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The crystal structure of the cis-dimer of acenaphthylene, C24H16, has been determined by three-dimen- 
sional X-ray analysis (R=0-070 for 950 reflexions). The space group is monoclinic P21/c with a= 
11-966 (5), b= 13.930 (5), c= 10.003 (3)/~ t =  107"7 (1), Z=4,  Dx= 1.24, Dm= 1"26 g.cm-3. The bond 
lengths in the naphthalene rings are not significantly different from those in naphthalene itself or 
acenaphthene. The cyclobutane single bonds of 1.56/~ are greater than a normal single bond. The 
molecular symmetry deviates from mm2 by a small but significant amount. A large ring-bending 
amplitude of vibration of the cyclobutane ring is indicated by the analysis of thermal parameters. All 
measurements were at 22°C. 

Introduction 

Of the two dimers of acenaphthylene, C12H8, that are 
produced when acenaphthylene is irradiated with 
ultraviolet light, the eis-dimer is the one with the lower 
melting point (234°C). This stereoisomer was re- 
ported by Wei & Livingston (1967) to be the more 
dominant product, both when oxygen is present in 
the irradiated solution, and at temperatures above 
about 60°C in the solid state. The trans-dimer (m.p. 
304°C) on the other hand is produced at low oxygen 
concentrations in solution, and at lower temperatures 
(0-30°C) in the solid state. The present work is part 
of an investigation into the mechanisms of the reac- 
tions occuring in this system. The structure of the 
trans-dimer and the cell dimensions and space group 
of the cis-dimer were reported by Dunitz & Weissman 
(1949). Both molecules are of interest chemically as 
they contain four-, five-, and six-membered rings; in 
particular the cyclobutane ring is of interest. Dunitz's 
structure furnished strong evidence for a bond length 
greater than 1.54 A for the bonds in this ring, but his 
values taken from an electron density projection had 
large experimental errors. Although many cyclo- 
butanes do not have a planar ring, his space group 
contained the molecules in centrosymmetric positions 
so that the planarity of the ring was assumed. 

Experimental 

A sample of the cis-fflmer was produced by the ir- 
radiation of a concentrated solution of acenaphthylene 
in ethanol. This was contained in a Pyrex flask in the 
presence of air, and unfiltered radiation from a 
mercury-vapour lamp was used. The product of 
dimerization was precipitated on formation as a white 
powder. On separation and subsequent recrystal- 
lization from toluene, colourless transparent crystals 
were obtained. A fairly large prism-shaped crystal 
(0.5 x 0.5 x 0.9 mm) was chosen with well-defined edges. 
The prism axis was later found to be [101]. Cell dimen- 

sions measured from Straumanis-loaded oscillation 
photographs taken at 22°C were found to be: 

a =  11.966 (5), b=  13.930 (5), c=  10.003 (5) A; 

t =  107.7 (1) °. 

Figures in brackets are the estimated standard devia- 
tions on the least significant digits. The measured 
density at 22°C was 1.26 and the calculated density 
1.24 g.cm -3 for four molecules per unit cell. Although 
the values for a,b,c, fl agree within about one per cent 
with the data given by Dunitz, the glide plane in this 
orientation is c and not n, as given by him. A trans- 
formation of axes to give an n-glide cell results in a 
much larger fl angle. 

Intensity data were collected from conventional 
Weissenberg photographs of hOl to h91 with Cu Ka 
radiation. The multiple-film technique was used and 
as many as seven films were needed to record the range 
of intensities from a given layer. Intensities were 
measured using a Joyce-Loebl Flying Spot Micro- 
densitometer. In all about 1150 reflexions were re- 
corded, and only a few were discarded because of 
their situation on or near white-radiation streaks. 
Structure amplitudes were computed with the Intensity 
Processing Program for the Pegasus Computer (Mil- 
ledge, Milledge & Walley, unpublished). This program 
scales and averages the data taking into account the 
errors in intensity measurement, applies Lorentz and 
polarization corrections, and prints a list of:: structure 
factors. The ten different layers were scaled together 
approximately by measuring common reflexions on a 
zero-layer photograph with [101] as the rotation axis. 
These scale factors were later allowed to refine. 

