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Œμ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö
´ ´μ±² ¸É¥·μ¢ §μ²μÉ  ¸ Ë· £³¥´Éμ³ „�Š ¢ £¥±¸ £μ´ ²Ó´μ° £¥μ³¥É·¨¨

–¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö μÍ¥´±  ¤¨´ ³¨Î¥¸±¨Ì ±μ´Ëμ·³ Í¨μ´´ÒÌ
¨§³¥´¥´¨° ¢ ¸¨¸É¥³¥ „�Š + ´ ´μÎ ¸É¨ÍÒ §μ²μÉ  ¶·¨ · §²¨Î´ÒÌ ´ ¶·Ö¦¥´´μ¸ÉÖÌ
±Ê²μ´μ¢¸±¨Ì ¶μ²¥° ¢μ±·Ê£ Í¥¶μÎ±¨ „�Š, ¸μ§¤ ¢ ¥³ÒÌ ¢ ¶·μÍ¥¸¸¥ Ëμ·³¨·μ¢ -
´¨Ö ´ ´μ±² ¸É¥·μ¢. Œ„-³μ¤¥²¨·μ¢ ´¨¥ ¶·μÍ¥¸¸μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö „�Š ¸ ´ ´μ-
Î ¸É¨Í ³¨ §μ²μÉ  ¶·μ¢μ¤¨²μ¸Ó ¢ ¢μ¤´μ³ · ¸É¢μ·¥. ‚ÒÎ¨¸²¥´Ò ¤¨ËËÊ§¨μ´´Ò¥
±μÔËË¨Í¨¥´ÉÒ ¨ ¶μ¸É·μ¥´Ò  ´¨³ Í¨μ´´Ò¥ ± ·É¨´±¨ ¤¨´ ³¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢.
�μ²ÊÎ¥´Ò ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ · ¤¨ ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö  Éμ³μ¢ „�Š, ¢§ ¨-
³μ¤¥°¸É¢ÊÕÐ¨Ì ¸ Î ¸É¨Í ³¨ §μ²μÉ .

� ¡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. P19-2009-81
Molecular Dynamics Simulations of Interactions of Gold Nanoparticles
with DNA Fragment under Hexagonal Geometry

The analysis of molecular dynamics (ŒD) of interactions of gold nanoparticles
with a DNA fragment under hexagonal geometry has been carried out. The aim of the
present work was to estimate the dynamical conformation changes in the system of
DNA + gold nanoparticles for the various strength of Coulomb ˇeld around the DNA
molecule, created in the process of nanocluster formation. The ŒD simulation of the
interaction processes of DNA chain with gold nanoparticles has been carried out in
water solution. The diffusion coefˇcients are calculated and the animation pictures of
the dynamical conformation changes are obtained. The structural radial distribution
functions have been built for the DNA atoms interacting with gold nanoparticles.

The investigation has been performed at the Laboratory of Radiation Biology,
JINR.
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‚ ¸μ¢·¥³¥´´μ° ³¥¤¨Í¨´¥ §μ²μÉμ ¶·¨³¥´Ö¥É¸Ö ¤²Ö ¤¨ £´μ¸É¨±¨ ¨ ²¥Î¥´¨Ö
μ´±μ²μ£¨Î¥¸±¨Ì § ¡μ²¥¢ ´¨°. �μ³¨³μ ¤μ¸É ÉμÎ´μ · ¸¶·μ¸É· ´¥´´μ° Ì¨³¨μ-
É¥· ¶¨¨, ¢ ±μÉμ·μ° ¨¸¶μ²Ó§ÊÕÉ¸Ö ±μ²²μ¨¤´Ò¥ · ¸É¢μ·Ò ´ ´μ§μ²μÉ , ¸¥£μ¤´Ö
¸ÊÐ¥¸É¢Ê¥É ¸μ¢¥·Ï¥´´μ ´μ¢Ò° ¸μ¢·¥³¥´´Ò° ³¥Éμ¤, ±μÉμ·Ò³ ¶·¥¤Ê¸³μÉ·¥´μ
¢¢¥¤¥´¨¥ ¢ μ¶ÊÌμ²¥¢ÊÕ É± ´Ó ³¨±·μ¸±μ¶¨Î¥¸±¨Ì §μ²μÉÒÌ ´ ´μ± ¶¸Ê² ¨ ¢μ§-
¤¥°¸É¢¨¥ ´  ´¨Ì ¨´Ë· ±· ¸´Ò³¨ ²ÊÎ ³¨ ¨²¨ ‘‚—-¨§²ÊÎ¥´¨¥³ [1Ä3]. �μ¸²¥
¢¢¥¤¥´¨Ö ¢ μ·£ ´¨§³ ¶·¥¶ · É  ´ ´μÎ ¸É¨ÍÒ §μ²μÉ  μ¸¥¤ ÕÉ ´  · ±μ¢ÒÌ ±²¥É-
± Ì. ’μ£¤  ´  ´¨Ì ¢μ§¤¥°¸É¢ÊÕÉ ‘‚—-¨§²ÊÎ¥´¨¥³. ‡μ²μÉμ Å Ìμ·μÏ¨° É¥¶²μ-
¶·μ¢μ¤´¨±, ¨ ±²¥É±¨ ´ £·¥¢ ÕÉ¸Ö ¢ ÉÒ¸ÖÎÊ · § ¡Ò¸É·¥¥ §¤μ·μ¢ÒÌ É± ´¥°. ’ -
±¨³ μ¡· §μ³, §²μ± Î¥¸É¢¥´´μ¥ μ¡· §μ¢ ´¨¥ · §·ÊÏ ¥É¸Ö. ‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ
Éμ²Ó±μ · ±μ¢Ò¥ ±²¥É±¨ ¶μ£¨¡ ÕÉ,   §¤μ·μ¢ Ö É± ´Ó μ¸É ¥É¸Ö ´¥¶μ¢·¥¦¤¥´´μ°.
„¥°¸É¢¨¥ ¨§²ÊÎ¥´¨Ö ¶·¨ ÔÉμ³ ¸μ¸É ¢²Ö¥É μ¤´Ê ³¨²²¨ ·¤´ÊÕ ¤μ²Õ ¸¥±Ê´¤Ò,
¨ ¢´μ¸¨³ Ö Ô´¥·£¨Ö É ±μ¢ , ÎÉμ ±μ£¤  μ´  ¶·μÌμ¤¨É ¶μ §¤μ·μ¢Ò³ ±²¥É± ³,
μ´¨ ´¥ ´ £·¥¢ ÕÉ¸Ö. � ´μÎ ¸É¨ÍÒ §μ²μÉ  ¨ ¨Ì ±μ´ÑÕ£ ÉÒ ¸  ´É¨£¥´ ³¨ ¸¶μ-
¸μ¡´Ò ¢²¨ÖÉÓ ´  ËÊ´±Í¨μ´ ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ ¦¨¢μÉ´ÒÌ ±²¥Éμ±: ¸É¨³Ê²¨·μ¢ ÉÓ
¤ÒÌ É¥²Ó´ÊÕ  ±É¨¢´μ¸ÉÓ ³ ±·μË £μ¢ ¨ · ¡μÉÊ ³¨ÉμÌμ´¤·¨ ²Ó´ÒÌ Ë¥·³¥´-
Éμ¢. � §· ¡μÉ ´Ò É¥Ì´μ²μ£¨¨ ¶μ²ÊÎ¥´¨Ö ´ ´μÎ ¸É¨Í ¡² £μ·μ¤´ÒÌ ³¥É ²²μ¢ ¸
¶² §³μ´´Ò³ ·¥§μ´ ´¸μ³, ¡¨μ±μ´ÑÕ£ ÉÒ ±μÉμ·ÒÌ ¸ Ê§´ ÕÐ¨³¨ ³μ²¥±Ê² ³¨-
§μ´¤ ³¨ ³μ£ÊÉ ¡ÒÉÓ μ¸´μ¢μ° ¤²Ö ¡¨μ¸¶¥Í¨Ë¨Î¥¸±¨Ì ³¥Éμ±, ¶·¥¢μ¸Ìμ¤ÖÐ¨Ì ¶μ
μ¶É¨Î¥¸±¨³ Ì · ±É¥·¨¸É¨± ³ Ë²Êμ·¥¸Í¥´É´Ò¥ ¢ £¥´μ³´ÒÌ ¡¨μÎ¨¶ Ì [4Ä6].

