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Ïîëèñèñòåìíûé êðèñòàëë îáðàçóåòñÿ âñëåäñòâèå
èíäèâèäóàëüíîãî è íåïîâòîðèìîãî ìíîãîîáðàçèÿ êîí-
òàêòîâ (â îñíîâíîì ñïåöèôè÷åñêèõ) ìåæäó íàèáëè-
æàéøèìè ñèììåòðè÷åñêè íå ñâÿçàííûìè ìîëåêóëàìè.
×àñòî â ïîëèñèñòåìíûõ êðèñòàëëàõ (â òîì ÷èñëå â
áèñèñòåìíûõ êàê íàèáîëåå ðàñïðîñòðàíåííûõ) îáíà-
ðóæèâàþòñÿ ýôôåêòû ïñåâäîñèììåòðèè [1]. Ïðèçíàíî
ìíåíèå, ÷òî ïñåâäîñèììåòðèÿ ñîïóòñòâóåò ìîòèâàì,
èãðàþùèì ñòðóêòóðîîáðàçóþùóþ ðîëü â ôîðìèðîâà-
íèè êðèñòàëëà. Íàïðèìåð, â òðèêëèííîì áèñèñòåìíîì
ãèãàíòå (ÒÁÃ) [2] âñòðå÷àþòñÿ ñòðóêòóðû [3], ñîäåð-
æàùèå ïñåâäîìîíîêëèííûå ñëîè, ýëåìåíòû ïñåâäî-
ñèììåòðèè êîòîðûõ ëîêàëüíû (äåéñòâóþò â ïðåäåëàõ
ñëîÿ) è ýíåðãèÿ êîòîðûõ âíîñèò ñóùåñòâåííûé âêëàä
â ïîëíóþ ýíåðãèþ êðèñòàëëà.

Ìåæäó òåì ïñåâäîñèììåòðèÿ èíîãäà ïðèñóùà è
ìîíîñèñòåìíûì êðèñòàëëàì, ãäå âîçìîæíû ñëåäóþ-
ùèå âàðèàíòû: à) ýëåìåíò ïñåâäîñèììåòðèè ñâÿçûâà-
åò íåñêîëüêî ìîëåêóë èëè èõ ÷àñòè, è âîçíèêàåò òî-
òàëüíàÿ ïñåâäîñèììåòðèÿ; á) ýëåìåíò ïñåâäîñèì-
ìåòðèè ñâÿçûâàåò ÷àñòè îäíîé ìîëåêóëû, è âîçíèêà-
åò â îáùåì ñëó÷àå ëîêàëüíàÿ ïñåâäîñèììåòðèÿ. Ïî-
âèäèìîìó, â ýòèõ ñëó÷àÿõ ïñåâäîñèììåòðèÿ òàêæå
èãðàåò îïðåäåëåííóþ ñòðóêòóðîîáðàçóþùóþ ðîëü,
óêàçûâàÿ íà ñèììåòðè÷åñêè èñêàæåííûå êîíòàêòû
êàê íà íàèáîëåå ôîðìèðóþùèå.

Â íåêîòîðûõ ñëó÷àÿõ êðèñòàëëû, íå ÿâëÿÿñü ïñåâ-
äîñèììåòðè÷íûìè â ïîëíîì ñìûñëå, äåìîíñòðèðóþò
óïîäîáëåíèå ðàñïðîñòðàíåííûì ïñåâäîñèììåòðè÷íûì
ìîòèâàì. Ýòî îòíîñèòñÿ, â ÷àñòíîñòè, ê áèñèñòåìíûì
ãîìîõèðàëüíûì êðèñòàëëàì, â êîòîðûõ ÷àñòè äâóõ
íåçàâèñèìûõ ýíàíòèîìåðîâ ìîãóò áûòü íàñòîëüêî
çåðêàëüíî ïîõîæèìè, ÷òî êðèñòàëë ñòðóêòóðíî àíàëî-
ãè÷åí ãåòåðîõèðàëüíîìó êðèïòîðàöåìàòó. Èíûì ïðè-
ìåðîì ìîãóò ñëóæèòü ñòðóêòóðû, â êîòîðûõ ìîëåêó-
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ëû ñîåäèíÿþòñÿ â ìîòèâ âûñîêîé ïñåâäîñèììåòðèè,
åñëè òîëüêî ïðåíåáðå÷ü ôîðìîé ìîëåêóëû.

