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ëÚÛÍÚÛÌ˚Â Ë ÍËÌÂÚË˜ÂÒÍËÂ Ò‚ÓÈÒÚ‚‡ ·ËÓÎÓ-
„Ë˜ÂÒÍËı ÏÂÏ·‡Ì Ë„‡˛Ú ‚‡ÊÌÛ˛ ÓÎ¸ ‚ Ó„‡ÌË-
Á‡ˆËË ‡ÁÎË˜Ì˚ı ÍÎÂÚÓ˜Ì˚ı ÔÓˆÂÒÒÓ‚ [1]. åÓÎÂ-
ÍÛÎflÌ‡fl ‰ËÌ‡ÏËÍ‡ (åÑ) ·ËÓÏÂÏ·‡ÌÌ˚ı ÒÚÛÍ-
ÚÛ ÔÂ‰ÒÚ‡‚ÎflÂÚ ÁÌ‡˜ËÚÂÎ¸Ì˚È ËÌÚÂÂÒ Í‡Í ‚
Ò‚flÁË Ò ‡Á‚ËÚËÂÏ ÏÓÎÂÍÛÎflÌ˚ı Ë ÏÂÏ·‡ÌÌ˚ı
ÚÂıÌÓÎÓ„ËÈ [2], Ú‡Í Ë ·Î‡„Ó‰‡fl ÚÂÏ ÛÌËÍ‡Î¸Ì˚Ï
‚ÓÁÏÓÊÌÓÒÚflÏ ‰ÂÚ‡ÎËÁ‡ˆËË Ë ‚ËÁÛ‡ÎËÁ‡ˆËË ÏÓÎÂ-
ÍÛÎflÌ˚ı ÔÓˆÂÒÒÓ‚ ‚ ‰ÓÒÚ‡ÚÓ˜ÌÓ ÒÎÓÊÌÓ Ó„‡ÌË-
ÁÓ‚‡ÌÌ˚ı ÒÚÛÍÚÛ‡ı, ÍÓÚÓ˚Â ÔÂ‰ÓÒÚ‡‚ÎflÂÚ ÒÓ-
‚ÂÏÂÌÌ˚È ˜ËÒÎÂÌÌ˚È ˝ÍÒÔÂËÏÂÌÚ [3–5]. éÒÓ·ÂÌ-
ÌÓ ˝ÚÓ Í‡Ò‡ÂÚÒfl ÏËÍÓÒÍÓÔË˜ÂÒÍÓÈ Í‡ÚËÌ˚
Ï‡ÒÒÓÔÂÂÌÓÒ‡ ‚ ÒËÎ¸ÌÓ ‡ÌËÁÓÚÓÔÌ˚ı ÒÚÛÍÚÛË-
Ó‚‡ÌÌ˚ı ÒÂ‰‡ı, ‰ËÙÙÛÁËÓÌÌ˚ı ÔÓˆÂÒÒÓ‚ Ì‡ „‡-
ÌËˆÂ ‚Ó‰ÌÓÈ Ë ÏÂÏ·‡ÌÌÓÈ Ù‡Á, ÙÓÏËÓ‚‡ÌËfl Ë
ÂÎ‡ÍÒ‡ˆËË ÌÂ‡‚ÌÓ‚ÂÒÌ˚ı „ÂÚÂÓÙ‡ÁÌ˚ı ÒÚÛÍ-
ÚÛ [6, 7].

ëÎÂ‰ÛÂÚ ÓÚÏÂÚËÚ¸, ˜ÚÓ ËÒÒÎÂ‰Ó‚‡ÌËÂ ÏÂÚÓ‰ÓÏ
åÑ ‚ ÏÂÏ·‡Ì‡ı [8, 9] Á‡˜‡ÒÚÛ˛ ÒÚ‡ÎÍË‚‡ÂÚÒfl ÒÓ
ÁÌ‡˜ËÚÂÎ¸Ì˚ÏË ÒÎÓÊÌÓÒÚflÏË. åÓÎÂÍÛÎflÌ˚Â ÏÓ-
‰ÂÎË ÏÂÏ·‡ÌÌ˚ı ÒËÒÚÂÏ ÒÓ‰ÂÊ‡Ú ÌÂ ÏÂÌÂÂ 10
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‡ÚÓÏÓ‚, Ë ‚ ÔÓÎÌÓ‡ÚÓÏÌÓÏ ÒËÎÓ‚ÓÏ ÔÓÎÂ ‡Ò˜ÂÚ
Ú‡ÂÍÚÓËË ‰‡ÊÂ ‰ÎËÌÓÈ ÔÓfl‰Í‡ 100 ÌÒ fl‚ÎflÂÚÒfl
‚ÂÒ¸Ï‡ ÚÛ‰ÓÂÏÍËÏ. ë ‰Û„ÓÈ ÒÚÓÓÌ˚, ı‡‡ÍÚÂ-
Ì˚Â ‚ÂÏÂÌ‡ Ô‡ÒÒË‚ÌÓ„Ó Ú‡ÌÒÔÓÚ‡ ÒÓÒÚ‡‚Îfl˛Ú
ÔÓfl‰Í‡ ÏËÍÓÒÂÍÛÌ‰. Ç Ò‚flÁË Ò ˝ÚËÏ ÌÂÓ·ıÓ‰ËÏÓ
‡Á‚ËÚËÂ Ú‡ÍËı ÏÂÚÓ‰Ó‚ ̃ ËÒÎÂÌÌÓ„Ó ̋ ÍÒÔÂËÏÂÌÚ‡,
ÍÓÚÓ˚Â ÔÓÁ‚ÓÎflÎË ·˚ ÔÓÎÛ˜‡Ú¸ ËÌÙÓÏ‡ÚË‚Ì˚È
ÂÁÛÎ¸Ú‡Ú Á‡ ‡ÁÛÏÌÓÂ ‚ÂÏfl. àÏÂÂÚÒfl ÌÂÒÍÓÎ¸ÍÓ
ÔÓ‰ıÓ‰Ó‚ Í ˝ÚÓÈ ÔÓ·ÎÂÏÂ. éÚÌÓÒËÚÂÎ¸ÌÓ ÔÓÒÚ˚Â
ÏÓ‰ÂÎË ‚ËÚÛ‡Î¸ÌÓÈ „Ë‰ÓÙÓ·ÌÓÈ ÒÂ‰˚ [10, 11]
ÔÓÁ‚ÓÎfl˛Ú ‰ÓÒÚ‡ÚÓ˜ÌÓ ·˚ÒÚÓ ÓˆÂÌËÚ¸ ‚ÎËflÌËÂ
Ù‡ÍÚÓ‡ „Ë‰ÓÙÓ·ÌÓÒÚË Ì‡ ‚ÓÁÏÓÊÌ˚Â ÒÚÛÍÚÛ-
Ì˚Â ËÁÏÂÌÂÌËfl ÏÓÎÂÍÛÎ Ì‡ „‡ÌËˆÂ Ù‡Á. èË ̋ ÚÓÏ,

Í‡Í Ô‡‚ËÎÓ, ÚÂflÂÚÒfl ËÌÙÓÏ‡ˆËfl Ó ‚ÍÎ‡‰Â ÍÛÎÓ-
ÌÓ‚ÒÍËı ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÈ ÏÂÏ·‡ÌÌÓÈ ÒÚÛÍÚÛ˚ Ò
ÎË„‡Ì‰‡ÏË. àÒÔÓÎ¸ÁÓ‚‡ÌËÂ Ó„Û·ÎÂÌÌ˚ı ÏÓ‰ÂÎÂÈ
ÎËÔË‰ÌÓ„Ó ÒÎÓfl (coarse-grained [12]) ÔÓÁ‚ÓÎflÂÚ Ú‡Í-
ÊÂ ÒÓÍ‡ÚËÚ¸ ‚ÂÏfl ÔÓÎÛ˜ÂÌËfl ÂÁÛÎ¸Ú‡Ú‡. é‰Ì‡-
ÍÓ ‰‡ÊÂ ·ÓÎÂÂ ‰ÂÚ‡Î¸Ì˚Â ÚflÊÂÎÓ‡ÚÓÏÌ˚Â ÏÓ‰ÂÎË
ÎËÔË‰ÌÓ„Ó ·ËÒÎÓfl ÌÂ ‰‡˛Ú Ì‡‰ÂÊÌ˚ı ‰‡ÌÌ˚ı ‰Îfl
ÍËÌÂÚË˜ÂÒÍËı ÍÓ˝ÙÙËˆËÂÌÚÓ‚ [13, 14]. äÓÌÂ˜ÌÓ,
ÔÓ˜ÚË Î˛·Û˛ ÏÓ‰ÂÎ¸ ‰Îfl ÍÓÌÍÂÚÌÓÈ ÒÚÛÍÚÛ˚
ÏÓÊÌÓ ÓÚÍ‡ÎË·Ó‚‡Ú¸ Ú‡ÍËÏ Ó·‡ÁÓÏ, ˜ÚÓ ÌÂÍÓÚÓ-
˚Â ‡Ò˜ÂÚÌ˚Â Ô‡‡ÏÂÚ˚ ·Û‰ÛÚ ÒÓÓÚ‚ÂÚÒÚ‚Ó‚‡Ú¸
˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Ï ÁÌ‡˜ÂÌËflÏ. èË ˝ÚÓÏ ÓÒÚ‡ÂÚ-
Òfl ÓÚÍ˚Ú˚Ï ‚ÓÔÓÒ Ó· ÛÌË‚ÂÒ‡Î¸ÌÓÒÚË ‡Á‡·Ó-
Ú‡ÌÌÓ„Ó ÔÓÚÓÍÓÎ‡ ÏÓÎÂÍÛÎflÌÓ„Ó ÏÓ‰ÂÎËÓ‚‡-
ÌËfl ÔË ÔÂÂıÓ‰Â Í ‰Û„ËÏ ÒÚÛÍÚÛ‡Ï. Ç fl‰Â
ÔÂ‰˚‰Û˘Ëı ‡·ÓÚ ÔÓ ‰ËÌ‡ÏËÍÂ „Ë‰‡ÚËÓ‚‡ÌÌÓ„Ó
·ËÒÎÓfl 1-Ô‡Î¸ÏËÚÓËÎ-2-ÓÎÂÓËÎ-
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-„ÎËˆÂÓ-3-ÙÓÒ-
Ù‡ÚË‰ËÎıÓÎËÌ‡ (èéîï) ·˚Î ‡Á‡·ÓÚ‡Ì ÔÓÚÓ-
ÍÓÎ ÏÓÎÂÍÛÎflÌÓ„Ó ÏÓ‰ÂÎËÓ‚‡ÌËfl Ì‡ ÓÒÌÓ‚Â ÔÓÎ-
ÌÓ‡ÚÓÏÌÓ„Ó ÒËÎÓ‚Ó„Ó ÔÓÎfl Amber 1999 [15], ÍÓÚÓ-
˚È ‰‡ÂÚ Û‰Ó‚ÎÂÚ‚ÓËÚÂÎ¸Ì˚Â ÂÁÛÎ¸Ú‡Ú˚ Í‡Í ‰Îfl
ÓÒÌÓ‚Ì˚ı ÒÚÛÍÚÛÌ˚ı, Ú‡Í Ë ÍËÌÂÚË˜ÂÒÍËı Ô‡‡-
ÏÂÚÓ‚. èË ˝ÚÓÏ ‚‡ÊÌ˚Ï ÛÒÎÓ‚ËÂÏ fl‚ÎflÂÚÒfl ÔË-
„ÓÚÓ‚ÎÂÌËÂ ÒËÒÚÂÏ˚ ‚ ÒÓÒÚÓflÌËË, ÍÓÚÓÓÂ ı‡‡ÍÚÂ-
ËÁÛÂÚÒfl ‡‚ÌÓ‚ÂÒÌ˚ÏË ‡ÒÔÂ‰ÂÎÂÌËflÏË ÙÎÛÍÚÛ-
‡ˆËÈ ÓÒÌÓ‚Ì˚ı Ï‡ÍÓÔ‡‡ÏÂÚÓ‚ (ÚÂÏÔÂ‡ÚÛ˚,
Ó·˙ÂÏ‡, ‰‡‚ÎÂÌËfl) [16, 17]. Ç ‰‡ÌÌÓÈ ‡·ÓÚÂ ‡Ò¯Ë-
flÂÚÒfl Ì‡·Ó ÏÂÏ·‡ÌÌ˚ı ÒÚÛÍÚÛ, ËÁÛ˜‡ÂÏ˚ı Ò
ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ˝ÚÓ„Ó ÔÓ‰ıÓ‰‡. éÚÏÂÚËÏ, ˜ÚÓ ËÒ-
ÔÓÎ¸ÁÛÂÏ˚Â ÁÌ‡˜ÂÌËfl Î‡ÚÂ‡Î¸ÌÓ„Ó ‰‡‚ÎÂÌËfl ÒÓ-
„Î‡ÒÛ˛ÚÒfl Ò ‰‡ÌÌ˚ÏË [18].