�  ¶·μÉÖ¦¥´¨¨ ·Ö¤  ²¥É · ¤¨μ¡¨μ²μ£¨ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ
¨¸¸²¥¤μ¢ ´¨° (�ˆŸˆ), „Ê¡´ , · §¢¨¢ ÕÉ ³¥Éμ¤Ò É ± ´ §Ò¢ ¥³μ° ³¨Ï¥´´μ°
É¥· ¶¨¨ · ± , Éμ ¥¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¸¶¥Í¨Ë¨Î¥¸±¨Ì ´μ¸¨É¥²¥°, ±μÉμ·Ò¥ ¡Ò
¨§¡¨· É¥²Ó´μ ¸¢Ö§Ò¢ ²¨¸Ó ¸ · ±μ¢Ò³¨ ±²¥É± ³¨, ¤μ¸É ¢²ÖÖ ÉÊ¤  ¢¥Ð¥¸É¢ ,
¶μ¢·¥¦¤ ÕÐ¨¥ ÔÉ¨ ±²¥É±¨. ˆ³¨ ³μ£ÊÉ ¡ÒÉÓ · ¤¨μ´Ê±²¨¤Ò, ±μÉμ·Ò¥ ¨³¨É¨-
·ÊÕÉ · §²¨Î´Ò¥ ¨μ´¨§¨·ÊÕÐ¨¥ Î ¸É¨ÍÒ (¡¥É  ¨²¨  ²ÓË ), ²¨¡μ ²¥± ·¸É¢¥´-
´Ò¥ ¸·¥¤¸É¢ , ±μÉμ·Ò¥ É ±¨³¨ ´μ¸¨É¥²Ö³¨ ¤μ¸É ¢²ÖÕÉ¸Ö ´¥¶μ¸·¥¤¸É¢¥´´μ ±
· ±μ¢Ò³ ±²¥É± ³ (´ ¶·¨³¥·, ±²¥É± ³ ³¥² ´μ³Ò Å ¶¨£³¥´É´ Ö ³¥² ´μ³  Î¥-
²μ¢¥±  ). ‘μ§¤ ´Ò ¸μ¥¤¨´¥´¨Ö ¸ · ¤¨μ´Ê±²¨¤μ³ (±μÉμ·Ò°, ¥¸É¥¸É¢¥´´μ, ¶μ-
²ÊÎ ¥É¸Ö ´  Ê¸±μ·¨É¥²¥) Å  ¸É Éμ³-211, Ö¢²ÖÕÐ¨³¸Ö Î¨¸ÉÒ³ ¨§²ÊÎ É¥²¥³.
ˆ  ²ÓË -Î ¸É¨ÍÒ, μ¡² ¤ ÕÐ¨¥ ¢Ò¸μ±μ° ¶μ· ¦ ÕÐ¥° ¸¶μ¸μ¡´μ¸ÉÓÕ, ¸¥²¥±-
É¨¢´μ ¤μ¸É ¢²Ö²¨¸Ó ÔÉ¨³¨ ´μ¸¨É¥²Ö³¨ ¢ · ±μ¢Ò¥ ±²¥É±¨ ¨ ¶μ¢·¥¦¤ ²¨ ¨Ì.
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�μ¤Ìμ¤ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤· £μÍ¥´´ÒÌ ´ ´μÎ ¸É¨Í ¨ ‘‚—-¨§²ÊÎ¥´¨Ö, ¢ μÉ²¨-
Î¨¥ μÉ ¤·Ê£¨Ì ³¥Éμ¤μ¢ ²¥Î¥´¨Ö · ±μ¢ÒÌ § ¡μ²¥¢ ´¨°, ¶μ§¢μ²¨É ¨§²¥Î¨ÉÓ¸Ö ¸
³¥´ÓÏ¨³¨ ¶μÉ¥·Ö³¨ ¤²Ö μ·£ ´¨§³  [7].

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·μ¢¥¤¥´μ ³μ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±μ¥ (Œ„) ³μ¤¥²¨-
·μ¢ ´¨¥ ¶·μÍ¥¸¸μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ´ ´μ±² ¸É¥·μ¢ §μ²μÉ  ¸ Ë· £³¥´Éμ³ „�Š.
„�Š (¤¥§μ±¸¨·¨¡μ´Ê±²¥¨´μ¢ Ö ±¨¸²μÉ ) Ìμ·μÏμ ¨§¢¥¸É´  ± ± ³μ²¥±Ê² , ´¥-
¸ÊÐ Ö ¢ ¸¥¡¥ ¢¸Õ £¥´¥É¨Î¥¸±ÊÕ ¨´Ëμ·³ Í¨Õ, ´¥μ¡Ìμ¤¨³ÊÕ ¤²Ö ¶μ¸É·μ¥´¨Ö
¨ ËÊ´±Í¨μ´¨·μ¢ ´¨Ö ¦¨¢μ£μ μ·£ ´¨§³ . �¡Ñ¥³ ¸μ¤¥·¦ Ð¥°¸Ö ¨´Ëμ·³ Í¨¨
μ¶·¥¤¥²Ö¥É ´¥μ¡ÒÎ °´μ ¡μ²ÓÏÊÕ ¤²¨´Ê Í¥¶¨ „�Š Å 3 ¸³,   ¶μ³¥Ð ¥É¸Ö μ´ 
¢ ±²¥É±Ê Éμ²Ó±μ ¶μÉμ³Ê, ÎÉμ μÎ¥´Ó Éμ´± Ö, ¥¥ ¤¨ ³¥É· ¢¸¥£μ 2 · 10−9 ³. “¦¥
· §· ¡μÉ ´Ò ¸¶μ¸μ¡Ò ³ ´¨¶Ê²ÖÍ¨¨  Éμ³ ³¨ ¨ ´ ´μ±² ¸É¥· ³¨ ´¥±μÉμ·ÒÌ ³¥-
É ²²μ¢, ³ £´¥É¨±μ¢ ¨ ¶μ²Ê¶·μ¢μ¤´¨±μ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³μ²¥±Ê² „�Š. • -
· ±É¥·´μ¥ ¸¢μ°¸É¢μ ´ ´μ±·¨¸É ²²μ¢ ¶μ²Ê¶·μ¢μ¤´¨±μ¢ Å ¨´É¥´¸¨¢´ Ö ²Õ³¨-
´¥¸Í¥´Í¨Ö ¢ μÉ¢¥É ´  μ¡²ÊÎ¥´¨¥ ¸ μ¶·¥¤¥²¥´´μ° Î ¸ÉμÉμ°. �μ¸±μ²Ó±Ê μ¶ÊÌμ²¨
¢Ò· Ð¨¢ ÕÉ ¤μ¶μ²´¨É¥²Ó´Ò¥ ±·μ¢¥´μ¸´Ò¥ ¸μ¸Ê¤Ò ¨ ¸¨¸É¥³  ÔÉ¨Ì ¸μ¸Ê¤μ¢
μÎ¥´Ó ¶μ·¨¸É Ö ¨ · §¢¥É¢²¥´´ Ö, ´ ´μ±·¨¸É ²²¨±¨ ´ ± ¶²¨¢ ÕÉ¸Ö ¢ μ¸´μ¢´μ³
¢ ´¨Ì ¨ ²Õ³¨´¥¸Í¥´Í¨Ö ¶μ· ¦¥´´ÒÌ ÊÎ ¸É±μ¢ ¸ÊÐ¥¸É¢¥´´μ ¸¨²Ó´¥¥. ’ ±μ°
¶·μÍ¥¸¸ ¢¨§Ê ²¨§ Í¨¨ §²μ± Î¥¸É¢¥´´μ£μ μ¡· §μ¢ ´¨Ö ´ §Ò¢ ÕÉ ¶ ¸¸¨¢´Ò³.
„·Ê£μ° ¶ÊÉÓ Å  ±É¨¢´Ò° Å ¨¸¶μ²Ó§Ê¥É ´ ´μ±² ¸É¥·Ò, Ì¨³¨Î¥¸±¨ ¸¢Ö§ ´´Ò¥
¸ ¡¨μ²μ£¨Î¥¸±¨³¨ ³μ²¥±Ê² ³¨ É¨¶   ´É¨É¥², ¶¥¶É¨¤μ¢, ¡¥²±μ¢ ¨²¨ „�Š. ‚
ÔÉμ³ ¸²ÊÎ ¥ ´ ´μ±² ¸É¥·Ò  ±É¨¢´μ ´ ± ¶²¨¢ ÕÉ¸Ö ¨³¥´´μ ¢ μ¶ÊÌμ²¨, Ë¨±¸¨-
·ÊÖ ¥¥ ³¥¸Éμ¶μ²μ¦¥´¨¥ [3Ä9].

