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åÂÊÏÓÎÂÍÛÎflÌ˚Â ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl Ë„‡˛Ú
Â¯‡˛˘Û˛ ÓÎ¸ ‚ ÙÓÏËÓ‚‡ÌËË ‡ÁÎË˜Ì˚ı „‡-
ÁÓÙ‡ÁÌ˚ı ÍÓÏÔÎÂÍÒÓ‚ Ë ÍÎ‡ÒÚÂÓ‚, ÓÌË ÓÔÂ‰ÂÎfl-
˛Ú ‚ÚÓË˜ÌÛ˛ Ë ÚÂÚË˜ÌÛ˛ ÒÚÛÍÚÛÛ ·ËÓÎÓ„Ë-
˜ÂÒÍË ‚‡ÊÌ˚ı Ï‡ÍÓÏÓÎÂÍÛÎ, ‡ Ú‡ÍÊÂ ÒÔÓÒÓ·˚
ÛÔ‡ÍÓ‚ÍË ÏÓÎÂÍÛÎ ‚ ÍËÒÚ‡ÎÎÂ [1–7]. é‰ÌËÏ ËÁ Ì‡-
Ë·ÓÎÂÂ ‚‡ÊÌ˚ı ÚËÔÓ‚ ÏÂÊÏÓÎÂÍÛÎflÌÓ„Ó ‚Á‡Ë-
ÏÓ‰ÂÈÒÚ‚Ëfl fl‚ÎflÂÚÒfl ‰ÓÌÓÌÓ-‡ÍˆÂÔÚÓÌÓÂ ‚Á‡Ë-
ÏÓ‰ÂÈÒÚ‚ËÂ ÏÂÊ‰Û ˝ÎÂÏÂÌÚ‡ÏË „Î‡‚ÌÓÈ „ÛÔÔ˚
[2–4, 6]. Ç ÔÓÒÎÂ‰ÌËÂ ‰‚‡ ‰ÂÒflÚËÎÂÚËfl ‡ÁÎË˜Ì˚Â
‰ÓÌÓÌÓ-‡ÍˆÂÔÚÓÌ˚Â ÍÓÏÔÎÂÍÒ˚ ‚ „‡ÁÓ‚ÓÈ Ù‡ÁÂ
ÒÚ‡ÎË ÔÂ‰ÏÂÚÓÏ ·˚ÒÚÓ ‡ÒÚÛ˘Â„Ó ËÌÚÂÂÒ‡ [3–
7]. íÂÓÂÚË˜ÂÒÍÓÂ Ë ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓÂ ËÁÛ˜ÂÌËÂ
‡ÁÎË˜Ì˚ı „‡ÁÓÙ‡ÁÌ˚ı ‚‡Ì-‰Â-‚‡‡Î¸ÒÓ‚˚ı, ˝ÎÂ-
ÍÚÓÒÚ‡ÚË˜ÂÒÍËı Ë ‰ÓÌÓÌÓ-‡ÍˆÂÔÚÓÌ˚ı ÍÓÏ-
ÔÎÂÍÒÓ‚ ÔÓÁ‚ÓÎËÎÓ ÛÎÛ˜¯ËÚ¸ ÔÓÌËÏ‡ÌËÂ ÔÓËÒ-
ıÓÊ‰ÂÌËfl ÒÔÂˆËÙË˜ÂÒÍËı ÒËÎ ÔËÚflÊÂÌËfl ÏÂÊ‰Û
˝ÎÂÍÚÓÌ-‰ÂÙËˆËÚÌ˚ÏË Ë ˝ÎÂÍÚÓÌ-ËÁ·˚ÚÓ˜Ì˚-
ÏË ˆÂÌÚ‡ÏË ‚ ÏÓÎÂÍÛÎ‡ı.

ç‡ÒÚÓfl˘‡fl ‡·ÓÚ‡ ÔÓÒ‚fl˘ÂÌ‡ ËÒÒÎÂ‰Ó‚‡ÌË˛
Ú‡ÍÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÏÂÊ‰Û ÏÓÎÂÍÛÎ‡ÏË H
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 ‚ „‡ÁÓ‚ÓÈ Ù‡ÁÂ Ò ÔÓÏÓ˘¸˛ 
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 – ‡Ò˜Â-
ÚÓ‚, ÙÓÏËÓ‚‡ÌË˛ ÒÎ‡·ÓÒ‚flÁ‡ÌÌ˚ı ÍÓÏÔÎÂÍÒÓ‚
I Ë II, Ë ËÁÛ˜ÂÌË˛ ‚ÎËflÌËfl ÒÎ‡·Ó„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ-
‚Ëfl Ì‡ ÔË‡ÏË‰‡Î¸ÌÛ˛ ËÌ‚ÂÒË˛ I  III  II
ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡ ‚ Ú‡ÍÓÏ ÍÓÏÔÎÂÍÒÂ

.

äÓÏÂ ÒÚÛÍÚÛÌÓÈ ËÌÙÓÏ‡ˆËË, ÓÚÌÓÒfl˘ÂÈÒfl
Í ÏÂÊÏÓÎÂÍÛÎflÌÓÏÛ ‰ÓÌÓÌÓ-‡ÍˆÂÔÚÓÌÓÏÛ ‚Á‡-
ËÏÓ‰ÂÈÒÚ‚Ë˛ NH
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 ‚ ÓÍÂÒÚÌÓÒÚË ÒÚÛÍÚÛ IV–
VI Ë ÌÂÓ·˚˜Ì˚Ï Â‡ÍˆËÓÌÌ˚Ï ÔÛÚflÏ ÔÂÂ„ÛÔ-
ÔËÓ‚ÓÍ, ‚ÍÎ˛˜‡˛˘Ëı ˝ÚË ÒÚÛÍÚÛ˚

, , .

êÂ‡ÍˆËÓÌÌ˚È ÔÛÚ¸, ÌÂÒÏÓÚfl Ì‡ ÏÌÓ„ËÂ ÒÔÓ-
Ì˚Â ÔËÏÂ˚ [8–14], ‰Ó ÒËı ÔÓ ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl
Í‡Í „Î‡‰Í‡fl ÌÂÔÂ˚‚Ì‡fl ÎËÌËfl, ÒÓÂ‰ËÌfl˛˘‡fl
ÒÂ‰ÎÓ‚Û˛ ÚÓ˜ÍÛ (ÔÂÂıÓ‰ÌÓÂ ÒÓÒÚÓflÌËÂ) Ò Ó·ÓËÏË
ÏËÌËÏÛÏ‡ÏË, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÏË Â‡„ÂÌÚÛ Ë ÔÓ-
‰ÛÍÚÛ [15]. ê‡ÌÂÂ ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ Ó‰Ì‡ ÎËÌËfl
Ì‡ËÒÍÓÂÈ¯Â„Ó ÒÔÛÒÍ‡ („‡‰ËÂÌÚÌ‡fl ÎËÌËfl) ÏÓ-
ÊÂÚ ÒÓÂ‰ËÌflÚ¸ Ó‰ÌÛ ÒÂ‰ÎÓ‚Û˛ ÚÓ˜ÍÛ Ò ‰Û„ÓÈ ÒÓ-
ÒÂ‰ÌÂÈ ÒÂ‰ÎÓ‚ÓÈ ÚÓ˜ÍÓÈ [8, 9, 12]. Ç Ú‡ÍÓÏ ÒÎÛ˜‡Â
Â‡ÍˆËÓÌÌ˚È ÔÛÚ¸ ÏÓÊÂÚ ÒÓÒÚÓflÚ¸ ËÁ ÌÂÒÍÓÎ¸ÍËı
„‡‰ËÂÌÚÌ˚ı ÎËÌËÈ, ÓÚÓ„ÓÌ‡Î¸ÌÓ ÔÂÂcÂÍ‡˛-
˘ËıÒfl ‚ ÒÂ‰ÎÓ‚ÓÈ ÚÓ˜ÍÂ [9]. Ç Ì‡ÒÚÓfl˘ÂÈ ‡·ÓÚÂ
Ï˚ ÔË‚Ó‰ËÏ ÔÂ‚˚È ÔËÏÂ, ÔÓÍ‡Á˚‚‡˛˘ËÈ ÒË-
ÚÛ‡ˆË˛, ÔË ÍÓÚÓÓÈ Â‡ÍˆËÓÌÌ˚È ÔÛÚ¸ (ÎËÌËfl
Ì‡ËÒÍÓÂÈ¯Â„Ó ÒÔÛÒÍ‡), ‚˚ıÓ‰fl˘ËÈ ËÁ ÒÂ‰ÎÓ‚ÓÈ
ÚÓ˜ÍË IV (

 

λ

 

 = 1, Á‰ÂÒ¸ Ë ‰‡ÎÂÂ 

 

λ

 

 Ó·ÓÁÌ‡˜‡ÂÚ ˜ËÒÎÓ
ÓÚËˆ‡ÚÂÎ¸Ì˚ı ÒÓ·ÒÚ‚ÂÌÌ˚ı ÁÌ‡˜ÂÌËÈ „ÂÒÒË‡Ì‡)
ÔÓ Í‡Ò‡ÚÂÎ¸ÌÓÏÛ Ì‡Ô‡‚ÎÂÌË˛ ÔÂÂıÓ‰ÌÓ„Ó ‚ÂÍ-
ÚÓ‡, ‚ıÓ‰ËÚ ‚ ·ÎËÊ‡È¯Û˛ ÒÚ‡ˆËÓÌ‡ÌÛ˛ ÚÓ˜ÍÛ
V, fl‚Îfl˛˘Û˛Òfl ÒÂ‰ÎÓ‚ÓÈ ÚÓ˜ÍÓÈ ‚ÚÓÓ„Ó ÔÓfl‰-
Í‡ [16] (

 

λ

 

 = 2, ‚Â¯ËÌ‡ ‰‚ÛÏÂÌÓ„Ó ıÓÎÏ‡). 