çËÊÂ Ì‡ ÔËÏÂÂ ÚÂı ÚËÔÓ‚ ‡ÒÔÓÒÚ‡ÌÂÌ-
Ì˚ı ÎËÔË‰Ó‚ Ë Ó·‡ÁÛÂÏ˚ı ËÏË ·ËÒÎÓÂ‚ ÔÓÒÎÂÊË-
‚‡˛ÚÒfl Á‡ÍÓÌÓÏÂÌÓÒÚË ‚ ÒÚÛÍÚÛÂ Ë ‰ËÌ‡ÏËÍÂ
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ÏÂÏ·‡Ì ÔÓ ÒÓÒÚ‡‚Û ·ÎËÁÍËı Í ·ËÓÏÂÏ·‡Ì‡Ï ‚˚Ò-
¯Ëı Ó„‡ÌËÁÏÓ‚. èË ̋ ÚÓÏ ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl Ú‡ÍÊÂ
Á‡‰‡˜‡ ÔÓÌËˆ‡ÂÏÓÒÚË ·ËÓÏÂÏ·‡Ì ‰Îfl ÌËÁÍÓÏÓ-
ÎÂÍÛÎflÌ˚ı ÎË„‡Ì‰Ó‚, ‚ÒÚÂ˜‡˛˘ËıÒfl ‚ ÚÍ‡ÌÂ‚˚ı
ÊË‰ÍÓÒÚflı. ùÍÒÔÂËÏÂÌÚ‡Î¸ÌÓÈ ËÌÙÓÏ‡ˆËË Ó
ÙËÁË˜ÂÒÍËı ‰ÂÚ‡Îflı ˝ÚËı ÔÓˆÂÒÒÓ‚ ÓÚÌÓÒËÚÂÎ¸ÌÓ
ÌÂÏÌÓ„Ó, ıÓÚfl ËÁ‚ÂÒÚÌÓ ‰ÓÒÚ‡ÚÓ˜ÌÓ ÏÌÓ„Ó ‰‡ÌÌ˚ı
‚ ÚÓÏ ˜ËÒÎÂ Ó· ÓÚÌÓÒËÚÂÎ¸ÌÓ ÎÂ„ÍÓ Ë ÚÛ‰ÌÓ ÔÓ-
ÌËÍ‡˛˘Ëı ÏÓÎÂÍÛÎ‡ı [19]. ÑÎfl Ò‡‚ÌËÚÂÎ¸ÌÓ„Ó
ËÁÛ˜ÂÌËfl ÔÓÌËˆ‡ÂÏÓÒÚË ÏÂÏ·‡Ì ÔÓ ÓÚÌÓ¯ÂÌË˛
Í ˝ÚËÏ ÎË„‡Ì‰‡Ï ‚ ‰‡ÌÌÓÈ ‡·ÓÚÂ ËÒÔÓÎ¸ÁÛÂÚÒfl ÏÂ-
ÚÓ‰ ÛÔ‡‚ÎflÂÏÓÈ (Ì‡Ô‡‚ÎÂÌÌÓÈ) åÑ [16, 17, 20,
21]. ëÛÚ¸ ÏÂÚÓ‰‡ ÒÓÒÚÓËÚ ‚Ó ‚ÍÎ˛˜ÂÌËË ‚ÌÂ¯ÌÂ„Ó
‚ÓÁ‰ÂÈÒÚ‚Ëfl Ì‡ ÎË„‡Ì‰ Ë Ì‡Ô‡‚ÎÂÌËË ˝‚ÓÎ˛ˆËË
ÒËÒÚÂÏ˚ ÔÓ ÓÔÂ‰ÂÎÂÌÌÓÏÛ ÒˆÂÌ‡Ë˛. ùÚÓ ÔÓÁ‚Ó-
ÎflÂÚ Ì‡·Î˛‰‡Ú¸ Ú‡ÌÒÏÂÏ·‡ÌÌ˚È Ú‡ÌÒÔÓÚ ‰‡-
ÊÂ Ì‡ Ò‡‚ÌËÚÂÎ¸ÌÓ ÍÓÓÚÍËı ÔÓ ‰ÎËÌÂ Ú‡ÂÍÚÓË-
flı Ë ‰‡ÂÚ ‚ÓÁÏÓÊÌÓÒÚ¸ ÓˆÂÌËÚ¸ ÍÓÎË˜ÂÒÚ‚ÂÌÌ˚Â ı‡-
‡ÍÚÂËÒÚËÍË Ô‡‡ÏÂÚÓ‚, ı‡‡ÍÚÂËÁÛ˛˘Ëı ÔÂÂ-
ÌÓÒ ÎË„‡Ì‰Ó‚.

 

ùäëèÖêàåÖçíÄãúçÄü óÄëíú

 

Ç ‡·ÓÚÂ ËÁÛ˜‡ÎËÒ¸ ÏÓ‰ÂÎË ÎËÔË‰Ì˚ı ·ËÒÎÓÈ-
Ì˚ı ÏÂÏ·‡Ì, ÒÓÒÚÓfl˘Ëı ËÁ ÒÎÂ‰Û˛˘Ëı ÎËÔË‰Ó‚ ‚
‡ÁÎË˜Ì˚ı ÔÓÔÓˆËflı: 1-Ô‡Î¸ÏËÚÓËÎ–2-ÓÎÂÓËÎ-
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-„ÎËˆÂÓ–3-ÙÓÒÙ‡ÚË‰ËÎıÓÎËÌ, 1,2-‰ËÔ‡Î¸ÏËÚÓ-
ËÎ-
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-„ÎËˆÂÓ–3-ÙÓÒÙ‡ÚË‰ËÎıÓÎËÌ (Ñèîï), 1,3-
(1-ÒÚÂ‡ÓËÎ–2-Ô‡Î¸ÏËÚÓËÎ-
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-„ÎËˆÂÓ–3-ÙÓÒÙ‡-
ÚË‰ËÎ)„ÎËˆÂËÌ (Í‡‰ËÓÎËÔËÌ, äã). ÑÎfl ‡Ò˜ÂÚ‡
Ú‡ÂÍÚÓËÈ ËÒÔÓÎ¸ÁÓ‚‡ÎÒfl Ô‡ÍÂÚ ÏÓÎÂÍÛÎflÌÓÈ
‰ËÌ‡ÏËÍË PUMA [22, 23], ‰Îfl Â¯ÂÌËfl ÍÎ‡ÒÒË˜Â-
ÒÍËı Û‡‚ÌÂÌËÈ – ‡Î„ÓËÚÏ ÇÂÎÂ Ò ÔÓÚÂÌˆË‡Î¸-
Ì˚Ï ÔÓÎÂÏ Amber 1999 [15].

èÓ‚Ó‰ËÎËÒ¸ ‡Ò˜ÂÚ˚ ‰Îfl ÚÂı „Ë‰‡ÚËÓ‚‡-
Ì˚ı ·ËÒÎÓÂ‚, ÒÓ‰ÂÊ‡˘Ëı: 8 ÏÓÎÂÍÛÎ äã, 16 – èé-
îï, 16 – Ñèîï (ÒËÒÚÂÏ‡ I); 30 ÏÓÎÂÍÛÎ èéîï, 30
– Ñèîï (ÒËÒÚÂÏ‡ II); 64 ÏÓÎÂÍÛÎ˚ èéîï (ÒËÒÚÂ-
Ï‡ III). àÒÔÓÎ¸ÁÓ‚‡ÎËÒ¸ ÔÂËÓ‰Ë˜ÂÒÍËÂ „‡ÌË˜Ì˚Â
ÛÒÎÓ‚Ëfl. ç‡˜‡Î¸Ì‡fl ÒÚÛÍÚÛ‡ ·ËÒÎÓfl ÒÓÓÚ‚ÂÚ-
ÒÚ‚Ó‚‡Î‡ ÔÂÔÂÌ‰ËÍÛÎflÌÓÏÛ ÔÓÎÓÊÂÌË˛ ÓÒË Ì‡Ë-
·ÓÎ¸¯ÂÈ ÔÓÚflÊÂÌÌÓÒÚË ÏÓÎÂÍÛÎ ÎËÔË‰Ó‚ ÓÚÌÓÒË-
ÚÂÎ¸ÌÓ ÔÎÓÒÍÓÒÚË ÏÂÏ·‡Ì˚. åÓÎÂÍÛÎ˚ ÎËÔË‰Ó‚
ÔÂ‰‚‡ËÚÂÎ¸ÌÓ ÔÓ‚Ó‡˜Ë‚‡ÎËÒ¸ ‚ÓÍÛ„ Ò‚ÓÂÈ
‰ÎËÌÌÓÈ ÓÒË Ì‡ ÒÎÛ˜‡ÈÌ˚È Û„ÓÎ. ç‡ ÏÓÎÂÍÛÎÛ ÎË-
ÔË‰‡ ÔËıÓ‰ËÎÓÒ¸ 34–43 ÏÓÎÂÍÛÎ˚ ‡ÒÚ‚ÓËÚÂÎfl
(‰Îfl ·ÓÎ¸¯ËÌÒÚ‚‡ ÎËÔË‰Ó‚ ‚ÂÎË˜ËÌÓÈ ÔÓÎÌÓÈ „Ë‰-
‡Ú‡ˆËË Ò˜ËÚ‡ÂÚÒfl ÌÂ ÏÂÌÂÂ 27 ÏÓÎÂÍÛÎ ‚Ó‰˚ Ì‡
ÎËÔË‰ [24]). Ç ÒÚ‡ÚÓ‚ÓÈ ÍÓÌÙË„Û‡ˆËË ÏÓÎÂÍÛÎ˚
‚Ó‰˚ ÔÓÏÂ˘‡ÎËÒ¸ Ì‡ ‡ÒÒÚÓflÌËË ÌÂ ÏÂÌÂÂ 2.3 

 

Å

 

 ÓÚ
Í‡ÈÌËı ‡ÚÓÏÓ‚ ÏÂÏ·‡Ì˚. ëËÒÚÂÏ‡ ËÁÌ‡˜‡Î¸ÌÓ
ÔË„ÓÚÓ‚ÎflÎ‡Ò¸ ‚ ÏÓÎÂÍÛÎflÌÓÏ ÍÓÌÒÚÛÍÚÓÂ
Ú‡Í, ˜ÚÓ·˚ Û‰ÂÎ¸Ì‡fl ÔÎÓ˘‡‰¸, ÔËıÓ‰fl˘‡flÒfl Ì‡
ÏÓÎÂÍÛÎÛ ÎËÔË‰‡, ÒÓÓÚ‚ÂÚÒÚ‚Ó‚‡Î‡ ˝ÍÒÔÂËÏÂÌ-
Ú‡Î¸Ì˚Ï ‰‡ÌÌ˚Ï [25–30] Ë ÒÓÒÚ‡‚ÎflÎ‡ ‚ ÚÂ˜ÂÌËÂ
‡Ò˜ÂÚ‡ ‰Îfl èéîï 62–68 

 

Å

 

2

 

, ‰Îfl Ñèîï 59–62 

 

Å

 

2

 

‰Îfl äã 100–120 

 

Å

 

2

 

. Ç ÒÎÛ˜‡Â ·ËÒÎÓÂ‚ ËÁ ‡ÁÌ˚ı ÎË-
ÔË‰Ó‚ Û‰ÂÎ¸Ì‡fl ÔÎÓ˘‡‰¸ ‚˚˜ËÒÎflÎ‡Ò¸ Í‡Í ÒÂ‰ÌÂÂ

‡ËÙÏÂÚË˜ÂÒÍÓÂ ÔÎÓ˘‡‰ÂÈ Û˜‡ÒÚ‚Û˛˘Ëı ÎËÔË‰Ó‚
ÒÓ„Î‡ÒÌÓ Ëı ÍÓÌˆÂÌÚ‡ˆËË.

è‡ˆË‡Î¸Ì˚Â Á‡fl‰˚ Ë ÒËÎÓ‚˚Â ÍÓÌÒÚ‡ÌÚ˚ ‰Îfl
ÏÓÎÂÍÛÎ ÎËÔË‰Ó‚ ‚˚˜ËÒÎflÎËÒ¸ ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò
ÔÓˆÂ‰ÛÓÈ, ÓÔËÒ‡ÌÌÓÈ ‚ [16]. éÚËˆ‡ÚÂÎ¸Ì˚È Á‡-
fl‰ ÏÓÎÂÍÛÎ˚ Í‡‰ËÓÎËÔËÌ‡ (–2) ÍÓÏÔÂÌÒËÓ‚‡ÎÒfl
‰Ó·‡‚ÎÂÌËÂÏ ‚ ‚Ó‰Û ËÓÌÓ‚ Ì‡ÚËfl. àÒÔÓÎ¸ÁÓ‚‡Î‡Ò¸
ÏÓ‰ÂÎ¸ ‚Ó‰˚ TIP3P, ‚ ÍÓÚÓÓÈ ‚‡ÎÂÌÚÌ˚Â Ò‚flÁË Ë
Û„Î˚ ÌÂ ÙËÍÒËÓ‚‡ÎËÒ¸. Ç‡Ì-‰Â-‚‡‡Î¸ÒÓ‚˚ ‚Á‡Ë-
ÏÓ‰ÂÈÒÚ‚Ëfl ‚˚˜ËÒÎflÎËÒ¸ Ò ÔËÏÂÌÂÌËÂÏ ÒÔÂˆË‡Î¸-
ÌÓÈ Ò„Î‡ÊË‚‡˛˘ÂÈ (ÔÂÂÍÎ˛˜‡˛˘ÂÈ) ÙÛÌÍˆËË, ‡
ÍÛÎÓÌÓ‚ÒÍËÈ ÔÓÚÂÌˆË‡Î ÛÏÌÓÊ‡ÎÒfl Ì‡ ÒÔÂˆË‡Î¸-
ÌÛ˛ ˝Í‡ÌËÛ˛˘Û˛ ÙÛÌÍˆË˛, Í‡Í ˝ÚÓ ÓÔËÒ‡ÌÓ,
Ì‡ÔËÏÂ, ‚ [16]. ê‡‰ËÛÒ Ó·ÂÁ‡ÌËfl ÍÛÎÓÌÓ‚ÒÍËı
‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÈ ÒÓÒÚ‡‚ÎflÎ ÓÚ 16 ‰Ó 20 

 

Å

 

 ‚ Á‡‚ËÒË-
ÏÓÒÚË ÓÚ ÚËÔ‡ ÏÂÏ·‡Ì˚. äÓÌÒÚ‡ÌÚ‡ ‰Ë˝ÎÂÍÚË˜Â-
ÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË ÔÓÎ‡„‡Î‡Ò¸ ‡‚ÌÓÈ Â‰ËÌËˆÂ.
ò‡„ ˜ËÒÎÂÌÌÓ„Ó ËÌÚÂ„ËÓ‚‡ÌËfl – 1 ÙÒ.

