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Œ„-· ¸Î¥É Ô´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö
¨ Î ¸ÉµÉ ¸µ¡¸É¢¥´´ÒÌ ±µ²¥¡ ´¨°
¨ µ¶É¨³¨§ Í¨Ö £¥µ³¥É·¨¨ ´Ê±²¥µÉ¨¤´ÒÌ ¤Ê¶²¥Éµ¢

�  µ¸´µ¢¥ ³¥Éµ¤µ¢ ±µ³¶ÓÕÉ¥·´µ£µ ³µ²¥±Ê²Ö·´µ-¤¨´ ³¨Î¥¸±µ£µ (Œ„) ³µ¤¥-
²¨·µ¢ ´¨Ö · ¸¸Î¨É ´Ò Ô´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¨ ¸µ¡¸É¢¥´´Ò¥ Î ¸ÉµÉÒ ´Ê-
±²¥µÉ¨¤´ÒÌ ¤Ê¶²¥Éµ¢  ¤¥´¨´ÄÉ¨³¨´ ¨ £Ê ´¨´ÄÍ¨Éµ§¨´,   É ±¦¥ ¶·µ¢¥¤¥´  µ¶É¨-
³¨§ Í¨Ö ¨Ì £¥µ³¥É·¨¨. � °¤¥´Ò ¸¶¥±É·Ò ±µ²¥¡ É¥²Ó´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¢ ˆŠ- ¨
· ¤¨µÎ ¸ÉµÉ´µ° µ¡² ¸É¨. � ¸¸³ É·¨¢ ¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¶·¨³¥´¥´¨Ö ·¥§Ê²ÓÉ Éµ¢
³µ¤¥²¨·µ¢ ´¨Ö ¤²Ö µ¡´ ·Ê¦¥´¨Ö ¢Ò¸µ±µ³µ²¥±Ê²Ö·´ÒÌ ¡¨µ¸É·Ê±ÉÊ· ³¥Éµ¤ ³¨
¸¶¥±É· ²Ó´µ£µ  ´ ²¨§ . Š¢ ´Éµ¢µ-Ì¨³¨Î¥¸±¨¥ Œ„-· ¸Î¥ÉÒ ¢Ò¶µ²´¥´Ò ¸ ¨¸¶µ²Ó-
§µ¢ ´¨¥³ ¶·µ£· ³³Ò Gaussian98 ¨ ¶ ±¥É  MOLDEN.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ �É¤¥²¥´¨¨ · ¤¨ Í¨µ´´ÒÌ ¨ · ¤¨µ¡¨µ²µ£¨Î¥¸±¨Ì ¨¸¸²¥-
¤µ¢ ´¨° �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2004

Kretov D. A. , Kholmurodov Kh. T. P19-2004-133
MD Calculation of Ground-State Energy of the Nucleotide Doublets,
Their Eigenmode Frequencies and Geometry Optimization

Based on the computer molecular dynamics (MD) modeling methods we have cal-
culated the ground-state energy and eigenvalue frequencies of the adenineÄthymine
and guanineÄcytosine nucleotide doublets and performed their geometry optimization.
We have found the eigenmodes in the infrared and radio-frequency ranges. The pos-
sibility of application of the simulation results in detection of bio-structures through
the spectral analysis is considered. In the quantum chemistry MD calculations we
employed the Gaussian98 code and MOLDEN package.

The investigation has been performed at the Division of Radiation and Radiobi-
ological Research, JINR.
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‚‚…„…�ˆ…