Determination of the structure 

For the initial stages of structure solution only the 450 
strongest low-order reflexions were used. The general 
packing of the molecules was deduced from a Patter- 
son projection on (010), and trial and error methods 
were then used to fix the orientation of the molecule. 
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This proved difficult as the angle between the two 
halves o f  the molecule was unknown,  and hence a 
squaring-up technique as described by Milledge (1962) 
was used on each half  separately so that the two planes 
could be refined to give the best fit. When the R value 
was about 0.30, individual atomic shifts were allowed 
and subsequent cycles of  x,y,z,  and isotropic B re- 
finement produced an R value of  0-096 for 450 re- 
flexions. These stages o f  the procedure were carried 
out on the Pegasus computer using the Diagonal 
Least Squares program of  Milledge (1962). 

Refinement of the structure 

Positional and thermal parameters were refined with 
the complete data using the full-matrix least-squares 
program [a local modification of  Ibers' NUGLS, see 
e.g Ibers & Bright (1968)] on the University College 
IBM 360/65 computer. The quantity minimized was 
~w(Fo-Fc) 2, w being taken as unity throughout.  
Atomic  scattering factors were those listed in Interna- 
tional Tables for X-ray Crystallography ( 1 9 6 2 ) .  A n  
empirical extinction correction was applied to the data. 

Table 1. Parameter list 

Figures in brackets are the estimated standard deviations on the least significant digits. Anisotropic thermal ellipsoids for the 
carbon atoms took the form 

exp [ -- (b~  h 2 + b2z k2 + b33/2 + 2blzhk + 2b~3hl + 2b23kl)]. 

Hydrogen atoms were assumed to have isotropic temperature factors of 2.5 A2. 

/,TOE ~-F~AC. 

CI o*1o6o7~6o) 
C= 0,o9198($8~ 
C3 o*1365o(61) 
C4 o.=z$a3($8) 
C5 o*=99~o(71) 
C6 0.35986(67 ) 
C 7 o*~11411(73) 

C9 o.48=4o(~6) 
C:o o.4~8~o(~3) 
Cz: o.=9a4a(~4) 
Cta o,6t519(57) 
ct~ o.os$7~(~7! 
C14 o.o3649(~51 
Cz5 o*z4o74($9) 

CI7 o. 19465(~31 

Cz9 o.17~14(7 o) 
C11o o,:948~!7o! 
C~t o*19595(64~ 
C=11 O.=$11O!63 ~ 
C13 o.16431~$31 
C34 0*:13951(53) 

Y-FRAC. 

o.z57~8~611~ 
o,o74=o{6=/ 
o*z7954{6o) 
o .o~oz ls~ l  
o.14378~7o] 
.o.o~49a(65) 

.o,oz6o7~7=~ 
o,~843917a) 
0.o4~931671 
o.1t~39~591 
O.Zt~99~631 
o.o9o84(6a] 
o.oo~46~6t ~ 
o.o4691~6o~ 

-o,o7795(6o) 
o*o848I(64~ 

-o.,67o~63 l 
-Oo~3O44~68~ 
-o,o6915(68~ 
"o*=o344~66~ 
"o,o469~57~ 
-o,Ito11(63) 

ATO~ X-FRAC. Y-FRAC. Z-FRAC. ATOH X-FRAC. Y-FRAC. Z-FRAC. 

HI o*o6419 o*114611 o*34o57 H9 -o.o1816 o*~o659 0.11548 
I'~ o,o4554 0*09709 o,47555 HZO -o,o~373 -o*o0779 0*=4506 
H$ o,~6111 o.19Ioo o*~3468 HZz o,18|38 o,z$363 -0,00718 
H 4 o,1o~46 -0,06046 0,63855 HIa 0*07430 -o,188~3 o.381117 
H$ o,473~1 o~19316 0*34449 H13 0*31354 °*°4859 "o.o8657 
1t6 o,411o19 -O.O6ZSO 0.75436 HI 4 o.110810 -o.a989o o,3o383 
H7 o*~6753 o.18~o8 o*$11834 Hz~ 0,35049 -o.zt356 -o*oo8o 3 