ê‡Ò˜ÂÚ ÔÓ‚Ó‰ËÎÒfl Ò ÔÂËÓ‰Ë˜ÂÒÍËÏË „‡ÌË˜Ì˚-
ÏË ÛÒÎÓ‚ËflÏË ÔË ÔÓÒÚÓflÌÌÓÈ ÚÂÏÔÂ‡ÚÛÂ Ë ÔË
ÛÒÎÓ‚ËË ÔÓÒÚÓflÌÌÓ„Ó ‰‡‚ÎÂÌËfl (

 

NPT

 

-‡ÌÒ‡Ï·Î¸). Å‡-
ÓÒÚ‡ÚËÓ‚‡ÌËÂ ÓÒÛ˘ÂÒÚ‚ÎflÎÓÒ¸ ·‡ÓÒÚ‡ÚÓÏ ÅÂ-
ÂÌ‰ÒÂÌ‡ Ò Ó‰ËÌ‡ÍÓ‚˚Ï ‰Îfl ‚ÒÂı Ì‡Ô‡‚ÎÂÌËÈ ‚Â-
ÏÂÌÂÏ ÂÎ‡ÍÒ‡ˆËË, ‡‚Ì˚Ï 100 ÔÒ. ÑÎfl Û˜ÂÚ‡ ˝Ù-
ÙÂÍÚÓ‚ ÔÓ‚ÂıÌÓÒÚÌÓ„Ó Ì‡ÚflÊÂÌËfl ·ËÒÎÓfl Ë
ÔÓ‰‰ÂÊ‡ÌËfl Û‰ÂÎ¸ÌÓÈ ÔÎÓ˘‡‰Ë, ÔËıÓ‰fl˘ÂÈÒfl Ì‡
ÎËÔË‰ ‚ ÒÓÒÚ‡‚Â ·ËÒÎÓfl, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÈ ˝ÍÒÔÂ-
ËÏÂÌÚ‡Î¸Ì˚Ï ‰‡ÌÌ˚Ï [25–30], Î‡ÚÂ‡Î¸Ì‡fl ÍÓÏ-
ÔÓÌÂÌÚ‡ ‰‡‚ÎÂÌËfl ·‡ÓÒÚ‡Ú‡ ·‡Î‡Ò¸ ÓÚËˆ‡ÚÂÎ¸-
ÌÓÈ [31]. íÂÏÔÂ‡ÚÛ‡ ÔÓ‰‰ÂÊË‚‡Î‡Ò¸ ‡‚ÌÓÈ
300 ä Ò ÔÓÏÓ˘¸˛ ÒÚÓÎÍÌÓ‚ËÚÂÎ¸ÌÓÈ ÒÂ‰˚ (ÒÚÓÎÍ-
ÌÓ‚ËÚÂÎ¸ÌÓ„Ó ÚÂÏÓÒÚ‡Ú‡ [23]). ëÂ‰Ìflfl ˜‡ÒÚÓÚ‡
ÒÚÓÎÍÌÓ‚ÂÌËÈ ‚ËÚÛ‡Î¸Ì˚ı ˜‡ÒÚËˆ ÒÓÒÚ‡‚ÎflÎ‡
10 ÔÒ

 

–1

 

, Ï‡ÒÒ‡ ˜‡ÒÚËˆ 1 ‡.Â.Ï.

 

êÖáìãúíÄíõ à àï éÅëìÜÑÖçàÖ

 

ç‡ ÔÂ‚ÓÏ ̋ Ú‡ÔÂ ̋ ÍÒÔÂËÏÂÌÚ‡ ÔÓ‚Ó‰ËÎ‡Ò¸ Â-
Î‡ÍÒ‡ˆËfl ·ËÒÎÓfl ‚ ÚÂ˜ÂÌËÂ 200–500 ÔÒ ÔË ÚÂÏÔÂ-
‡ÚÛÂ 500 ä. á‡ÚÂÏ ÔÓ‚Ó‰ËÎÒfl Ì‡·Ó ‡·Ó˜Â„Ó
Û˜‡ÒÚÍ‡ åÑ Ú‡ÂÍÚÓËË ‚ ÚÂ˜ÂÌËÂ ÌÂ ÏÂÌÂÂ 2 ÌÒ.

èË ËÁÛ˜ÂÌËË ‰ËÌ‡ÏËÍË Í ÒËÒÚÂÏ‡Ï ÔËÎ‡„‡-
ÎÓÒ¸ ÓÚËˆ‡ÚÂÎ¸ÌÓÈ Î‡ÚÂ‡Î¸ÌÓÂ ‰‡‚ÎÂÌËÂ (Ú‡·Î. 1),
ÌÂÓ·ıÓ‰ËÏÓÂ ‰Îfl ÔÓ‰‰ÂÊ‡ÌËfl ÒÂ‰ÌÂÈ Û‰ÂÎ¸ÌÓÈ
ÔÎÓ˘‡‰Ë Ì‡ Ì‡˜‡Î¸ÌÓÏ ÛÓ‚ÌÂ.

ç‡ ËÒ. 1

 

‡–‚

 

 ÔË‚Â‰ÂÌ˚ ÔÎÓÚÌÓÒÚË ‚ÂÓflÚÌÓÒÚË
ÙÎÛÍÚÛ‡ˆËÈ Ó·˙ÂÏ‡ ‡Ò˜ÂÚÌÓÈ fl˜ÂÈÍË ‰Îfl ‡Ò-
ÒÏ‡ÚË‚‡ÂÏ˚ı ÒËÒÚÂÏ. ÇË‰ÌÓ, ˜ÚÓ ÔÎÓÚÌÓÒÚ¸ ‚ÂÓ-
flÚÌÓÒÚË ÙÎÛÍÚÛ‡ˆËÈ Ó·˙ÂÏ‡ ‡Ò˜ÂÚÌÓÈ fl˜ÂÈÍË

 

í‡·ÎËˆ‡ 1.

 

  ÇÂÎË˜ËÌ‡ Î‡ÚÂ‡Î¸ÌÓ„Ó ‰‡‚ÎÂÌËfl ‚ ÒËÒÚÂÏ‡ı

ëËÒÚÂÏ‡ ëÂ‰Ìflfl Û‰ÂÎ¸Ì‡fl
ÔÎÓ˘‡‰¸, 

 

Å

 

2

 

ã‡ÚÂ‡Î¸ÌÓÂ
‰‡‚ÎÂÌËÂ, ·‡

I 78.0 

 

±

 

 5.5 –242

II 65.4 

 

±

 

 1.5 –300

III 66.8 

 

±

 

 3.7 –265
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êËÒ. 1.

 

 è‡‡ÏÂÚ˚ ‡Ò˜ÂÚÌÓÈ fl˜ÂÈÍË, 

 

‡–‚

 

 – ÔÎÓÚÌÓÒÚ¸ ‚ÂÓflÚÌÓÒÚË ÁÌ‡˜ÂÌËÈ Ó·˙ÂÏ‡ ‡Ò˜ÂÚÌÓÈ fl˜ÂÈÍË, Ë „‡ÛÒÒÓ‚ÒÍ‡fl ‡Ô-
ÔÓÍÒËÏ‡ˆËfl ÍË‚ÓÈ; 

 

„–Â 

 

– ÙÎÛÍÚÛ‡ˆËË Û‰ÂÎ¸ÌÓÈ ÔÎÓ˘‡‰Ë ÔËıÓ‰fl˘ÂÈÒfl Ì‡ ÏÓÎÂÍÛÎÛ ÎËÔË‰‡; 

 

Ê–Ë 

 

– ÙÎÛÍÚÛ‡ˆËË ÚÓÎ˘Ë-
Ì˚ ·ËÒÎÓfl ‰Îfl ÒËÒÚÂÏ I–III ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ.

 

ËÏÂÂÚ ‚Ë‰ É‡ÛÒÒÓ‚‡ ‡ÒÔÂ‰ÂÎÂÌËfl. ëÓ„Î‡ÒÌÓ ÚÂÓ-
ËË ÚÂÏÓ‰ËÌ‡ÏË˜ÂÒÍËı ÙÎÛÍÚÛ‡ˆËÈ ùÈÌ¯ÚÂÈÌ‡,
ÔÎÓÚÌÓÒÚ¸ ‚ÂÓflÚÌÓÒÚË ‡‚ÌÓ‚ÂÒÌ˚ı ÙÎÛÍÚÛ‡ˆËÈ
Ó·˙ÂÏ‡ 

 

p

 

(

 

∆

 

V

 

) Á‡‰‡ÂÚÒfl „‡ÛÒÒÓ‚˚Ï ‡ÒÔÂ‰ÂÎÂÌËÂÏ:

ÒËÏ‚ÓÎÓÏ 

 

〈 〉

 

 Á‰ÂÒ¸ Ó·ÓÁÌ‡˜ÂÌ‡ ÓÔÂ‡ˆËfl ‚ÁflÚËfl
ÒÂ‰ÌÂ„Ó, 

 

A

 

V

 

 – ÌÓÏËÓ‚Ó˜Ì˚È ÏÌÓÊËÚÂÎ¸, 

 

〈∆

 

V

 

2

 

〉

 

 =
=

 

 k

 

b

 

TV

 

χ

 

T

 

 – ‰ËÒÔÂÒËfl, 

 

χ

 

T

 

 – ÍÓ˝ÙÙËˆËÂÌÚ ËÁÓÚÂÏË-
˜ÂÒÍÓ„Ó ÒÊ‡ÚËfl ÒËÒÚÂÏ˚. í‡ÍËÏ Ó·‡ÁÓÏ, ‚˚˜ËÒ-
ÎË‚ ÁÌ‡˜ÂÌËÂ 

 

〈∆

 

V

 

2

 

〉

 

, ÒÚ‡ÌÓ‚ËÚÒfl ‚ÓÁÏÓÊÌ˚Ï ÓÔÂ-
‰ÂÎËÚ¸ ÁÌ‡˜ÂÌËÂ 

 

χ

 

T

 

 (Ú‡·Î. 2). ëÓ„Î‡ÒÌÓ [32], 

 

χ

 

T

 

 ÎË-
ÔË‰Ì˚ı ÏÂÏ·‡Ì ÎÂÊËÚ ‚ ‰Ë‡Ô‡ÁÓÌÂ ÓÚ 1

 

 · 

 

10

 

–1

 

0 ‰Ó

p ∆V( ) AVe

∆V( )2

2 ∆V
2〈 〉

-------------------–

,=

 

6

 

 · 

 

10

 

–10

 

 è‡

 

–1

 

. èÓÎÛ˜ÂÌÌ˚Â ÁÌ‡˜ÂÌËfl 

 

χ

 

T

 

 Ì‡ıÓ‰flÚÒfl ‚
‡ÁÛÏÌ˚ı ÔÂ‰ÂÎ‡ı.

íÓÎ˘ËÌ‡ ÏÂÏ·‡Ì˚ Ì‡ ËÒ. 1

 

Ê–Ë

 

 ÓÔÂ‰ÂÎflÂÚÒfl
Í‡Í ‡ÒÒÚÓflÌËÂ ÏÂÊ‰Û ‡ÚÓÏ‡ÏË ÙÓÒÙÓ‡ ‚ ÒÓÒÂ‰-
ÌËı ÏÓÌÓÒÎÓflı. ëÂ‰ÌËÂ ÁÌ‡˜ÂÌËfl ÚÓÎ˘ËÌ˚ ÏÂÏ-
·‡Ì ÔË‚Â‰ÂÌ˚ ‚ Ú‡·Î. 2.