 

åÖíéÑàäÄ êÄëóÖíéÇ

 

ÇÒÂ ‡Ò˜ÂÚ˚ ‰Îfl Ì‡ıÓÊ‰ÂÌËfl ÒÚ‡ˆËÓÌ‡Ì˚ı ÚÓ-
˜ÂÍ ‚ ‰‡ÌÌÓÈ ‡·ÓÚÂ ‚˚ÔÓÎÌÂÌ˚ ÒÚ‡Ì‰‡ÚÌ˚Ï ÏÂÚÓ-
‰ÓÏ Ò‚flÁ‡ÌÌ˚ı ÍÎ‡ÒÚÂÓ‚ CCD(full)/6-311++G(3
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åÂÚÓ‰ÓÏ CCD(full)/6-311++G(3

 

df

 

, 2

 

p

 

) ‚˚ÔÓÎÌÂÌ˚ ‡Ò˜ÂÚ˚, ÔÂ‰ÒÍ‡Á˚‚‡˛˘ËÂ ÒÛ˘ÂÒÚ‚Ó‚‡ÌËÂ ÒÂ‰ÎÓ-
‚ÓÈ ÚÓ˜ÍË ‚ÚÓÓ„Ó ÔÓfl‰Í‡ Ì‡ ÔÛÚË ‡ÒÔ‡‰‡ ÒËÒÚÂÏ˚ NH

 

5

 

 

 

D

 

3

 

h

 

-ÒËÏÏÂÚËË, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÈ ÒÂ‰ÎÓ-
‚ÓÈ ÚÓ˜ÍÂ ÔÂ‚Ó„Ó ÔÓfl‰Í‡ (ËÒÚËÌÌÓÏÛ ÔÂÂıÓ‰ÌÓÏÛ ÒÓÒÚÓflÌË˛). éÍÓÎÓ ÒÂ‰ÎÓ‚ÓÈ ÚÓ˜ÍË ‚ÚÓÓ„Ó ÔÓ-
fl‰Í‡ Ì‡È‰ÂÌ‡ ÌÂÓ·˚˜Ì‡fl ÚÓÔÓÎÓ„Ëfl ÔÓ‚ÂıÌÓÒÚË ÔÓÚÂÌˆË‡Î¸ÌÓÈ ˝ÌÂ„ËË. ÅËÏÓÎÂÍÛÎflÌ˚È ÍÓÏ-
ÔÎÂÍÒ NH
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 ÓÚ‚Â˜‡ÂÚ ÏËÌËÏÛÏÛ Ì‡ ÔÓ‚ÂıÌÓÒÚË ÔÓÚÂÌˆË‡Î¸ÌÓÈ ˝ÌÂ„ËË Ò Ó˜ÂÌ¸ Ï‡ÎÓÈ ˝ÌÂ„ËÂÈ
ÍÓÏÔÎÂÍÒÓÓ·‡ÁÓ‚‡ÌËfl (~0.02 ÍÍ‡Î/ÏÓÎ¸).
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åàçüÖÇ 
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p

 

) Ò ÔÓÏÓ˘¸˛ ÔÓ„‡ÏÏÌÓ„Ó ÍÓÏÔÎÂÍÒ‡ Gauss-
ian-98 [17]. éÔÚËÏËÁ‡ˆËfl ÏÓÎÂÍÛÎflÌÓÈ „ÂÓÏÂÚËË
‚ ÒÚ‡ˆËÓÌ‡Ì˚ı ÚÓ˜Í‡ı Ì‡ ‚ÒÂı ÛÓ‚Ìflı ÔË·ÎËÊÂ-
ÌËfl ‚˚ÔÓÎÌÂÌ‡ Ò ÍËÚÂËÂÏ ÒıÓ‰ËÏÓÒÚË “tight”. ëÛ-
ÔÂÔÓÁËˆËÓÌÌ‡fl Ó¯Ë·Í‡ (BSSE) [18] ÔË ‡Ò˜ÂÚÂ
˝ÌÂ„ËË ÍÓÏÔÎÂÍÒÓÓ·‡ÁÓ‚‡ÌËfl NH
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···
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 ËÁ ÏÓÎÂ-
ÍÛÎ NH
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 Ë H

 

2

 

 ‚ ÍÓÏÔÎÂÍÒ‡ı I Ë II, ÌÂ Û˜ËÚ˚‚‡Î‡Ò¸,
Ú‡Í Í‡Í BSSE fl‚ÎflÂÚÒfl ÌÂÙËÁË˜ÂÒÍËÏ ˝ÙÙÂÍÚÓÏ,
Ë ‚ÓÔÓÒ Ó ÂÂ Û˜ÂÚÂ ÓÒÚ‡ÂÚÒfl ‰ËÒÍÛÒÒËÓÌÌ˚Ï [19–
23]. äÓÏÂ ÚÓ„Ó, Ì‡È‰ÂÌÓ [23], ˜ÚÓ Û˜ÂÚ BSSE ˜‡Ò-
ÚÓ ÁÌ‡˜ËÚÂÎ¸ÌÓ ÛÏÂÌ¸¯‡ÂÚ ÚÂÏÓ‰ËÌ‡ÏË˜ÂÒÍÛ˛
ÒÚ‡·ËÎ¸ÌÓÒÚ¸ Ë ˝ÌÂ„Ë˛ Ò‚flÁË ‡ÁÎË˜Ì˚ı ÏÌÓ„Ó-
ÏÓÎÂÍÛÎflÌ˚ı ÍÓÏÔÎÂÍÒÓ‚ (Ì‡ÔËÏÂ, ‡Ò˜ÂÚ˚
‰ËÏÂ‡ ‡Î‡ÌËÌ‡ ‰‡˛Ú ‰Îfl ̋ ÌÂ„ËË ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl
ÁÌ‡˜ÂÌËÂ –19.7 ÍÍ‡Î/ÏÓÎ¸, ÚÓ„‰‡ Í‡Í Û˜ÂÚ BSSE
‰‡ÂÚ ÁÌ‡˜ÂÌËÂ +14.4 ÍÍ‡Î/ÏÓÎ¸ [23]). ÇÒÂ ÔÓÎÛ˜ÂÌ-
Ì˚Â ÂÁÛÎ¸Ú‡Ú˚ ÓÚÌÓÒflÚÒfl Í „‡ÁÓ‚ÓÈ Ù‡ÁÂ.

ÇÂÎË˜ËÌ˚ ÚÛÌÌÂÎ¸Ì˚ı ‡Ò˘ÂÔÎÂÌËÈ ÌËÊÌËı
ÍÓÎÂ·‡ÚÂÎ¸Ì˚ı ÛÓ‚ÌÂÈ, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı ÔË‡-
ÏË‰‡Î¸ÌÓÈ ËÌ‚ÂÒËË ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡ ‰Îfl ÍÓÏ-
ÔÎÂÍÒ‡ NH
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···
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2

 

 ‚ ‰‚ÛflÏÌÓÏ ÔÓÚÂÌˆË‡ÎÂ, ‰‚‡ ÏËÌË-
ÏÛÏ‡ ÍÓÚÓÓ„Ó ÓÚ‚Â˜‡˛Ú ÍÓÏÔÎÂÍÒ‡Ï I Ë II, Ì‡È‰ÂÌ˚

‚ Ó‰ÌÓÏÂÌÓÏ ÔË·ÎËÊÂÌËË Ò ÔÓÏÓ˘¸˛ Â¯ÂÌËfl
Û‡‚ÌÂÌËfl òÂ‰ËÌ„Â‡ Ò „‡ÏËÎ¸ÚÓÌË‡ÌÓÏ

„‰Â 

 

V

 

(

 

s

 

) – ‡‰Ë‡·‡ÚË˜ÂÒÍËÈ ÔÓÚÂÌˆË‡Î ËÌ‚ÂÒËË, 

 

s

 