‚ ¤ ´´µ° · ¡µÉ¥ ´  µ¸´µ¢¥ ³¥Éµ¤µ¢ ±¢ ´Éµ¢µ£µ ³µ²¥±Ê²Ö·´µ-¤¨´ ³¨-
Î¥¸±µ£µ (Œ„) ³µ¤¥²¨·µ¢ ´¨Ö ¢Ò¶µ²´¥´Ò · ¸Î¥ÉÒ ¶µ µ¶É¨³¨§ Í¨¨ Ô´¥·£¥-
É¨Î¥¸±¨Ì ¨ £¥µ³¥É·¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ´Ê±²¥µÉ¨¤´ÒÌ ¤Ê¶²¥Éµ¢,   É ±¦¥
¨¸¸²¥¤µ¢ ´Ò ¨Ì ±µ²¥¡ É¥²Ó´Ò¥ ¨ ·¥§µ´ ´¸´Ò¥ ¸¢µ°¸É¢ . ˆ§ÊÎ¥´¨¥ ¸¢µ°¸É¢
´Ê±²¥µÉ¨¤´ÒÌ ¤Ê¶²¥Éµ¢ ( ¤¥´¨´ÄÉ¨³¨´ ¨ £Ê ´¨´ÄÍ¨Éµ§¨´), „�Š ¨ ¸²µ¦´ÒÌ
¡¨µ¸É·Ê±ÉÊ· Ö¢²Ö¥É¸Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö µ¤´¨³ ¨§  ±ÉÊ ²Ó´¥°Ï¨Ì ´ ¶· ¢²¥-
´¨° ³µ²¥±Ê²Ö·´µ° ¡¨µ²µ£¨¨ ¨ ¡¨µË¨§¨±¨ [1Ä6]. �¥§µ´ ´¸´Ò¥ ¸¢µ°¸É¢  ¡¨µ-
³µ²¥±Ê² ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ± ± ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨ ¸ ³¨Ì ³µ²¥±Ê², É ±
¨ ¤²Ö ±µ´É·µ²Ö ¡¨µ²µ£¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢, ¸¢Ö§ ´´ÒÌ ¸ Ô±¸¶·¥¸¸¨¥° £¥´µ¢ ¨
¢µ¸¶·µ¨§¢¥¤¥´¨¥³ £¥´¥É¨Î¥¸±µ° ¨´Ëµ·³ Í¨¨ [1Ä5, 7Ä9]. ˆ³¥¥É¸Ö §´ Î¨É¥²Ó-
´µ¥ Î¨¸²µ · ¡µÉ, ¶µ¸¢ÖÐ¥´´ÒÌ ¤¥°¸É¢¨Õ · ¤¨µÎ ¸ÉµÉ´µ£µ ¨ ˆŠ-¨§²ÊÎ¥´¨Ö
´  ¡¥²±¨ (¸³. [6, 10, 11]). �¥¸³µÉ·Ö ´  Ê¸¶¥Ï´µ ¶·µ¢¥¤¥´´Ò¥ Ô±¸¶¥·¨-
³¥´ÉÒ ¶µ Ëµ²¤¨´£Ê „�Š, ¨´¤ÊÍ¨·µ¢ ´´µ³Ê · ¤¨µÎ ¸ÉµÉ ³¨ (¸³., ´ ¶·¨³¥·,
[1]), µ ¢²¨Ö´¨¨ Î ¸ÉµÉ ÔÉµ£µ ¤¨ ¶ §µ´  ´  ¸¢µ°¸É¢  ´Ê±²¥µÉ¨¤µ¢ ¢ É¥µ·¥É¨-
Î¥¸±µ³ µÉ´µÏ¥´¨¨ ¨§¢¥¸É´µ ³ ²µ. ‚ ¤ ´´µ° · ¡µÉ¥ ¶·µ¢¥¤¥´µ ¢ÒÎ¨¸²¥´¨¥
Î ¸ÉµÉ ±µ²¥¡ ´¨° ¨ µ¶É¨³¨§ Í¨Ö £¥µ³¥É·¨¨ ¶ ·  ¤¥´¨´ÄÉ¨³¨´ ¨ £Ê ´¨´Ä
Í¨Éµ§¨´. �¥§Ê²ÓÉ ÉÒ ¶µ± §Ò¢ ÕÉ ¤µ¸É ÉµÎ´µ £Ê¸Éµ° ¸¶¥±É· Î ¸ÉµÉ ¢ ˆŠ- ¨
³¨²²¨³¥É·µ¢µ° µ¡² ¸É¨, ÎÉµ ¢ ¶·¨´Í¨¶¥ ¤µ¸ÉÊ¶´µ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ°
¶·µ¢¥·±¨. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  Ô´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, ¶·µ¢¥¤¥´´µ£µ ¢
· ¡µÉ¥, ´¥¶²µÌµ ¸µ¢¶ ¤ ÕÉ ¸ ¶µ²ÊÎ¥´´Ò³¨ · ´¥¥ ·¥§Ê²ÓÉ É ³¨ ¤·Ê£¨Ì  ¢Éµ-
·µ¢ [3, 11]. Š¢ ´Éµ¢µ-Ì¨³¨Î¥¸±¨¥ Œ„-· ¸Î¥ÉÒ ¢Ò¶µ²´¥´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ¶·µ£· ³³ Gaussian98, MOLDEN ¨ ¤·Ê£¨Ì ¢¸¶µ³µ£ É¥²Ó´ÒÌ
¢¨§Ê ²¨§ Í¨µ´´ÒÌ ¶ ±¥Éµ¢.