0,$4567 0.04558 o,689oo HZ6 0*30840 -o*~497o o.14~9o 

o, 3z $76(71) . . . .  764(69 ) . . . .  376175~ . . . .  ;o (91~ ~ . . . . . .  4~ SC.I 
o,4r471~69~ o,oo639~63~ o,oo474~791~ 0,00 ;={86~)-o, oooo[{$3~ 
o,35934169J o,0o7o9068) o,oo3113{8~) o,oo ;6(~86~-0,0o06:=(57 I 
O,.$O714(67) 0,00683(64) o,ooa76(711 o,oo :7(83)-o,oooo11(53) 
o.~o99o(77) o.oo988(8 $) o.oo48t(85) o.o: .3(1o$)-o.ooo41(65) 
o.6o9z6(7a) o.oo93o(84} o.oo441(8=) o.oo ;1(95) o.ooo69(6I) 
o.376o9(83) o.oIoo719o) o.oo76o(Ioo) o.o1 1~(I3o)-o.oo1178(7~) 
o.67698(69) o.ozo18(87) o.oo697(9=) o.oo I.;(89) o.oo168(71 l 
0.48589(88) 0.007=3(78) o*oo7o9(zoo) o.o1 ;I(I1o)-o.oo=.48(661 
o,64135(74l o,oo736(7o) o,o0516(8o) o.oo ,8(91 ) 0,oo1711(61 ) 
o.46833163) 0.00538(60) 0*00346(69) o,oa ~3(8o)-o,ooo18(54) 
o,33388(~66} o*oo595161~ o*oo373{73~ o,oo ~o(90)-0,on019(';8 ) 
o,;r87~4168 ) o,oo$16{6o) o,oo$=,7~78~ o,oo ;1(87~ o*ooo91(36) 
o.~8~7466~ . . . .  ~18c6,l . . . .  a . ~ o  I . . . .  ~4I~'1 . . . . . .  64~141 
o,117.18~63) 0,00667(67) o,oo36a~77 ~ o,o0 ~=~71~/ o*oo1441371 
o,:16163(7o) o,oo61o~64~ o,oo:~83~78 ~ o,oo b,,(8g)-o,oo115($4) 
o,o~7o91711 o,ola8o~95~ o,oo~$=~7511 0,o0 ;6(9a~ o.o0o53~67~ 
o.~1~71~75~ o.ooa.~7(75~ o.oo=~6~8o; o.oo 111oo)-o.oo~47(61 ~ 
. . . . . . .  (7 o ) . . . . . .  7t87l . . . . .  89{9., . . . .  ;1¢.9o) - . . . . . . .  (711' 
o,1687=f ~8o o,o=119~.9o; o*oo197~8=~ o,oz ~(11=)-o,ooo11(67) 
o*o=$17~71/ o*oo76o(7a~ o,oo$11o~,931 0,00 o(9o~ -o,ooo31(61~ ~ 
o,17:=$9(~78) o,oo8o$(75) o,ooa79183~ o,oz ~¢(1o6) o,oooo316o) 
o.16349(~61 ) 0.00448(371 o.ooa69~711/ o.oo 4(77) o*°°°16t5 o) 
o. I1o93(6¢) o*oos33{61) 0.00a4a{76) o.oo C:{Bg) o.oooo4($3 ) 

8(=.3) 8(=.3) 

..... 89(66~ . . . . . .  =,(6s~ 
o,oo=a$[6a/ -o,ooa131631 
o,oo1147(64) -o,oo=~9161) 
0,00=74(63) -o.ooo$$($8) 
o.oo3j4(79) o.ooo118(711) 
o.oo361(77~ 0,00019(68] 
o,0o65819o~ -o,ooI~o(87) 
o*ooz$9173t o,ooo4417o ~ 
o.oo4oz~83~ -o.oo395184] 
o.oo141(67) -o.oooo7(67) 
o.o0=46~57} -o.o0o89(5a) 
o,oo:53163~ -o.oolz4(63) 
o*0o015[J8 ? -o,0o=17166~ 
o,ooo64~60~ -o*oo|49~63~ 
0,o0o$=($8) -0,0oo4at59/ 
0*00119(61) -0,00a7=(6=) 
o,o035o(77~ -o,oo0o7(64~ 
0,oo2116~71~ o,0ooa7(67) 
o,00163~77~ -o*oo=39(7=] 
o*oo156(84~ -o,ooo68(74) 
. . . .  ~69167t . . . . . .  6~(671 
o*oo=$4~71~ -o*ooo8~{7]) 
o.oooo3~$4; -o.ooz~6($6) 
o,ooo34(61) -o,oo179($9) 

a = 11 9 6 6  f )  c=/--- 
1 0 " 0 0 3  

~~. . 4 ~ . . .  ;:. ~.~,. :: ~i~0 
"'-._ 2 "  ~ ",,3.96. ",, .::." 