Äëÿ èíòåðïðåòàöèè ïñåâäîñèììåòðèè êðèñòàëëè÷åñ-
êèõ ñòðóêòóð íàèáîëåå óäîáíîé âèäèòñÿ êîíöåïöèÿ
ñòðóêòóðíûõ ïîäêëàññîâ Ï.Ì. Çîðêîãî [1]. Ïîñêîëüêó
îíà àïåëëèðóåò ê òåîðèè ïëîòíîé óïàêîâêè, ñòðóêòóðíîå
èññëåäîâàíèå ãåîìåòðè÷åñêèõ èçîìåðîâ, â êîòîðûõ
ñîêðàùåííûå ñïåöèôè÷åñêèå êîíòàêòû a priori íå î÷å-
âèäíû, ïîçâîëÿåò ìèíèìèçèðîâàòü âëèÿíèå ïîñëåäíèõ
íà êðèñòàëëè÷åñêóþ ñòðóêòóðó è ðàññìîòðåòü åå òîïî-
ëîãèþ â çàâèñèìîñòè îò ôîðìû ìîëåêóëû, ÷òî è ïðî-
äåëàíî â íàñòîÿùåé ðàáîòå.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü
Ðåíòãåíîñòðóêòóðíûé àíàëèç (4E)-6,6',7,7'-òåòðàãèä-

ðî-5H,5'H-4,4'-áèñ-1-áåíçîòèîôåíà 1 è (4Z)-6,6',7,7'-
òåòðàãèäðî-5H,5'H-4,4'-áèñ-1-áåíçîòèîôåíà 2 (ðèñ. 1)
âûïîëíåí íà àâòîìàòè÷åñêîì ÷åòûðåõêðóæíîì äèô-
ðàêòîìåòðå Syntex P21 (MoKα, ãðàôèòîâûé ìîíîõðî-
ìàòîð,  θ/2θ-ñêàíèðîâàíèå). Ñòðóêòóðû ðàñøèôðîâà-
íû ïðÿìûì ìåòîäîì ïî êîìïëåêñó ïðîãðàìì
SHELXTL [4]. Ïîëîæåíèÿ àòîìîâ âîäîðîäà âûÿâëå-

Ðèñ. 1.  Ñòðóêòóðíûå ôîðìóëû ñîåäèíåíèé 1 è 2
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íû èç ðàçíîñòíîãî ñèíòåçà ýëåêòðîííîé ïëîòíîñòè.
Ñòðóêòóðû óòî÷íåíû ïî  F2 ïîëíîìàòðè÷íûì ÌÍÊ â
àíèçîòðîïíîì ïðèáëèæåíèè äëÿ íåâîäîðîäíûõ àòîìîâ
è èçîòðîïíî äëÿ àòîìîâ âîäîðîäà. Êðèñòàëëîãðàôè-
÷åñêèå äàííûå è ïàðàìåòðû ýêñïåðèìåíòà ïðèâåäåíû
â òàáë. 1, êîîðäèíàòû àòîìîâ è òåïëîâûå ïàðàìåò-
ðû – â òàáë. 2 è 3, íåêîòîðûå ãåîìåòðè÷åñêèå õàðàê-
òåðèñòèêè – â òàáë. 4 è 5. Ñòðóêòóðû 1 è 2 ïðåäåïî-

íèðîâàíû â Êåìáðèäæñêèé áàíê ñòðóêòóðíûõ äàííûõ,
èì ïðèñâîåíû ðåôêîäû CCDC 639395 è CCDC 
639647 ñîîòâåòñòâåííî.