1. „“�‹…’› Š�Œ�‹…Œ…�’���›• �‡�’ˆ‘’›• �‘��‚��ˆ‰

„�Š ¸µ¸Éµ¨É ¨§ ´Ê±²¥µÉ¨¤µ¢, ¢ ¸µ¸É ¢ ±µÉµ·ÒÌ ¢Ìµ¤ÖÉ ¸ Ì · Å ¤¥§µ±¸¨-
·¨¡µ§ , Ëµ¸Ë É ¨ µ¤´µ ¨§  §µÉ¨¸ÉÒÌ µ¸´µ¢ ´¨° Å ¶Ê·¨´ ( ¤¥´¨´ ¨²¨ £Ê ´¨´)
²¨¡µ ¶¨·¨³¨¤¨´ (É¨³¨´ ¨²¨ Í¨Éµ§¨´). �¸µ¡¥´´µ¸ÉÓÕ ¸É·Ê±ÉÊ·´µ° µ·£ ´¨§ -
Í¨¨ „�Š Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ¥¥ ³µ²¥±Ê²Ò ¢±²ÕÎ ÕÉ ¤¢¥ ¶ · ²²¥²Ó´Ò¥ ´¥· §¢¥É-
¢²¥´´Ò¥ ¶µ²¨´Ê±²¥µÉ¨¤´Ò¥ Í¥¶¨, § ±·ÊÎ¥´´Ò¥ ¢µ±·Ê£ µ¡Ð¥° µ¸¨ ¢ ¤¢µ°´ÊÕ
¸¶¨· ²Ó. ’ ± Ö ¶·µ¸É· ´¸É¢¥´´ Ö ¸É·Ê±ÉÊ·  Ê¤¥·¦¨¢ ¥É¸Ö ³´µ¦¥¸É¢µ³ ¢µ¤µ-
·µ¤´ÒÌ ¸¢Ö§¥°, µ¡· §Ê¥³ÒÌ  §µÉ¨¸ÉÒ³¨ µ¸´µ¢ ´¨Ö³¨, ´ ¶· ¢²¥´´Ò³¨ ¢´ÊÉ·Ó
¸¶¨· ²¨. ‚µ¤µ·µ¤´Ò¥ ¸¢Ö§¨ ¢µ§´¨± ÕÉ ³¥¦¤Ê ¶Ê·¨´µ¢Ò³ µ¸´µ¢ ´¨¥³ µ¤´µ°
Í¥¶¨ ( ¤¥´¨´µ³ ¨²¨ £Ê ´¨´µ³) ¨ ¶¨·¨³¨¤¨´µ¢Ò³ µ¸´µ¢ ´¨¥³ ¤·Ê£µ° Í¥¶¨
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(É¨³¨´µ³ ¨²¨ Í¨Éµ§¨´µ³). �¤¥´¨´ µ¤´µ° Í¥¶¨ ¸µ¥¤¨´Ö¥É¸Ö ¢µ¤µ·µ¤´Ò³¨ ¸¢Ö-
§Ö³¨ ¸ É¨³¨´µ³ ¤·Ê£µ°,   ³¥¦¤Ê £Ê ´¨´µ³ ¨ Í¨Éµ§¨´µ³ · §´ÒÌ Í¥¶¥° µ¡· -
§ÊÕÉ¸Ö É·¨ ¢µ¤µ·µ¤´Ò¥ ¸¢Ö§¨. �É¨ µ¸´µ¢ ´¨Ö ¸µ¸É ¢²ÖÕÉ ±µ³¶²¥³¥´É ·´Ò¥
¶ ·Ò. ’ ±µ¥ ¸µ¥¤¨´¥´¨¥  §µÉ¨¸ÉÒÌ µ¸´µ¢ ´¨° µ¡¥¸¶¥Î¨¢ ¥É ¶·µÎ´ÊÕ ¸¢Ö§Ó
¤¢ÊÌ Í¥¶¥° ¨ ¸µÌ· ´¥´¨¥ · ¢´µ£µ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ´¨³¨ ´  ¢¸¥³ ¶·µÉÖ¦¥´¨¨
³µ²¥±Ê²Ò.

�¡· §µ¢ ´¨¥ ¢µ¤µ·µ¤´ÒÌ ¸¢Ö§¥° ³¥¦¤Ê ±µ³¶²¥³¥´É ·´Ò³¨ ¶ · ³¨ µ¸´µ-
¢ ´¨° µ¡Ê¸²µ¢²¥´µ ¨Ì ¶·µ¸É· ´¸É¢¥´´Ò³ ¸µµÉ¢¥É¸É¢¨¥³. �¨·¨³¨¤¨´µ¢µ¥ µ¸´µ-
¢ ´¨¥ ±µ³¶²¥³¥´É ·´µ ¶Ê·¨´µ¢µ³Ê µ¸´µ¢ ´¨Õ. Šµ³¶²¥³¥´É ·´µ¥ ¸µ¥¤¨´¥-
´¨¥ ¶Ê·¨´µ¢ÒÌ ¨ ¶¨·¨³¨¤¨´µ¢ÒÌ µ¸´µ¢ ´¨° ¤²Ö ¸¨¸É¥³  ¤¥´¨´ÄÉ¨³¨´ ¨
£Ê ´¨´ÄÍ¨Éµ§¨´ ¶·¥¤¸É ¢²¥´µ ´  ·¨¸. 1.

�¨¸. 1. Šµ³¶²¥³¥´É ·´µ¥ ¸µ¥¤¨´¥´¨¥ ¶Ê·¨´µ¢ÒÌ ¨ ¶¨·¨³¨¤¨´µ¢ÒÌ µ¸´µ¢ ´¨°

�É³¥É¨³, ÎÉµ ¢µ¤µ·µ¤´Ò¥ ¸¢Ö§¨ ³¥¦¤Ê ¤·Ê£¨³¨ ¶ · ³¨ µ¸´µ¢ ´¨° ´¥
¶µ§¢µ²ÖÕÉ ¨³ · §³¥¸É¨ÉÓ¸Ö ¢ ¸É·Ê±ÉÊ·¥ ¤¢µ°´µ° ¸¶¨· ²¨ [2, 6, 15].

