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The Crystal and Molecular Structure of the cis-Dimer of Acenaphthylene

By T.R. WELBERRY
Department of Chemical Crystallography, University College, Gower Street, London W.C.1, Etigland

(Received 6 April 1970)

The crystal structure of the cis-dimer of acenaphthylene, C,4H;¢, has been determined by three-dimen-
sional X-ray analysis (R=0-070 for 950 reflexions). The space group is monoclinic P2;/c with a=
11-966 (5), b=13-930 (5), c=10-003 (3) A f=107-7(1), Z=4, D:=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 A 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, C,,Hs, that are
produced when acenaphthylene is irradiated with
ultraviolet light, the cis-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 trgns-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-dimer 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 % 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;
p=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.cm3 for four molecules per unit cell. Although
the values for a,b,c,f agree within about one per cent
with the data given by Dunitz, the glide plane in this
orientation is ¢ and not », as given by him. A trans-
formation of axes to give an n-glide cell results in a
much larger f angle.

Intensity data were collected from conventional
Weissenberg photographs of %0/ to A9/ with Cu Kua
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 of 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 of the procedure were carried
out on the Pegasus computer using the Diagonal
Least Squares program of Milledge (1962).

361

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(F,—F¢)2, w being taken as unity throughout.
Atomic scattering factors were those listed in Interna-
tional Tables for X-ray Crystallography (1962). An
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 [~ (b11h2 + byok2 + b3312 + 2b 2hk + 2by 3kl + 2b,3k1)) .
Hydrogen atoms were assumed to have isotropic temperature factors of 2:5 Az,

ATOI X~FRAC. Y=FRACs 7-FRAC. 2(1,1) 8(2,3) 8(3,1) 8(1,3) 8(s,3) Bla, 3)
Tt 0,10607(60) 0415748(63) ©0.31576(71) ©0400764(69) 0400376{75) 0.00760(93) ~0400014($C) ©.00189(66) -0s00233(6s
€3 ©0e09398{$8) 0407430(6x) 0e41471{69) 0000639(63) 0400474{79} 0400762{86} ~0s00002(53) ©0.00285(62) ~0.00a13(63
(3 0e23650(63) oe17954(60 0035934169 ©0400709(68 ©0000323{81) 0,00766{86) -0,00063(57 0e00347(64) ~0e00239(63
Cs °-=!5=:§53) °-°$J°!§$Bg °-s°714§67) 0400683(64) ©400276(71) 0400717(B3) =0.0n003(53) 0400274(63) ~0s000ss( 58
Cs  0.39240(71] ©0433378{70) ©0.30990{77) 0.00988(85) os00481(Bs °o°l!°;(x°§)-n.ona¢3 65) ©.00354(79) 0.00038(73
C6 ©0035088(67) =0.01492(65) ©0460916(73) ©0.00930(84) ©0.00441(83) c.aaﬂs)égs 0400069(61) 0.00363(77) o0400019(68
C7  0e43311(73) o0e24543(76 o.;7609§88) 0401007{90) 0400760(100) 0,01536(230)-0,00270(73) 0,00658{90) =0.00130(27
28 0.38514(74) ~0.01607{73) 0.467698(69) ©0.01028(87) ©.00697(93) 0.00685(89) ©0.00168(71) ©0.00159{73) os00044{70
Cp  0e48340(66) ©0,18439072) 0048589(88) 0,00723(78) 0,00709(100) 0401451(230)~0,00248(66) 0.00401(83} ~0.00395{84
C10 ©0.45850(G3) o0e04693 67; 0464135{74) ©000736(70) ©400526(B0) 0.00878(91) 0.00172(63) 0.00142(67) -0.00807({67
C11 0420342(84) 0431530(59) 0046833(63) 0.00538(60) 0.,00346(69) 6s00633 gog -0,00018(54) ©0.00246(s7 _0.0”89558
Cta o.ats19ls7) o 1139956] 0053388(66) 0400595(G2) 0000373(73) 0.00830(90) =0400019(58) o.00153(63) ~0.c0rsy{cy
Ct3 0.05575(57) ©0409084{62) 0418724(68) o.00516(60) 0,00527{78) 0,00051(87) 0,00091(56) o©,00015(58) ~0.00227(66,
C14 o0.030649(55) 0.00346§61 0e28374{66 o.ooszﬂ(l:x; 0400355(80) 0400944(91) ~0400164(54) 0.00064(60) ~0,00149(63
Crs 0014074(59) 0.04691{60) 0431728(63) 0.00667(67) ©0,00362(77] 0s0n543(72) 0s00144(57) oc.00053{58) ~0,00043(s9
C16 ©0410634(5C) =0.07795(60) 0436163(70) 0.00610(64) ©0400283(78) 0.00834(88) ~o0.00115(54) ©e00r19(b1) -0.00272(61
£17 0410463(73) ©0,08481(64) 0403709(71) 0.01380(95) 0400353{75} 0,00856{92) ©c.00053(67) o0.00350(77) -0.00007(64
718 0413093(63) -0.16703(63) ©0e31373(73) ©0400847(75) ©0000136(80) 0,00991(100)~0400147(63) 0400236(71) o.00037(67
C19 ©.37532(70) 0.03451(71) ~o0s01440(70)} 0401037(B7) 0400489{93) 0,00751{90) ~o0.00177({73} 0.00263(77) =0.00339(71
C30 0419483(70) =0433044{63} ©0.36872(80) 0.01319(90) 0s00197(B32) 0.01376{112)=0s00023{67) 0s00156(84) ~0.00068{74
€31 0.29595(64) ~0,06915(68) 0402517(71) 0400760(72) 0400530(93] 0,00860(90) =0,00031(63} 0400369(67]) -0.00163(67
C33 0435210{65) ~0430344(66) 0e17259(78) 0,00805(75) ©0,00279(B3) o0.01144(100) 0,00003({G0) 0s00354(73) -0s0002}(72
Ca3 0e16431(53) =0e04693(57) ©e16349 6:; 0000448{57) 0400269{72} 0.00584(77) 0.00018(50) 0.00003(54) —0.00126(56)
Cay ©0433951(53) -0e11021(63) 0413093(64) 0.00533(65) 04003432(76) 0,00776(89) ©400004(53) 0e00034(61) -0e00279(59)
ATOM X-FRACe Y~FRACs Z-FRACe ATOM X~FRAC. Y-FRACe Z=FRAC.