Œμ²¥±Ê²Ö·´Ò¥ ³¥Ì ´¨§³Ò ¨ ¶·μÍ¥¸¸Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ´ ´μÎ ¸É¨Í ¸ „�Š
¨²¨ ¡¥²±μ¢Ò³¨ ¸É·Ê±ÉÊ· ³¨ ¸ ÊÎ¥Éμ³ ¢ÒÏ¥¨§²μ¦¥´´μ£μ Å ¨¸±²ÕÎ¨É¥²Ó´μ
¢ ¦´ Ö ¨ ¢ Éμ ¦¥ ¢·¥³Ö ³ ²μ¨§ÊÎ¥´´ Ö μ¡² ¸ÉÓ ¨¸¸²¥¤μ¢ ´¨°. –¥²ÓÕ ´ -
¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö μÍ¥´±  ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ ±μ´Ëμ·³ Í¨μ´´ÒÌ
¨§³¥´¥´¨° ¢ ¸¨¸É¥³¥ „�Š + ´ ´μÎ ¸É¨ÍÒ §μ²μÉ  ¶·¨ · §²¨Î´ÒÌ ´ ¶·Ö¦¥´-
´μ¸ÉÖÌ ±Ê²μ´μ¢¸±¨Ì ¶μ²¥° ¢μ±·Ê£ Í¥¶μÎ±¨ „�Š ¨ Ê¸²μ¢¨ÖÌ Ëμ·³¨·μ¢ ´¨Ö
´ ´μ±² ¸É¥·μ¢. Œ„-³μ¤¥²¨·μ¢ ´¨¥ ¶·μÍ¥¸¸μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö „�Š ¸ ´ ´μÎ -
¸É¨Í ³¨ §μ²μÉ  ¶·μ¢μ¤¨²μ¸Ó ¢ ¢μ¤´μ³ · ¸É¢μ·¥. ‚ÒÎ¨¸²¥´Ò ¤¨ËËÊ§¨μ´´Ò¥
±μÔËË¨Í¨¥´ÉÒ ¨ ¶μ¸É·μ¥´Ò  ´¨³ Í¨μ´´Ò¥ ± ·É¨´±¨ ¤¨´ ³¨Î¥¸±¨Ì ¶·μÍ¥¸-
¸μ¢. �μ¸É·μ¥´Ò ¸É·Ê±ÉÊ·´Ò¥ ËÊ´±Í¨¨ · ¤¨ ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö Í¥¶μÎ±¨
„�Š ¸  Éμ³ ³¨ §μ²μÉ .

Œ�’…�ˆ�‹› ˆ Œ…’�„›

‚ ¤ ´´μ° · ¡μÉ¥ ³μ¤¥²¨·μ¢ ²¸Ö Ë· £³¥´É „�Š ¢  ±É¨¢´μ³ · ¸É¢μ·¥ ¨§
Î ¸É¨Í §μ²μÉ  ¨ ¢μ¤Ò. � ¢´μ¢¥¸´ Ö ±μ´Ë¨£Ê· Í¨Ö ³μ²¥±Ê²Ö·´μ° ¸¨¸É¥³Ò
„�Š + ´ ´μÎ ¸É¨ÍÒ §μ²μÉ  + ¢μ¤  ¶·¨¢¥¤¥´  ´  ·¨¸. 1,  , ¡. „²Ö Œ„-³μ¤¥²¨·μ-
¢ ´¨Ö ¨¸¶μ²Ó§μ¢ ²¨ ¶·μ£· ³³´Ò° ¶ ±¥É DL POLY, · §· ¡μÉ ´´´Ò° £·Ê¶¶μ°
³μ²¥±Ê²Ö·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¢ ‹ ¡μ· Éμ·¨¨ „ ·¥¸¡ ·¨, �´£²¨Ö, ¤²Ö ³μ¤¥-
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�¨¸. 1. Šμ´Ë¨£Ê· Í¨Ö ³μ²¥±Ê²Ò „�Š ¢ · ¸É¢μ·¥ ¢μ¤Ò ¸ Î ¸É¨Í ³¨ §μ²μÉ  (  Å ¢¨¤
¸¢¥·ÌÊ, ¡ Å ¢¨¤ ¸¡μ±Ê)

²¨·μ¢ ´¨Ö ±μ´¤¥´¸¨·μ¢ ´´ÒÌ Ë § (¶·μ¥±É CCP5). Šμ¤ DL POLY ¶·¥¤¸É -
¢²Ö¥É ¸μ¡μ° ¶·μ£· ³³´Ò° ¶ ±¥É ³´μ£μÍ¥²¥¢μ£μ ´ §´ Î¥´¨Ö ¤²Ö Œ„-· ¸Î¥Éμ¢;
¥£μ  ¢Éμ· ³¨ Ö¢²ÖÕÉ¸Ö “. ‘³¨É, ’. �.”μ·¥¸Éμ· ¨ ˆ. ’. ’μ¤μ·μ¢ [10]. ŒÒ ¨¸-
¶μ²Ó§μ¢ ²¨ ¢¥·¸¨Õ 2.19 ±μ¤  DL POLY,   ´ Î ²Ó´ Ö £¥μ³¥É·¨Ö ³μ²¥±Ê²Ò
„�Š § ¤ ´  ¸μ£² ¸´μ ±μ´Ë¨£Ê· Í¨Ö³ ¨§ ¡ §Ò ¤ ´´ÒÌ ¶ ±¥É  (http://www.cse.
scitech.ac.uk/ccg/software/DL POLY/). � Î ²Ó´ Ö ±μ´Ë¨£Ê· Í¨Ö ¨¸Ìμ¤´μ° ¸¨-
¸É¥³Ò ¡Ò²  ¶μ¸É·μ¥´  ¸ ¶μ³μÐÓÕ ¢¸É·μ¥´´μ£μ ¨´É¥·Ë¥°¸  ¶ ±¥É  DL POLY,
¸μ¤¥·¦ Ð¥£μ ³´μ¦¥¸É¢μ ÊÉ¨²¨É ¤²Ö ¢¨§Ê ²¨§ Í¨¨ ¨  ´ ²¨§  ·¥§Ê²ÓÉ Éμ¢.