2. Œ…’�„› Œ„-��‘—…’�‚

„²Ö · ¸Î¥É  ¨¸¶µ²Ó§µ¢ ² ¸Ó ¶·µ£· ³³  Gaussian98, ¢ ±µÉµ·µ° ·¥ ²¨§µ-
¢ ´Ò ´¥Ô³¶¨·¨Î¥¸±¨¥ (ab initio) ³¥Éµ¤Ò ±¢ ´Éµ¢µ° Ì¨³¨¨. Œ¥Éµ¤Ò · ¸Î¥É 
¤µ²¦´Ò ¶µ ¢µ§³µ¦´µ¸É¨ ¸µÎ¥É ÉÓ ¢ ¸¥¡¥ ¤µ¸É ÉµÎ´ÊÕ ÉµÎ´µ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢
¨ ¤µ¶Ê¸É¨³Ò¥ § É· ÉÒ ³ Ï¨´´µ£µ ¢·¥³¥´¨. ˆ§ ´¥Ô³¶¨·¨Î¥¸±¨Ì ³¥Éµ¤µ¢, ¨¸-
Ìµ¤Ö ¨§ ²¨É¥· ÉÊ·´ÒÌ ¤ ´´ÒÌ [7], ´ ¨¡µ²¥¥  ¤¥±¢ É¥´ Ê± § ´´Ò³ É·¥¡µ¢ -
´¨Ö³ ³¥Éµ¤ • ·É·¨Ä”µ±  ¸ · §²µ¦¥´¨¥³ ³µ²¥±Ê²Ö·´ÒÌ µ·¡¨É ²¥° ¶µ ¡ -
§¨¸Ê ´¥ ´¨¦¥ 6-31G. �¤´¨³ ¨§ ´ ¨¡µ²¥¥ ³µÐ´ÒÌ ¶·¨¥³µ¢ ¶·¨ ·¥Ï¥´¨¨
±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨Ì § ¤ Î Ö¢²ÖÕÉ¸Ö ³¥Éµ¤Ò É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, ¢ Î ¸É-
´µ¸É¨ ³¥Éµ¤ Œ¥²²¥· Ä�²¥¸¸¥É . �¥¤µ¸É É±µ³ ³¥Éµ¤  Ö¢²Ö¥É¸Ö Éµ, ÎÉµ µ´ ¤ ¥É
´¥¢ ·¨ Í¨µ´´µ¥ ·¥Ï¥´¨¥,   ¶µÔÉµ³Ê ¶µ²ÊÎ¥´´µ¥ §´ Î¥´¨¥ E±µ·· ³µ¦¥É µ± -
§ ÉÓ¸Ö § ¢ÒÏ¥´´Ò³. ‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¤²Ö ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨Ì · ¸Î¥Éµ¢
¸É ²¨ ¢¸¥ Î Ð¥ ¶·¨³¥´ÖÉÓ¸Ö ³¥Éµ¤Ò ËÊ´±Í¨µ´ ²µ¢. ‘ ¨Ì ¶µ³µÐÓÕ ¢ÒÎ¨-
¸²ÖÕÉ ¶µ¶· ¢±Ê ± Ô´¥·£¨¨, · ¸¸Î¨É ´´µ° ¶µ ³¥Éµ¤Ê • ·É·¨Ä”µ± , ÊÎ¨ÉÒ¢ Ö
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µ¡³¥´´ÊÕ ±µ··¥²ÖÍ¨Õ Ô²¥±É·µ´µ¢, ´ ¶·¨³¥·, ¤²Ö £¨¡·¨¤´µ£µ ËÊ´±Í¨µ´ ² :
CELYP

C +(1−C)EVWN
C (¸³. [19]). �¥¤µ¸É É±µ³ ³¥Éµ¤µ¢ ËÊ´±Í¨µ´ ²µ¢ Ö¢²Ö-

¥É¸Ö Éµ, ÎÉµ µ´¨ É·¥¡ÊÕÉ ¡µ²ÓÏ¨Ì § É· É ³ Ï¨´´µ£µ ¢·¥³¥´¨ [16].
‚ ¤ ´´µ° · ¡µÉ¥ ¨¸Ìµ¤Ö ¨§ ¢ÒÏ¥¸± § ´´µ£µ ¡Ò²¨ ¢Ò¡· ´Ò ¸²¥¤ÊÕÐ¨¥

³¥Éµ¤Ò: RHF (µ£· ´¨Î¥´´Ò° ³¥Éµ¤ • ·É·¨Ä”µ± ) ¸ ¡ §¨¸µ³ 6-31G, G2MP2
(³¥Éµ¤ Œ¥²²¥· Ä�²¥¸¸¥É  ¢Éµ·µ£µ ¶µ·Ö¤± ) ¸ ¡ §¨¸µ³ 6-31G** ¨ b3lyp (³¥-
Éµ¤ £¨¡·¨¤´µ£µ ËÊ´±Í¨µ´ ² ) ¸ ¡ §¨¸µ³ 6-31G**. �·¨ ¢Ò¡µ·¥ ¡ §¨¸  · ¸Î¥É 
¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¤ ´´Ò¥ [7, 17, 18]. � §¨¸ 6-31G µ± §Ò¢ ¥É¸Ö ´¥¤µ¸É ÉµÎ-
´Ò³ ¶·¨ · ¸Î¥É¥ Ô´¥·£¨¨ ¸¨¸É¥³Ò ³¥Éµ¤ ³¨ G2MP2 ¨ b3lyp, µÉ±²µ´¥´¨Ö ¢
¤²¨´ Ì ¸¢Ö§¥° ¸µ¸É ¢²ÖÕÉ µ±µ²µ 0,03 	A, ¢ Ê£² Ì Å 4◦. ˆ¸¶µ²Ó§µ¢ ´¨¥ ¶µ-
²Ö·¨§ Í¨µ´´ÒÌ ËÊ´±Í¨° §´ Î¨É¥²Ó´µ Ê¸²µ¦´Ö¥É · ¸Î¥É ¨§-§  ¸ÊÐ¥¸É¢¥´´µ£µ
Ê¢¥²¨Î¥´¨Ö ¡ §¨¸´ÒÌ ËÊ´±Í¨°, ´µ Ö¢²Ö¥É¸Ö ¶·¨¥³²¥³Ò³ [3Ä5, 8Ä14].