 –
‡ÒÒÚÓflÌËÂ ‚‰ÓÎ¸ IRC [10], ‚ ‡. Â. Ç ˝ÚÓÏ ÊÂ ÔË-
·ÎËÊÂÌËË, ‰Îfl Ò‡‚ÌÂÌËfl, Ì‡È‰ÂÌ˚ ÚÛÌÌÂÎ¸Ì˚Â
‡Ò˘ÂÔÎÂÌËfl Ë ‰Îfl ËÁÓÎËÓ‚‡ÌÌÓÈ ÏÓÎÂÍÛÎ˚ ‡Ï-
ÏË‡Í‡. ç‡È‰ÂÌÌ˚È ˜ËÒÎÂÌÌÓ ËÁ Í‚‡ÌÚÓ‚ÓıËÏË˜Â-
ÒÍËı ‡Ò˜ÂÚÓ‚ ÔÓÚÂÌˆË‡Î 

 

V

 

(

 

s

 

) ‡ÔÔÓÍÒËÏËÓ‚‡ÎÒfl
ÍÛÒÓ˜ÌÓ-ÎËÌÂÈÌÓÈ ÙÛÌÍˆËÂÈ Ò ‰ÎËÌÓÈ ÒÂ„ÏÂÌÚ‡
(

 

∆

 

s

 

 

 

≈

 

 0.4 ‡. Â.).
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ëÚ‡ˆËÓÌ‡Ì˚Â ÚÓ˜ÍË Ì‡ èèù
ÍÓÏÔÎÂÍÒ‡ NH
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Ç˚ÔÓÎÌÂÌÌ˚Â Ì‡ÏË ‡Ò˜ÂÚ˚ 
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 ÔÓÍ‡Á‡ÎË,
˜ÚÓ Ì‡ èèù ÒËÒÚÂÏ˚ NH

 

5

 

 ÒÛ˘ÂÒÚ‚ÛÂÚ, ÔÓ Í‡ÈÌÂÈ
ÏÂÂ, ¯ÂÒÚ¸ ÒÚ‡ˆËÓÌ‡Ì˚ı ÚÓ˜ÂÍ, ÍÓÚÓ˚Ï ÒÓÓÚ-
‚ÂÚÒÚ‚Û˛Ú ÒÚÛÍÚÛ˚ I–VI. ç‡ÏË ÌÂ ‡ÒÒÏ‡ÚË‚‡-
ÎËÒ¸ ÒÚÛÍÚÛ˚, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ‡‰ËÍ‡Î‡Ï,
ËÎË fl‚Îfl˛˘ËÂÒfl ÂÁÛÎ¸Ú‡ÚÓÏ ‰ËÒÒÓˆË‡ˆËË ÏÓÎÂ-
ÍÛÎ˚ ‡ÏÏË‡Í‡. ëÓ„Î‡ÒÌÓ ‡Ò˜ÂÚ‡Ï, ÒÚÛÍÚÛ˚ I Ë
II ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú ÏËÌËÏÛÏ‡Ï (

 

λ

 

 = 0), ÒÚÛÍÚÛ˚
III, IV Ë VI ÓÚÌÓÒflÚÒfl Í ÒÂ‰ÎÓ‚˚Ï ÚÓ˜Í‡Ï (

 

λ

 

 = 1), ‡
ÒÚÛÍÚÛ‡ V ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ “‰‚ÛÏÂÌÓÏÛ ıÓÎÏÛ”
(

 

λ

 

 = 2). èÓÎÌ˚Â Ë ÓÚÌÓÒËÚÂÎ¸Ì˚Â ‚ÂÎË˜ËÌ˚ ˝ÌÂ-
„ËÈ, ‡ Ú‡ÍÊÂ ÁÌ‡˜ÂÌËfl ˝ÌÂ„ËË ÌÛÎÂ‚˚ı ÍÓÎÂ·‡-
ÌËÈ ‚ „‡ÏÓÌË˜ÂÒÍÓÏ ÔË·ÎËÊÂÌËË (ZPE) ‰Îfl
ÒÚÛÍÚÛ I–VI, ‡ Ú‡ÍÊÂ ËÁÓÎËÓ‚‡ÌÌ˚ı ÏÓÎÂÍÛÎ
‡ÏÏË‡Í‡ Ë ‚Ó‰ÓÓ‰‡ ÔË‚Â‰ÂÌ˚ ‚ Ú‡·Î. 1. éÔÚËÏË-
ÁËÓ‚‡ÌÌ˚Â „ÂÓÏÂÚËË ËÁÓÏÂÓ‚ I–VI Ë ÏÓÎÂÍÛÎ
NH
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 Ë H

 

2

 

 ËÁÓ·‡ÊÂÌ˚ Ì‡ ËÒ. 1 Ë Ú‡·Î. 2.
êÂÁÛÎ¸Ú‡Ú˚, ÔÓÎÛ˜ÂÌÌ˚Â ‰Îfl NH

 

3

 

 Ë H

 

2

 

, Ì‡ıÓ-
‰flÚÒfl ‚ ıÓÓ¯ÂÏ ÒÓ„Î‡ÒËË Ò ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ÏË

H
1
2
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í‡·ÎËˆ‡ 1. 

 

 êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚ ÏÂÚÓ‰ÓÏ 

 

ab initio

 

 CCD(full)/6-311++G(3

 

df

 

, 2

 

p

 

) ‰Îfl ÒÚÛÍÚÛ I–VI, NH

 

3

 

 Ë H

 

2

 

ëÚÛÍÚÛ‡ ëËÏÏÂÚËfl –

 

Ö

 

tot

 

ZPE

 

λ ∆

 

E

 

∆

 

E

 

ZPE

 

∆

 

H

 

∆

 

G

 

ω

 

1

 

/

 

i

 

ω

 

1

 

I

 

C

 

3

 

v

 

57.656879 0.047035 0 0 0 0 0 62(

 

e

 

) 

II

 

C

 

3

 

v

 

57.656048 0.045896 0 0.52 –0.19 0.33 –1.86 37(

 

e

 

)

III

 

C

 

3

 

v

 

57.648571 0.045240 1 5.21 4.09 4.22 3.72

 

i

 

839

IV

 

D

 

3

 

h

 

57.471557 0.046704 1 116.29 116.08 114.31 119.46

 

i

 

1253

V

 

C

 

3

 

v

 

57.543056 0.050487 2 71.42 73.59 71.68 76.57

 

i

 

465(

 

e

 

)

VI

 

C

 

2

 

v

 

57.546647 0.049632 1 69.17 70.80 69.28 73.15

 

i

 

936

NH

 

3

 

C

 

3

 

v

 

56.486124 0.034943 0 0 0 0 0 1055

NH

 

3

 

D

 

3h 56.477224 0.033524 1 5.58 4.07 4.05 4.52 i840

H2 D∞h 1.1707166 0.010080 0 – – – – 4425

é·ÓÁÌ‡˜ÂÌËfl: Etot, ‡. Â. – ÔÓÎÌ‡fl ˝ÌÂ„Ëfl (1 ‡. Â. = 627.5095 ÍÍ‡Î/ÏÓÎ¸), ZPE, ‡. Â. – ˝ÌÂ„Ëfl ÌÛÎÂ‚˚ı ÍÓÎÂ·‡ÌËÈ ‚ „‡ÏÓÌË˜ÂÒÍÓÏ
ÔË·ÎËÊÂÌËË, λ – ˜ËÒÎÓ ÓÚËˆ‡ÚÂÎ¸Ì˚ı ÒÓ·ÒÚ‚ÂÌÌ˚ı ÁÌ‡˜ÂÌËÈ „ÂÒÒË‡Ì‡, ∆E, ÍÍ‡Î/ÏÓÎ¸ – ÓÚÌÓÒËÚÂÎ¸Ì‡fl ˝ÌÂ„Ëfl, ∆EZPE,
ÍÍ‡Î/ÏÓÎ¸ – ÓÚÌÓÒËÚÂÎ¸Ì‡fl ˝ÌÂ„Ëfl, ‚ÍÎ˛˜‡˛˘‡fl ˝ÌÂ„Ë˛ ÌÛÎÂ‚˚ı „‡ÏÓÌË˜ÂÒÍËı ÍÓÎÂ·‡ÌËÈ, ∆H Ë ∆G, ÍÍ‡Î/ÏÓÎ¸ – ÓÚÌÓ-
ÒËÚÂÎ¸Ì˚Â ̋ ÌÚ‡Î¸ÔËfl Ë ̋ ÌÂ„Ëfl ÉË··Ò‡ ÔË ÒÚ‡Ì‰‡ÚÌ˚ı ÛÒÎÓ‚Ëflı (p = 1 ‡ÚÏ, T = 298.1 ä), ω1 ËÎË iω1 – Ì‡ËÏÂÌ¸¯‡fl ËÎË ÏÌËÏ‡fl
˜‡ÒÚÓÚ‡ „‡ÏÓÌË˜ÂÒÍÓ„Ó ÍÓÎÂ·‡ÌËfl.