� Î ²Ó´ Ö ±μ´Ë¨£Ê· Í¨Ö ³μ²¥±Ê²Ö·´μ° ¸¨¸É¥³Ò „�Š + · ¸É¢μ· (¢μ¤-
´ Ö ¸·¥¤  + Î ¸É¨ÍÒ §μ²μÉ ) ·¥² ±¸¨·μ¢ ² ¸Ó ¶·¨ £· ´¨Î´ÒÌ Ê¸²μ¢¨ÖÌ £¥±¸ -
£μ´ ²Ó´μ° ¶·¨§³Ò ¶μ ¶·μ¸É· ´¸É¢¥´´Ò³ ´ ¶· ¢²¥´¨Ö³. �·μÍ¥¸¸ Œ„-¢ÒÎ¨¸-
²¥´¨Ö ´ Î¨´ ¥É¸Ö ¶μ¸²¥ ¤μ¢¥¤¥´¨Ö ¸¨¸É¥³Ò ¤μ Ô´¥·£¥É¨Î¥¸±¨ ³¨´¨³¨§¨·μ¢ ´-
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´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 0,05 ¶¸ [10, 11]. ˜ £ ¨´É¥£·¨·μ¢ ´¨Ö ´ÓÕÉμ´μ¢-
¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö · ¢¥´ 1 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¥ „�Š ¡Ò²μ · ¢´μ 1260; Éμ¶μ²μ£¨Ö
¸¨²μ¢μ£μ ¶μ²Ö „�Š 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 ¶·¨³¥·´μ 1000,   Î¨¸²μ  Éμ³μ¢ §μ²μÉ  ¡Ò²μ · ¢´μ 40.

�μ²´ Ö ±μ´Ë¨£Ê· Í¨μ´´ Ö Ô´¥·£¨Ö Œ„-³μ¤¥²¨ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸Ê³³Ê
¢´ÊÉ·¨³μ²¥±Ê²Ö·´μ° ¢ ²¥´É´μ° Ô´¥·£¨¨ E¢ ² ¨ Ô´¥·£¨¨ ´¥¢ ²¥´É´ÒÌ ¢§ ¨³μ-
¤¥°¸É¢¨° E´¢:

E = E¢ ² + E´¡.

�·¨ 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¢¸.

�±É¨¢´Ò° · ¸É¢μ· ¨§ ¢μ¤Ò ¨ ¤μ¡ ¢²¥´´ÒÌ ´ ³¨  Éμ³μ¢ §μ²μÉ  ¶μ¤¢¥·£ ²¸Ö
· §²¨Î´Ò³ Ê¸²μ¢¨Ö³ ³μ¤¥²¨·μ¢ ´¨Ö ¸ ¢ ·Ó¨·μ¢ ´¨¥³ ¶·¨ ÔÉμ³ ÔËË¥±Éμ¢ ±Ê-
²μ´μ¢¸±¨Ì ¢§ ¨³μ¤¥°¸É¢¨° ¤²Ö  Éμ³μ¢ §μ²μÉ . Œ„-³μ¤¥²¨·μ¢ ´¨¥ ¶·μ¢μ¤¨-
²μ¸Ó ¶·¨ ¢¸¥Ì ¤μ¶Ê¸É¨³ÒÌ §´ Î¥´¨ÖÌ § ·Ö¤μ¢μ£μ Î¨¸²  (q) §μ²μÉ  μÉ 0 ¤μ 1 ¸
Ï £μ³ 0,1 (¸³. É ¡². 1).

‚ É ¡². 1 ¶·¨¢¥¤¥´Ò §´ Î¥´¨Ö ³ ¸¸Ò ¨ § ·Ö¤  Î ¸É¨Í, ¨¸¶μ²Ó§Ê¥³ÒÌ ¢
Œ„-³μ¤¥²¨·μ¢ ´¨¨. ‡¤¥¸Ó me = 1,66 · 10−27 ±£ Å  Éμ³´ Ö ¥¤¨´¨Í  ³ ¸¸Ò
( . ¥. ³.), e = 1,6 × 10−19 Š² Å § ·Ö¤ ¶·μÉμ´ .

‚ Œ„-³μ¤¥²¨·μ¢ ´¨¨ ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¶μÉ¥´Í¨ ², μ¶¨¸Ò¢ ÕÐ¨° ¸¨²μ-
¢μ¥ ¶μ²¥ ³μ²¥±Ê²Ò „�Š ¢  ±É¨¢´μ³ · ¸É¢μ·¥: ¶μÉ¥´Í¨ ² ¢ ´¤¥·¢  ²Ó¸μ¢ÒÌ
¢§ ¨³μ¤¥°¸É¢¨° ¡Ò² ¢Ò¡· ´ ± ± 12-6. � · ³¥É·Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ËÊ´±Í¨-
μ´ ²Ó´Ò¥ Ëμ·³Ò ¶μÉ¥´Í¨ ²μ¢ ¶·¨¢¥¤¥´Ò ¢ É ¡². 2.

�·¨ ±μ³¶ÓÕÉ¥·´μ³ Œ„-³μ¤¥²¨·μ¢ ´¨¨ · ¸¸³ É·¨¢ ² ¸Ó ¤¨´ ³¨±  ¸¨-
¸É¥³Ò ¶·¨ NV’- ´¸ ³¡²¥. �·¨ ¤ ´´μ³  ´¸ ³¡²¥ Ô´¥·£¨Ö ¸¨¸É¥³Ò μ¸É ¢ ² ¸Ó
¶μ¸ÉμÖ´´μ°. ˆ§´ Î ²Ó´μ É¥³¶¥· ÉÊ·  ¡Ò²  § ¤ ´ , ¨ ¶·¨ ¤ ´´μ³  ´¸ ³¡²¥
μ´  ´¥ ¢μ§· ¸É ¥É,   ±μ²¥¡²¥É¸Ö ¢μ±·Ê£ § ¤ ´´μ£μ §´ Î¥´¨ÖÅ 300 Š. �´¥·£¨Ö
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’ ¡²¨Í  1. ‡´ Î¥´¨Ö ³ ¸¸Ò ¨ § ·Ö¤  Î ¸É¨Í ¢ ¸¨¸É¥³¥ „�ŠÄ· ¸É¢μ·

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

P3 3,97380 1,16590
O2 15,99940 Ä0,77610
C3 12,01100 Ä0,00690
H 1,00800 0,07540
N2 14,00670 Ä0,57250
Au 196,9665 0,1; 0,2, . . . , 1

’ ¡²¨Í  2. ”Ê´±Í¨μ´ ²Ó´ Ö Ëμ·³  ¨ ¶ · ³¥É·Ò ¶μÉ¥´Í¨ ²  ¤²Ö  Éμ³´ÒÌ ¶ ·

�Éμ³´ Ö �μÉ¥´Í¨ ² ”Ê´±Í¨μ´ ²Ó´ Ö � · ³¥É·Ò A B
¶ ·  Ëμ·³ 

P3ÄAu
12-6 U(r) =

(
A

r12

)
−
(

B
r6

)
A, B

607263,0 537,753
O2ÄAu 49906,7 117,423
C3ÄAu 233167,0 242,343
HÄAu 32513,3 57,9368
N2ÄAu 184346,0 199,084