2 7.. ". }-7t J:7.~ ';?: """ "."' 
.... "';"is6 3.7s 1 
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9 

8 

Fig. 1. Molecular packing. Molecules related by a c-glide are omitted. Distances given are in fingstroms. 
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This  t o o k  the fo rm of  a pa ramete r  b in the equa t ion  Wi th  I on an absolute  scale a value of  7 x 10 -6 for  b 
was found  to give sat isfactory i m p r o v e m e n t  in m a n y  

It~.~=Iobs+b.IoZbs. of  the s t rong low-order  reflexions. A few remain ing  
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i s . =  - l O .  4 
~+ o 4 : 7 . 4  | 7 eS  - 9  
= + 3.7 o.9" - • o  
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= + 87*+ x$.6 8 

4 •7.8 ":9*3 

: : * 6  lO** 
4 19.e 18.9 , 

:~ : ++ , , . ,  1 5 . ,  o 
13*3 z • . 6  

-+ o + 6 . s  3.7* -• 
+ z= .+  - l = . s  - 2  

-6 o + x ) . a  : , . 6  -$ 
- I  4 : ) . 6  - s s . 9  -6 
-s o + • 3 . a  ".3.o -7 
"9  + • $ . 3  - z $ . 8  -~ 

- , o  o 4 ~ o . )  ~z*7 - , o  
-11 4 •=.8 •,.~ -•: 
- :=  o 4 x•*3 " : o * 4  - • =  -,+ o ~ . . ,  - . . . .  ++, 

:+ ~-9 3*3*  

"+ : ~ ,..'"~ . . . .  I,,.7" J 

~ : ' ~  . . . . . . .  i )=*3 S)*6 
6 )9 *=  - ) 9 . o  

~ i  . . . . . .  +31 6 34,  . . ,  -) 
6 •9*9  - • 8 . 6  - 6  

- ' $ * 3  ++ . . 6  : I  zo .3  - i o * =  
8 5*o - 4 . 9 "  1 
8 6 ,6  - 7 * ?  
a 6 .8  ) . 8 -  

o a =~.$ ==.~ - : ~  
as 36 .6  - = 6 . )  

z9 .$  - • o . s  + 
• 8 .6  - , 8 . *  
• $.= 13., 

.- a.o "?*4 
8 ::'-3 z:*,, -+ 

: I  o as . . . . . . . .  1 ?*? 7.$ : + o :  8:+ 8::. 
-9  a 4.8 "3*$" • 

-z~ o 8 ? .3  ) . 6  -~  
- .  ~ o 8 4")  4.X* -.~ 

+ : : :  3 . . . .  , -  :~ 
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• o •o  3"? 4 . 8 "  -~' 
o o x *  , . 8  7 -6  - 3  

9*9 -~ o z .  9-3 -+ 
-$  o o z - .  -6 o :o s=:; ..... - 1 1 . 6  - 4  
--: o =o 8°¢ , o 6  
-6  o •o $..~ - $ . 4  • 
-9 o z .  3-9 -$*$* : 

-=o o :o 6* 9 7*4*  3 
-• . •: a.? 9-' + 
:~ : : :  ) - ,  ~.o- ,,0 
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-+ : : :  . . . . .  3.= 
- -  8.o  - • • . )  + 