Ìåòîäèêà ðàñ÷åòà
Ñ ïîìîùüþ ïðîãðàììû CCA, ðàçðàáîòàííîé â ëà-

áîðàòîðèè êðèñòàëëîõèìèè õèìè÷åñêîãî ôàêóëüòåòà
ÌÃÓ, ïî ïîëó÷åííîé ðàíåå ñõåìå [5] â àòîì-àòîìíîì
ïðèáëèæåíèè áûëè âû÷èñëåíû âåëè÷èíû ýíåðãèè ìåæ-
ìîëåêóëÿðíîãî âçàèìîäåéñòâèÿ:

                    UMM = Σ(ϕij + ψij),

ãäå i è j – èíäåêñû àòîìîâ, îòíîñÿùèõñÿ ê ðàçíûì
ìîëåêóëàì. Â ðàñ÷åòå èñïîëüçîâàëè àòîì-àòîìíûå
ïîòåíöèàëû 6-exp ñ ïàðàìåòðàìè Ôèëèïïèíè è Ãàâå-
öîòòè [6], ÷üÿ ìåòîäèêà çàêëþ÷àåòñÿ â îòêàçå îò
ýôôåêòèâíûõ àòîìíûõ çàðÿäîâ è ñîîòâåòñòâóþùåãî
èì ÷ëåíà ψij:

                 ϕij = −Crij
−6 + Aexp(−Brij).

Âåëè÷èíó ïîëíîé ýíåðãèè UΣ íàõîäèëè ñóììèðîâà-
íèåì ýíåðãèè ïàðíûõ âçàèìîäåéñòâèé UMM êàê ýíåð-
ãèþ âûõîäà èñõîäíîé ìîëåêóëû èç êðèñòàëëà â ðàñ÷å-
òå íà 1 ìîëü âåùåñòâà. Â ðàñ÷åò âêëþ÷àëèñü ìîëå-
êóëû, îòñòîÿùèå îò ãåîìåòðè÷åñêîãî öåíòðà èñõîäíîé
ìîëåêóëû íå áîëåå ÷åì íà 30 Å, ÷òî îáåñïå÷èâàëî
ïðåíåáðåæèìî ìàëóþ îøèáêó îáðûâà ðÿäà ïðè ñóì-
ìèðîâàíèè (íå áîëåå 1%). Äëÿ õàðàêòåðèñòèêè ìîëå-
êóëÿðíûõ àãëîìåðàòîâ (àíñàìáëåé íàèáîëåå ïðî÷íî
ñâÿçàííûõ ìîëåêóë) ðàññ÷èòûâàëàñü ýôôåêòèâíîñòü
àãëîìåðàòà, êîòîðàÿ âûðàæàåòñÿ îòíîøåíèåì

Ò à á ë è ö à  1

Êðèñòàëëîãðàôè÷åñêèå äàííûå è ïàðàìåòðû ðåíòãåíîäè-
ôðàêöèîííîãî ýêñïåðèìåíòà äëÿ ñîåäèíåíèé 1 è 2

Ñîåäèíåíèå 1 2 

Mr 272,41 272,41 

Ñèíãîíèÿ Îðòîãîíàëüíàÿ Òðèêëèííàÿ 

a, Å 22,066(4) 7,531(2) 

b, Å 8,7967(18) 7,539(3) 

c, Å 6,9476(14)  13,771(5) 

α, ãðàä 90 81,94(3) 

β, ãðàä 90 88,71(3) 

γ, ãðàä 90 61,40(2) 

Ïðîñòðàíñòâåííàÿ 
ãðóïïà 

Pcca P-1 

Z 4 2 

V, Å 3 1348,6(5) 678,8(4) 

F(000) 576 288 

ρâû÷, ã/ñì3 1,342 1,333 

μ(MoKα), ìì–1 0,373 0,371 

2θìàêñ, ãðàä 52 60 

×èñëî íåçàâèñèìûõ 
îòðàæåíèé 

1330 3979 

×èñëî îòðàæåíèé ñ 
F > 4σ(F) 

665 3169 

×èñëî ïàðàìåòðîâ 114 227 

wR2 0,132 0,120 

R1(F > 4σ(F)) 0,068 0,043 

S 1,024 1,050 

Ò à á ë è ö à  2

Êîîðäèíàòû àòîìîâ (×××××104) ñîåäèíåíèÿ 1

Àòîì x y z Ueq 

S1 2992(1) 2744(1) 1458(2) 79(1) 

C2 3418(2) 3661(5) −232(7) 69(1) 

C3 4005(2) 3639(4) 205(5) 51(1) 

C3A 4140(2) 2859(4) 1964(5) 42(1) 