3. �…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

3.1. ƒ¥µ³¥É·¨Ö ´Ê±²¥µÉ¨¤´ÒÌ ¤Ê¶²¥Éµ¢  ¤¥´¨´ÄÉ¨³¨´ ¨ £Ê ´¨´ÄÍ¨Éµ-
§¨´. � §²¨Î¨Ö ³¥¦¤Ê ¤ ´´Ò³¨ µ¶É¨³¨§ Í¨¨ £¥µ³¥É·¨¨, ¶µ²ÊÎ¥´´Ò³¨ ³¥Éµ-
¤ ³¨ RHF, G2MP2 ¨ b3lyp, ´ ¡²Õ¤ ÕÉ¸Ö ¢ ¤²¨´ Ì ¸¢Ö§¥° ¨ Ê£² Ì ³¥¦¤Ê
 Éµ³ ³¨ ³µ²¥±Ê². �Éµ ´¥ ¶·¨¢µ¤¨É ± ¢¨¤¨³Ò³ · §²¨Î¨Ö³ ¸É·Ê±ÉÊ·Ò, ´µ ¢
±µ´¥Î´µ³ ¸Î¥É¥ ¸± §Ò¢ ¥É¸Ö ´  Ô´¥·£¨¨ ¸¢Ö§¨ ¨ ±µ²¥¡ É¥²Ó´ÒÌ ¸¶¥±É· Ì. Š
Éµ³Ê ¦¥, ± ± ¶µ± § ²¨ · ¸Î¥ÉÒ, ¸¤¥² ´´Ò¥ Lewis ¨ Sankey [3], Ô´¥·£¨Ö ¸¢Ö§¨
³¥¦¤Ê ¶Ê·¨´µ¢Ò³¨ ¨ ¶¨·¨³¨¤¨´µ¢Ò³¨ µ¸´µ¢ ´¨Ö³¨ § ¢¨¸¨É µÉ ¤²¨´Ò ¢µ¤µ-
·µ¤´µ° ¸¢Ö§¨ ³¥¦¤Ê  Éµ³ ³¨ N(17) ¨ N(5) Å ¤²Ö ¤Ê¶²¥É   ¤¥´¨´ÄÉ¨³¨´ ¨
³¥¦¤Ê  Éµ³ ³¨ O(8) ¨ N(17) Å ¤²Ö ¤Ê¶²¥É  £Ê ´¨´ÄÍ¨Éµ§¨´ [1].

‚ É ¡². 1 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ±¢ ´Éµ¢µ-Ì¨³¨Î¥¸±¨Ì ¢ÒÎ¨¸²¥´¨° ¶µ
µ¶·¥¤¥²¥´¨Õ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê  Éµ³ ³¨ N(17) ¨ N(5), ¶·¨ ±µÉµ·µ³ ³¨´¨-
³ ²Ó´  Ô´¥·£¨Ö ¸¢Ö§¨, ¢µ§³µ¦´ Ö ¢ ¸µ¥¤¨´¥´¨¨  ¤¥´¨´ÄÉ¨³¨´. � ¸Î¥ÉÒ ¢Ò-
¶µ²´Ö²¨¸Ó ³¥Éµ¤ ³¨ • ·É·¨Ä”µ± , Œ¥²²¥· Ä�²¥¸¸¥É  ¨ ³¥Éµ¤µ³ ËÊ´±Í¨-
µ´ ²µ¢. „²Ö ¸· ¢´¥´¨Ö É ±¦¥ ¶·¨¢¥¤¥´µ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ÔÉ¨³¨  Éµ³ ³¨,
· ¸¸Î¨É ´´µ¥ Lewis ¨ Sankey (¸³. [3]).

’ ¡²¨Í  1. � ¸¸ÉµÖ´¨¥ ³¥¦¤Ê  Éµ³ ³¨ N(17) ¨ N(5), �A

RHF MP2 b3lyp Lewis, Sankey
2,88 3,00 2,84 3,00

�  ·¨¸. 2,  , ¡ ¶µ± § ´µ ¶·µ¸É· ´¸É¢¥´´µ¥ · ¸¶µ²µ¦¥´¨¥ ¤Ê¶²¥É   ¤¥´¨´Ä
É¨³¨´, µ¶É¨³¨§¨·µ¢ ´´µ¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£· ³³Ò Gaussian98 ³¥Éµ¤ ³¨
HF ¨ MP2 ¸µµÉ¢¥É¸É¢¥´´µ.

�  ·¨¸. 3,  , ¡ ¶µ± § ´µ ¶·µ¸É· ´¸É¢¥´´µ¥ · ¸¶µ²µ¦¥´¨¥ ¤Ê¶²¥Éµ¢  ¤¥´¨´Ä
É¨³¨´ ( ) ¨ £Ê ´¨´ÄÍ¨Éµ§¨´ (¡), µ¶É¨³¨§¨·µ¢ ´´µ¥ ³¥Éµ¤ ³¨ b3lyp ¨ HF
¸µµÉ¢¥É¸É¢¥´´µ.
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�¨¸. 2. �·µ¸É· ´¸É¢¥´´µ¥ · ¸¶µ²µ¦¥´¨¥ ¤Ê¶²¥É   ¤¥´¨´ÄÉ¨³¨´, · ¸¸Î¨É ´´µ¥ ³¥Éµ¤µ³
HF (a) ¨ ³¥Éµ¤µ³ MP2 (¡)

�¨¸. 3.  ) �·µ¸É· ´¸É¢¥´´µ¥ · ¸¶µ²µ¦¥´¨¥ ¤Ê¶²¥É   ¤¥´¨´ÄÉ¨³¨´, µ¶É¨³¨§¨·µ¢ ´´µ¥
³¥Éµ¤µ³ b3lyp; ¡) ¶·µ¸É· ´¸É¢¥´´µ¥ · ¸¶µ²µ¦¥´¨¥ ¤Ê¶²¥É  £Ê ´¨´ÄÍ¨Éµ§¨´, µ¶É¨³¨-
§¨·µ¢ ´´µ¥ ³¥Éµ¤µ³ HF

� ¸¸ÉµÖ´¨¥ ³¥¦¤Ê  Éµ³ ³¨ O(8) ¨ N(17), · ¸¸Î¨É ´´µ¥ ³¥Éµ¤ ³¨ • ·É·¨Ä
”µ± , Œ¥²²¥· Ä�²¥¸¸¥É  ¨ ³¥Éµ¤µ³ ËÊ´±Í¨µ´ ²µ¢, ¶µ± § ´µ ¢ É ¡². 2. „²Ö
¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´µ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ÔÉ¨³¨  Éµ³ ³¨, ¶·¨ ±µÉµ·µ³ ³¨´¨-
³ ²Ó´  Ô´¥·£¨Ö ¸¢Ö§¨, ¢µ§³µ¦´ Ö ¢ ¸µ¥¤¨´¥´¨¨  ¤¥´¨´ÄÉ¨³¨´, · ¸¸Î¨É ´´µ¥
Lewis ¨ Sankey [3].