í‡·ÎËˆ‡ 2.  áÌ‡˜ÂÌËfl „ÂÓÏÂÚË˜ÂÒÍËı Ô‡‡ÏÂÚÓ‚ ÏÓÎÂ-
ÍÛÎ NH3 Ë H2, ÔÓÎÛ˜ÂÌÌ˚Â Ò ÔÓÏÓ˘¸˛ ÏÂÚÓ‰Ó‚ ab initio Ë
ËÁ ˝ÍÒÔÂËÏÂÌÚÓ‚

åÂÚÓ‰ NH3
r(N–H), Å

NH3
r(H…N–H), Å

H2
r(H–H), Å

RHF 1.001 107.6 0.733

RMP2/DZ 1.012 106.1 0.734

RMP2/TZ 1.013 107.3 0.738

CCD 1.013 107.1 0.743

ùÍÎÂ [24] 1.0156 107.28 0.74142

é·ÓÁÌ‡˜ÂÌËfl: r – ‰ÎËÌ‡ Ò‚flÁË, ϕ – ‚‡ÎÂÌÚÌ˚È Û„ÓÎ; ÏÂÚÓ‰
CCD Ó·ÓÁÌ‡˜‡ÂÚ ‡Ò˜ÂÚ CCD(full)/6-311++G(3df, 2p).
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‰‡ÌÌ˚ÏË [24]. ëÓ„Î‡ÒÌÓ ‡Ò˜ÂÚ‡Ï, ‰ËÔÓÎ¸Ì˚È
ÍÓÏÔÎÂÍÒ I ËÏÂÂÚ ÒËÏÏÂÚË˛ C3v Ò N···H-‡ÒÒÚÓfl-
ÌËÂÏ ÌÂÏÌÓ„Ó ·oÎ¸¯ËÏ ÒÛÏÏ˚ ‚‡Ì-‰Â-‚‡‡Î¸ÒÓ-
‚˚ı ‡‰ËÛÒÓ‚ ‡ÚÓÏÓ‚ ‡ÁÓÚ‡ Ë ‚Ó‰ÓÓ‰‡ (2.66 Å)
[25] Ë ÏÂÌ¸¯ËÏ ÏÂÊÏÓÎÂÍÛÎflÌÓ„Ó ‡ÒÒÚÓflÌËfl ‚
ÍÓÏÔÎÂÍÒÂ H2···N2 (3.40 Å) [26]. ùÌÂ„Ëfl ÍÓÏÔÎÂÍ-
ÒÓÓ·‡ÁÓ‚‡ÌËfl I Ó˜ÂÌ¸ Ï‡Î‡, ıÓÚfl Ë ÓÚËˆ‡ÚÂÎ¸Ì‡
(–0.024 ÍÍ‡Î/ÏÓÎ¸), ‚ ÚÓ ÊÂ ‚ÂÏfl ‰Îfl ÍÓÏÔÎÂÍÒ‡
II ˝Ú‡ ˝ÌÂ„Ëfl ÔÓÎÓÊËÚÂÎ¸Ì‡ (0.497 ÍÍ‡Î/ÏÓÎ¸).
ùÚÓ Ò‚Ë‰ÂÚÂÎ¸ÒÚ‚ÛÂÚ Ó ÌÂÒÚ‡·ËÎ¸ÌÓÒÚË ÍÓÏÔÎÂÍÒ‡
II ÓÚÌÓÒËÚÂÎ¸ÌÓ ‡ÒÔ‡‰‡ Ì‡ Ù‡„ÏÂÌÚ˚ NH3 + H2.

ç‡ÒÍÓÎ¸ÍÓ ËÁ‚ÂÒÚÌÓ ‡‚ÚÓ‡Ï, ‚ Ì‡ÒÚÓfl˘ÂÂ ‚Â-
Ïfl ÌÂÚ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ‰‡ÌÌ˚ı ÔÓ ÍÓÏÔÎÂÍÒÛ
I, ÔÓ˝ÚÓÏÛ ‚˚˜ËÒÎÂÌÌÛ˛ ˝ÌÂ„Ë˛ ÍÓÏÔÎÂÍÒÓÓ·-
‡ÁÓ‚‡ÌËfl ÏÓÊÌÓ Ò‡‚ÌËÚ¸ ÚÓÎ¸ÍÓ Ò ˝ÍÒÔÂËÏÂÌ-
Ú‡Î¸Ì˚Ï (0.0692 ± 0.0035 ÍÍ‡Î/ÏÓÎ¸) Ë ÚÂÓÂÚË˜ÂÒ-
ÍËÏ (0.103 ÍÍ‡Î/ÏÓÎ¸) ÁÌ‡˜ÂÌËflÏË ˝ÌÂ„ËË ÒÚ‡·Ë-
ÎËÁ‡ˆËË ‰ËÏÂÌÓ„Ó ÍÓÏÔÎÂÍÒ‡ H2···H2 [26].
á‡ÏÂÚËÏ, ˜ÚÓ Û˜ÂÚ ZPE ÒËÎ¸ÌÓ ÛÏÂÌ¸¯‡ÂÚ ˝ÌÂ„ËË
ÙÓÏËÓ‚‡ÌËfl ÍÓÏÔÎÂÍÒÓ‚ I (0.611 ÍÍ‡Î/ÏÓÎ¸) Ë II
(0.418 ÍÍ‡Î/ÏÓÎ¸) Ú‡Í, ˜ÚÓ ‰ÂÎ‡ÂÚ ˝ÚË ÒÚÛÍÚÛ˚ I
Ë (II) ÌÂÒÚ‡·ËÎ¸Ì˚ÏË ÓÚÌÓÒËÚÂÎ¸ÌÓ ‡ÒÔ‡‰‡ Ì‡
Ù‡„ÏÂÌÚ˚ NH3 + H2. Ç ÚÓ ÊÂ ‚ÂÏfl, ÒÓÓÚ‚ÂÚÒÚ‚ËÂ
ÍÓÏÔÎÂÍÒÓ‚ I Ë II ‰ÓÒÚ‡ÚÓ˜ÌÓ ˜ÂÚÍËÏ ÏËÌËÏÛÏ‡Ï
Ì‡ èèù ÔÓÁ‚ÓÎflÂÚ Ò‰ÂÎ‡Ú¸ ÔÂ‰ÔÓÎÓÊÂÌËÂ, ˜ÚÓ
ÒÎ‡·Ó Ò‚flÁ‡ÌÌ˚È ÍÓÏÔÎÂÍÒ NH3···H2 ‚ÔÓÎÌÂ ÏÓÊÂÚ
·˚Ú¸ Á‡ÙËÍÒËÓ‚‡Ì ‚ ‚Ó‰ÓÓ‰ÌÓÈ Ï‡ÚËˆÂ ÔË
ÌËÁÍÓÈ ÚÂÏÔÂ‡ÚÛÂ. áÌ‡˜ÂÌËfl ‰ÎËÌ ‚‡ÎÂÌÚÌ˚ı
Ò‚flÁÂÈ Ë Û„ÎÓ‚ ‚Ó Ù‡„ÏÂÌÚ‡ı NH3 Ë H2 ÍÓÏÔÎÂÍ-
ÒÓ‚ I Ë II ÒÎ‡·Ó ÓÚÎË˜‡˛ÚÒfl ÓÚ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı
‚ÂÎË˜ËÌ ‚ ËÁÓÎËÓ‚‡ÌÌ˚ı ÏÓÎÂÍÛÎ‡ı.