+ 
+ 
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Table  2. Structure factor list. 
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reflexions for which Feale was still much greater than 
Fobs were ones for which measurement had been inac- 
curate because of insufficient films used in the film- 
packs. These were omitted from the refinement and 
are labelled with an X in the structure factors list. A 
total of 226 parameters were refined using 1144 re- 
flexions, but because of the high number of parameters 
the refinement was split into two: 72 positional and 10 
layer scale, and 144 anisotropic thermal parameters, 
which were refined alternately. Three cycles were suf- 
ficient to reach a minimum of R =0.080. At this stage 
it was noticed that bad agreement of the very weak 
reflexions was contributing quite a lot of noise to the 

refinement. A cycle was therefore performed omitting 
the reflexions which are marked with an asterisk in the 
structure factor list. An R value of 0-070 for 950 re- 
flexions resulted, which became 0.076 for 1144 re- 
flexions. The small shifts produced were not considered 
significant enough to warrant further refinement. 
Positional parameters and isotropic thermal param- 
eters for hydrogen were assumed but were not refined. 
A final parameters list is given in Table 1, and observed 
and calculated structure factors are li~ted in Table 2. 
The e.s.d.'s given, which come from the last least- 
squares cycle, are calculated on the basis of the number 
of parameters used in each cycle (82 for x,y ,z  and 144 

Table 3. Bond lengths and angles 

Est imated s tandard  deviat ions vary between 0.010 and 0.013 ~, for bond  lengths and 0.4 and 0.7 ° for the angles. Number ing  of  
a toms is as shown in Fig. 2. 

Bond Length Mean Naphtha lene  Acenaphthene  

1--2  1.567 
13-14 1.562 1.563 - -  - -  

1-13 1.551 
2-14 1.571 

1--3 1.519 
2 - - 4  1.512 1.520 - -  - -  

13-15 1.527 
14-16 1.520 

3 - -5  1.356 

4 - - 6  1.375 1.358 1.36 1.37 
15-17 1-365 
16-18 1.337 

5 - - 7  1.437 

6 - -8  1.445 1.433 1.42 1.43 
17-19 1.433 
18-20 1.417 

7 - - 9  1.397 

8-10 1.364 1.380 1.36 i-35 
19-21 1.365 
20-22 1.392 

9-12 1.422 
10-12 1.418 1.419 1.42 1-42 
21-24 1.447 
22-24 1.390 

3-11 1.411 
4-11 1.406 

15-23 1.388 i .409 1.42 1.4 ! 

16-23 1.431 

11-12 1.415 1.415 1.41 1.40 
23-24 1.415 

Atoms  

1 - -2 -13  
1 - -2 -14  
1-13-14 
2 -13-14  
3 - -5 -11  
4 - -6 -1  i 

15-17-23 
16-18-23 
7 - - 9 - 1 2  
8 -10-12  

19-21-24 
20-22-24  

Angle Atoms  Angle Atoms  

90.5 ° 1 - - 2 - - 3  105.5 ° 1--3-11 
90.3 1 - - 2 - - 4  105.0 2 - -4 -11  
91-2 13-15-14 103.4 13-15-23 
91-0 13-16-14 107.6 14-16-23 

121"0 3 - - 5 - - 7  117-2 5 - - 7 - - 9  
119"4 4 - - 6 - - 8  I 18.0 6 - - 8 - 1 0  
i 19-7 15-17-19 117"4 17-19-21 
121.0 16-18-20 118.4 18-20-22 
118.4. 9-12-11 117.5 3-11-12  
121.3 10-12-11 115"8 4 -11 -12  
119.3 21-24-23  114.8 15-23-24 
119"3 22-24-23 118.6 16-23-24 

Angle 

107.3 ° 
108.1 
108-8 
105.3 
123.6 
121.9 
123.8 
122.5 
122.4 
123-5 
124.8 
120.2 
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for b~j) so tha t  these are slightly smaller  t h a n  the  agree- 
m e n t  for the total  n u m b e r  o f  pa ramete rs  would  suggest. 
S t anda rd  devia t ions  for b o n d  lengths  were  calcula ted 
using the fo rmulae  o f  A h m e d  & Cru i ckshank  (1953), 
and  those  of  b o n d  angles using the fo rmula  of  D a r l o w  
(1960). 