¸¨¸É¥³Ò ¸μÌ· ´Ö¥É¸Ö ¢ É¥Î¥´¨¥ ¢¸¥£μ ¶·μÍ¥¸¸  ³μ¤¥²¨·μ¢ ´¨Ö (μÉ ¤¥¸ÖÉ¨ ¤μ
¸μÉ¥´ ÉÒ¸ÖÎ Ï £μ¢ ¶μ ¢·¥³¥´¨) ¢  ´¸ ³¡²¥ NVT. „²Ö ¢ÒÎ¨¸²¥´¨Ö Ô²¥±É·μ-
¸É É¨Î¥¸±¨Ì ¢§ ¨³μ¤¥°¸É¢¨° ¡Ò² ¶·¨³¥´¥´ É ± ´ §Ò¢ ¥³Ò°  ²£μ·¨É³ SPME
(Smoothed Particle Mesh Ewald) [11], ±μÉμ·Ò° Ö¢²Ö¥É¸Ö ³μ¤¨Ë¨± Í¨¥° ¸É ´-
¤ ·É´μ£μ ³¥Éμ¤  �¢ ²¤  ¤²Ö ¢ÒÎ¨¸²¥´¨Ö Ô²¥±É·μ¸É É¨Î¥¸±¨Ì (±Ê²μ´μ¢¸±¨Ì)
¸¨². ƒ· ´¨Î´Ò¥ Ê¸²μ¢¨Ö £¥±¸ £μ´ ²Ó´μ° ¶·¨§³Ò ¨ Ô²¥±É·μ¸É É¨Î¥¸±¨Ì ¢§ ¨-
³μ¤¥°¸É¢¨° ¶μ ³¥Éμ¤Ê SPME ¨¸¶μ²Ó§μ¢ ´Ò ¸ ÉμÎ´μ¸ÉÓÕ 10−6. �¥§Ê²ÓÉ ÉÒ
³μ¤¥²¨·μ¢ ´¨Ö ¨ É·¥Ì³¥·´Ò¥ ¨§μ¡· ¦¥´¨Ö ³μ²¥±Ê²Ö·´μ° ¸¨¸É¥³Ò  ´ ²¨§¨-
·μ¢ ²¨ ¸ ¶μ³μÐÓÕ ¶·μ£· ³³´ÒÌ ¶ ±¥Éμ¢ VMD [12] ¨ MOLMOL [13].

�…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

‚²¨Ö´¨¥ ±Ê²μ´μ¢¸±¨Ì ¶μ²¥°, ¸μ§¤ ¢ ¥³ÒÌ Î ¸É¨Í ³¨ §μ²μÉ  ¢μ±·Ê£ Í¥-
¶μÎ±¨ „�Š, ¨§ÊÎ ²μ¸Ó ¶ÊÉ¥³ ¢ ·Ó¨·μ¢ ´¨Ö § ·Ö¤μ¢μ£μ Î¨¸²   Éμ³μ¢ §μ²μÉ 
¢ ¶·¥¤¥² Ì μÉ q = 0 (´¥°É· ²Ó´Ò¥ Î ¸É¨ÍÒ §μ²μÉ ) ¤μ q = 1 (§ ·Ö¦¥´´Ò¥
Î ¸É¨ÍÒ §μ²μÉ ) ¸ Ï £μ³ ¶μ § ·Ö¤Ê 0,1 ¢ ¥¤¨´¨Í Ì § ·Ö¤  ¶·μÉμ´ . � ¸Î¥ÉÒ
¢Ò¶μ²´Ö²¨¸Ó ´  ±μ·μÉ±¨Ì Ï± ² Ì ¢·¥³¥´ ¢ NVE- ´¸ ³¡²¥ (´¥¸±μ²Ó±μ ¤¥¸ÖÉ-
±μ¢ ÉÒ¸ÖÎ Ï £μ¢ ¶μ ¢·¥³¥´¨) ¨ ´  ¸Ê¡´ ´μ¸¥±Ê´¤´μ³ ¨´É¥·¢ ²¥ (¸μÉ´¨ ÉÒ¸ÖÎ
Ï £μ¢) ¸ ±μ´É·μ²¥³ É¥³¶¥· ÉÊ·Ò ¸¨¸É¥³Ò ¢ Ë¨±¸¨·μ¢ ´´μ³ Ë¨§¨μ²μ£¨Î¥¸±μ³
§´ Î¥´¨¨.
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„¨´ ³¨±  ¶·¨ · §²¨Î´ÒÌ ±Ê²μ´μ¢¸±¨Ì ¶μ²ÖÌ (NVE- ´¸ ³¡²Ó)

�  ·¨¸. 2  , ¡ ¶·¥¤¸É ¢²¥´Ò §´ Î¥´¨Ö É¥³¶¥· ÉÊ·Ò ¨ ¶μ²´μ° Ô´¥·£¨¨ ¸¨-
¸É¥³Ò ¤²Ö § ·Ö¤μ¢ÒÌ Î¨¸¥² q = 0, 0,1, 0,2, . . ., 1  Éμ³μ¢ §μ²μÉ . �Ê´±É¨·´Ò³¨
²¨´¨Ö³¨ ¤²Ö ¸· ¢´¥´¨Ö ´  ·¨¸. 2,  , ¡ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¡¥§  Éμ-
³μ¢ §μ²μÉ , ²¨ÏÓ „�Š + ¢μ¤´Ò° · ¸É¢μ·. �μ¸²¥ ¸É ¤¨¨ ·¥² ±¸ Í¨¨ ¸¨¸É¥³Ò
(1000 Ï £μ¢ ¶μ ¢·¥³¥´¨) ¢¸¥ ±·¨¢Ò¥ É¥³¶¥· ÉÊ·Ò-Ô´¥·£¨¨ ¢ÒÌμ¤ÖÉ ´  ¶·Ö³Ò¥,
ÎÉμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ¤μ¸É¨¦¥´¨¨ ¸¨¸É¥³Ò · ¢´μ¢¥¸´ÒÌ ¸μ¸ÉμÖ´¨°. „ ²¥¥, ¨§
·¨¸. 2,  , ¡ ¢¨¤´μ, ÎÉμ ¢ ·Ó¨·μ¢ ´¨¥ §´ Î¥´¨° § ·Ö¤μ¢μ£μ Î¨¸²   Éμ³μ¢ §μ-

�¨¸. 2. ’¥³¶¥· ÉÊ·  ( ) ¨ ¶μ²´ Ö Ô´¥·£¨Ö (¡) ¸¨¸É¥³Ò ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° § ·Ö-
¤μ¢μ£μ Î¨¸²  ³μ²¥±Ê² · ¸É¢μ·  ( ´¸ ³¡²Ó NVE)
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²μÉ  ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´´μ³Ê ¨§³¥´¥´¨Õ ¶μ²´μ° Ô´¥·£¨¨ ¸¨¸É¥³Ò, ¶·¨Î¥³
μ±μ²μ §´ Î¥´¨° q = 0,7 ³Ò ´ ¡²Õ¤ ¥³ ¶μ·μ£. �ÉμÉ ¶μ·μ£ ¸¢Ö§ ´ ¸ ´ ¸Ò-
Ð¥´¨¥³ ¢±² ¤  ±Ê²μ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ²  ¢ ¶μ²´μ° Ô´¥·£¨¨ ¸¨¸É¥³Ò; §´ Î¥-
´¨¥ q = 0,7 · §Ê³´μ μÉμ¦¤¥¸É¢²ÖÉÓ ¢ ³μ²¥±Ê²·´μ-¤¨´ ³¨Î¥¸±μ³ μÉ´μÏ¥´¨¨
¸ μ¶É¨³ ²Ó´Ò³ § ·Ö¤μ³ ´ ´μÎ ¸É¨Í §μ²μÉ . �  ¡ §¥ ·¥§Ê²ÓÉ Éμ¢ ·¨¸. 2,  , ¡
¤ ²Ó´¥°Ï¨¥ · ¸Î¥ÉÒ ¢Ò¶μ²´Ö²¨¸Ó ¢ ¡μ²¥¥ ¤²¨´´ÒÌ Ï± ² Ì ¢·¥³¥´ ¸ ±μ´É·μ-
²¥³ É¥³¶¥· ÉÊ·Ò ¸¨¸É¥³Ò.