’ ¡²¨Í  2. � ¸¸ÉµÖ´¨¥ ³¥¦¤Ê  Éµ³ ³¨ O(8) ¨ N(17), �A

RHF MP2 b3lyp Lewis, Sankey
2,84 2,93 2,79 2,92

�  ·¨¸. 4,  , ¡ ¶·¥¤¸É ¢²¥´µ ¶·µ¸É· ´¸É¢¥´´µ¥ · ¸¶µ²µ¦¥´¨¥ ¤Ê¶²¥É 
£Ê ´¨´ÄÍ¨Éµ§¨´, µ¶É¨³¨§¨·µ¢ ´´µ¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£· ³³Ò Gaussian98
³¥Éµ¤ ³¨ MP2 ¨ b3lyp ¸µµÉ¢¥É¸É¢¥´´µ.

5



�¨¸. 4. �·µ¸É· ´¸É¢¥´´µ¥ · ¸¶µ²µ¦¥´¨¥ ¤Ê¶²¥É  £Ê ´¨´ÄÍ¨Éµ§¨´, µ¶É¨³¨§¨·µ¢ ´´µ¥
³¥Éµ¤µ³ MP2 ( ) ¨ ³¥Éµ¤µ³ b3lyp (¡)

3.2. — ¸ÉµÉÒ ¸µ¡¸É¢¥´´ÒÌ ±µ²¥¡ ´¨°. �·¨¢µ¤¨³ ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨°
Î ¸ÉµÉ ¸µ¡¸É¢¥´´ÒÌ ±µ²¥¡ ´¨° ¨ · ³ ´µ¢¸±¨Ì Î ¸ÉµÉ ¤Ê¶²¥Éµ¢  ¤¥´¨´ÄÉ¨³¨´
¨ £Ê ´¨´ÄÍ¨Éµ§¨´. � ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ ±µ²¥¡ É¥²Ó´Ò¥ Î ¸ÉµÉÒ ²¥¦ É ¢
µ¡² ¸É¨ µÉ 0 ¤µ 4000 ¸³−1 (0Ä20000 ƒƒÍ), Éµ ¥¸ÉÓ ¢ ‘‚—- ¨ Š‚—-¤¨ ¶ §µ´ Ì.

�¤¥´¨´ÄÉ¨³¨´. �  ·¨¸. 5 ¶·¨¢¥¤¥´Ò Î ¸ÉµÉÒ ¸µ¡¸É¢¥´´ÒÌ ±µ²¥¡ ´¨° ¤Ê-
¶²¥É   ¤¥´¨´ÄÉ¨³¨´. Š ± ¢¨¤´µ ¨§ ·¨¸Ê´± , ¢ ¤¢ÊÌ µ¡² ¸ÉÖÌ (0Ä2000 ¨ 3000Ä
4000 ¸³−1) Î ¸ÉµÉÒ · §³¥Ð¥´Ò ¸ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ° ¶²µÉ´µ¸ÉÓÕ. �¥§Ê²Ó-
É ÉÒ, ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸. 5, ¸µµÉ¢¥É¸É¢ÊÕÉ ¢ÒÎ¨¸²¥´¨Ö³ ³¥Éµ¤µ³ HF (· ¸-
Î¥ÉÒ ³¥Éµ¤ ³¨ MP2 ¨ b3lyp ¤ ÕÉ ¸Ìµ¤´Ò¥ ·¥§Ê²ÓÉ ÉÒ).

�¨¸. 5. — ¸ÉµÉÒ ¸µ¡¸É¢¥´´ÒÌ ±µ²¥¡ ´¨° ¤Ê¶²¥É   ¤¥´¨´ÄÉ¨³¨´ (HF)

�  ·¨¸. 6 ¶·¨¢¥¤¥´ ˆŠ-¸¶¥±É· ¤Ê¶²¥É   ¤¥´¨´ÄÉ¨³¨´, · ¸¸Î¨É ´´Ò° ´ 
µ¸´µ¢¥ ³¥Éµ¤  HF (·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ³¥Éµ¤ ³¨ MP2 ¨ b3lyp ¸µ¢¶ ¤ ÕÉ ¸
·¥§Ê²ÓÉ É ³¨ HF).

ƒÊ ´¨´ÄÍ¨Éµ§¨´. — ¸ÉµÉÒ ±µ²¥¡ ´¨° ³µ²¥±Ê²Ò £Ê ´¨´ÄÍ¨Éµ§¨´ ²¥¦ É ¢
¤¨ ¶ §µ´¥ µÉ 0 ¤µ 18000 ƒƒÍ.