èË‡ÏË‰‡Î¸Ì‡fl ËÌ‚ÂÒËfl ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡

àÌ‚ÂÒËfl ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡ ‚ ÍÓÏÔÎÂÍÒÂ
NH3···H2 ÔÓËÒıÓ‰ËÚ ̃ ÂÂÁ ÔÂÂıÓ‰ÌÓÂ ÒÓÒÚÓflÌËÂ III,
ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÂ ÒÂ‰ÎÓ‚ÓÈ ÚÓ˜ÍÂ (λ = 1) Ì‡ èèù
NH5 Ò ˝ÌÂ„ÂÚË˜ÂÒÍËÏ ·‡¸ÂÓÏ 5.21 ÍÍ‡Î/ÏÓÎ¸.
ùÚÓ ÁÌ‡˜ÂÌËÂ ÌÂÏÌÓ„Ó ÏÂÌ¸¯Â ·‡¸Â‡ ËÌ‚ÂÒËË
5.58 ÍÍ‡Î/ÏÓÎ¸, ‚˚˜ËÒÎÂÌÌÓ„Ó ‰Îfl ËÁÓÎËÓ‚‡ÌÌÓÈ
ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡ [24]. àÌÚÂÂÒÌÓ Ò‡‚ÌËÚ¸ ‚Â-
ÎË˜ËÌÛ ÚÛÌÌÂÎ¸ÌÓ„Ó ‡Ò˘ÂÔÎÂÌËfl ÍÓÎÂ·‡ÚÂÎ¸-
Ì˚ı ÛÓ‚ÌÂÈ, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı ËÌ‚ÂÒËË ÏÓÎÂÍÛ-
Î˚ ‡ÏÏË‡Í‡, ‰Îfl ÍÓÏÔÎÂÍÒ‡ I Ë ‰Îfl ËÁÓÎËÓ‚‡Ì-
ÌÓÈ ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡. êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚
ÍÓÎÂ·‡ÚÂÎ¸Ì˚ı ÛÓ‚ÌÂÈ ËÌ‚ÂÒËË, ‚˚ÔÓÎÌÂÌÌ˚ı
‚ Ó‰ÌÓÏÂÌÓÏ ÔË·ÎËÊÂÌËË, ÔË‚Â‰ÂÌ˚ Ì‡ ËÒ. 2
Ë ‚ Ú‡·Î. 3. ç‡ ËÒ. 2 ÎËÌËfl 1 – ÍË‚‡fl ÔÓÚÂÌˆË‡Î¸-
ÌÓÈ ̋ ÌÂ„ËË ‰Îfl ËÌ‚ÂÒËË I  III  II, ‡ 2 – ÍË-
‚‡fl ÔÓÚÂÌˆË‡Î¸ÌÓÈ ˝ÌÂ„ËË ‰Îfl ËÌ‚ÂÒËË ËÁÓÎË-
Ó‚‡ÌÌÓÈ ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡. èflÚ¸ ÌËÊÌËı ÍÓÎÂ-
·‡ÚÂÎ¸Ì˚ı ÛÓ‚ÌÂÈ ‚ ‰‚Ûı˙flÏÌÓÏ ÔÓÚÂÌˆË‡ÎÂ ‰Îfl
ËÁÓÎËÓ‚‡ÌÌÓÈ ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡ (ÒÎÂ‚‡) ÒÓÓÚ-
‚ÂÚÒÚ‚Û˛Ú ̄ ÂÒÚË ÛÓ‚ÌflÏ ËÌ‚ÂÒËË I  III  II
(ÒÔ‡‚‡).

Ç Ú‡·Î. 3 ÔË‚Â‰ÂÌ˚ ‚˚˜ËÒÎÂÌÌ˚Â ÁÌ‡˜ÂÌËfl
˝ÌÂ„ËË ÍÓÎÂ·‡ÚÂÎ¸Ì˚ı ÛÓ‚ÌÂÈ, ÒÓÓÚ‚ÂÚÒÚ‚Û˛-
˘Ëı ËÌ‚ÂÒËË ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡, ‰Îfl ÍÓÏÔÎÂÍÒ‡
NH3···H2 Ë ‰Îfl ËÁÓÎËÓ‚‡ÌÌÓÈ ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡,
‡ Ú‡ÍÊÂ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Â ÁÌ‡˜ÂÌËfl ˝ÌÂ„ËË
ÍÓÎÂ·‡ÚÂÎ¸Ì˚ı ÛÓ‚ÌÂÈ ËÌ‚ÂÒËË ÏÓÎÂÍÛÎ˚ ‡Ï-
ÏË‡Í‡ [24]. ê‡ÒÒÚÓflÌËÂ ÏÂÊ‰Û ÔÂ‚˚ÏË ‰‚ÛÏfl
ÛÓ‚ÌflÏË ‰Îfl ÍÓÏÔÎÂÍÒ‡ NH3···H2 Ì‡ÏÌÓ„Ó ·ÓÎ¸-

1.009
111.8

2.871

0.743

(I) C3v (λ = 0)

0.742 3.429
64.8

1.009

(II) C3v (λ = 0)

0.743 3.088
89.6 0.994 0.996

1.598

117.0
1.024

1.023 2.247

112.6

1.015

1.048

89.3

1.724

NN

NN

N N

(IV) D3v (λ = 1)(III) C3v (λ = 1)

(VI) C2v (λ = 1)(V) C3v (λ = 2)

êËÒ. 1. ÉÂÓÏÂÚË˜ÂÒÍËÂ Ô‡‡ÏÂÚ˚ ‰Îfl ÒÚÛÍÚÛ I–VI, ÔÓÎÛ˜ÂÌÌ˚Â Ò ÔÓÏÓ˘¸˛ ÏÂÚÓ‰Ó‚ ab initio. ÑÎËÌ˚ Ò‚flÁÂÈ Ë ‚‡-
ÎÂÌÚÌ˚Â Û„Î˚ ‰‡Ì˚ ‚ Å Ë „‡‰ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ.
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¯Â, ˜ÂÏ ‰Îfl ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡, ÚÓ„‰‡ Í‡Í ÓÒÚ‡Î¸-
Ì˚Â ÛÓ‚ÌË ÓÚÎË˜‡˛ÚÒfl ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓ. èÂÂıÓ‰
ÏÂÊ‰Û ÔÂ‚˚ÏË ‰‚ÛÏfl ÛÓ‚ÌflÏË ËÌ‚ÂÒËË ‰Îfl ËÁÓ-
ÎËÓ‚‡ÌÌÓÈ ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡ ÎÂÊËÚ ‚ ÏËÍÓ-
‚ÓÎÌÓ‚ÓÏ ‰Ë‡Ô‡ÁÓÌÂ [27], ÚÓ„‰‡ Í‡Í ‰Îfl ÍÓÏÔÎÂÍÒ‡
NH3···H2 ÓÌ ÏÓÊÂÚ ·˚Ú¸ Ì‡È‰ÂÌ ‚ àä-Ó·Î‡ÒÚË.

í‡ÌÒÙÓÏ‡ˆËfl èèù ‚‰ÓÎ¸ Â‡ÍˆËÓÌÌÓ„Ó ÔÛÚË

ÅËÔË‡ÏË‰‡Î¸Ì‡fl ÒÚÛÍÚÛ‡ IV D3h-ÒËÏÏÂÚËË
ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ÒÂ‰ÎÓ‚ÓÈ ÚÓ˜ÍÂ (λ = 1) Ë fl‚ÎflÂÚÒfl
ËÒÚËÌÌ˚Ï ÔÂÂıÓ‰Ì˚Ï ÒÓÒÚÓflÌËÂÏ ‰Îfl SN2-Â‡Í-
ˆËË Û ‡ÚÓÏ‡ ‡ÁÓÚ‡. êÂ‡ÍˆËÓÌÌ˚È ÔÛÚ¸ (ÔÛÚ¸ Ì‡ËÒ-
ÍÓÂÈ¯Â„Ó ÒÔÛÒÍ‡), ‚˚ıÓ‰fl˘ËÈ ËÁ IV ÔÓ Í‡Ò‡ÚÂÎ¸-
ÌÓÏÛ Ì‡Ô‡‚ÎÂÌË˛ Í ÔÂÂıÓ‰ÌÓÏÛ ‚ÂÍÚÓÛ, ÔË-
‚Ó‰ËÚ ‚ ‰Û„Û˛ ÒÚ‡ˆËÓÌ‡ÌÛ˛ ÚÓ˜ÍÛ Ò λ = 2,

ÓÚÌÓÒfl˘Û˛Òfl Í ÒÚÛÍÚÛÂ V. íÓ˜Â˜Ì‡fl „ÛÔÔ‡
C3v-ÒËÏÏÂÚËË ÒÓı‡ÌflÂÚÒfl ‚‰ÓÎ¸ ˝ÚÓ„Ó Â‡ÍˆË-
ÓÌÌÓ„Ó ÔÛÚË. Ñ‚‡ ÔÛÚË Ì‡ËÒÍÓÂÈ¯Â„Ó ÒÔÛÒÍ‡, ‚˚-
ıÓ‰fl˘ËÂ ËÁ V ÔÓ Í‡Ò‡ÚÂÎ¸Ì˚Ï Ì‡Ô‡‚ÎÂÌËflÏ Í
‰‚ÛÏ ÒÓ·ÒÚ‚ÂÌÌ˚Ï ‚ÂÍÚÓ‡Ï „ÂÒÒË‡Ì‡, ÒÓÓÚ‚ÂÚÒÚ-
‚Û˛˘ËÏ ÓÚËˆ‡ÚÂÎ¸ÌÓÏÛ ‰‚ÛÍ‡ÚÌÓ ‚˚ÓÊ‰ÂÌ-
ÌÓÏÛ ÒÓ·ÒÚ‚ÂÌÌÓÏÛ ÁÌ‡˜ÂÌË˛ (e-ÒËÏÏÂÚËfl) [27,
Ò. 241], ÔË‚Ó‰flÚ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ Í ÒÂ‰ÎÓ‚ÓÈ ÚÓ˜-
ÍÂ VI (λ = 1) Ë ÚÓ˜ÍÂ ÏËÌËÏÛÏ‡ I (λ = 0).

