕÐ¨Ì¸Ö ¶ · ³¥-
É· Ì. ‘¶μ¸μ¡´μ¸ÉÓ ¤¨ËËÊ§¨¨ ¨μ´μ¢ Na+ ¨ Cl− ·¥§±μ Ê³¥´ÓÏ ¥É¸Ö ¨ ¶μ¸²¥
ÔÉμ£μ ´¥ ³¥´Ö¥É¸Ö ¸ ·μ¸Éμ³ É¥³¶¥· ÉÊ·Ò. ‚ Éμ ¦¥ ¢·¥³Ö ¸¶μ¸μ¡´μ¸ÉÓ ¤¨ËËÊ-
§¨¨ ³μ²¥±Ê² ¢μ¤Ò Ê¢¥²¨Î¨¢ ¥É¸Ö ¢ ¸¨¸É¥³ Ì NaClÄH2O ¨ HClÄH2O. �  μ¸´μ¢¥
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¶μ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ ¶μ ”		 ¤²Ö ¢¸¥Ì ¸¨¸É¥³ Ô²¥±É·μ²¨Éμ¢ ³μ¦´μ ¶·μ¸²¥¤¨ÉÓ
¶μ¢¥¤¥´¨¥ ¸¢Ö§¨ ¤²Ö  Éμ³μ¢ (H+, Li+, Na+, K+)ÄCl−, (H+, Li+, Na+, K+)Ä
OW ¨ OWÄCl−,   É ±¦¥ Ê¶μ·Ö¤μÎ¥´´μ¸ÉÓ ¸É·Ê±ÉÊ·Ò. „²Ö ¢¸¥Ì ¸¨¸É¥³ Ô²¥±-
É·μ²¨Éμ¢ ¶·¨ É·¥Ì · §²¨Î´ÒÌ ±μ´Í¥´É· Í¨ÖÌ Ô²¥±É·μ²¨É  ¨ ¢μ¤Ò Å 50:50
(1 ¨μ´´ Ö ¶ ·  μ±·Ê¦¥´  1 ³μ²¥±Ê²μ° ¢μ¤Ò), 33:66 (1 ¨μ´´ Ö ¶ ·  μ±·Ê¦¥´ 
2 ³μ²¥±Ê² ³¨ ¢μ¤Ò), 4:96 (1 ¨μ´´ Ö ¶ ·  μ±·Ê¦¥´  24 ³μ²¥±Ê² ³¨ ¢μ¤Ò) ¡Ò² 
· ¸¸Î¨É ´  Ô´¥·£¨Ö  ±É¨¢ Í¨¨; É ±¦¥ ¡Ò²  ¤μ± § ´  ±μ··¥²ÖÍ¨Ö ¤¨ËËÊ§¨¨ ¨
¸É·Ê±ÉÊ·´ÒÌ ¸¢μ°¸É¢ ”		.

’ ±¨³ μ¡· §μ³, ¸¨¸É¥³Ò Ô²¥±É·μ²¨Éμ¢, É ±¨¥ ± ± HClÄH2O, LiClÄH2O,
NaClÄH2O, KClÄH2O, ¸²Ê¦ É μ¸´μ¢μ° ¤²Ö ¶μ´¨³ ´¨Ö ¡μ²ÓÏμ£μ ±μ²¨Î¥¸É¢ 
Ö¢²¥´¨° ± ± ¢ ËÊ´¤ ³¥´É ²Ó´ÒÌ, É ± ¨ ¢ ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ (¢ ¡¨μ-
²μ£¨¨, Ì¨³¨¨ ¨ Ë¨§¨±¥). 	¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨Ö ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥, ± -
¸ ÕÐ¨¥¸Ö Ô´¥·£¥É¨±¨ (Ô´¥·£¨Ö  ±É¨¢ Í¨¨) ¨ ¸É·Ê±ÉÊ·Ò Ô²¥±É·μ²¨Éμ¢, ³μ¦´μ
¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ³´μ£¨Ì ¢ ¦´ÒÌ ¶·μÍ¥¸¸μ¢, £¤¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ
· §²¨Î´Ò¥ ¨μ´Ò. ƒ² ¢´Ò³ μ¡· §μ³ ´¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ ¡¨μ³μ²¥±Ê²Ö·´Ò¥
¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ¶·μÍ¥¸¸Ò, £¤¥ ³μ¤¥²¨·μ¢ ´¨¥ Ô²¥±É·μ²¨Éμ¢ ¨£· ¥É Í¥´-
É· ²Ó´ÊÕ ·μ²Ó ¢ ± Î¥¸É¢¥ Ë¨§¨μ²μ£¨Î¥¸±μ° ¦¨¤±μ¸É¨ ¨ É. ¤.

�² £μ¤ ·´μ¸É¨. „ ´´ Ö · ¡μÉ  ¡Ò²  ¢Ò¶μ²´¥´  ¢ · ³± Ì ¸μÉ·Ê¤´¨Î¥-
¸É¢  ³¥¦¤Ê �ˆŸˆ, RIKEN (Ÿ¶μ´¨Ö) ¨ “´¨¢¥·¸¨É¥Éμ³ Š¥°μ (Ÿ¶μ´¨Ö). �É 
· ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ JSPS (Japan Society for the Promotion of
Science) ¨ 	””ˆ (	μ¸¸¨°¸±¨° Ëμ´¤ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨°), £· ´É
º13-04-92100. Œ„-³μ¤¥²¨·μ¢ ´¨¥ ¢Ò¶μ²´¥´μ ¸ ¶μ³μÐÓÕ ±μ³¶ÓÕÉ¥·´ÒÌ
¶·μ£· ³³,  ¶¶ · É´ÒÌ ¸·¥¤¸É¢ ¨ ±² ¸É¥·μ¢ · ¡μÎ¨Ì ¸É ´Í¨° –¥´É· ²Ó´μ£μ
¨´Ëμ·³ Í¨μ´´μ-¢ÒÎ¨¸²¨É¥²Ó´μ£μ Í¥´É·  �ˆŸˆ.
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