�  ·¨¸. 7 ¶µ± § ´Ò Î ¸ÉµÉÒ ¸µ¡¸É¢¥´´ÒÌ ±µ²¥¡ ´¨° ¤Ê¶²¥É  £Ê ´¨´Ä
Í¨Éµ§¨´, · ¸¸Î¨É ´´Ò¥ ³¥Éµ¤µ³ HF (· ¸Î¥ÉÒ ³¥Éµ¤ ³¨ MP2 ¨ b3lyp É ±¦¥
¤ ÕÉ ¸Ìµ¤´Ò¥ ·¥§Ê²ÓÉ ÉÒ). ’ ± ¦¥ ± ± ¨ ¤²Ö ¤Ê¶²¥É   ¤¥´¨´ÄÉ¨³¨´, ¸¶¥±É·
Î ¸ÉµÉ ¸µ¡¸É¢¥´´ÒÌ ±µ²¥¡ ´¨° ¤Ê¶²¥É  £Ê ´¨´ÄÍ¨Éµ§¨´ ¨³¥¥É Ð¥²Ó ¶·¨¡²¨-
§¨É¥²Ó´µ ¢ µ¡² ¸É¨ 2000Ä3000 ¸³−1.
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�¨¸. 6. ˆŠ-¸¶¥±É· ¤Ê¶²¥É   ¤¥´¨´ÄÉ¨³¨´ (HF)

�¨¸. 7. — ¸ÉµÉÒ ¸µ¡¸É¢¥´´ÒÌ ±µ²¥¡ ´¨° ¤Ê¶²¥É  £Ê ´¨´ÄÍ¨Éµ§¨´ (HF)

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ˆŠ-¸¶¥±É·  ¤Ê¶²¥É  £Ê ´¨´ÄÍ¨Éµ§¨´ ³¥Éµ¤µ³ HF ¶·¨-
¢¥¤¥´Ò ´  ·¨¸. 8.

�¨¸. 8. ˆŠ-¸¶¥±É· ¤Ê¶²¥É  £Ê ´¨´ÄÍ¨Éµ§¨´, · ¸¸Î¨É ´´Ò° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ-
£· ³³Ò Gaussian98 (HF)
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„²Ö ¡µ²ÓÏ¥° ´ £²Ö¤´µ¸É¨ ¶·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸µ¡-
¸É¢¥´´ÒÌ ±µ²¥¡ ´¨° ´Ê±²¥µÉ¨¤´ÒÌ ¤Ê¶²¥Éµ¢ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 3.

’ ¡²¨Í  3. ‘‚— ¸µ¡¸É¢¥´´ÒÌ ±µ²¥¡ ´¨° ´Ê±²¥µÉ¨¤´ÒÌ ¤Ê¶²¥Éµ¢, ƒƒÍ

�¤¥´¨´ÄÉ¨³¨´ ƒÊ ´¨´ÄÍ¨Éµ§¨´
HF MP2 b3lyp HF MP2 b3lyp

1,16083 3,44188 3,312 0,00286 0,00143 0,00047
4,06863 99,6745 6,7581 4,76178 2,15924 0,01003
9,06306 140,168 21,4112 11,3589 96,7959 0,01863
130,058 253,892 34,4246 154,727 151,79 55,4527
185,539 300,253 62,9062 230,805 315,484 149,324
284,486 449,215 69,1527 419,068 399,429 320,676
392,58 452,716 104,038 442,298 558,542 460,263
491,197 580,26 109,448 617,975 596,352 614,657
513,51 822,868 115,619 647,132 698,305 624,951
637,313 858,77 145,71 795,46 837,659 641,628

3.3. 	´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ´Ê±²¥µÉ¨¤´ÒÌ ¤Ê¶²¥Éµ¢. ‚ ´ ¸ÉµÖ-
Ð¥³ · §¤¥²¥ ±µ·µÉ±µ ¶·¨¢µ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨° Ô´¥·£¨¨ µ¸´µ¢´µ£µ
¸µ¸ÉµÖ´¨Ö ´Ê±²¥µÉ¨¤´ÒÌ ¤Ê¶²¥Éµ¢.

’ ±¦¥ ¤²Ö ¸· ¢´¥´¨Ö ¶·µ¢¥¤¥´ · ¸Î¥É Ô´¥·£¨¨ ´¥¸¢Ö§ ´´ÒÌ  §µÉ¨¸ÉÒÌ
µ¸´µ¢ ´¨° Å  ¤¥´¨´ , É¨³¨´ , £Ê ´¨´  ¨ Í¨Éµ§¨´  ¸ ¡ §¨¸´Ò³ ´ ¡µ·µ³
3-21G. „ ´´Ò¥ ¶·¨¢¥¤¥´Ò ¢ É ¡². 4 ¨ 5.

’ ¡²¨Í  4. ‡´ Î¥´¨Ö Ô´¥·£¨¨ ¤Ê¶²¥Éµ¢  ¤¥´¨´ÄÉ¨³¨´ ¨ £Ê ´¨´ÄÍ¨Éµ§¨´ (HF)

„Ê¶²¥É RHF [6-31] MP2 [6-31G**] b3lyp [6-31G**]
�¤¥´¨´ÄÉ¨³¨´ Ä915,624 Ä916,049 Ä921,506

ƒÊ ´¨´ÄÍ¨Éµ§¨´ Ä931,626 Ä932,051 Ä937,555

’ ¡²¨Í  5. ‡´ Î¥´¨Ö Ô´¥·£¨¨  ¤¥´¨´ , É¨³¨´ , £Ê ´¨´  ¨ Í¨Éµ§¨´  (HF)