çÂÓ·˚˜ÌÓÂ ‡ÒÔÓÎÓÊÂÌËÂ ÒÂ‰ÎÓ‚ÓÈ ÚÓ˜ÍË
‚ÚÓÓ„Ó ÔÓfl‰Í‡ Ì‡ Â‡ÍˆËÓÌÌÓÏ ÔÛÚË ÏÓÊÂÚ
·˚Ú¸ ÔÓflÒÌÂÌ ÔË ÔÓÏÓ˘Ë ËÒ. 3, „‰Â ÔÓÍ‡Á‡ÌÓ (Ì‡
ÛÓ‚ÌÂ ‡Ò˜ÂÚÓ‚ åê2/6-31G**) ËÁÏÂÌÂÌËÂ ÍÓÎÂ-
·‡ÚÂÎ¸Ì˚ı ÏÓ‰, ÓÚ‚Â˜‡˛˘Ëı ÒÓ·ÒÚ‚ÂÌÌ˚Ï ˜ËÒ-
Î‡Ï „ÂÒÒË‡Ì‡, ÍÓÚÓ˚Â ÔËÌËÏ‡˛Ú ÓÚËˆ‡ÚÂÎ¸-
Ì˚Â ÒÓ·ÒÚ‚ÂÌÌ˚Â ÁÌ‡˜ÂÌËfl ‚ Ó‰ÌÓÈ ËÁ ‰‚Ûı ‡Ò-
ÒÏ‡ÚË‚‡ÂÏ˚ı ÒÂ‰ÎÓ‚˚ı ÚÓ˜ÂÍ. ÑÎfl ÒÚÛÍÚÛ˚ IV
ÏÓ‰‡ s ‡ÒËÏÏÂÚË˜ÌÓ„Ó ‡ÒÚflÊÂÌËfl ‚‰ÓÎ¸ ÓÒË
ÚÂÚ¸Â„Ó ÔÓfl‰Í‡ (“Û˜Í‡ ÁÓÌÚËÍ‡”) fl‚ÎflÂÚÒfl
“‡ÒÔ‡‰ÌÓÈ” ÏÓ‰ÓÈ. åÓ‰‡ b ÓÚÍÎÓÌÂÌËfl ÓÚ ë3-ÓÒË
ËÏÂÂÚ ‰‚‡ ‚˚ÓÊ‰ÂÌÌ˚ı ÔÓÎÓÊËÚÂÎ¸Ì˚ı ÒÓ·ÒÚ-
‚ÂÌÌ˚ı ÁÌ‡˜ÂÌËfl. ç‡ËÒÍÓÂÈ¯ËÈ ÒÔÛÒÍ IV  V
fl‚ÎflÂÚÒfl ‡ÒËÏÏÂÚË˜Ì˚Ï ‡ÒÚflÊÂÌËÂÏ/ÒÊ‡ÚËÂÏ
“Û˜ÍË” ÁÓÌÚËÍ‡. ç‡ ÎËÌËË Ì‡ËÒÍÓÂÈ¯Â„Ó ÒÔÛÒÍ‡
IV  V Ì‡ ÒÍÎÓÌÂ èèù Ì‡ıÓ‰ËÚÒfl ÚÓ˜Í‡ ·ËÙÛ-
Í‡ˆËË VRI (valley-ridge inflection point), ÚÓ˜Í‡ ÔÂ-
‚‡˘ÂÌËfl ‰ÓÎËÌ˚ ‚ Â·Ó Ë ‚ ˝ÚÓÈ ÚÓ˜ÍÂ ÏÓ‰˚ b
ÒÚ‡ÌÓ‚flÚÒfl ÓÚËˆ‡ÚÂÎ¸Ì˚ÏË. çËÊÂ ˝ÚÓÈ ÚÓ˜ÍË Ì‡
Â‡ÍˆËÓÌÌÓÏ ÔÛÚË ÓÚËˆ‡ÚÂÎ¸Ì‡fl ‡ÒÚfl„Ë‚‡˛˘‡fl
ÏÓ‰‡ s ÔÂ‚‡˘‡ÂÚÒfl ‚ ÔÓÎÓÊËÚÂÎ¸ÌÛ˛ ÏÓ‰Û.
Ç ÍÓÌÂ˜ÌÓÈ ÚÓ˜ÍÂ V, ‰‚ÛÏ ÓÚËˆ‡ÚÂÎ¸Ì˚Ï ÒÓ·ÒÚ-
‚ÂÌÌ˚Ï ÁÌ‡˜ÂÌËflÏ „ÂÒÒË‡Ì‡ ÓÚ‚Â˜‡˛Ú ‰‚Â ÏÓ‰˚
ÓÚÍÎÓÌÂÌËfl ÓÚ ë3-ÓÒË [16]. ëıÂÏ‡ÚË˜ÂÒÍËÈ ‚Ë‰
èèù ‚‰ÓÎ¸ Â‡ÍˆËÓÌÌÓ„Ó ÔÛÚË ‚ ÒÂ˜ÂÌËË ‰‚ÛÏÂ-
ÌÓÈ ÏÓ‰˚ s ÔÓÍ‡Á‡Ì Ì‡ ËÒ. 4. í‡Í‡fl, ÔÓÎÛ˜ÂÌÌ‡fl
‚ÔÂ‚˚Â, ÌÂÓ·˚˜Ì‡fl ÚÓÔÓÎÓ„Ëfl èèù ÔË‚Ó‰ËÚ Í
ÒÎÂ‰Û˛˘ËÏ ‰‚ÛÏ ‚‡ÊÌ˚Ï ‚˚‚Ó‰‡Ï.

1) çÂÚ ÌËÍ‡ÍÓ„Ó Ó„‡ÌË˜ÂÌËfl Ì‡ ‡ÒÔÂ‰ÂÎÂ-
ÌËÂ ‡ÁÎË˜ÌÓ„Ó ÚËÔ‡ ÒÚ‡ˆËÓÌ‡Ì˚ı ÚÓ˜ÂÍ Ì‡
èèù. ê‡ÌÂÂ Ò˜ËÚ‡ÎÓÒ¸, ˜ÚÓ Ú‡ÍËÏ Ó„‡ÌË˜ÂÌËÂÏ
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êËÒ. 2. íÛÌÌÂÎ¸ÌÓÂ ‡Ò˘ÂÔÎÂÌËÂ ÍÓÎÂ·‡ÚÂÎ¸Ì˚ı
ÛÓ‚ÌÂÈ, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı ËÌ‚ÂÒËË ÏÓÎÂÍÛÎ˚ ‡Ï-
ÏË‡Í‡, ‰Îfl ËÁÓÎËÓ‚‡ÌÌÓÈ ÏÓÎÂÍÛÎ˚ NH3 (ÒÎÂ‚‡) Ë
‰Îfl ÍÓÏÔÎÂÍÒ‡ NH3···H2 (ÒÔ‡‚‡); 1 – ÔÓÚÂÌˆË‡Î ËÌ-
‚ÂÒËË ‡ÏÏË‡Í‡ ‚ ÍÓÏÔÎÂÍÒ‡ NH3···H2, 2 – ÔÓÚÂÌˆË‡Î
ËÌ‚ÂÒËË ËÁÓÎËÓ‚‡ÌÌÓÈ ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡.

í‡·ÎËˆ‡ 3.  äÓÎÂ·‡ÚÂÎ¸Ì˚Â ÛÓ‚ÌË, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ
ËÌ‚ÂÒËË ÏÓÎÂÍÛÎ˚ ‡ÏÏË‡Í‡, ‰Îfl ÍÓÏÔÎÂÍÒ‡ NH3…H2
Ë ‰Îfl ËÁÓÎËÓ‚‡ÌÌÓÈ ÏÓÎÂÍÛÎ˚ NH3 (ÒÏ–1)

n NH3…H2
ê‡Ò˜ÂÚ

NH3
ê‡Ò˜ÂÚ

NH3
éÔ˚Ú [24]