ç‡ ËÒ. 2 ÔÓÍ‡Á‡Ì ÒÂ‰ÌËÈ Í‚‡‰‡Ú ÒÏÂ˘ÂÌËfl
ÎËÔË‰‡ èéîï ‚ ‡ÁÎË˜Ì˚ı ÒËÒÚÂÏ‡ı, ‡ Ú‡ÍÊÂ Â„Ó
ÎËÌÂÈÌ‡fl ‡ÔÔÓÍÒËÏ‡ˆËfl. äÓ˝ÙÙËˆËÂÌÚ Î‡ÚÂ-
‡Î¸ÌÓÈ ‰ËÙÙÛÁËË ÎËÔË‰Ó‚ 

 

D

 

xy

 

 ÓÔÂ‰ÂÎflÂÚÒfl ˜Â-
ÂÁ ÍÓ˝ÙÙËˆËÂÌÚ ÎËÌÂÈÌÓÈ ‡ÔÔÓÍÒËÏ‡ˆËË Á‡‚Ë-
ÒËÏÓÒÚË:

x t τ+( ) x t( )–( )2 y t τ+( ) y t( )–( )2+〈 〉 4Dxyt,=
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¯‡ÈÚ‡Ì Ë ‰.

„‰Â ‚ Û„ÎÓ‚˚ı ÒÍÓ·Í‡ı Ì‡ıÓ‰ËÚÒfl Í‚‡‰‡Ú ÓÚÍÎÓÌÂ-
ÌËfl ̂ ÂÌÚ‡ Ï‡ÒÒ ÎËÔË‰‡ ‚ ÔÎÓÒÍÓÒÚË ·ËÒÎÓfl. ìÒÂ‰-
ÌÂÌËÂ ÔÓ‚Ó‰ËÎÓÒ¸ ÔÓ ‚ÒÂÏ ÎËÔË‰‡Ï Í‡Ê‰Ó„Ó ÚËÔ‡.
0 < t < T – τ ÔÒ, 0 < τ < 300 ÔÒ, „‰Â T – ‰ÎËÌ‡ ‡·Ó˜Â„Ó
Û˜‡ÒÚÍ‡ Ú‡ÂÍÚÓËË.

Ç˚˜ËÒÎÂÌÌ˚Â ÁÌ‡˜ÂÌËfl Dxy (Ú‡·Î. 3) ·ÎËÁÍË Í
‰‡ÌÌ˚Ï ÔÓ Í‚‡ÁËÛÔÛ„ÓÏÛ ‡ÒÒÂflÌË˛ ÌÂÈÚÓÌÓ‚
Ì‡ ·ËÒÎÓflı Ñèîï (1 · 10–7 ÒÏ2/Ò [33]) Ë ‰ËÓÎÂÓËÎ-
ÙÓÒÙ‡ÚË‰ËÎıÓÎËÌ‡ (2 · 10–7 ÒÏ2/Ò, [34]). êÂÁÛÎ¸Ú‡Ú˚
ËÏÔÛÎ¸ÒÌÓ„Ó üåê ‰Îfl ·ËÒÎÓÂ‚ èéîï ‰‡˛Ú ÁÌ‡˜Â-
ÌËfl 2.0 · 10–7 ÒÏ2/Ò ÔË 298 ä Ë 2.5 · 10–7 ÒÏ2/Ò ÔË 303
ä [35]. éÚÏÂÚËÏ, ˜ÚÓ Ò‡‚ÌÂÌËÂ ÂÁÛÎ¸Ú‡ÚÓ‚, ÔÓÎÛ-
˜ÂÌÌ˚ı Ì‡ ‚ÂÏÂÌ‡ı ÏÂÌÂÂ 1 ÌÒ, Ì‡Ë·ÓÎÂÂ ÍÓÂÍÚ-
ÌÓ ËÏÂÌÌÓ Ò ‰‡ÌÌ˚ÏË ÔÓ ‡ÒÒÂflÌË˛ ÌÂÈÚÓÌÓ‚ [36].

ÑËÙÙÛÁËfl Ì‡ ·ÓÎ¸¯Ëı ‚ÂÏÂÌ‡ı Á‡Ú‡„Ë‚‡ÂÚ ·Ó-
ÎÂÂ ÍÛÔÌÓÏ‡Ò¯Ú‡·Ì˚Â ÔÂÂÒÚÓÈÍË ‚ ÒÚÛÍÚÛÂ
ÏÂÏ·‡Ì˚ (·ÓÎÂÂ 10 Å), Ë ÍÓ˝ÙÙËˆËÂÌÚ˚ ‰ËÙÙÛ-
ÁËË, ËÁÏÂÂÌÌ˚Â ÙÎÛÓÂÒˆÂÌÚÌ˚ÏË ÏÂÚÓ‰‡ÏË,
ÓÍ‡Á˚‚‡˛ÚÒfl ‚ 2–3 ‡Á‡ ÌËÊÂ [37]. èflÏÓÂ Ò‡‚ÌÂ-
ÌËÂ Á‰ÂÒ¸ Ú‡ÍÊÂ Á‡ÚÛ‰ÌËÚÂÎ¸ÌÓ, Ú‡Í Í‡Í Ò‡Ï‡ ÏÂÚ-
Í‡ (ÚËÔ‡ Ó‰‡ÏËÌ‡) ÏÓÊÂÚ ÚÓÏÓÁËÚ¸ ÔÂÂÏÂ˘Â-
ÌËÂ ÎËÔË‰‡.

ã‡ÚÂ‡Î¸Ì‡fl ÔÓ‰‚ËÊÌÓÒÚ¸ ÎËÔË‰Ó‚ ÒÎ‡·Ó, ÌÓ
ÒËÒÚÂÏ‡ÚË˜ÂÒÍË Û·˚‚‡ÂÚ ‚ fl‰Û Ñèîï–èéîï–
äã ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË ‰Ó·‡‚ÎÂÌËÂÏ ‰‚ÓÈÌÓÈ ̂ ËÒ-Ò‚flÁË
(‚ ÒÎÛ˜‡Â èéîï) Ë Û‚ÂÎË˜ÂÌËÂÏ Ó·˙ÂÏ‡ ÏÓÎÂÍÛ-
Î˚ (‚ ÒÎÛ˜‡Â èéîï Ë äã). ë ‰Û„ÓÈ ÒÚÓÓÌ˚, Ï‡-
Î‡fl ˜Û‚ÒÚ‚ËÚÂÎ¸ÌÓÒÚ¸ ÍÓ˝ÙÙËˆËÂÌÚ‡ Î‡ÚÂ‡Î¸ÌÓÈ
‰ËÙÙÛÁËË Í ÒÚÛÍÚÛÂ ÎËÔË‰‡ ÔÓÍ‡Á˚‚‡ÂÚ, ˜ÚÓ ÏÂ-
ı‡ÌËÁÏ ‰ËÙÙÛÁËË Á‡ÍÎ˛˜‡ÂÚÒfl ÌÂ ‚ ÒÏÂ˘ÂÌËË ÏÓ-
ÎÂÍÛÎ˚ ÎËÔË‰‡ Í‡Í ˆÂÎÓ„Ó, ‡ ‚ ÔÓ˝Ú‡ÔÌÓÏ Ë ÏÂÎÍÓ-
Ï‡Ò¯Ú‡·ÌÓÏ ÒÏÂ˘ÂÌËË ÓÚ‰ÂÎ¸Ì˚ı Á‚ÂÌ¸Â‚.

ç‡·Î˛‰‡ÂÚÒfl Ú‡ÍÊÂ ÒÓ„Î‡ÒÓ‚‡ÌËÂ ÏÓ‰ÂÎÂÈ ·ËÒ-
ÎÓÂ‚ Ë ÔÓ ‰Û„ËÏ ‚‡ÊÌ˚Ï Ô‡‡ÏÂÚ‡Ï. Ç ÔÂ‚Û˛
Ó˜ÂÂ‰¸ ˝ÚÓ Í‡Ò‡ÂÚÒfl ÙÛÌÍˆËÈ ‡ÒÔÂ‰ÂÎÂÌËfl ÔÓ
ÌÓÏ‡ÎË Í ÏÂÏ·‡ÌÂ ÛÒÂ‰ÌÂÌÌ˚ı ˝ÎÂÍÚÓÌÌÓÈ
ÔÎÓÚÌÓÒÚË Ë ÔÎÓÚÌÓÒÚË ‡ÚÓÏÌ˚ı „ÛÔÔ. ÄÌ‡ÎÓ„Ë˜-
Ì˚Â Á‡‚ËÒËÏÓÒÚË ‚˚˜ËÒÎflÎËÒ¸, ‚ ˜‡ÒÚÌÓÒÚË, ‰Îfl
Ñèîï [38], ‰ËÓÎÂÓËÎÙÓÒÙ‡ÚË‰ËÎıÓÎËÌÓ‚˚ı [39]
Ë èéîï [28] ÏÂÏ·‡Ì. ç‡ ËÒ. 3 ÔÂ‰ÒÚ‡‚ÎÂÌ˚
‡ÒÔÂ‰ÂÎÂÌËfl ˝ÎÂÍÚÓÌÌÓÈ ÔÎÓÚÌÓÒÚË ‰Îfl ÏÂÏ-
·‡Ì Ò ‡ÁÌ˚Ï ÎËÔË‰Ì˚Ï ÒÓÒÚ‡‚ÓÏ.

Ç ‡·ÓÚÂ ËÁÛ˜‡ÎË Ú‡ÍÊÂ ‡‰Ë‡Î¸Ì˚Â ÙÛÌÍˆËË
‡ÒÔÂ‰ÂÎÂÌËfl ‡ÚÓÏÓ‚ g(r) ‚ ÔÎÓÒÍÓÒÚË ÏÂÏ·‡Ì˚,
ÍÓÚÓ˚Â ÓÔÂ‰ÂÎfl˛Ú ‚ÂÓflÚÌÓÒÚ¸ Ì‡ıÓÊ‰ÂÌËfl
‡ÚÓÏ‡ ÓÔÂ‰ÂÎÂÌÌÓ„Ó ÚËÔ‡ Ì‡ Á‡‰‡ÌÌÓÏ ‡ÒÒÚÓflÌËË
ÓÚ ‰Û„Ó„Ó ‡ÚÓÏ‡ ‚ ÔÓÂÍˆËË Ì‡ ÔÎÓÒÍÓÒÚ¸ ÏÂÏ·‡-
Ì˚. óËÒÎÓ ‡ÚÓÏÓ‚ dN, Ì‡ıÓ‰fl˘ËıÒfl ‚ ÍÛ„Ó‚ÓÏ
ÒÎÓÂ ÔÎÓ˘‡‰¸˛ dS Ë ÚÓÎ˘ËÌÓÈ dr Ì‡ ‡ÒÒÚÓflÌËË r
ÓÚ ˆÂÌÚ‡Î¸ÌÓ„Ó ‡ÚÓÏ‡ (N – Ó·˘ÂÂ ˜ËÒÎÓ ‡ÚÓÏÓ‚
‰‡ÌÌÓ„Ó ÚËÔ‡) Ò‚flÁ‡ÌÓ Ò g(r) ÙÓÏÛÎÓÈ

dN Ng r( )dS
S

------ N
S
----g r( )2πrdr.= =

í‡·ÎËˆ‡ 2.  Ç˚˜ËÒÎÂÌÌ˚Â ÁÌ‡˜ÂÌËfl Û‰ÂÎ¸ÌÓÈ ÔÎÓ˘‡‰Ë,
ÚÓÎ˘ËÌ˚ ·ËÒÎÓfl Ë ÍÓ˝ÙÙËˆËÂÌÚÓ‚ ËÁÓÚÂÏË˜ÂÒÍÓ„Ó
ÒÊ‡ÚËfl

ëËÒÚÂÏ‡ ëÂ‰ÌÂÂ ÁÌ‡˜ÂÌËÂ
ÚÓÎ˘ËÌ˚ ÏÂÏ·‡Ì˚, Å χT, è‡–1

I 34.33 ± 0.39 1.7 × 10–10 

II 35.54 ± 0.25 1.4 × 10–10

III 36.06 ± 0.32 2.1 × 10–10

í‡·ÎËˆ‡ 3.  Ç˚˜ËÒÎÂÌÌ˚Â ÁÌ‡˜ÂÌËfl ÍÓ˝ÙÙËˆËÂÌÚÓ‚
Î‡ÚÂ‡Î¸ÌÓÈ ‰ËÙÙÛÁËË

ëËÒÚÂÏ‡ ãËÔË‰ Dxy , ÒÏ2/Ò ùÍÒÔÂËÏÂÌÚ‡Î¸-
Ì˚Â ÁÌ‡˜ÂÌËfl, ÒÏ2/Ò

I èéîï (2.2 ± 0.3) × 10–7 –

I Ñèîï (2.2 ± 0.5) × 10–7 –

I äã (2.0 ± 0.3) × 10–7 –

II èéîï (2.4 ± 0.6) × 10–7 –

II Ñèîï (2.6 ± 0.7) × 10–7 1 × 10–7* [33]

III èéîï (2.6 ± 0.5) × 10–7 (2.0–2.5) × 10–7 [35]