C4 4731(1) 2738(3) 2952(4) 38(1) 

C5 4657(2) 2478(4) 5094(5) 46(1) 

C6 4211(2) 1194(5) 5468(6) 56(1) 

C7 3585(2) 1540(7) 4720(7) 72(1) 

C7A 3622(2) 2324(4) 2796(5) 53(1) 
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Uàãë/UΣ, ãäå Uàãë – ñóììàðíàÿ ýíåðãèÿ âçàèìîäåé-
ñòâèÿ íåêîòîðîé ìîëåêóëû, âõîäÿùåé â àãëîìåðàò, ñî
âñåìè èíûìè ìîëåêóëàìè àãëîìåðàòà.

Ñðàâíåíèå ãåîìåòðèè ñèììåòðè÷åñêè íåçàâèñèìûõ
÷àñòåé ýëåìåíòàðíîé ÿ÷åéêè (ðàññìàòðèâàëèñü òîëüêî
íåâîäîðîäíûå àòîìû) îñóùåñòâëÿëè ïîñðåäñòâîì
ïðîãðàììû SUSY [7]. Ñòåïåíü ãåîìåòðè÷åñêîé áëè-
çîñòè õàðàêòåðèçîâàëè ÷èñëîâûìè ïàðàìåòðàìè σ è
σìaêñ, ïåðâûé èç êîòîðûõ ðàññ÷èòûâàëè êàê ñðåäíå-
êâàäðàòè÷íóþ ñóììó îòêëîíåíèé σi ñîîòâåòñòâåííûõ
àòîìîâ ïðè íàèáîëåå òåñíîì ñîâìåùåíèè ìîëåêóë:

                      

2

1
,

N
i

i N=

σ
σ = ∑

ãäå N – ÷èñëî àòîìîâ â ìîëåêóëå. Âòîðîé ïàðàìåòð
ïðåäñòàâëÿë ñîáîé ìàêñèìàëüíóþ “íåâÿçêó” σi. Íà
ïðàêòèêå [8, 9] íåçàâèñèìûå ÷àñòè ÿ÷åéêè ñ÷èòàþòñÿ
áëèçêèìè ïî ñòðîåíèþ ïðè 0,1 Å < σ < 0,2 Å è ïðàêòè-
÷åñêè îäèíàêîâûìè ïðè σ < 0,1 Å. Òî÷íîñòü îïåðàöèè
ñâåðõñèììåòðèè, ïðè íàëè÷èè òàêîâîé, õàðàêòåðèçóåò-
ñÿ íàáîðîì

              (ýêñï) (âû÷)i i i
r rδ = − ,

ãäå ri(âû÷) – êîîðäèíàòû àòîìîâ îäíîé èç ñðàâíèâàå-
ìûõ ÷àñòåé ìîëåêóëû, ïîëó÷åííûå èç êîîðäèíàò äðó-
ãîé ÷àñòè ïóòåì îïòèìàëüíîãî ñâåðõñèììåòðè÷åñêîãî
ïðåîáðàçîâàíèÿ, à ri(ýêñï) – ýêñïåðèìåíòàëüíûå êîîð-
äèíàòû. Íà íàëè÷èå ñâåðõñèììåòðèè â êðèñòàëëå
óêàçûâàþò ìàëûå çíà÷åíèÿ ïàðàìåòðîâ δ è δìaêñ, (íà
ïðàêòèêå ìåíüøå 0,1 è 0,3 Å ñîîòâåòñòâåííî [10]), à
òàêæå áëèçêîå ê 360°/n çíà÷åíèå óãëà âðàùåíèÿ χ,
äëÿ êîòîðîãî ðàññ÷èòàí íàáîð σi (δi ðàññ÷èòûâàþòñÿ
äëÿ χ = 360°/n).