D i s c u s s i o n  

The  molecu la r  pack ing  is shown  in Fig. 1. A layer 
re la ted to the one  shown  by a c-glide occurs ha l fway 
up  the  b axis. Molecules  are packed  in rows a long  a 
lin,e o f  centres of  symmet ry  a long  [101]. Some inter-  
molecu la r  c a r b o n - c a r b o n  contac t  dis tances  are shown.  
Table  3 lists the  b o n d  lengths  and  b o n d  angles o f  the 
der ived molecu la r  structure.  T h e b o n d s  in the  four-  
m e m b e r e d  r ing are greater  then  the no rma l  s ingle-bond 
length.  M e a n  values o f  chemical ly  similar b o n d  lengths  
are c o m p a r e d  wi th  the  co r r e spond ing  b o n d  lengths  in 
naph tha l ene  and  a c e n a p h t h e n e  (Ehrlich,  1957). The  
devia t ion  o f  each  b o n d  length  f r o m  the m e a n  value for 
tha t  type o f  b o n d  is never  m o r e  t han  2.5 s tandard  
devia t ions  and  is general ly m u c h  less. 

The  significant findings o f  the inves t iga t ion  are con-  
ce rned  wi th  the  c o n f o r m a t i o n  o f  the  molecule .  Fig. 2 
shows the molecu le  pro jec ted  on to  the p lane  o f  one  
ha l f  of  the  molecule .  The  two halves are seen to be 
twisted wi th  respect  to each other ,  i.e. the  molecu le  
does no t  have  mm2 symmetry .  The  dev ia t ion  f rom this 
symmet ry  was measured  in terms of  the angles be tween  
pairs o f  s imilar  vectors  - wi th  the n o t a t i o n  as in Figs. 
1 and  2" 

2-1 14--13 2 ° 6' 
4-3 16-15 3 36 
6-5 18-17 4 36 
8-7 20-19 5 24 

10-9 22-21 5 6 

This twist can be expla ined in terms of  the non -p l ana r  
c o n f o r m a t i o n  o f  the cyc lobutane  ring. Whi le  devia t ions  
f rom planar i ty  o f  the  r ing itself are only  of  the  order  
o f  one  s tandard  devia t ion  and  hence  no t  significant, 

14 13 

, t  , ,  -~ 
• " I !\ 

,6; 12 ,i \ ,,. . . . . . . . . . . .  ~ .3F~.. 

/ I > .  \ >,, 
,or.. ~ i \ i 

6 $ 

8 ? 

Fig. 2. Molecular conformation and thermal motion The 
molecule is projected onto the plane of atoms 1-12. Arrows 
indicate the directions of maximum and minimum vibration 
in the plane. These, together with the out-of-plane amplitude, 
are: 

Perpen- 
M~imum Minimum dicular 

5 5.2 3.5 4.1 
6 5.0 3.2 3.0 
7 7.6 3.2 5.1 
8 6-5 3"2 3.9 
9 7.5 3.2 3-7 
10 5.3 2.9 3-7 
12 3.6 3.1 2-5 

Values of B= 8n2fiz in/~2, fi2 is the mean-square atomic dis- 
placement. 

Table  4. Values o f  (Uijobs-  U~jeale) x 104 A2 for  rigid -body motion o f  one hal f  molecule only (atoms 1-12), 
where U~j= Bi~/87~ 2 ~ 

U~j are referred to molecular axes, L perpendicular to the plane of the half molecule, M parallel to the 11-12 bond, and N forming 
the orthogonal set 

(a) With the centre of rotation at the centre of gravity of the half molecule, (b) with the centre of rotation moved 1 A towards 
the 4-membered ring. ~: :!i . . . .  

The mean standard deviation of the ValUes for U~j was 50' (on this scale), and errors within this range have been omitted. 