0 0 0 0

1 202.91 1.02 0.79

2 907.24 903.67 932.43

3 1089.09 938.59 968.12

4 1638.25 1568.48 1598.47

5 1898.23 1825.47 1882.18

6 2364.02 2313.31 2384.17

7 2819.79 2785.81 2895.61

é·ÓÁÌ‡˜ÂÌËfl: n – Í‚‡ÌÚÓ‚ÓÂ ˜ËÒÎÓ, ‡‚ÌÓÂ ˜ËÒÎÛ ÛÁÎÓ‚ ‚ÓÎ-
ÌÓ‚ÓÈ ÙÛÌÍˆËË.
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êËÒ. 3. èÓ‚Â‰ÂÌËÂ ÏÓ‰ s Ë b ÒÚÛÍÚÛ IV, V ‚‰ÓÎ¸ ÔÛÚË
Ì‡ËÒÍÓÂÈ¯Â„Ó ÒÔÛÒÍ‡ ÓÚ IV ‰Ó V; r – ‰ÎËÌ˚ ‚‰ÓÎ¸ Â-
‡ÍˆËÓÌÌÓ„Ó ÔÛÚË ‚ ‡. Â., ν – ˜‡ÒÚÓÚ‡. 
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fl‚Îfl˛ÚÒfl ÓÚÌÓ¯ÂÌËfl åÓÁÂ. é‰Ì‡ÍÓ, ÓÚÌÓ¯ÂÌËfl
åÓÁÂ ÏÓ„ÛÚ ·˚Ú¸ ÔËÏÂÌËÏ˚ ÚÓÎ¸ÍÓ Í ‡ÒÔÂ‰Â-
ÎÂÌË˛ ÌÂ‚˚ÓÊ‰ÂÌÌ˚ı ÒÚ‡ˆËÓÌ‡Ì˚ı ÚÓ˜ÂÍ ‚ Ó„-
‡ÌË˜ÂÌÌÓÈ Ó·Î‡ÒÚË èèù 3N–6-ËÁÏÂÂÌËÈ. çÂ-
Ó·ıÓ‰ËÏÓÒÚ¸ ËÒÍÎ˛˜‡Ú¸ ËÁ ‡ÒÒÏÓÚÂÌËfl ‚ÒÂ ‚˚-
ÓÊ‰ÂÌÌ˚Â ÒÚ‡ˆËÓÌ‡Ì˚Â ÚÓ˜ÍË Ë ÔÓÎ˛Ò‡ ‰ÂÎ‡ÂÚ
ÔËÏÂÌÂÌËÂ ÓÚÌÓ¯ÂÌËÈ åÓÁÂ ÌÂ˝ÙÙÂÍÚË‚Ì˚Ï
Ì‡ Ô‡ÍÚËÍÂ.

2) çÂ‚ÓÁÏÓÊÌÓ ‚‚ÂÒÚË ÒÚÓ„ËÂ Ô‡‚ËÎ‡ ‰Îfl
˝ÎÂÏÂÌÚÓ‚ ÒËÏÏÂÚËË (ÚÓ˜Â˜ÌÓÈ „ÛÔÔ˚ ÒËÏÏÂÚ-
ËË), ÒÓı‡Ìfl˛˘ËÂÒfl ÔË ÔÂÂıÓ‰Â ËÁ Ó‰ÌÓ„Ó ÏË-
ÌËÏÛÏ‡ (Â‡„ÂÌÚ) ˜ÂÂÁ ÒÚÛÍÚÛÛ ÔÂÂıÓ‰ÌÓ„Ó
ÒÓÒÚÓflÌËfl ‚ ‰Û„ÓÈ ÏËÌËÏÛÏ (ÔÓ‰ÛÍÚ). é·˚˜Ì˚Â
Ô‡‚ËÎ‡ ÒÓı‡ÌÂÌËfl ÒËÏÏÂÚËË ÓÒÌÓ‚‡Ì˚ Ì‡
ÔÂ‰ÔÓÎÓÊÂÌËË, ˜ÚÓ Â‡ÍˆËÓÌÌ˚È ÔÛÚ¸, ÒÓÂ‰ËÌfl-
˛˘ËÈ ‰‚‡ ÏËÌËÏÛÏ‡ (Â‡„ÂÌÚ Ë ÔÓ‰ÛÍÚ) ˜ÂÂÁ
ÒÂ‰ÎÓ‚Û˛ ÚÓ˜ÍÛ (ÔÂÂıÓ‰ÌÓÂ ÒÓÒÚÓflÌËÂ), ÔÂ‰-
ÒÚ‡‚ÎflÂÚ ÒÓ·ÓÈ Â‰ËÌÒÚ‚ÂÌÌÛ˛, „Î‡‰ÍÛ˛ Ë ‡‚ÌÓ-
ÏÂÌÓ ÌÂÔÂ˚‚ÌÛ˛ ÎËÌË˛ Ì‡ËÒÍÓÂÈ¯Â„Ó ÒÔÛÒ-
Í‡, ÌÂ ÔÓıÓ‰fl˘Û˛ ˜ÂÂÁ ‰Û„ËÂ ÒÚ‡ˆËÓÌ‡Ì˚Â
ÚÓ˜ÍË. íÓ„‰‡, ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò ÚÂÓÂÏÓÈ èËÒÓÌ‡
[28, 29], ‚ÒÂ ˝ÎÂÏÂÌÚ˚ ÒËÏÏÂÚËË ÏÓÎÂÍÛÎflÌÓÈ
ÒÚÛÍÚÛ˚, ÓÚ‚Â˜‡˛˘ËÂ Î˛·ÓÈ ÌÂÒÚ‡ˆËÓÌ‡ÌÓÈ
ÚÓ˜ÍÂ Ì‡ ˝ÚÓÈ ÎËÌËË, ÒÓı‡Ìfl˛ÚÒfl ‚‰ÓÎ¸ Â‡ÍˆË-
ÓÌÌÓ„Ó ÔÛÚË. Ç ˝ÚÓÏ ÒÎÛ˜‡Â, ÚÓ˜Â˜Ì‡fl „ÛÔÔ‡ ÒËÏ-
ÏÂÚËË, ÍÓÚÓ‡fl ÒÓı‡ÌflÂÚÒfl ‚‰ÓÎ¸ Â‡ÍˆËÓÌÌÓ„Ó
ÔÛÚË, fl‚ÎflÂÚÒfl ÔÓ‰„ÛÔÔÓÈ ÚÓ˜Â˜Ì˚ı „ÛÔÔ ÒËÏ-
ÏÂÚËË Â‡„ÂÌÚ‡, ÒÚÛÍÚÛ˚ ÔÂÂıÓ‰ÌÓ„Ó ÒÓÒÚÓfl-
ÌËfl Ë ÔÓ‰ÛÍÚ‡. é‰Ì‡ÍÓ, ÍÓ„‰‡ ÔÓfl‚ÎflÂÚÒfl ‰Û„‡fl
ÒÚ‡ˆËÓÌ‡Ì‡fl ÚÓ˜Í‡ Ò λ ≥ 1, ‚ ÍÓÚÓÓÈ Â‡ÍˆËÓÌ-
Ì˚È ÔÛÚ¸ ÏÂÌflÂÚ Ò‚ÓÂ Ì‡Ô‡‚ÎÂÌËÂ, Ú.Â. ÒËÒÚÂÏ‡
ÔÂÂıÓ‰ËÚ Ò Ó‰ÌÓÈ „‡‰ËÂÌÚÌÓÈ ÎËÌËË Ì‡ ‰Û„Û˛
„‡‰ËÂÌÚÌÛ˛ ÎËÌË˛, Ì‡ ÍÓÚÓÓÈ ‰Û„ËÂ ÒÓı‡Ìfl-
˛˘ËÂÒfl ˝ÎÂÏÂÌÚ˚ ÒËÏÏÂÚËË Ë ÍÓÚÓ˚Â ÏÓ„ÛÚ
·˚Ú¸ ÒÓ‚Â¯ÂÌÌÓ ÌÂ Ò‚flÁ‡Ì˚ Ò ÒÓı‡Ìfl˛˘ËÏËÒfl
˝ÎÂÏÂÌÚ‡ÏË ÒËÏÏÂÚËË Ì‡ ÔÂ‚ÓÈ ÎËÌËË. ÖÒÎË ÊÂ
Ì‡ Â‡ÍˆËÓÌÌÓÏ ÔÛÚË ‚ÒÚÂ˜‡ÂÚÒfl ÒÂ‰ÎÓ‚‡fl ÚÓ˜Í‡
‚ÚÓÓ„Ó ÔÓfl‰Í‡, Í‡Í ‚ Ì‡¯ÂÏ ÒÎÛ˜‡Â, ÚÓ ËÁ ˝ÚÓÈ
ÚÓ˜ÍË ‚ÌËÁ ÏÓ„ÛÚ ÒÔÛÒÍ‡Ú¸Òfl ·ÂÒÍÓÌÂ˜ÌÓÂ ˜ËÒÎÓ
‰Û„Ëı ÎËÌËÈ ÒÓ ‚ÒÂ‚ÓÁÏÓÊÌ˚Ï Ì‡·ÓÓÏ ÒÓı‡Ìfl-
˛˘ËıÒfl ˝ÎÂÏÂÌÚÓ‚ ÒËÏÏÂÚËË, Ú.Â. Ò Ì‡·Ó‡ÏË
˝ÎÂÏÂÌÚÓ‚ ÒËÏÏÂÚËË ÌËÍ‡Í, ÌÂ Ò‚flÁ‡ÌÌ˚ı Ò ÒËÏ-
ÏÂÚËÂÈ Â‡„ÂÌÚ‡.