Îáñóæäåíèå ðåçóëüòàòîâ
Ìîëåêóëÿðíûå ñòðóêòóðû ñîåäèíåíèé 1 è 2 ïðåä-

ñòàâëåíû íà ðèñ. 2 è 3. Êîîðäèíàöèÿ  Csp2 â îáîèõ
ñëó÷àÿõ èñêàæåíà âñëåäñòâèå òðàíñàííóëÿðíûõ âçàè-
ìîäåéñòâèé àòîìîâ âîäîðîäà. Òîðñèîííûå óãëû C3A–
C4–C4'–C3A′ ñîñòàâëÿþò 170° è –12°, à óãëû ìåæäó
ñðåäíèìè ïëîñêîñòÿìè òèîôåíîâûõ êîëåö ðàâíû 62° è
54° â 1 è 2 ñîîòâåòñòâåííî.

Â îáîèõ êðèñòàëëè÷åñêèõ ñòðóêòóðàõ îòñóòñòâóþò
êîðîòêèå âçàèìîäåéñòâèÿ S…S ïî Áîíäè [11], îäíàêî
åñëè èñïîëüçîâàòü âàí-äåð-âààëüñîâû ðàäèóñû, óòî÷-
íåííûå Çåôèðîâûì è Çîðêèì [12], â ñòðóêòóðå 2 ìîæ-
íî îáíàðóæèòü ñëåãêà óêîðî÷åííûå âçàèìîäåéñòâèÿ
S1…S1 3,62 Å è S1′…S1′ 3,63 Å, êîòîðûå, ðàçóìååò-
ñÿ, íåëüçÿ îòíåñòè ê ñîêðàùåííûì [13].

Ò à á ë è ö à  3

Êîîðäèíàòû àòîìîâ (×××××104) ñîåäèíåíèÿ 2

Àòîì x y z Ueq 

S1 4654(1) 9445(1) 3803(1) 49(1) 

C2 3991(3) 9506(2) 2617(1) 47(1) 

C3 4809(2) 7621(2) 2357(1) 41(1) 

C3A 5993(2) 6029(2) 3145(1) 34(1) 

C4 7246(2) 3836(2) 3094(1) 36(1) 

C5 9036(2) 2857(2) 3836(1) 44(1) 

C6 8294(2) 3340(3) 4859(1) 49(1) 

C7 7211(3) 5616(3) 4919(1) 49(1) 

C7A 6055(2) 6822(2) 3975(1) 38(1) 

S1' 2576(1) 3798(1) 522(1) 55(1) 

C2' 1520(3) 5072(3) 1497(1) 50(1) 

C3' 2955(2) 4844(2) 2154(1) 41(1) 

C3A' 4982(2) 3586(2) 1877(1) 36(1) 

C4' 6879(2) 2808(2) 2474(1) 36(1) 

C5' 8434(2) 718(2) 2255(1) 45(1) 

C6' 8743(3) 845(3) 1153(1) 54(1) 

C7' 6832(3) 1408(4) 555(2) 61(1) 

C7A' 4993(2) 2896(2) 1007(1) 43(1) Ðèñ. 2. Ìîëåêóëÿðíàÿ ñòðóêòóðà ñîåäèíåíèÿ 1
ñ  âåðîÿòíîñòíûìè (50%) ýëëèïñîèäàìè àíèçîòðîïíûõ ñìåùåíèé

10  ÂÌÓ, õèìèÿ, ¹ 1
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Ò à á ë è ö à  4

Äëèíû ñâÿçåé (Å) è âàëåíòíûå óãëû (ãðàä) â ñîåäèíåíèè 1

Ñâÿçü d Ñâÿçü d Ñâÿçü d 

S1–C2 1,707(5) C3A–C4 1,478(4) C7A–C3A 1,364(4) 

S1–C7A 1,713(3) C4–C5 1,514(4) C7A–C7 1,507(6) 

C3–C2 1,329(5) C5–C6 1,521(5) C4–C4' 1,345(6) 

C3A–C3 1,433(5) C6–C7 1,506(6) − − 

Óãîë ω Óãîë ω Óãîë ω 

C2–S1–C7A 91,57(19) C7A–C3A–C4 121,2(3) C4–C5–C6 110,5(3) 

C3A–C7A–C7 125,4(3) C3–C3A–C4 127,9(3) C7–C6–C5 112,6(4) 

C3A–C7A–S1 112,0(3) C4'–C4–C3A 124,3(4) C2–C3–C3A 113,8(4) 

C7–C7A–S1 122,5(3) C4'–C4–C5 123,6(4) C3–C2–S1 111,9(3) 