* áÌ‡˜ÂÌËÂ ÔË‚Â‰ÂÌÓ ‰Îfl ÏÓÌÓÎËÔË‰ÌÓ„Ó ·ËÒÎÓfl.
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êËÒ. 2. ëÂ‰ÌËÈ Í‚‡‰‡Ú ÒÏÂ˘ÂÌËfl „ÂÓÏÂÚË˜ÂÒÍÓ„Ó ˆÂÌÚ‡ ÎËÔË‰‡ èéîï ‚ ÔÎÓÒÍÓÒÚË ·ËÒÎÓfl Ë Â„Ó ÎËÌÂÈÌ‡fl ‡ÔÔÓÍÒË-
Ï‡ˆËfl ‚ ÒËÒÚÂÏ‡ı I (‡), II (·), III (‚).
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ç‡ ËÒ. 4 ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ‡‰Ë‡Î¸Ì˚Â ÙÛÌÍˆËË
‡ÒÔÂ‰ÂÎÂÌËfl ‰Îfl ‡ÚÓÏÓ‚ ÙÓÒÙÓ‡ Ë ‡ÚÓÏÓ‚ ‡ÁÓ-
Ú‡ ‚ ÔÎÓÒÍÓÒÚË ÏÂÏ·‡Ì (ÛÒÂ‰ÌÂÌËÂ ‚ÂÎË ÔÓ Ó·ÓËÏ
ÒÎÓflÏ ÏÂÏ·‡Ì˚). ê‡‰Ë‡Î¸Ì‡fl ÙÛÌÍˆËfl ‡ÒÔÂ‰Â-
ÎÂÌËfl ‡ÚÓÏÓ‚ ‡ÁÓÚ‡ ‰ÂÏÓÌÒÚËÛÂÚ ‚ÓÁÏÓÊÌÓÒÚ¸
‰Ó‚ÓÎ¸ÌÓ ·ÎËÁÍÓ„Ó Ì‡ıÓÊ‰ÂÌËfl ‡ÚÓÏÓ‚ ‡ÁÓÚ‡ ‚
ÒÎÓÂ ÎËÔË‰Ì˚ı „ÓÎÓ‚, ÔË˜ÂÏ ˜ÂÏ ·ÓÎ¸¯Â ‡ÁÌÓ-
Ó·‡ÁËÂ ÎËÔË‰Ó‚ ‚ ÒÓÒÚ‡‚Â ÏÂÏ·‡Ì˚, ÚÂÏ ·ÓÎ¸¯Â
‚˚‡ÊÂÌ‡ ˝Ú‡ ÓÒÓ·ÂÌÌÓÒÚ¸. èË ˝ÚÓÏ ÚÓÎ˘ËÌ‡
ÒÎÓfl „Ë‰ÓÙËÎ¸Ì˚ı „ÓÎÓ‚ÓÍ ÎËÔË‰Ó‚ Ú‡ÍÓ‚‡, ˜ÚÓ
ÔÓÁ‚ÓÎflÂÚ ‡ÁÏÂÒÚËÚ¸ Ì‡ ‡ÁÌÓÈ „ÎÛ·ËÌÂ ‚ ÏÂÏ·‡-
ÌÂ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÒÎ‡·Ó Á‡flÊÂÌÌ˚Â Ë ÓÚÚ‡ÎÍË‚‡˛-
˘ËÂÒfl ‰Û„ ÓÚ ‰Û„‡ ‡ÚÓÏ˚ ‡ÁÓÚ‡. éÚÏÂÚËÏ, ˜ÚÓ
ÒËÎ¸ÌÓ Á‡flÊÂÌÌ˚Â ‡ÚÓÏ˚ ÙÓÒÙÓ‡ Ì‡ Ú‡ÍÓÏ
·ÎËÁÍÓÏ ‡ÒÒÚÓflÌËË ‡ÒÔÓÎ‡„‡Ú¸Òfl ÌÂ ÏÓ„ÛÚ. àÌ-
ÚÂÌÒË‚ÌÓÒÚ¸ ÔÂ‚Ó„Ó Ï‡ÍÒËÏÛÏ‡ ÓÒÎ‡·Â‚‡ÂÚ Ò Û‚Â-
ÎË˜ÂÌËÂÏ ˜ËÒÎ‡ ‚ıÓ‰fl˘Ëı ‚ ÒÓÒÚ‡‚ ·ËÒÎÓfl ÚËÔÓ‚
ÎËÔË‰Ó‚, Ú.Â. ÛÔÓfl‰Ó˜ÂÌÌÓÒÚ¸ ·ËÒÎÓfl ‰‡ÊÂ Ì‡ Ï‡-
Î˚ı ‡ÒÒÚÓflÌËflı ÛÏÂÌ¸¯‡ÂÚÒfl. Ç ˆÂÎÓÏ, ı‡‡ÍÚÂ
ÍË‚˚ı Ì‡ ËÒ. 4 ÛÍ‡Á˚‚‡ÂÚ Ì‡ ÓÚÒÛÚÒÚ‚ËÂ ‚Ó ‚ÒÂı

ÒÎÛ˜‡flı ‰‡Î¸ÌÂ„Ó ÔÓfl‰Í‡ ‚ ÛÔ‡ÍÓ‚ÍÂ „ÓÎÓ‚ÓÍ ÎË-
ÔË‰Ó‚.

èÓ ÂÁÛÎ¸Ú‡Ú‡Ï åÑ-‡Ò˜ÂÚÓ‚ ÓÔÂ‰ÂÎflÎË Ô‡‡-
ÏÂÚ ÔÓfl‰Í‡ SCH (ËÒ. 5), ÍÓÚÓ˚È ÏÓÊÂÚ ·˚Ú¸
Ú‡ÍÊÂ ÔÓÎÛ˜ÂÌ ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ ËÁ ‰‡ÌÌ˚ı
üåê-ÒÔÂÍÚÓÒÍÓÔËË ‰Îfl ‰ÂÈÚÂËÓ‚‡ÌÌ˚ı ÎËÔË-
‰Ó‚. ìÒÂ‰ÌÂÌÌ˚Â ÁÌ‡˜ÂÌËfl Ô‡‡ÏÂÚ‡ ÔÓfl‰Í‡
ÏÓ„ÛÚ ·˚Ú¸ ÔÓÎÛ˜ÂÌ˚ Ë ÔÓ ‰‡ÌÌ˚Ï àä-ÒÔÂÍÚÓ-
ÒÍÓÔËË [6]. è‡‡ÏÂÚ ÔÓfl‰Í‡ C–H-Ò‚flÁÂÈ ‚ ‡Î-
ÍËÎ¸ÌÓÈ ˜‡ÒÚË ÎËÔË‰‡ ‚˚˜ËÒÎflÂÚÒfl ÒÎÂ‰Û˛˘ËÏ
Ó·‡ÁÓÏ:

„‰Â θi – Û„ÓÎ ÏÂÊ‰Û C–H-Ò‚flÁ¸˛ ÔË i-Ï ‡ÚÓÏÂ Û„ÎÂ-
Ó‰‡ ‚ ‡ÎÍËÎ¸ÌÓÈ ˆÂÔË Ë ÌÓÏ‡Î¸˛ Í ÏÂÏ·‡ÌÂ, ‡
Û„ÎÓ‚˚Â ÒÍÓ·ÍË Ó·ÓÁÌ‡˜‡˛Ú ÛÒÂ‰ÌÂÌËÂ ÔÓ ‚ÂÏÂ-
ÌË. å‡ÍÒËÏ‡Î¸ÌÓÂ ÁÌ‡˜ÂÌËÂ ˝ÚÓÈ ‚ÂÎË˜ËÌ˚ 1 (ÍÓ-
„‰‡ ‚ÒÂ Ò‚flÁË Ô‡‡ÎÎÂÎ¸Ì˚ ÌÓÏ‡ÎË), ÏËÌËÏ‡Î¸ÌÓÂ
–0.5 (‚ÒÂ Ò‚flÁË ÎÂÊ‡Ú ‚ ÔÎÓÒÍÓÒÚË ÏÂÏ·‡Ì˚). ê‡Ò-
Ò˜ËÚ‡ÌÌ˚Â ÁÌ‡˜ÂÌËfl –SCH ‰Îfl ÓÎÂÓËÎÓ‚ÓÈ ˆÂÔË Ó·-
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êËÒ. 3. ê‡ÒÔÂ‰ÂÎÂÌËÂ ˝ÎÂÍÚÓÌÌÓÈ ÔÎÓÚÌÓÒÚË ‚ ÒËÒÚÂÏÂ I (‡), II (·), III (‚). 1 – ÒËÒÚÂÏ‡ ‚ ˆÂÎÓÏ, 2 – ‚Ó‰‡, 3 – ÎËÔË‰, 4 –
ÎËÔË‰Ì˚Â „ÓÎÓ‚˚, 5 – ‡ÚÓÏ˚ ‡ÁÓÚ‡, 6 – ‡ÚÓÏ˚ ÙÓÒÙÓ‡, 7 – HC=CH-„ÛÔÔ˚, 8 – CH2-„ÛÔÔ˚ ‡ÎÍËÎ¸Ì˚ı ˆÂÔÂÈ, 9 – ÍÓÌ-
ˆÂ‚‡fl CH3-„ÛÔÔ‡ ‡ÎÍËÎ¸Ì˚ı ˆÂÔÂÈ.
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êËÒ. 4. ê‡‰Ë‡Î¸Ì˚Â ÙÛÌÍˆËË ‡ÒÔÂ‰ÂÎÂÌËfl ‡ÚÓÏÓ‚ ‡ÁÓÚ‡ Ë ÙÓÒÙÓ‡ ‚ ÔÎÓÒÍÓÒÚË ÏÂÏ·‡Ì˚ ‚ ÒËÒÚÂÏÂ I (‡), II (·), III (‚).
1 – P-P, 2 – N-N.
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¯‡ÈÚ‡Ì Ë ‰.

‡ÁÛ˛Ú ı‡‡ÍÚÂÌÛ˛ ‚Ô‡‰ËÌÛ ‚ Ó·Î‡ÒÚË ‰‚ÓÈÌÓÈ
Ò‚flÁË.

ÑËÒÒËÔ‡ÚË‚Ì˚Â Ò‚ÓÈÒÚ‚‡ ÏÂÏ·‡Ì Ë ‰ËÙÙÛ-
ÁËfl Ï‡Î˚ı ÏÓÎÂÍÛÎ. Ç Í‡˜ÂÒÚ‚Â ÎË„‡Ì‰Ó‚ (ÔÂÌÂ-
Ú‡ÌÚÓ‚) ‡ÒÒÏ‡ÚË‚‡ÎËÒ¸ ÏÓÎÂÍÛÎ˚ ÙÓÏ‡ÏË‰‡,
‡ÏÏË‡Í‡, ‚Ó‰˚, ÍËÒÎÓÓ‰‡, „ÎËˆÂËÌ‡, ˝Ú‡Ì‰ËÓÎ‡,
˝Ú‡ÌÓÎ‡, Ï‡ÒÎflÌÓÈ ÍËÒÎÓÚ˚, ÏÓ˜Â‚ËÌ˚. èËÏÂ-
ÌflÎÒfl ÏÂÚÓ‰ ÛÔ‡‚ÎflÂÏÓÈ åÑ [20, 21]. Ç ‡ÏÍ‡ı
˝ÚÓ„Ó ÔÓ‰ıÓ‰‡ Ì‡ ÒËÒÚÂÏÛ Ì‡ÍÎ‡‰˚‚‡ÎÒfl ‰ÓÔÓÎÌË-
ÚÂÎ¸Ì˚È ÔÓÚÂÌˆË‡Î ‰Îfl “ÒÚËÏÛÎflˆËË” ‰‚ËÊÂÌËfl
ÒËÒÚÂÏ˚ ÔÓ ‚˚·‡ÌÌ˚Ï ÒÚÂÔÂÌflÏ Ò‚Ó·Ó‰˚.