„¨´ ³¨±  ¢ ¸Ê¡´ ´μ¸¥±Ê´¤´μ³ ¨´É¥·¢ ²¥ (NVT- ´¸ ³¡²Ó)

„¨´ ³¨±  É¥³¶¥· ÉÊ·Ò ¨ ¶μ²´μ° Ô´¥·£¨¨ ¸¨¸É¥³Ò. �  ·¨¸. 3,  ,¡
¶·¥¤¸É ¢²¥´Ò §´ Î¥´¨Ö É¥³¶¥· ÉÊ·Ò ¨ ¶μ²´μ° Ô´¥·£¨¨ ¸¨¸É¥³Ò ¶·¨ §´ Î¥-
´¨ÖÌ q = 0,1 ¨ 0,7 § ·Ö¤μ¢μ£μ Î¨¸² , ¢ ·Ó¨·ÊÕÐ¥° ¸¨²μ¢μ¥ ±Ê²μ´μ¢¸±μ¥ ¶μ²¥
¢μ±·Ê£ ³μ²¥±Ê²Ò „�Š ¨ ¢μ¤´μ£μ · ¸É¢μ· . �  ·¨¸. 3,   Ìμ·μÏμ ¢¨¤´μ, ÎÉμ
É¥³¶¥· ÉÊ·  ¸¨¸É¥³Ò μÉ¢¥Î ¥É ¸É·μ£μ μ¤´μ³Ê ¨ Éμ³Ê ¦¥ Ë¨±¸¨·μ¢ ´´μ³Ê §´ -

�¨¸. 3. ’¥³¶¥· ÉÊ·  ( ) ¨ ¶μ²´ Ö Ô´¥·£¨Ö (¡) ¸¨¸É¥³Ò ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° § ·Ö-
¤μ¢μ£μ Î¨¸²  ³μ²¥±Ê² · ¸É¢μ·  ¢ ¸Ê¡´ ´μ¸¥±Ê´¤´μ³ ¨´É¥·¢ ²¥ ( ´¸ ³¡²Ó NVT)
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�¨¸. 4. �´¥·£¨Ö ´¥¸¢Ö§ ´´ÒÌ ±Ê²μ´μ¢¸±¨Ì ( ) ¨ ¢ ´¤¥·¢  ²Ó¸μ¢ÒÌ (¡) ¢§ ¨³μ¤¥°¸É¢¨°

Î¥´¨Õ T = 300 K; ¶·¨ ÔÉμ³ ³Ò ¨³¥¥³ · §´Ò¥ · ¢´μ¢¥¸´Ò¥ §´ Î¥´¨Ö ¶μ²´μ°
Ô´¥·£¨¨. „ ´´Ò¥ ·¨¸. 3, ¡ Ê± §Ò¢ ÕÉ ´  ¢μ§· ¸É ´¨¥ ¢±² ¤  Ô²¥±É·μ¸É É¨Î¥-
¸±¨Ì ¢§ ¨³μ¤¥°¸É¢¨° ¢ ¶μ²´ÊÕ Ô´¥·£¨Õ ¸¨¸É¥³Ò.

�´¥·£¨Ö ´¥¸¢Ö§ ´´ÒÌ (±Ê²μ´μ¢¸±¨Ì ¨ ‚„‚) ¢§ ¨³μ¤¥°¸É¢¨°. �¥§Ê²Ó-
É ÉÒ · ¸Î¥Éμ¢ ¤²Ö Ô´¥·£¨¨ ´¥¸¢Ö§ ´´ÒÌ (±Ê²μ´μ¢¸±¨Ì ¨ ¢ ´¤¥·¢  ²Ó¸μ¢ÒÌ)
¢§ ¨³μ¤¥°¸É¢¨° ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 4,  , ¡. �  ·¨¸. 4,   ³Ò μÉÎ¥É²¨¢μ ´ -
¡²Õ¤ ¥³ ¸ÊÐ¥¸É¢¥´´μ¥ ¨§³¥´¥´¨¥ Ô´¥·£¨¨ ±Ê²μ´μ¢¸±¨Ì ¶μ²¥° ¸ ·μ¸Éμ³ § -
·Ö¤μ¢μ£μ Î¨¸²   Éμ³μ¢ §μ²μÉ . ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ÔÉ¨ ¨§³¥´¥´¨Ö ¶·¨¢μ¤ÖÉ ±
¶¥·¥¸É·μ°±¥ ¢ ´¤¥·¢  ²Ó¸μ¢ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¢ ¸¨¸É¥³¥. �¥¸³μÉ·Ö ´  ¸² -
¡μ¸ÉÓ ÔÉμ£μ ÔËË¥±É  (¸·. ·¨¸. 4,  , ¡) ¸ ³ Ë ±É ±μ··¥²ÖÍ¨¨ ±Ê²μ´μ¢¸±¨Ì ¨
¢ ´¤¥·¢  ²Ó¸μ¢ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´μ ¢ ¦´Ò³ ¢ ¸³Ò¸²¥
¤¨´ ³¨Î¥¸±¨Ì ¨§³¥´¥´¨° ´  ¤²¨É¥²Ó´μ³ ¨´É¥·¢ ²¥ ±μ´Ëμ·³ Í¨μ´´ÒÌ ¶¥·¥-
¸É·μ¥± ¡¨μ²μ£¨Î¥¸±¨Ì ¸É·Ê±ÉÊ·.
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�¨¸. 5. �´¥·£¨Ö ¢ ²¥´É´ÒÌ Ì¨³¨Î¥¸±¨Ì ¸¢Ö§¥° ( ), Ê£²μ¢ÒÌ (¡) ¨ ¤¨£¥¤· ²Ó´ÒÌ (¢)
¢§ ¨³μ¤¥°¸É¢¨°

�´¥·£¨Ö ¢ ²¥´É´ÒÌ (Ì¨³¨Î¥¸±¨Ì ¸¢Ö§¥°, Ê£²μ¢ÒÌ ¨ Éμ·¸¨μ´´ÒÌ (¤¨-
£¥¤· ²Ó´ÒÌ)) ¢§ ¨³μ¤¥°¸É¢¨°. �  ·¨¸. 5,  Ä¢ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶μ ¸¢Ö-
§ ´´Ò³ ¢ ²¥´É´Ò³ ¢§ ¨³μ¤¥°¸É¢¨Ö³ ¶·¨ ¨§³¥´¥´¨¨ ±Ê²μ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ² 
(§ ·Ö¤μ¢μ£μ Î¨¸² )  Éμ³μ¢ §μ²μÉ . �¥É·Ê¤´μ ¢¨¤¥ÉÓ, ÎÉμ ¶μÎÉ¨ ¢¸¥ É·¨ É¨¶ 
Ô´¥·£¨¨ (¢ ²¥´É´ÒÌ Ì¨³¨Î¥¸±¨Ì ¸¢Ö§¥° ( ), Ê£²μ¢ÒÌ (¡) ¨ ¤¨£¥¤· ²Ó´ÒÌ (¢)
¢§ ¨³μ¤¥°¸É¢¨°) ´¥ ¶μ¤¢¥·¦¥´Ò ± ±¨³-´¨¡Ê¤Ó § ³¥É´Ò³ ¨§³¥´¥´¨Ö³. „ ´´Ò°
Ë ±É £μ¢μ·¨É μ Éμ³, ÎÉμ ¸É·Ê±ÉÊ·  „�Š ¤ ¦¥ ¶·¨ ¸¨²Ó´ÒÌ Ô²¥±É·¨Î¥¸±¨Ì ¶μ-
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²ÖÌ ¸μÌ· ´Ö¥É Ì¨³¨Î¥¸±¨¥ ¸¢Ö§¨. ‘±μ·¥¥ ¢¸¥£μ, ÔÉμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ ¸É·μ£μ°
Ê¶μ·Ö¤μÎ¥´´μ¸É¨ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò ³μ²¥±Ê²Ò „�Š. “¸¨²¥´¨¥ ±Ê²μ´μ¢-
¸±¨Ì ¶μ²¥° ³μ¦¥É ¶·¨¢¥¸É¨ ²¨ÏÓ ± ±μ´Ëμ·³ Í¨μ´´Ò³ ¨§³¥´¥´¨Ö³ ³μ²¥±Ê²Ò
„�Š,   ´¥ ± · §·Ò¢Ê ¸ ³μ° Í¥¶μÎ±¨ ¨²¨ ± μ¡· §μ¢ ´¨Õ Ì¨³¨Î¥¸±¨Ì ¸¢Ö§¥°.

ŠμÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨. ‚ É ¡². 3 ¶·¥¤¸É ¢²¥´Ò §´ Î¥´¨Ö ¶ · ³¥É·μ¢
±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ ¤²Ö · §²¨Î´ÒÌ  Éμ³μ¢ ¶·¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶μÉ¥´-
Í¨ ² Ì. ‘ ·μ¸Éμ³ ±Ê²μ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ²  (§ ·Ö¤μ¢μ£μ Î¨¸²   Éμ³μ¢ §μ²μÉ )
±μÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨ ¤²Ö  Éμ³μ¢ Í¥¶μÎ±¨ „�Š Ê¢¥²¨Î¨¢ ¥É¸Ö, ÎÉμ ¶μ¤Î¥·-
±¨¢ ¥É ¥¥ §´ Î¨É¥²Ó´Ò¥ ±μ´Ëμ·³ Í¨μ´´Ò¥ ¶¥·¥¸É·μ°±¨. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ,
ÎÉμ ¶μ¤μ¡´Ò¥ ¨§³¥´¥´¨Ö ³μ£ÊÉ ¸¢¨¤¥É¥²Ó¸É¢μ¢ ÉÓ μ ¶¥·¥Ìμ¤¥ ¢¥Ð¥¸É¢  ¢ ¤·Ê-
£ÊÕ Ë §Ê. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¤²Ö  Éμ³μ¢ §μ²μÉ  ´ ¡²Õ¤ ¥É¸Ö ¤·Ê£ Ö § ¢¨¸¨-
³μ¸ÉÓ: ¸ Ê¢¥²¨Î¥´¨¥³ ±Ê²μ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ²  ¨Ì ±μÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨
Ê³¥´ÓÏ ¥É¸Ö. �Éμ μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ  Éμ³Ò §μ²μÉ  ´ Î¨´ ÕÉ ¢¸ÉÊ¶ ÉÓ ¢
¸¨²Ó´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ³μ²¥±Ê²μ° „�Š ¨ ¶²μÉ´μ μ±·Ê¦ ÕÉ ¥¥. �¥§Ê²ÓÉ ÉÒ
¤²Ö ´ £²Ö¤´μ¸É¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 6.

�¨¸. 6. ƒ· Ë¨± § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´É  ¤¨ËËÊ§¨¨ μÉ ¶μÉ¥´Í¨ ² 

’ ¡²¨Í  3. ‡´ Î¥´¨¥ ±μÔËË¨Í¨¥´Éμ¢ ¤¨ËËÊ§¨¨ ¶·¨ §´ Î¥´¨ÖÌ q = 0,1 ¨ 0,7

�Éμ³ ŠμÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨, ŠμÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨,
D(×10−9 ³2), q = 0,1 D(×10−9 ³2), q = 0,7

P3 1,2293 2,2337
O2 0,9923 2,0295
C3 0,9845 2,0482
H 1,0023 2,0116
N2 0,7880 1,8165
Au 13,577 4,4322
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�¨¸. 7. ƒ· Ë¨± ËÊ´±Í¨° · ¤¨ ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶ ·Ò  Éμ³μ¢ O2-Au ¢ § ¢¨¸¨³μ¸É¨
μÉ § ·Ö¤μ¢μ£μ Î¨¸²  q

”Ê´±Í¨Ö · ¤¨ ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö. –¥´É· ²Ó´ÊÕ ·μ²Ó ¢ ³μ²¥±Ê²Ö·-
´μ³ ³μ¤¥²¨·μ¢ ´¨¨ ¨£· ¥É ËÊ´±Í¨Ö · ¤¨ ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö (”��). �´ 
¨§³¥·Ö¥É, ± ±  Éμ³Ò μ·£ ´¨§ÊÕÉ ¸¥¡Ö μ±μ²μ ¤·Ê£¨Ì  Éμ³μ¢, ¨ μ´  ¶·μ¶μ·-
Í¨μ´ ²Ó´  ¢¥·μÖÉ´μ¸É¨ ´ Ìμ¦¤¥´¨Ö ¤¢ÊÌ  Éμ³μ¢, · §¤¥²¥´´ÒÌ · ¸¸ÉμÖ´¨¥³
r ± Dr. �μ¢¥¤¥´¨¥ ”�� § ¢¨¸¨É μÉ ¸μ¸ÉμÖ´¨Ö ¢¥Ð¥¸É¢  (¶²μÉ´μ¸É¨ ¨ É¥³-
¶¥· ÉÊ·Ò). �É³¥É¨³, ÎÉμ £· Ë¨± ”�� ¤²Ö ¦¨¤±μ¸É¥° ¨³¥¥É ¶·μ³¥¦ÊÉμÎ´Ò°
¢¨¤ ³¥¦¤Ê É¥³, ÎÉμ Ì · ±É¥·´μ ¤²Ö ±·¨¸É ²²μ¢, ¨ É¥³, ÎÉμ Å ¤²Ö £ §μ¢; ¤²Ö
¦¨¤±μ¸É¨ ¶μÖ¢²ÖÕÉ¸Ö ¢Éμ·μ° ¨ É·¥É¨° ¶¨±¨, ¨ μ´¨ ¢Ò£²Ö¤ÖÉ ¡μ²¥¥ ¸£² ¦¥´-
´Ò³¨. „²Ö É¢¥·¤ÒÌ É¥² £· Ë¨± ”�� ¨³¥¥É ¢¨¤ ²μ³ ´ÒÌ ±·¨¢ÒÌ; ¤²Ö £ §μ¢ Å
¢¨¤ μ¤´μ£μ Ï¨·μ±μ£μ ¶² Éμ.