C7A–C3A–C3 110,7(3) C3A–C4–C5 111,9(3) C6–C7–C7A 110,4(3) 

Êðèñòàëëè÷åñêàÿ ñòðóêòóðà 1, ñòðóêòóðíûé êëàññ
Pcca, Z = 4(2), â êîòîðîì ìîëåêóëû çàíèìàþò ÷àñò-
íóþ ïîçèöèþ íà îñÿõ 2, êîëëèíåàðíûõ Y, îðòîãîíàëü-
íûå ñëîè Pl(YZ)2/c, Z = 2(2) íàëàãàþòñÿ ïàðàëëåëüíî
áåç ñäâèãà (ðèñ. 4). Àñèììåòðè÷íûå ÷àñòè ìîëåêóëû
ôîðìèðóþò â îäíîì ñëîå äâà äâóìåðíûõ ïàðêåòíûõ
ìîòèâà, ñîâìåùàåìûõ ïîâîðîòíîé îñüþ, ïðè ýòîì
öåíòðû ìàññ ìîëåêóë ðàñïîëîæåíû ïî ïñåâäîöåíòðèðî-
âàííîìó ìîòèâó. Äèàãîíàëüíûå ñäâèãè d1 = 5,28 Å è
d2 = 5,94 Å ñîîòâåòñòâóþò äâóì ïðî÷íûì, íåýêâèâà-

ëåíòíûì ìåæäó ñîáîé ìåæìîëåêóëÿðíûì êîíòàêòàì ñ
ýíåðãèÿìè 18,5 è 18,7 êÄæ/ìîëü. Ïåðâîìó êîíòàêòó îò-
âå÷àþò âçàèìîäåéñòâèÿ àòîìîâ â îñíîâíîì àðîìà-
òè÷åñêèõ êîëåö, à òàêæå îáíàðóæåíà ñëàáàÿ ñâÿçü
C3…H–C5 2,80 Å, 147°. Âòîðîìó êîíòàêòó îòâå÷à-
þò ìíîæåñòâåííûå àòòðàêòèâíûå âàí-äåð-âààëüñîâû
âçàèìîäåéñòâèÿ àòîìîâ â îñíîâíîì íåàðîìàòè÷åñêèõ
öèêëîâ – ãèáêèõ è áîëåå îáúåìíûõ – ÷òî è îáóñëîâëè-
âàåò íåáîëüøîå ðàçëè÷èå êîíòàêòîâ ïî ýíåðãèè è ðàñ-
ñòîÿíèþ ìåæäó öåíòðàìè ìàññ. Ýíåðãèÿ ñëîÿ ñîñòàâ-
ëÿåò 105,2 êÄæ/ìîëü, à ïîëíàÿ ýíåðãèÿ êðèñòàëëà
ðàâíà 142,8 êÄæ/ìîëü. Òàêèì îáðàçîì, ýôôåêòèâ-
íîñòü ñëîåâ ðàâíà ïðèìåðíî 74%, à ýòî, íåñîìíåí-

Ðèñ. 3. Ìîëåêóëÿðíàÿ ñòðóêòóðà ñîåäèíåíèÿ 2 ñ âåðîÿòíîñò-
íûìè (50%) ýëëèïñîèäàìè àíèçîòðîïíûõ ñìåùåíèé

Ðèñ. 4. Îðòîãîíàëüíûé ñëîé  Pl(YZ)2/c, Z = 2(2) â êðèñòàëëè-
÷åñêîé ñòðóêòóðå 1. Øàðîâàÿ ìîäåëü â ðàäèóñàõ Áîíäè.
Áåëûìè ëèíèÿìè ïîêàçàíû ïñåâäîöåíòðèðîâàííàÿ ÿ÷åéêà

ñëîÿ è äèàãîíàëüíûå ñäâèãè
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Ò à á ë è ö à  5

Äëèíû ñâÿçåé (Å) è âàëåíòíûå óãëû (ãðàä) â ñîåäèíåíèè 2

Ñâÿçü d Ñâÿçü d Ñâÿçü d 

S1–C2 1,7068(18) C4'–C4            1,344(2) C3'–C2'           1,355(2) 

S1–C7A 1,7210(16) C4'–C3A'          1,4748(19) C3–C2             1,350(2) 