Ç ‚Ó‰ÌÛ˛ ÒÂ‰Û ÒËÒÚÂÏ˚ ÔÓÏÂ˘‡ÎËÒ¸ ËÁÛ˜‡Â-
Ï˚Â ÏÓÎÂÍÛÎ˚, Í ÍÓÚÓ˚Ï ‰‡ÎÂÂ ÔËÎ‡„‡Î‡Ò¸ ÔÓ-
ÒÚÓflÌÌ‡fl ÒËÎ‡, Ì‡Ô‡‚ÎÂÌÌ‡fl ÔÓ ÌÓÏ‡ÎË Í ÔÓ‚Âı-
ÌÓÒÚË ÏÂÏ·‡Ì˚. èËÎ‡„‡ÎËÒ¸ ÒËÎ˚, ‡‚Ì˚Â 2 Ë
6 ÍÍ‡Î/ÏÓÎ¸ · Å–1 (‚ ÔÓÒÎÂ‰ÌÂÏ ÒÎÛ˜‡Â ÍÓÎË˜ÂÒÚ‚Ó
ÔÓ‚ÚÓÌ˚ı Á‡ÏÂÓ‚ ‰ÓÒÚË„‡ÎÓ ÚÂı). ëËÎ‡ ÔËÍÎ‡-
‰˚‚‡Î‡Ò¸ ‡‚ÌÓÏÂÌÓ ÍÓ ‚ÒÂÏ ‡ÚÓÏ‡Ï ÎË„‡Ì‰‡.
ê‡Ò˜ÂÚ Ú‡ÂÍÚÓËÈ ÔÓ‚Ó‰ËÎÒfl ‰Ó ÔÂ‚Ó„Ó ÔÓÎÌÓ„Ó
ÔÓıÓ‰‡ ̃ ÂÂÁ ÏÂÏ·‡ÌÛ, ÌÓ ÌÂ ·ÓÎÂÂ 2 ÌÒ. èÓ‰ ‰ÂÈ-
ÒÚ‚ËÂÏ ‚ÌÂ¯ÌÂÈ ÒËÎ˚, ÏÓÎÂÍÛÎ‡ ÔÓÌËÍ‡ÂÚ ‚ ÏÂÏ-
·‡ÌÛ. èË ˝ÚÓÏ ÒÏÂ˘ÂÌËÂ ÏÓÎÂÍÛÎ˚ ÓÔÂ‰ÂÎflÂÚ-
Òfl ‚ ÓÒÌÓ‚ÌÓÏ ‰ÂÈÙÓÏ ÔÓ‰ ‚ÓÁ‰ÂÈÒÚ‚ËÂÏ ‚ÌÂ¯ÌÂÈ
ÒËÎ˚, ‚ÍÎ‡‰ÓÏ ‰ËÙÙÛÁËË Ô‡ÍÚË˜ÂÒÍË ÏÓÊÌÓ ÔÂ-
ÌÂ·Â˜¸ Ë ÓˆÂÌËÚ¸ ÎÓÍ‡Î¸Ì˚È ÍÓ˝ÙÙËˆËÂÌÚ ÚÂ-
ÌËfl Í‡Í ÓÚÌÓ¯ÂÌËÂ ‚ÂÎË˜ËÌ˚ ÔËÎÓÊÂÌÌÓÈ ÒËÎ˚
Í ÒÍÓÓÒÚË ‰ÂÈÙ‡:

äÓ˝ÙÙËˆËÂÌÚ ÚÂÌËfl Û‰Ó·ÌÓ ÔÂÂÒ˜ËÚ‡Ú¸ ‚
ÚÂÏËÌ‡ı ÏËÍÓ‚flÁÍÓÒÚË ÒÂ‰˚ (ËÒÔÓÎ¸ÁÛfl ÙÓÏÛ-
ÎÛ ëÚÓÍÒ‡) ËÎË ÍÓ˝ÙÙËˆËÂÌÚ‡ ‰ËÙÙÛÁËË (ËÒÔÓÎ¸-
ÁÛfl ÒÓÓÚÌÓ¯ÂÌËÂ ùÈÌ¯ÚÂÈÌ‡):

èË˜ËÌ˚ ÒÛ˘ÂÒÚ‚ÂÌÌÓ„Ó ÓÚÍÎÓÌÂÌËfl Â‡Î¸Ì˚ı
‚ÂÎË˜ËÌ ÓÚ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓÈ ÙÓÏÛÎ˚ ëÚÓÍÒ‡
·˚ÎË Ó·ÒÛÊ‰ÂÌ˚ Ì‡ÏË ‡ÌÂÂ [17]. ÇÏÂÒÚÂ Ò ÚÂÏ Í‡-

γ
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˜ÂÒÚ‚ÂÌÌÓ, ÒÓÓÚÌÓ¯ÂÌËÂ ëÚÓÍÒ‡ ÔÓÎÂÁÌÓ Ë Ì‡ ÏËÍ-
ÓÛÓ‚ÌÂ [40].

ä‡Í ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ ‚ [17], ÒÛ˘ÂÒÚ‚ÛÂÚ ÌÂÍÓÂ
ÍËÚË˜ÂÒÍÓÂ ÁÌ‡˜ÂÌËÂ ÒËÎ˚, ÔË ÍÓÚÓÓÏ ‚ÓÁÏÓÊ-
ÌÓ ÔÓÌËÍÌÓ‚ÂÌËÂ ˜‡ÒÚËˆ ‚ ÏÂÏ·‡ÌÛ Á‡ ‚ÂÏÂÌ‡
ÔÓfl‰Í‡ Ì‡ÌÓÒÂÍÛÌ‰ (Ì‡ÔËÏÂ 1 ÍÍ‡Î/ÏÓÎ¸ · Å–1

‰Îfl ˜‡ÒÚËˆ ‡‰ËÛÒ‡ 2 A). Ç˚˜ËÒÎÂÌÌ‡fl ˝ÙÙÂÍÚË‚-
Ì‡fl ‚flÁÍÓÒÚ¸ ÛÏÂÌ¸¯‡ÂÚÒfl Ò Û‚ÂÎË˜ÂÌËÂÏ ÔËÎÓ-
ÊÂÌÌÓÈ Í ÎË„‡Ì‰Û ÒËÎ˚, ˜ÚÓ Ò‚Ë‰ÂÚÂÎ¸ÒÚ‚ÛÂÚ Ó ÌÂ-
Ì¸˛ÚÓÌÓ‚ÒÍÓÏ ı‡‡ÍÚÂÂ ÒÂ‰˚ Ë ÒÎ‡·ÓÈ ÌÂ‡‚ÌÓ-
‚ÂÒÌÓÒÚË ‰‡ÌÌÓÈ ÒËÒÚÂÏ˚ ÔË ÒÍÓÓÒÚflı ‰‚ËÊÂÌËfl
ÔÓfl‰Í‡ 1 –10 A/ÔÒ.

èÓÎÛ˜ÂÌÌ˚Â ÁÌ‡˜ÂÌËfl ˝ÙÙÂÍÚË‚ÌÓÈ ÏËÍÓ‚flÁ-
ÍÓÒÚË ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ÚËÔ‡ ÔÓ·ÌÓÈ ÏÓÎÂÍÛÎ˚ Ë
‚ÂÎË˜ËÌ˚ ÔËÎÓÊÂÌÌÓÈ ÒËÎ˚ ÔË‚Â‰ÂÌ˚ Ì‡ ËÒ. 6.

óÂÏ ‚˚¯Â ÁÌ‡˜ÂÌËÂ ˝ÙÙÂÍÚË‚ÌÓÈ ÏËÍÓ‚flÁÍÓ-
ÒÚË ÏÂÏ·‡Ì˚ ÔË ‰‡ÌÌÓÏ ÁÌ‡˜ÂÌËË ÒËÎ˚, ÚÂÏ
ÏÂÌ¸¯Â ‚ÂÓflÚÌÓÒÚ¸ ÔÓÌËÍÌÓ‚ÂÌËfl ÔÂÌÂÚ‡ÌÚ‡
˜ÂÂÁ[m1] ÏÂÏ·‡ÌÛ. èË ÁÌ‡˜ÂÌËflı ÒËÎ˚ ÔÓfl‰Í‡
2 ÍÍ‡Î/ÏÓÎ¸· Å–1 ÚÓÎ¸ÍÓ Ó˜ÂÌ¸ ÌÂ·ÓÎ¸¯ËÂ ÏÓÎÂÍÛ-
Î˚ ÒÔÓÒÓ·Ì˚ ÔÓÌËÍÌÛÚ¸ ˜ÂÂÁ ÏÂÏ·‡ÌÛ Á‡ ‚ÂÏfl
ÔÓfl‰Í‡ Ì‡ÌÓÒÂÍÛÌ‰, ÓÒÚ‡Î¸Ì˚Ï ÏÓÎÂÍÛÎ‡Ï ‰Îfl
˝ÚÓ„Ó ÌÂ ı‚‡Ú‡ÂÚ ‡Ò˜ÂÚÌÓ„Ó ‚ÂÏÂÌË (ËÒ. 6·). á‡-
ÏÂÚËÏ, ˜ÚÓ ‚ Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ
ËÁ‚ÂÒÚÌ‡ ÛÒÂ‰ÌÂÌÌ‡fl ‚ÂÎË˜ËÌ‡ ‚flÁÍÓÒÚË ÔÓ‚Âı-
ÌÓÒÚÌÓ„Ó ÒÎÓfl ·ËÓÏÂÏ·‡Ì˚, ÒÓÒÚ‡‚Îfl˛˘‡fl ÓÚ 30
‰Ó 190 ÒèÁ ‰Îfl ‡ÁÎË˜Ì˚ı ÎËÔË‰Ì˚ı ÏÂÏ·‡Ì [41–
43]. ÑÎfl èéîï ËÁ‚ÂÒÚÌ‡ Ú‡ÍÊÂ ˝ÍÒÔÂËÏÂÌÚ‡Î¸-
Ì‡fl ÓˆÂÌÍ‡ ÛÒÂ‰ÌÂÌÌÓÈ ‚flÁÍÓÒÚË ÔÓfl‰Í‡ 18 ÒèÁ
[44]. Ñ‡ÌÌ˚Â ÔÓ ÏËÍÓ‚flÁÍÓÒÚË ‚ Ì‡Ô‡‚ÎÂÌËË ÌÓ-
Ï‡ÎË Ô‡ÍÚË˜ÂÒÍË ÓÚÒÛÚÒÚ‚Û˛Ú. 

èË „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓÏ ÂÊËÏÂ ‰‚ËÊÂÌËfl ÔÂ-
ÌÂÚ‡ÌÚ‡ ‚ÂÎË˜ËÌ‡ ÏËÍÓ‚flÁÍÓÒÚË ÌÂ ‰ÓÎÊÌ‡ Á‡‚Ë-
ÒÂÚ¸ ÌË ÓÚ ‡ÁÏÂ‡, ÌË ÓÚ ıËÏË˜ÂÒÍÓÈ ÒÚÛÍÚÛ˚
ÏÓÎÂÍÛÎ˚. éÚÍÎÓÌÂÌËfl, Ì‡·Î˛‰‡ÂÏ˚Â Ì‡ ËÒ. 6,
‚˚Á‚‡Ì˚ ÒÔÂˆËÙË˜ÂÒÍËÏË ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËflÏË ÎË-
„‡Ì‰‡ Ò ÏÂÏ·‡ÌÓÈ. éÚÏÂÚËÏ, ˜ÚÓ Ó·˘‡fl Á‡ÍÓÌÓ-
ÏÂÌÓÒÚ¸ Ú‡ÍÓ‚‡: ˜ÂÏ ·ÓÎ¸¯Â ‡‰ËÛÒ ÌËÁÍÓÏÓÎÂ-
ÍÛÎflÌÓ„Ó ÎË„‡Ì‰‡, ÚÂÏ ·ÓÎ¸¯Â ̋ ÙÙÂÍÚË‚Ì‡fl ÏËÍ-
Ó‚flÁÍÓÒÚ¸ ÏÂÏ·‡Ì˚. ùÚÓ ÒÓ„Î‡ÒÛÂÚÒfl Ë Ò
Ì‡·Î˛‰‡ÂÏ˚Ï Á‰ÂÒ¸ ˝ÙÙÂÍÚÓÏ Û‚ÂÎË˜ÂÌËfl ˝Ù-
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êËÒ. 5. èÓÙËÎË Ô‡‡ÏÂÚÓ‚ ÔÓfl‰Í‡ ‰Îfl C-H-Ò‚flÁÂÈ ‚ ‡ÎÍËÎ¸Ì˚ı ˆÂÔflı ‚ ÒËÒÚÂÏÂ I (‡), II (·), III (‚). 1 – ‰‡ÌÌ˚Â ‰Îfl Ô‡Î¸-
ÏËÚÓËÎÓ‚˚ı ˆÂÔÂÈ èéîï, 2 – ‰‡ÌÌ˚Â ‰Îfl ÓÎÂÓËÎÓ‚˚ı ˆÂÔÂÈ èéîï, 3, 4 – ‰‡ÌÌ˚Â ‰Îfl Ô‡Î¸ÏËÚÓËÎÓ‚˚ı ˆÂÔÂÈ Ñèîï,
5, 6 – ‰‡ÌÌ˚Â ‰Îfl Ô‡Î¸ÏËÚÓËÎÓ‚˚ı ˆÂÔÂÈ äã, 7, 8 – ‰‡ÌÌ˚Â ‰Îfl ÒÚÂ‡ÓËÎÓ‚˚ı ˆÂÔÂÈ äã.
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ÙÂÍÚË‚ÌÓÈ ÏËÍÓ‚flÁÍÓÒÚË ÔË ÛÏÂÌ¸¯ÂÌËË ‚ÌÂ¯-
ÌÂÈ ÒËÎ˚ (Ë, ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, Á‡ÏÂ‰ÎÂÌËË ÒÍÓÓÒÚË
ÔÓÌËÍÌÓ‚ÂÌËfl ˜‡ÒÚËˆ˚). é·‡˘‡ÂÚ ‚ÌËÏ‡ÌËÂ ÂÁ-
ÍÓÂ ÛÏÂÌ¸¯ÂÌËÂ ÔÓÌËÍ‡˛˘ÂÈ ÒÔÓÒÓ·ÌÓÒÚË ‚ ÒÎÛ-
˜‡Â ÏÓ˜Â‚ËÌ˚. èÓ-‚Ë‰ËÏÓÏÛ, ÒËÎ¸Ì˚Â ‰ËÔÓÎ¸-‰Ë-
ÔÓÎ¸Ì˚Â ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÙÓÏËÛ˛Ú ‰Îfl ÏÓÎÂÍÛÎ
ÏÓ˜Â‚ËÌ˚ ÎÓÍ‡Î¸Ì˚Â ÎÓ‚Û¯ÍË.