(a) 11 22 33 23 13 12 (b) 11 22 33 23 13 12 
1 -53  +53 -145 +58 . . . .  +65 - -  - -  - -  

2 - 98 - -  - 141 - 72 . . . .  + 78 - -  - -  - -  
3 - 8 7  - -  - -  +65 - 5 3  - -  - 5 4  - -  +82 - -  - -  - -  
4 - 6 5  - -  -141 - 6 4  - 5 0  . . . .  63 - -  - -  - -  
5 . . . . . . . . . .  85 - -  - -  
6 - 97 - -  - 60 . . . . . .  + 72 - -  - -  
7 +77 - -  +194 +118 +72 - -  - -  +54 +87 ~ +73 - -  
8 ~ - -  +99 -109  +121 . . . . .  +109 - -  
9 +91 - -  +267 +95 . . . .  +111 +59 - -  - -  

10 +118 - -  - -  - 5 8  - -  - 6 2  - -  - -  - 1 7 6  - -  - -  - -  

1 1  - -  - -  - 56 . . . . . .  54 - -  - -  - -  

12 --83 . . . .  55 . . . .  141 - -  --63 - -  

Derived rigid-body T, to tensors were: 
T~for (a) +0.0224 +0.0402 +0.0418 +0.0025 +0.0027 +0.0025)k 

(b) +0.0175 +0.0413 +0.0387 +0.0025 +0.0015 +0.0031 
toil for (a) +0.0046 +0.0050 +0.0009 +0.0010 -0.0000 -0.0002radians 

(b) +0.0041 +0-0048 +0.0023 +0.0007 -0.0004 +0-0001 
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the resulting shifts of the atoms furthest from the 
cyclobutane are about 20-30 standard deviations and 
hence highly significant. 

Some results of an analysis of the thermal-vibration 
ellipsoids are also indicated in Fig. 2. The directions 
of maximum and minimum amplitude of vibration in 
the plane of one half-molecule are shown. The diagram 
suggests that the half-molecule pivots about the four- 
membered ring in a swinging motion in its own plane. 
Rigid-body T~3, o~j analyses, after the manner of 
Cruickshank (1956), were performed on the two halves 
of the molecule separately. The half-molecule atoms 
1-12 gave generally good agreement with the rigid- 
body model when the centre of rotation was shifted 
to a point much nearer the four-membered ring than 
the centre of gravity. Table 4 lists values of U~Sobs-- 
Uijeale for these atoms. 76% of the Uij lie within one 
standard deviation for the case of the shifted centre 
of rotation compared with only 55% for the case where 
the centre of gravity is the centre of rotation. A large 
negative difference value is not compatible with any 
rigid-body model, so that the large difference for U33 
of atom 10 illustrates that the proposed model for the 
vibrations is an over-simplification. This difference, 
however, is in agreement with a general trend that 
atoms 5, 7, 9 have larger thermal vibrations than atoms 
6,8,10 respectively. It is perhaps significant that be- 
cause of the twisted conformation of the molecule as a 
whole, atoms 5, 7, 9 are respectively further from the 
centre of gravity of the whole molecule than are atoms 
6,8,10. 

The motion of the other half of the molecule, atoms 
13-24, though following the same trends as to which 
atoms have the large thermal motions, is not so 
satisfactorily represented by the simple rigid-body 
model, and seems restricted in directions parallel to 
b. This restricted vibration is not unreasonable in 
terms of the molecular packing, but it must be borne 
in mind that several of these atoms have abnormally 
low thermal vibrations parallel to b, and that some bias 
in the results is possible because of the refinement of 
layer scale factors normal to b as well as b~j values. 

However, since the first half of the molecule, atoms 
1-12, does not show any sign of such correlation, it 
is possible that the effect is real and the two unusually 
low B values of 1.0 and 0.8 A 2 of atoms 16 and 18 are 
due to random errors of the order of two standard 
deviations. 

As the standard deviation for the principal B values 
is about 0.5 A 2, some quite large discrepancies are to 
be expected. Nevertheless, it is evident that some sort 
of large vibration exists and within the limits of exper- 
iment this can be explained in terms of a twisting 
motion due to the bending of the cyclobutane ring. 

Further investigations are in progress, which are 
aimed at discovering whether the observed deformation 
destroying mm2 symmetry is a result of inter- rather 
than intra-molecular forces. Calculations of repulsive 
intermolecular interactions as a function of amount 
of twist, in a manner analogous to the methods of 
Craig, Mason, Pauling & Santry (1965), are being 
made, together with measurements of thermal-expan- 
sion coefficients, and these will form the subject of a 
separate paper. 

The author wishes to thank Dr H. J. Milledge for 
her continuous help and encouragement, and the 
Science Research Council for a Studentship during 
the tenure of which this work was carried out. 
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