S1'–C2' 1,715(2) C4'–C5'           1,515(2) C7A'–C7'          1,495(3) 

S1'–C7A' 1,7221(17) C4–C5 1,5179(19) C6–C7             1,521(3) 

C3A–C7A 1,3730(19) C3A'–C7A' 1,370(2) C6–C5             1,531(2) 

C3A–C3 1,438(2) C3A'–C3' 1,437(2) C5'–C6'           1,527(2) 

C3A–C4 1,4721(19) C7A–C7 1,495(2) C6'–C7'           1,517(3) 

Óãîë ω Óãîë ω Óãîë ω 

C2–S1–C7A 91,88(8) C3A–C4–C5 111,21(12) C3A'–C7A'–S1'   111,66(12) 

C2'–S1'–C7A' 91,98(8) C7A'–C3A'–C3' 111,61(13) C7'–C7A'–S1'      122,66(13) 

C7A–C3A–C3 111,25(13) C7A'–C3A'–C4' 120,47(13) C7–C6–C5           113,03(14) 

C7A–C3A–C4 120,97(13) C3'–C3A'–C4' 127,35(13) C4–C5–C6           109,79(12) 

C3–C3A–C4 127,30(13) C3A–C7A–C7 125,69(14) C3–C2–S1           112,16(12) 

C4–C4'–C3A' 125,31(12) C3A–C7A–S1 111,70(11) C7A–C7–C6        110,95(13) 

C4–C4'–C5' 123,64(13) C7–C7A–S1 122,59(12) C4'–C5'–C6'         108,83(13) 

C3A'–C4'–C5' 110,97(12) C2'–C3'–C3A' 113,05(15) C3'–C2'–S1'         111,68(13) 

C4'–C4–C3A 125,12(12) C2–C3–C3A 112,99(14) C7'–C6'–C5'         112,37(15) 

C4'–C4–C5 123,66(13) C3A'–C7A'–C7' 125,49(15) C7A'–C7'–C6'      111,07(15) 

íî, áîëüøàÿ âåëè÷èíà [14]. Òàêèì îáðàçîì, ñòðóê-
òóðó 1 ìîæíî îòíåñòè ê ïîäêëàññó:

           2 − Pl(YZ)2/c, Z = 2(2) − Pcca, Z = 4(2).

Â êðèñòàëëè÷åñêîé ñòðóêòóðå 2 (ðèñ. 5), ñòðóêòóð-
íûé êëàññ P1, Z = 2(1) íàëè÷åñòâóþò ìåæìîëåêóëÿð-
íûå âçàèìîäåéñòâèÿ S1'…H–C2 2,92 Å (148°), ñâÿçû-
âàþùèå òðàíñëÿöèîííî çàâèñèìûå âäîëü îñè Y ìîëå-
êóëû, è Ñ7A…H–C6 2,83 Å (149°), äåéñòâóþùèå ÷å-
ðåç öåíòð èíâåðñèè. Â ñòðóêòóðå îáíàðóæåíà ëîêàëü-
íàÿ îñü ïñåâäîñèììåòðèè {2}, îðèåíòèðîâàííàÿ ïðè-
áëèçèòåëüíî âäîëü íàïðàâëåíèÿ [110] è ñîåäèíÿþùàÿ
õèìè÷åñêè ýêâèâàëåíòíûå ÷àñòè ìîëåêóëû, ñ ïàðà-
ìåòðàìè σ = 0,02Å, σìaêñ = 0,04Å, δ = 0,10Å, δìaêñ =
0,13Å. Ïåðâûå äâå âåëè÷èíû ãîâîðÿò îá îäèíàêîâîé