�¤¥´¨´ ’¨³¨´ ƒÊ ´¨´ –¨Éµ§¨´
Ä462,291 448,986 Ä536,365 Ä390,416

‡�Š‹
—…�ˆ…

‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¸ ¶·¨³¥´¥´¨¥³ ±¢ ´Éµ¢µ-Ì¨³¨Î¥¸±¨Ì ab initio ³¥Éµ-
¤µ¢ ¤²Ö ³µ²¥±Ê²Ö·´µ-¤¨´ ³¨Î¥¸±¨Ì · ¸Î¥Éµ¢ ´ °¤¥´Ò ¸¶¥±É·Ò ±µ²¥¡ É¥²Ó´ÒÌ
¢µ§¡Ê¦¤¥´¨° ¨ ¸µ¡¸É¢¥´´ÒÌ Î ¸ÉµÉ ´Ê±²¥µÉ¨¤´ÒÌ ¤Ê¶²¥Éµ¢  ¤¥´¨´ÄÉ¨³¨´ ¨
£Ê ´¨´ÄÍ¨Éµ§¨´. � ¸¸Î¨É ´Ò Ô´¥·£¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö,   É ±¦¥ ¶·µ¢¥¤¥´ 
µ¶É¨³¨§ Í¨Ö £¥µ³¥É·¨¨ ¢ÒÏ¥´ §¢ ´´ÒÌ ¸É·Ê±ÉÊ·.
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“¸É ´µ¢²¥´µ, ÎÉµ Î ¸ÉµÉÒ ±µ²¥¡ ´¨° ¤Ê¶²¥Éµ¢  ¤¥´¨´ÄÉ¨³¨´ ¨ £Ê ´¨´Ä
Í¨Éµ§¨´ ²¥¦ É ¢ µ¡² ¸É¨ µÉ 0 ¤µ 4000 ¸³−1 (0Ä20000 ƒƒÍ), Éµ ¥¸ÉÓ ¢ ‘‚—- ¨
Š‚—-¤¨ ¶ §µ´ Ì. ‚µ§¤¥°¸É¢¨¥ ´  µ·£ ´¨§³ ¤ ´´ÒÌ Î ¸ÉµÉ ³µ¦¥É ¶·¨¢µ¤¨ÉÓ
± ¸ ³Ò³ · §´µµ¡· §´Ò³ ¶µ¸²¥¤¸É¢¨Ö³, ¸¢Ö§ ´´Ò³ ¸ ¢µ§´¨±´µ¢¥´¨¥³ ·¥§µ-
´ ´¸µ¢, ¢Ò§Ò¢ ÕÐ¨Ì · §·Ò¢Ò ¢µ¤µ·µ¤´ÒÌ ¸¢Ö§¥°. �µ ¤ ´´Ò³ �µ¸¸¨°¸±µ£µ
´ Í¨µ´ ²Ó´µ£µ ±µ³¨É¥É  ¶µ § Ð¨É¥ µÉ ´¥¨µ´¨§¨·ÊÕÐ¥£µ ¨§²ÊÎ¥´¨Ö, · ¡µÎ Ö
Î ¸ÉµÉ  ³¨±·µ¢µ²´µ¢µ° ¶¥Î¨ (‘‚—-¶¥Î¨) ¸µ¸É ¢²Ö¥É 2,45 ƒƒÍ, ¤¨ ¶ §µ´ ¢¥Ð -
´¨Ö ³µ¡¨²Ó´ÒÌ · ¤¨µÉ¥²¥Ëµ´µ¢ Å µÉ 0,4 ¤µ 1,785 ƒƒÍ, ¡ §µ¢ÒÌ ¸É ´Í¨° Å
µÉ 0,460 ¤µ 1,880 ƒƒÍ. ‘Ì¥³  · ¡µÉÒ, ´ ¶·¨³¥·, ³¨±·µ¢µ²´µ¢µ° ¶¥Î¨ É -
±µ¢ , ÎÉµ µ´  ¨´¤ÊÍ¨·Ê¥É Î ¸ÉµÉÒ, ¶·¨¢µ¤ÖÐ¨¥ ± ¤¥´ ÉÊ· Í¨¨ ¡¥²± , Éµ ¥¸ÉÓ
¢§ ¨³µ¤¥°¸É¢¨¥ É ±¨Ì Î ¸ÉµÉ ¸ µ·£ ´¨§³µ³ ³µ¦¥É ¢Ò§¢ ÉÓ ¸É·Ê±ÉÊ·´Ò¥ ¨§³¥-
´¥´¨Ö ¢ ¥£µ „�Š, ´ ·ÊÏ Ö ¥¥ ´¥±µ¢ ²¥´É´Ò¥ ¸¢Ö§¨, ¶·¥¦¤¥ ¢¸¥£µ ¢µ¤µ·µ¤´Ò¥,
  ¢¥¤Ó ¶·µ¸É· ´¸É¢¥´´ Ö ¸É·Ê±ÉÊ·  „�Š É·¥¡Ê¥É µ¡· §µ¢ ´¨Ö ´¥ ³¥´¥¥ 90 %
¢µ¤µ·µ¤´ÒÌ ¸¢Ö§¥°.

Š¢ ´Éµ¢µ-Ì¨³¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¢ ¤ ´´µ° · ¡µÉ¥ ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¸ ¨¸-
¶µ²Ó§µ¢ ´¨¥³ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ¶·µ£· ³³ Gaussian98, MOLDEN ¨ ¤·Ê£¨Ì ¢¸¶µ-
³µ£ É¥²Ó´ÒÌ ¢¨§Ê ²¨§ Í¨µ´´ÒÌ ¶ ±¥Éµ¢ [19, 20].
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