ë‡‚ÌËÏ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Â ‰‡ÌÌ˚Â ÔÓ ÔÓ-
‰‚ËÊÌÓÒÚË Ï‡Î˚ı ÏÓÎÂÍÛÎ ‚ „Ë‰ÓÙÓ·Ì˚ı ‡ÒÚ‚Ó-
ËÚÂÎflı Ò ÔÓÎÛ˜‡ÂÏ˚ÏË ÍÓ˝ÙÙËˆËÂÌÚ‡ÏË ‰ËÙÙÛ-
ÁËË. èÓÌËˆ‡ÂÏÓÒÚ¸ ÏÂÏ·‡Ì˚ ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÓ-
·ÓÈ ÔÓËÁ‚Â‰ÂÌËÂ ÍÓ˝ÙÙËˆËÂÌÚ‡ ‰ËÙÙÛÁËË Ì‡

ÍÓ˝ÙÙËˆËÂÌÚ ‡ÒÔÂ‰ÂÎÂÌËfl ‚Ó‰‡–ÏÂÏ·‡Ì‡, ÌÓ-
ÏËÓ‚‡ÌÌÓÂ Ì‡ ÚÓÎ˘ËÌÛ ÏÂÏ·‡Ì˚. Ñ‡ÌÌ˚Â, ÔË‚Â-
‰ÂÌÌ˚Â Ì‡ ËÒ. 7 ÔÓÁ‚ÓÎfl˛Ú ÓˆÂÌËÚ¸ ÒÓÓÚ‚ÂÚÒÚ‚ËÂ
‚˚˜ËÒÎÂÌÌ˚ı ‚ÂÎË˜ËÌ Ë ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ÁÌ‡-
˜ÂÌËÈ ÔÓÌËˆ‡ÂÏÓÒÚË. èÓÒÍÓÎ¸ÍÛ ‚˚˜ËÒÎÂÌËÂ ÍÓ-
˝ÙÙËˆËÂÌÚÓ‚ ÏÂÊÙ‡ÁÌÓ„Ó ‡ÒÔÂ‰ÂÎÂÌËfl, ÓÒÓ-
·ÂÌÌÓ Ò Û˜ÂÚÓÏ „ÂÚÂÓ„ÂÌÌÓÒÚË ÏÂÏ·‡Ì˚ ‚‰ÓÎ¸
ÌÓÏ‡ÎË, ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÓ·ÓÈ ÓÚ‰ÂÎ¸ÌÛ˛ ÔÓ·ÎÂ-
ÏÛ, ÚÓ ÍÓ˝ÙÙËˆËÂÌÚ ‡ÒÔÂ‰ÂÎÂÌËfl ÔÂÌÂÚ‡ÌÚ‡
ÓˆÂÌË‚‡ÎÒfl, ËÒıÓ‰fl ËÁ ‰‡ÌÌ˚ı ‰Îfl ÒËÒÚÂÏ ‚Ó‰‡–„ÂÍ-
Ò‡‰ÂÍ‡Ì Ë ‚Ó‰‡ – ÓÎË‚ÍÓ‚ÓÂ Ï‡ÒÎÓ [45]. ç‡·Î˛‰‡Â-
Ï‡fl Í‡ÚËÌ‡ ıÓÓ¯Ó ÒÓ„Î‡ÒÛÂÚÒfl Ò ˝ÍÒÔÂËÏÂÌ-
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êËÒ. 6. á‡‚ËÒËÏÓÒÚ¸ ÏËÍÓ‚flÁÍÓÒÚË ÓÚ ˝ÙÙÂÍÚË‚ÌÓ„Ó ‡‰ËÛÒ‡ Ref ÔÓ·Ì˚ı ÏÓÎÂÍÛÎ ‚ ÒËÒÚÂÏÂ èéîï–‚Ó‰‡. ëÛÏÏ‡Ì‡fl
Fext = 10 ÍÍ‡Î/ÏÓÎ¸ · Å–1. ‡ – ‚ÌÂ¯Ìflfl ÒËÎ‡ 6 ÍÍ‡Î/ÏÓÎ¸ · Å–1, · – ‚ÌÂ¯Ìflfl ÒËÎ‡ 2 ÍÍ‡Î/ÏÓÎ¸ · Å–1. WAT – ‚Ó‰‡, AMM –
‡ÏÏË‡Í, O2 – ÏÓÎÂÍÛÎflÌ˚È ÍËÒÎÓÓ‰, FMD – ÙÓÏ‡ÏË‰, ETD – ˝Ú‡Ì‰ËÓÎ, ETL – ˝Ú‡ÌÓÎ, UREA – ÏÓ˜Â‚ËÌ‡, GRL – „ÎË-
ˆÂËÌ, BUTA – Ï‡ÒÎflÌ‡fl ÍËÒÎÓÚ‡.

êËÒ. 7. á‡‚ËÒËÏÓÒÚ¸ ÔÓÌËˆ‡ÂÏÓÒÚË P ÓÚ ‚ÂÎË˜ËÌ˚ DK/∆x, „‰Â D – ÍÓ˝ÙÙËˆËÂÌÚ ‰ËÙÙÛÁËË ‚ ÏÂÏ·‡ÌÂ, K – ÍÓ˝ÙÙËˆËÂÌÚ
‡ÒÔÂ‰ÂÎÂÌËfl ‚Ó‰‡ – „Ë‰ÓÙÓ·Ì˚È ‡ÒÚ‚ÓËÚÂÎ¸, ∆x – ÚÓÎ˘ËÌ‡ ÏÂÏ·‡Ì˚ (~40 Å). ‡ – ‰Îfl ÓÎË‚ÍÓ‚Ó„Ó Ï‡ÒÎ‡ (ÍÓ˝ÙÙË-
ˆËÂÌÚ ÍÓÂÎflˆËË 0.999), · – ‰Îfl „ÂÍÒ‡‰ÂÍ‡Ì‡ (ÍÓ˝ÙÙËˆËÂÌÚ ÍÓÂÎflˆËË 0.963). é·ÓÁÌ‡˜ÂÌËfl ÏÓÎÂÍÛÎ Í‡Í Ì‡ ËÒ. 6.
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¯‡ÈÚ‡Ì Ë ‰.

Ú‡Î¸Ì˚ÏË ‰‡ÌÌ˚ÏË ÔÓ ÔÓÌËˆ‡ÂÏÓÒÚË ÎËÔË‰Ì˚ı
ÏÂÏ·‡Ì ‰Îfl ‡ÒÒÏ‡ÚË‚‡ÂÏ˚ı ÏÓÎÂÍÛÎ, ÔË˜ÂÏ ‚
ÒÎÛ˜‡Â ÓÎË‚ÍÓ‚Ó„Ó Ï‡ÒÎ‡ Ì‡·Î˛‰‡ÂÚÒfl ÎÛ˜¯ÂÂ ÒÓ-
„Î‡ÒËÂ ‚ÂÎË˜ËÌ DK/∆x Ò ÔÓÌËˆ‡ÂÏÓÒÚ¸˛ P, ˜ÂÏ ‚
ÒÎÛ˜‡Â Ò „ÂÍÒ‡‰ÂÍ‡ÌÓÏ.

í‡ÍËÏ Ó·‡ÁÓÏ, ‚ ‡·ÓÚÂ ÏÂÚÓ‰‡ÏË åÑ ‰Îfl ÔÓÎ-
ÌÓÒÚ¸˛ „Ë‰‡ÚËÓ‚‡ÌÌ˚ı ·ËÒÎÓÂ‚ ËÁ ÒÏÂÒÂÈ èé-
îï, Ñèîï Ë äã ‚ ‡ÏÍ‡ı Â‰ËÌÓ„Ó ÔÓÚÓÍÓÎ‡ ÏÓ-
ÎÂÍÛÎflÌÓ„Ó ÏÓ‰ÂÎËÓ‚‡ÌËfl ÔÓ‚Â‰ÂÌÓ Ò‡‚ÌÂÌËÂ
ÓÒÌÓ‚Ì˚ı ÒÚÛÍÚÛÌ˚ı Ë ÍËÌÂÚË˜ÂÒÍËı Ô‡‡ÏÂÚ-
Ó‚. àÒÔÓÎ¸ÁÓ‚‡ÌÌ‡fl ÏÂÚÓ‰ËÍ‡ ÔË‚Ó‰ËÚ ÒËÒÚÂÏÛ Í
ÎÓÍ‡Î¸ÌÓÏÛ ‡‚ÌÓ‚ÂÒË˛ Ë Ô‡ÍÚË˜ÂÒÍË ÌÂËÁÏÂÌ-
Ì˚Ï ‰‡Î¸ÌÂÈ¯ËÏ ‡ÒÔÂ‰ÂÎÂÌËflÏ Ë ÔÓÙËÎflÏ ËÁÛ-
˜ÂÌÌ˚ı Ô‡‡ÏÂÚÓ‚.

íÓÎ˘ËÌ‡ ·ËÒÎÓfl, ‡ÒÔÂ‰ÂÎÂÌËÂ ‡ÚÓÏÌ˚ı „ÛÔÔ
ÓÚÌÓÒËÚÂÎ¸ÌÓ ÌÓÏ‡ÎË Í ÏÂÏ·‡ÌÂ, ‡‰Ë‡Î¸Ì˚Â
ÙÛÌÍˆËË ‡ÒÔÂ‰ÂÎÂÌËfl ‡ÚÓÏÓ‚ ‚ ÔÎÓÒÍÓÒÚË ·ËÒÎÓfl,
Ô‡‡ÏÂÚ˚ ÔÓfl‰Í‡ ‰Îfl ÎËÔË‰Ì˚ı ̂ ÂÔÂÈ ÌÂ ÔÓÚË‚Ó-
Â˜‡Ú ËÏÂ˛˘ËÏÒfl ‰‡ÌÌ˚Ï. àÒÔÓÎ¸ÁÓ‚‡ÌËÂ ÒÚÓÎÍÌÓ-
‚ËÚÂÎ¸ÌÓ„Ó ÚÂÏÓÒÚ‡Ú‡ Ë ·‡ÓÒÚ‡Ú‡ ÅÂÂÌ‰ÒÂÌ‡ Ò
‡ÌËÁÓÚÓÔÌ˚Ï ·‡ÓÒÚ‡ÚËÓ‚‡ÌËÂÏ ÔÓÁ‚ÓÎflÂÚ ÍÓÏ-
ÔÂÌÒËÓ‚‡Ú¸ Í‡Í ˝ÙÙÂÍÚ˚ ÔÓ‚ÂıÌÓÒÚÌÓ„Ó Ì‡Úfl-
ÊÂÌËfl, Ú‡Í Ë ÂÒÚÂÒÚ‚ÂÌÌ˚Â ÔÓ„Â¯ÌÓÒÚË Ô‡‡ÏÂÚ-
ËÁ‡ˆËË ÒËÎÓ‚Ó„Ó ÔÓÎfl. àÒÔÓÎ¸ÁÓ‚‡ÌËÂ ‰‡ÌÌÓ„Ó
åÑ-ÔÓÚÓÍÓÎ‡ ‰‡ÂÚ ‡ÁÛÏÌ˚Â ÁÌ‡˜ÂÌËfl ÍÓ˝ÙÙË-
ˆËÂÌÚÓ‚ Î‡ÚÂ‡Î¸ÌÓÈ ‰ËÙÙÛÁËË Ë ÒÓ„Î‡ÒÛ˛˘ËÈÒfl
Ò ˝ÍÒÔÂËÏÂÌÚÓÏ fl‰ ÔÓÌËˆ‡ÂÏÓÒÚË ‰Îfl ÌËÁÍÓÏÓ-
ÎÂÍÛÎflÌ˚ı ÎË„‡Ì‰Ó‚.

Ä‚ÚÓ˚ ·Î‡„Ó‰‡Ì˚ û. ç. ÄÌÚÓÌÂÌÍÓ Á‡ ÔÓÎÂÁ-
Ì˚Â Ó·ÒÛÊ‰ÂÌËfl. Ä‚ÚÓ˚ Ú‡ÍÊÂ ÔËÁÌ‡ÚÂÎ¸Ì˚
îÂ‰Â‡Î¸ÌÓÏÛ ‡„ÂÌÚÒÚ‚Û ÔÓ Ó·‡ÁÓ‚‡ÌË˛, îÂ‰Â-
‡Î¸ÌÓÏÛ ‡„ÂÌÚÒÚ‚Û ÔÓ Ì‡ÛÍÂ Ë ËÌÌÓ‚‡ˆËflÏ, êÓÒ-
ÒËÈÒÍÓÏÛ ÙÓÌ‰Û ÙÛÌ‰‡ÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ
(06-04-08136 Ë 07-04-01169) Ë US CRDF (2803) Á‡
ÙËÌ‡ÌÒÓ‚Û˛ ÔÓ‰‰ÂÊÍÛ ‡·ÓÚ˚.

ëèàëéä ãàíÖêÄíìêõ

1. ÉÂÌÌËÒ ê. ÅËÓÏÂÏ·‡Ì˚: åÓÎÂÍÛÎflÌ‡fl ÒÚÛÍÚÛ‡
Ë ÙÛÌÍˆËË. èÂ. Ò ‡Ì„Î. å.: åË, 1997. 624 Ò.

2. Baker R.W. Membrane technology and applications. N.
Y.: McGraw-Hill, 1999.

3. Karplus M., McCammon. J. Molecular Dynamics Simu-
lations of Biomolecules // Nature Struct. Biol. 2002.
V. 9. P. 646–652.