�μ ·¥§Ê²ÓÉ É ³ Œ„-³μ¤¥²¨·μ¢ ´¨Ö ¤²Ö „�Š ¢  ±É¨¢´μ³ · ¸É¢μ·¥ ¨§ ´ -
´μÎ ¸É¨Í §μ²μÉ  ¨ ¢μ¤Ò ¡Ò²¨ ¶μ¸É·μ¥´Ò £· Ë¨±¨ ËÊ´±Í¨° · ¤¨ ²Ó´μ£μ · ¸-
¶·¥¤¥²¥´¨Ö ¤²Ö ´¥¸±μ²Ó±¨Ì ±²ÕÎ¥¢ÒÌ  Éμ³´ÒÌ ¶ · ¢ ¸¨¸É¥³¥ „�ŠÄ§μ²μÉμ.
�  ·¨¸. 7 ¶·¥¤¸É ¢²¥´ £· Ë¨± ”�� (ËÊ´±Í¨° · ¤¨ ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö) ¤²Ö
 Éμ³´μ° ¶ ·Ò O2-Au ¢ § ¢¨¸¨³μ¸É¨ μÉ § ·Ö¤μ¢μ£μ Î¨¸²  q. �  £· Ë¨±¥ ¸
Ê¢¥²¨Î¥´¨¥³ § ·Ö¤μ¢μ£μ Î¨¸²   Éμ³μ¢ §μ²μÉ  ¸ q = 0,1 ¤μ 0,7 ³Ò ´ ¡²Õ¤ ¥³
·¥§±μ¥ Ê¢¥²¨Î¥´¨¥  ³¶²¨ÉÊ¤´μ£μ ¶¨±  ”��. ˆ´Ò³¨ ¸²μ¢ ³¨, ¶·μ¨¸Ìμ¤¨É  ±-
É¨¢´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥  Éμ³μ¢ §μ²μÉ  ¸ ³μ²¥±Ê²μ° „�Š. ‘ ·μ¸Éμ³ ±Ê²μ´μ¢-
¸±¨Ì ¶μ²¥° (§ ·Ö¤μ¢ÒÌ Î¨¸¥²  Éμ³μ¢ §μ²μÉ ), ¸μ§¤ ¢ ¥³ÒÌ  Éμ³ ³¨ §μ²μÉ 
¢μ±·Ê£ Í¥¶μÎ±¨ „�Š, ¢μ§´¨± ÕÉ Î¥É±μ μÎ¥·Î¥´´Ò¥ ¢Éμ·Ò¥ ¨ É·¥ÉÓ¨ ¶¨±¨
¢ £· Ë¨±¥ ”��. ‚μ§´¨±´μ¢¥´¨¥ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¶¨±μ¢ ”�� (¸É·Ê±ÉÊ·´μ°
Ê¶μ·Ö¤μÎ¥´´μ¸É¨) ¶μ¤É¢¥·¦¤ ¥É ¢ÒÎ¨¸²¥´¨Ö ¨ ¤²Ö μ¸É ²Ó´ÒÌ  Éμ³´ÒÌ ¶ · ¢
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�¨¸. 8. ƒ· Ë¨± ËÊ´±Í¨¨ · ¤¨ ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö  Éμ³μ¢ ¶·¨ q = 0,1 ¨ 0,7 ¤²Ö ¶ ·
 ) P3ÄAu, ¡) O2ÄAu, ¢) HÄAu, £) C3ÄAu

¸¨¸É¥³¥ „�ŠÄ§μ²μÉμ. �¨¸. 8,  , ¡ ¨²²Õ¸É·¨·ÊÕÉ § ¢¨¸¨³μ¸É¨ ”�� ¤²Ö q = 0,1
¨ 0,7 ¶μ ´¥¸±μ²Ó±¨³ ¢Ò¡μ·μÎ´Ò³  Éμ³´Ò³ ¶ · ³:  ) P3ÄAu, ¡) O2ÄAu,
¢) HÄAu ¨ £) C3ÄAu. �¥É·Ê¤´μ ¢¨¤¥ÉÓ, ÎÉμ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ”�� ¶·¨ §´ -
Î¥´¨¨ § ·Ö¤μ¢μ£μ Î¨¸²  q = 0,1 §´ Î¨É¥²Ó´μ μÉ²¨Î ÕÉ¸Ö μÉ ·¥§Ê²ÓÉ Éμ¢ ¶·¨
q = 0,7. ‡´ Î¨É¥²Ó´μ¥ ¨§³¥´¥´¨¥ ¶ · ³¥É·  ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
¶μ²´μ¸ÉÓÕ ¨§³¥´Ö¥É ¸É·Ê±ÉÊ·Ê ¸¨¸É¥³Ò.

�  ·¨¸. 9 ¨ 10 ¶·¥¤¸É ¢²¥´Ò ¶μ¸²¥¤μ¢ É¥²Ó´Ò¥ ±μ´Ë¨£Ê· Í¨¨ (snapshots),
¶μ¸É·μ¥´´Ò¥ ¸μμÉ¢¥É¸É¢¥´´μ ¤²Ö q = 0,1 ¨ 0,7 ¶·¨ ¢·¥³¥´ Ì t = 0 ( ),
t = 25 ¶¸ (¡) ¨ t = 50 ¶¸ (¢). ‘É ·Éμ¢ ¢ ¸ ¸μ¢¥·Ï¥´´μ μ¤¨´ ±μ¢ÒÌ ¸μ¸ÉμÖ´¨°
(¸³. ·¨¸. 9,   ¨ 10,  ) ³Ò, É¥³ ´¥ ³¥´¥¥, ¨³¥¥³ ¤²Ö Í¥¶μÎ±¨ „�Š ¨ · ¸¶·¥¤¥-
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�¨¸. 9. ’·¨ ¶μ¸²¥¤μ¢ É¥²Ó´Ò¥ ±μ´Ë¨£Ê· Í¨¨ ¸¨¸É¥³Ò ¶·¨ q = 0,1 (¢¨¤ ¸¢¥·ÌÊ Å
¸²¥¢ , ¢¨¤ ¸¡μ±Ê Å ¸¶· ¢ );  ) t = 0, ¡) t = 25 ¶¸, ¢) t = 50 ¶¸

²¥´¨Ö  Éμ³μ¢ §μ²μÉ  · §´Ò¥ Ë¨´ ²Ó´Ò¥ ±μ´Ë¨£Ê· Í¨¨. �  ·¨¸. 9, ¢ (q = 0,1)
¢¨¤´μ, ÎÉμ  Éμ³Ò §μ²μÉ  ¢ ¨Éμ£¥ · ¸¶·¥¤¥²ÖÕÉ¸Ö ¢μ±·Ê£ ³μ²¥±Ê²Ò „�Š ¶μÎÉ¨
· ¢´μ³¥·´μ ¨ μ¤´μ·μ¤´μ, ÎÉμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ¡ μÉ¸ÊÉ¸É¢¨¨ ± ±¨Ì-´¨¡Ê¤Ó
ÔËË¥±É¨¢´ÒÌ μ¡³¥´μ¢; ¢ Éμ ¦¥ ¢·¥³Ö ¶·μÉ¨¢μ¶μ²μ¦´ÊÕ ± ·É¨´Ê ¤¥³μ´¸É·¨-
·Ê¥É ·¨¸. 10, ¢ (q = 0,7). �É¨ ·¥§Ê²ÓÉ ÉÒ ±μ··¥²²¨·ÊÕÉ¸Ö ¸ ¤ ´´Ò³¨ ¶μ ”��,
μ¶¨¸ ´´Ò³¨ ¢ÒÏ¥;   ¨³¥´´μ, ¶·¨ ¸¨²Ó´ÒÌ ±Ê²μ´μ¢¸±¨Ì ¶μ²ÖÌ ³Ò ¨³¥¥³
¸¨²Ó´ÊÕ Ê¶μ·Ö¤μÎ¥´´μ¸ÉÓ ¢ ¸É·Ê±ÉÊ·¥ ³μ²¥±Ê²Ò „�Š. 	μ²¥¥ Éμ£μ, ÔÉμ ¶·¨-
¢μ¤¨É ± ®±μ³¶ ±É´μ° Ê¶ ±μ¢±¥¯ Í¥¶μÎ±¨ „�Š ¢μ±·Ê£ ¥¥ μ¸¨. ’ ±¨³ μ¡· §μ³,
³Ò ¨³¥¥³ Î¥É±ÊÕ ± ·É¨´Ê ¶·μÍ¥¸¸  ±² ¸É¥·¨§ Í¨¨  Éμ³μ¢ §μ²μÉ  ¢μ±·Ê£ ³μ-
²¥±Ê²Ò „�Š, Ê¶· ¢²ÖÕÐ¥£μ ±μ´Ëμ·³ Í¨μ´´Ò³¨ ¸É·Ê±ÉÊ·´Ò³¨ ¨§³¥´¥´¨Ö³¨
¢ ¸¨¸É¥³¥.
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�¨¸. 10. ’·¨ ¶μ¸²¥¤μ¢ É¥²Ó´Ò¥ ±μ´Ë¨£Ê· Í¨¨ ¸¨¸É¥³Ò ¶·¨ q = 0,7 (¢¨¤ ¸¢¥·ÌÊ Å
¸²¥¢ , ¢¨¤ ¸¡μ±Ê Å ¸¶· ¢ );  ) t = 0, ¡) t = 25 ¶¸, ¢) t = 50 ¶¸
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