í‡ÍËÏ Ó·‡ÁÓÏ, ‚˚ÔÓÎÌÂÌÌ˚Â ab initio-‡Ò˜Â-
Ú˚ ÔÓÍ‡Á˚‚‡˛Ú, ˜ÚÓ Ì‡ Â‡ÍˆËÓÌÌÓÏ ÔÛÚË ÏÓÊÂÚ
Ì‡ıÓ‰ËÚ¸Òfl ÒÂ‰ÎÓ‚‡fl ÚÓ˜Í‡ ‚ÚÓÓ„Ó ÔÓfl‰Í‡, ‡
ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÌÂÚ ÌËÍ‡ÍËı Ó„‡ÌË˜ÂÌËÈ Ë Ì‡
‡ÒÔÂ‰ÂÎÂÌËÂ ÒÚ‡ˆËÓÌ‡Ì˚ı ÚÓ˜ÂÍ ‡ÁÎË˜ÌÓ„Ó
ÚËÔ‡ Ì‡ Â‡ÍˆËÓÌÌÓÏ ÔÛÚË. àÁ ˝ÚÓ„Ó ÒÎÂ‰ÛÂÚ, ˜ÚÓ
ÌÂ‚ÓÁÏÓÊÌÓ ‚‚ÂÒÚË ÒÚÓ„ËÂ Ô‡‚ËÎ‡ ÒÓı‡ÌÂÌËfl
ÚÓ˜Â˜ÌÓÈ „ÛÔÔ˚ ÒËÏÏÂÚËË ‚‰ÓÎ¸ ‚ÒÂ„Ó Â‡ÍˆË-
ÓÌÌÓ„Ó ÔÛÚË. åÂÊ‰Û ÏÓÎÂÍÛÎ‡ÏË ‡ÏÏË‡Í‡ Ë ‚Ó‰Ó-
Ó‰‡ ÒÛ˘ÂÒÚ‚ÛÂÚ ÒÎ‡·ÓÂ ÏÂÊÏÓÎÂÍÛÎflÌÓÂ ‰Ë-
ÔÓÎ¸ÌÓÂ ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂ, ÒÚ‡·ËÎËÁËÛ˛˘ÂÂ ÎË-
ÌÂÈÌÛ˛ C3v-ÍÓÌÙË„Û‡ˆË˛ ÍÓÏÔÎÂÍÒ‡ NH3···H2.

ê‡·ÓÚ‡ ‚˚ÔÓÎÌÂÌ‡ ÔË ÙËÌ‡ÌÒÓ‚ÓÈ ÔÓ‰‰ÂÊÍÂ
êÓÒÒËÈÒÍÓ„Ó ÙÓÌ‰‡ ÙÛÌ‰‡ÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡-
ÌËÈ (ÍÓ‰ ÔÓÂÍÚ‡ ‹ 01-03-32546), Ö‚ÓÔÂÈÒÍÓ„Ó

ÙÓÌ‰‡ INTAS („‡ÌÚ 00-00179) Ë ÌÂÏÂˆÍÓ„Ó ÙÓÌ‰‡
(Deutsche Forschungsgemeinschaft).

ëèàëéä ãàíÖêÄíìêõ
1. Jeffrey G.A., Saenger W. Hydrogen bonding in biologi-

cal structures. B.: Springer-Verlag, 1991.
2. Perrin C.L., Nielsen J.B. // Ann. Rev. Phys. Chem. 1997.

V. 48. P. 511.
3. Hobza P., Selzle H.L., Schlag E.W. // Chem. Rev. 1994.

V. 94. P. 1767. 
4. Scheiner S. // Acc. Chem. Res. 1994. V. 27. P. 402.
5. Gordon M.S., Jensen J.H. // Ibid. 1996. V. 29. P. 536.
6. Principles of Molecular Recognition / Ed. by Bucking-

ham A.D., Legon A.C., Roberts S.M. L.: Blackie Aca-
demic and Professional, 1993. P. 16–42.

7. Sadlej J., Cybulski S.M., Szczesniak M.M. // J. Phys.
Chem. 1996. V. 100. P. 10 875.

8. Minyaev R.M. // Int. J. Quant. Chem. 1994. V. 4. P. 105.
9. Minyaev R.M., Wales D.J. // J. Chem. Soc. Faraday

Trans. 1994. V. 90. P. 1831.
10. Fukui K. // Acc. Chem. Res. 1981. V. 14. P. 363.
11. Quapp W., Heidrich D. // Theor. Chim. Acta. 1984.

V. 66. P. 245.
12. åËÌflÂ‚ ê.å. // ìÒÔÂıË ıËÏËË. 1994. í. 63. ë. 883.
13. Hrovat D.A., Borden W.T. // J. Am. Chem. Soc. 1992.

V. 114. P. 5879.
14. Quapp W. // J. Theor. Comput. Chem. 2003. accepted.
15. Shaad L.J., Hu J. // J. Am. Chem. Soc. 1998. V. 120.

P. 1571.
16. Heidrich D., Quapp W. // Theor. Chim. Acta. 1986.

V. 70. P. 89.

1.50

1.75

2.00

2.25 1.6
1.4

1.2
1.1

–56.9
–57.0
–57.1
–57.2
–57.3

IV V

r5 r1

E, a.e.

r1r5

êËÒ. 4. ëıÂÏ‡ÚË˜ÂÒÍËÈ ‰‚ÛÏÂÌ˚È ‚Ë‰ èèù, ÔÂ‰-
ÒÚ‡‚ÎÂÌÌ˚È ‚ ÍÓÓ‰ËÌ‡Ú‡ı ËÁ„Ë·‡˛˘ÂÈ ÏÓ‰˚ s ‚‰ÓÎ¸
ÔÛÚË Ì‡ËÒÍÓÂÈ¯Â„Ó ÒÔÛÒÍ‡ ÓÚ IV ‰Ó V. êÂ‡ÍˆËÓÌÌ˚È
ÔÛÚ¸ ÔÂ‰ÒÚ‡‚ÎÂÌ ‚ ÍÓÓ‰ËÌ‡Ú‡ı r1 Ë r5, Å.



6

ÜìêçÄã îàáàóÖëäéâ ïàåàà      ÚÓÏ 78      ‹ 8      2004

åàçüÖÇ Ë ‰.

17. Frisch M.J., Trucks G.W., Schlegel H.B., Scuseria G.E.,
Robb M.A., Cheeseman J.R., Zakrzewski V.G., Mont-
gomery J.A.Jr., Stratmann R.E., Burant J.C., Dap-
prich S., Millam J.M., Daniels A.D., Kudin K.N.,
Strain M.C., Farkas O., Tomasi J., Barone V., Cossi M.,
Cammi R., Mennucci B., Pomelli C., Adamo C., Clif-
ford S., Ochterski J., Petersson G.A., Ayala P.Y., Cui Q.,
Morokuma K., Malick D.K., Rabuck A.D., Raghava-
chari K., Foresman J.B., Cioslowski J., Ortiz J.V.,
Baboul A.G., Stefanov B.B., Liu G., Liashenko A., Pisko-
rz P., Komaromi I., Gomperts R., Martin R.L., Fox D.J.,
Keith T., Al-Laham M.A., Peng C.Y., Nanayakkara A.,
Challacombe M., Gill P.M.W., Johnson B., Chen W.,
Wong M.W., Andres J.L., Gonzalez C., Head-Gor-
don M., Replogle E.S., Pople J.A. Gaussian 98. Revision
A.9. Gaussian Inc. Pittsburgh PA. 1998.

18. Cammi R., Bonaccorsi R., Tomasi J. // Theor. Chim. Ac-
ta. 1985. V. 68. P. 271.

19. Duijnevelt F.B.V., Duijneveld-van de Rijdt J.G.C.M.V.,
Lenthe J.H.V. // Chem. Rev. 1994. V. 94. P. 1873.

20. Muguet F.F., Robinson G.W. // J. Chem. Phys. 1995.
V. 102. P. 3643.

21. Lendvay G., Maer I. // Chem. Phys. Lett. 1998. V. 297.
P. 365.

22. Simon S., Duran M., Dannenberg J.J. // J. Chem. Phys.
1997. V. 105. P. 11 024, and references cited therein.

23. Cook D.B., Sordo T.L., Sordo J.A. // Chem. Commun.
1990. P. 185.

24. Spirko V. // J. Mol. Spec. 1983. V. 101. P. 30.
25. Zefirov Yu.V., Zorkii P.M. // Russ. Chem. Rev. 1995.

V. 64. P. 446.
26. Hobza P., Zahradnik R. // Chem. Rev. 1988. V. 88.

P. 871.
27. Bernath P.F. Spectra of Atoms and Molecules. N. Y.:

Oxford University Press, 1995.
28. Pearson R. // Theor. Chim. Acta. 1970. V. 16. P. 107.
29. Symmetry Rules for Chemical Reactions. N. Y.: John

Wiley & Sons, 1976.