4. Frenkel D., Smit B. Understanding molecular simula-
tion: from algorithms to applications. 2nd ed. San Diego:
Acad. Press, 2002. 

5. ò‡ÈÚ‡Ì ä.Ç., íÛÎÂÈ Ö.Ç., ÉÓÎËÍ Ñ.ç., íÂÂ¯ÍË-
Ì‡ ä.Å., ãÂ‚ˆÓ‚‡ é.Ç., îÂ‰ËÍ à.Ç., ò‡ÈÚ‡Ì Ä.ä.,
ãË Ä., äËÔË˜ÌËÍÓ‚ å.è. çÂ‡‚ÌÓ‚ÂÒÌ‡fl ÏÓÎÂÍÛ-
ÎflÌ‡fl ‰ËÌ‡ÏËÍ‡ Ì‡ÌÓÒÚÛÍÚÛ, ‚ÍÎ˛˜‡fl ·ËÓÎÓ„Ë-
˜ÂÒÍËÂ // ïËÏ. ÙËÁËÍ‡. 2006. í. 25. ë. 31–48.

6. ò‡ÈÚ‡Ì ä.Ç., èÛÒÚÓ¯ËÎÓ‚ è.è. åÓÎÂÍÛÎflÌ‡fl
‰ËÌ‡ÏËÍ‡ ÏÓÌÓÒÎÓfl ÒÚÂ‡ËÌÓ‚ÓÈ ÍËÒÎÓÚ˚ // ÅËÓ-
ÙËÁËÍ‡. 1999. í. 44. ë. 436–441.

7. Å‡Î‡·‡Â‚ ç.ä., ê‡·ËÌÓ‚Ë˜ Ä.ã., êËÔ‡ÚÚË è.é.,
äÓÌËÎÓ‚ Ç.Ç. åÓÎÂÍÛÎflÌ‡fl ‰ËÌ‡ÏËÍ‡ ÏÓÌÓÒÎÓ-

Â‚, ÒÓÒÚÓfl˘Ëı ËÁ ÔÓÎËÌÂÌ‡Ò˚˘ÂÌÌ˚ı ÎËÔË‰Ó‚ //
ÜÛÌ. ÙËÁ. ıËÏËË. 1998. í. 72. C. 686–689.

8. íÛÎÂÈ Ö.Ç., ò‡ÈÚ‡Ì ä.Ç., Å‡Î‡·‡Â‚ ç.ä. åÓÎÂÍÛ-
ÎflÌ‡fl ‰ËÌ‡ÏËÍ‡ „Ë‰‡ÚËÓ‚‡ÌÌ˚ı Û„ÎÂ‚Ó‰ÓÓ‰-
Ì˚ı ÏÂÏ·‡ÌÌ˚ı ÒÚÛÍÚÛ // ÜÛÌ. ÙËÁ. ıËÏËË.
2005. í. 79. C. 1448–1456.

9. Wataru S., Keiko S., Terujiko B., Masuhiro M. Molecu-
lar dynamics study of bipolar tetraether lipid mem-
branes // Biophys. J. 2005. V. 89. P. 3195–3202.

10. Edholm O., Jahnig F. The structure of a membrane-
spanning polypeptide studied by molecular dynamics //
Biophys. Chem. 1998. V. 30. P. 279–292.

11. Efremov R.G., Volynsky P.E., Nolde D.E., Vergoten G.,
Arseniev A.S. Implicit two-phase solvation model as a
tool to assess conformation and energetics of proteins in
membrane-mimic media // Theor. Chem. Acc. 2001.
V. 106. P. 48–54.

12. Stevens M.J. Coarse-grained simulations of lipid bilay-
ers // J. Chem. Phys. 2004. V. 121. P. 11942–11948.

13. Essmann U., Berkowitz M.L. Dynamical properties of
phospholipid bilayers from computer simulation // Bio-
phys. J. 1999. V. 76. P. 2081–2089.

14. Rog T., Murzyn K., Pasenkiewicz-Gierula M. Molecular
dynamics simulations of charged and neutral lipid bilay-
ers: treatment of electrostatic interactions // Acta Bio-
chim. Pol. 2003. V. 50. P. 789–798.

15. Wang J., Cieplak P., Kollman P.A. How well does a re-
strained electrostatic potential (RESP) model perform in
calculating conformational energies of organic and bio-
logical molecules@ // J. Comput. Chem. 2000. V. 21. P.
1049–1074.

16. íÛÎÂÈ Ö.Ç., ò‡ÈÚ‡Ì ä.Ç., Å‡Î‡·‡Â‚ ç.ä. åÓÎÂÍÛ-
ÎflÌ‡fl ‰ËÌ‡ÏËÍ‡ „Ë‰‡ÚËÓ‚‡ÌÌÓ„Ó ·ËÒÎÓfl Ô‡Î¸-
ÏËÚÓËÎÓÎÂÓËÎÙÓÒÙ‡ÚË‰ËÎıÓÎËÌ‡ ‚ ÒÚÓÎÍÌÓ‚ËÚÂÎ¸-
ÌÓÏ ÚÂÏÓÒÚ‡ÚÂ // ÅËÓÎ. ÏÂÏ·‡Ì˚. 2005. í. 22.
ë. 519–530.

17. íÛÎÂÈ Ö.Ç., ò‡ÈÚ‡Ì ä.Ç., Å‡Î‡·‡Â‚ ç.ä. ÑËÌ‡ÏË-
˜ÂÒÍ‡fl „ÂÚÂÓ„ÂÌÌÓÒÚ¸ ÙÓÒÙÓÎËÔË‰ÌÓ„Ó ·ËÒÎÓfl Ë
‰ËÙÙÛÁËfl ÏÓÎÂÍÛÎ Ì‡ „‡ÌËˆÂ ‡Á‰ÂÎ‡ Ù‡Á // ÅËÓ-
ÙËÁËÍ‡. 2005. í. 50. ë. 1042–1047.

18. White S.H. Small phospholipid vesicles: internal pres-
sure, surface tension, and surface free energy // Proc.
Natl. Acad. Sci. USA. 1980. V. 77. P. 4048–4050.

19. Orbach E., Finkelstein A. The nonelectrolyte permeabil-
ity of planar lipid bilayer membranes // J. Gen. Physiol.
1980. V. 75. P. 427–436.

20. Park S., Schulten K. Calculating potentials of mean force
from steered molecular dynamics simulations // J. Chem.
Phys. 2004. V. 120. P. 5946–5961.

21. Isralewitz B., Gao M., Schulten K. Steered molecular dy-
namics and mechanical functions of proteins // Curr.
Opin. Struct. Biol. 2001. V. 11. P. 224–230.

22. Lemak A.S., Balabaev N.K. A comparison between col-
lisional dynamics and Brownian dynamics // Mol.
Simul. 1995. V. 15. P. 223–231.

23. Lemak A.S., Balabaev N.K. Molecular dynamics simula-
tion of a polymer chain in solution by collisional dynam-
ics method // J. Comput. Chem. 1996. V. 17. P. 1685–
1695.

24. Murzyn K., Rog T., Jezierski G., Takaoka Y., Pasenk-
iewicz-Gierula M. Effects of phospholipids unsaturation



ÅàéãéÉàóÖëäàÖ åÖåÅêÄçõ      ÚÓÏ 25      ‹ 1      2008

ëêÄÇçàíÖãúçéÖ àáìóÖçàÖ åéãÖäìãüêçéâ ÑàçÄåàäà 83

on the membrane/water interface: a molecular simula-
tion study // Biophys. J. 2001. V. 81. P. 170–183.

25. Nichols-Smith S., Teh S.Y., Kuhl T.L. Thermodynamic
and mechanical properties of model mitochondrial mem-
branes // BBA-Biomembranes. 2004. V. 1663. P. 82–88.

26. Patrick L., Martin J.Z., Benoit R. Lipid-mediated inter-
actions between intrinsic membrane proteins: Depen-
dence on protein size and lipid composition // Biophys.
J. 2001. V. 81. P. 276–284.

27. Hyslop P.A., Morel B., Sauerheber R.D. Organization
and interaction of cholesterol and phosphatidylcholine
in model bilayer membrane // Biochemistry. 1990.
V. 29. P. 1025–1038.

28. Pabst G., Rappolt M., Amenitsch H., Laggner P. Struc-
tural information from multilamellar liposomes at full
hydration: full q-rangefitting with high quality X-ray da-
ta // Phys. Rev. E. 2000. V. 62. P. 4000–4009.

29. Smaby J.M., Mornsen M.M., Brockman H.L., Brown R.E.
Phosphatidylcholine acyl unsaturation modulates the de-
crease in interfacial elasticity induced by cholesterol //
Biophys. J. 1997. V. 73. P. 1492–1505.

30. Evans R.W., Williams M.A., Tinoco J. Surface areas of 1-
palmitoyl phosphatidylcholines and their interactions
with cholesterol // Biochem. J. 1987. V. 245. P. 455–
462.

31. Chiu S.W., Clark M., Balaji V., Subramaniam S.,
Scott H.L., Jakobsson E. Incorporation of surface ten-
sion into molecular dynamics simulation of interface: a
fluid phase lipid bilayer membrane // Biophys. J. 1995.
V. 69. P. 1230–1245.

32. Braganza L.F., Worcester D.L. Structural changes in lip-
id bilayers and biological membranes caused hydrostatic
pressure // Biochemistry. 1986. V. 25. P. 7484–7488.

33. Sackmann E. Handbook of Biological Physics. V. 1A.
Structure and Dynamics of Membranes/Eds. Lipowsky
R. and Sackmann E. Amsterdam: Elsevier, 1995.
P. 213–304.

34. Pfeiffer W., Henkel T., Sackmann E., Knoll W. Richter D.
Local dynamics of lipid bilayers studied by incoherent
quasi-elastic neutron scattering // Europhys. Lett. 1989.
V. 8. P. 201–206.

35. Filippov A., Oradd G., Lindblom G. The effect of choles-
terol on the lateral diffusion of phospholipids in oriented
bilayer // Biophys. J. 2003. V. 84. P. 3079–3086.

36. Vaz W. L. C., Almeida P. F. Microscopic versus macro-
scopic diffusion in one-component fluid phase lipid bi-
layer membranes // Biophys. J. 1991. V. 60. P. 1553–
1554.

37. Schmidt Th., Schutz G. J., Baumgartner W., Gru-
ber H. J., Schindler H. Imaging of single molecule diffu-
sion // Proc. Natl. Acad. Sci. USA. 1996. V. 93. P. 2926–
2929.

38. Nagle J.F., Zhang R., Tristram-Nagle S., Sun W.J., Pe-
trache H.I., Suter R.M. X-ray structure determination of
fully hydrated L alpha phase dipalmitoylphosphatidyl-
choline bilayers // Biophys. J. 1996. V. 70. P. 1419–
1431.

39. Wiener M.C., White S.H. Structure of a fluid dio-
leoylphosphatidylcholine bilayer determined by joint re-
finement of X-ray and neutron diffraction data. III. Com-
plete structure // Biophys. J. 1992. V. 61. P. 434–447.

40. Batchelor G.K. Developments in microhydrodynamics //
Theoretical and Applied Mechanics. IUTAM Con-
gress/Ed. Koiter W. T. Amsterdam–New York–Oxford:
North Holland -Elsevier Science Publishers, 1976.
P. 33–55.

41. Kung C.E., Reed J.K. Microviscosity measurements of
phospholipid bilayers using fluorescent dyes that under-
go torsional relaxation // Biochemistry 1986. V. 25.
P. 6114–6121.

42. Dunham W.R., Sands R.H., Klein S.B., Duelli E.A.,
Rhodes L.M., Marcelo C.L. EPR measurements showing
that plasma membrane viscosity can vary from 30 to 100
cP in human epidermal cell strains // Spectrochim. Acta
A. 1996. V. 52. P. 1357–1368.

43. Sinensky M. Homeoviscous adaptation – a homeostatic
process that regulates the viscosity of membrane lipids
in Escherichia coli // Proc. Natl. Acad. Sci. USA. 1974.
V. 71. P. 522–525.

44. Sonnleitner A., Schutz G.J., Schmidt Th. Free brownian
motion of individual lipid molecules in biomembranes //
Biophys. J. 1999. V. 77. P. 2638–2642.

45. Walter A, Gutknecht J. Permeability of small nonelectro-
lytes through lipid bilayer membranes // J. Membr. Biol.
1986. V. 90. P. 207–217.

Comparative study of molecular dynamics, diffusion, and permeability of ligands 
in biomembranes of different lipid composition

   K. V. Shaitan1, M. Yu. Antonov1, 2, Ye. V. Tourleigh1, O. V. Levtsova1, 
K. B. Tereshkina1

   , I. N. Nikolaev2, M. P. Kirpichnikov1
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Molecular dynamics (MD) simulation was used for comparative study of several model lipid bilayers of differ-
ent composition. Steered molecular dynamics (SMD) was applied in order to determine kinetic parameters of
the model bilayers and permeability of small molecules of different chemical nature across the bilayer mem-
branes. Accordance of the outcome of the MD simulations with experimental data on the lipid bilayer mem-
brane structure, lateral diffusion coefficients of lipids, and relative ligand permeabilities is discussed within a
framework of a unified molecular dynamics protocol.