êîíôîðìàöèè íåàðîìàòè÷åñêèõ öèêëîâ, äðóãèå äâå
ñâèäåòåëüñòâóþò î íàëè÷èè îñè {2}, êîòîðàÿ, îäíàêî,
âñåöåëî îáóñëîâëåíà ñòðîåíèåì ìîëåêóëû. Íî âàæ-
íûì îáñòîÿòåëüñòâîì ÿâëÿåòñÿ òî, ÷òî óêàçàííûå
÷àñòè ìîëåêóëû èìåþò ïîõîæåå êðèñòàëëè÷åñêîå îê-
ðóæåíèå. Êàê ñëåäóåò èç ðèñ. 5, íàèáîëüøåãî ðàñõîæ-
äåíèÿ â ýíåðãèÿõ ìåæìîëåêóëÿðíûõ êîíòàêòîâ äëÿ
ýòèõ ÷àñòåé ñëåäóåò îæèäàòü âäîëü îñè Z, è ñîãëàñíî
ðåçóëüòàòàì ðàñ÷åòà ýíåðãèÿ âçàèìîäåéñòâèÿ ìîëåêó-
ëÿðíîãî ñëîÿ z ñî ñëîåì –z ðàâíà 34,8 êÄæ/ìîëü, à
ñî ñëîåì –z+1 36,5 êÄæ/ìîëü (z – êîîðäèíàòà èñõîä-
íîé ìîëåêóëû). Ýòè âåëè÷èíû ñîïîñòàâèìû, ñëåäîâà-
òåëüíî, ñèììåòðè÷åñêàÿ íåýêâèâàëåòíîñòü ÷àñòåé
ìîëåêóëû íå ÿâëÿåòñÿ çàâåäîìî íåâûãîäíîé. Ïîëíàÿ
ýíåðãèÿ êðèñòàëëà ñîñòàâëÿåò 140,0 êÄæ/ìîëü, ïðè

11  ÂÌÓ, õèìèÿ, ¹ 1
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STRUCTURE AND CRYSTAL CHEMISTRY ANALYSIS OF (4E)- AND
(4Z)-6,6',7,7'-TETRAHYDRO-5H,5'H-4,4'-BI-1-BENZOTHIOPHENE
A.M.  Banaru
(Division of Physical Chemistry)

By means of X-ray crystallography the structures of (4E)-6,6',7,7'-tetrahydro-5H,5'H-4,4'-bi-1-
benzothiophene and (4Z)-6,6',7,7'-tetrahydro-5H,5'H-4,4'-bi-1-benzothiophene were determined.
For each compound the calculation of intermolecular interaction energy was performed. The total
energies of crystal, as well as the packing indices, prove to be similar. The perspectives of
pseudosymmetry effects were disclosed.

Key words: X-ray diffraction, intermolecular interaction energy, structural subclass,
pseudosymmetry.

Ñâåäåíèÿ îá àâòîðàõ: Áàíàðó Àëåêñàíäð Ìèõàéëîâè÷ – ìë. íàó÷. ñîòð. êàôåäðû ôèçè÷åñêîé õèìèè õèìè-
÷åñêîãî ôàêóëüòåòà ÌÃÓ (banaru@mail.ru).

Ðèñ. 5. Øàðîâàÿ ìîäåëü êðèñòàëëè÷åñêîé ñòðóê-
òóðû 2 â ðàäèóñàõ Áîíäè. Ïðîåêöèÿ âäîëü îñè Y
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Ïîñòóïèëà â ðåäàêöèþ 25.01.08

ýòîì âûðàæåííûå ìîëåêóëÿðíûå àãëîìåðàòû â ñòðóê-
òóðå îòñóòñòâóþò, ïîýòîìó îíà îòíîñèòñÿ ê ïîäêëàñ-
ñó 1 – P1, Z = 2(1).

Êîýôôèöèåíòû ïëîòíîñòè óïàêîâêè, ðàññ÷èòàííûå
äëÿ ðàäèóñîâ Áîíäè â ïðîãðàììå PLATON [15] (0,69
è 0,68 äëÿ ñîåäèíåíèé 1 è 2), áëèçêè òàê æå, êàê è
ïîëíûå ýíåðãèè êðèñòàëëà. Ýòè ïðàâèëà, êàê íàì êà-
æåòñÿ, ìîãóò ðàñïðîñòðàíÿòüñÿ íà ëþáûå ïàðû ãåî-
ìåòðè÷åñêèõ èçîìåðîâ ìîëåêóë ñðàâíèòåëüíî ìàëîãî
îáúåìà â îòñóòñòâèå ñèëüíî ñîêðàùåííûõ ìåæìîëå-
êóëÿðíûõ êîíòàêòîâ.
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