Hz 0406419 Oe31442 0e 34057 Hg =o0.01816 0e10659 0e11548

Hs 0404554 0409709  0e47555 HIO =0405373 =0e00779 0e34506

Hs 0436221 0439100 0623468 Hix 0418138 0215363 =0.00718

H4 0420546 =0,06046 0463855 HI3a 0407430 =0.18853 0.38137

Hs 0e47381 0439316 0o 34449 Ht3 0431354 0404859 “0.08657

H6 0042019 =0,06150 0475436 Hi4 0420820 -0.39890 o©0.30383

Hy ©0e56753 0e18508 0053834 His 0035049 =0e11356 *0.00803

KB 0454567 ©0s04558 0468900 H16 0430840 =0434970 0s14590

Fig. 1. Molecular packing. Molecules related by a c-glide are omitted. Distances given are in angstroms.
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This took the form of a parameter b in the equation With I on an absolute scale a value of 7x 106 for b
was found to give satisfactory improvement in many
Tove=Iops +0.05 . of the strong low-order reflexions. A few remaining

Table 2. Structure factor list.

Observed and calculated structure factors in electrons. F(000) =640 electrons.
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reflexions for which Feale was still much greater than
Fons 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
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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 listed 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

Estimated standard deviations vary between 0-010 and 0-013 A for bond lengths and 0-4 and 0-7° for thz angles. Numbering of
atoms is as shown in Fig. 2.

Bond Length Mean Naphthalene Acenaphthene
1—2 1-567 A
13-14 1-562 )
1-13 1551 1563 - -
2-14 1571
1—3 1-519
2—4 1-512 .
13-15 1-527 1-520 - -
14-16 1:520
3—5 1-356
4—6 1375 . . .
(517 1363 1-358 1-36 1-37
16-18 1-337
5—17 1-437
6—8 1-445 . . .
17-19 1433 1433 1-42 1-43
18-20 1-417
7—9 1-:397
8-10 1364 ) ) )
1921 1365 1-380 1:36 1-35
20-22 1-392
9-12 1-422
10-12 1-418 . .
21-24 1-447 1-419 1-42 1-42
22-24 1-390
3-11 14411
4-11 1-406 . . .
15-23 1-388 1-409 1-42 1-41
16-23 1-431
11-12 1-415 ) . )
23-24 1415 1-415 1-41 1-40
Atoms Angle Atoms Angle Atoms Angle
1—2-13 90-5° 1—2-3 105-5° 1—3-11 107-3°
1—2-14 90-3 1—2—4 105-0 2—4-11 103-1
1-13-14 91-2 13-15-14 103-4 13-15-23 108-8
2-13-14 91-0 13-16-14 107-6 14-16-23 105-3
3—5-11 121-0 3—5—7 117-2 5—7—9 123-6
4—6-11 119-4 4—6—8 1180 6—8-10 121-9
15-17-23 119-7 15-17-19 117-4 17-19-21 123-8
16-18-23 121-0 16-18-20 1184 18-20-22 122-5
7—9-12 1184, 9-12-11 1175 3-11-12 1224
8-10-12 121-3 10-12-11 115-8 4-11-12 123-5
19-21-24 119-3 21-24-23 114-8 15-23-24 124-8
20-22-24 119:3 22-24-23 1186 16-23-24 120-2
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for bi;) so that these are slightly smaller than the agree-
ment for the total number of parameters would suggest.
Standard deviations for bond lengths were calculated
using the formulae of Ahmed & Cruickshank (1953),
and those of bond angles using the formula of Darlow
(1960).

Discussion

The molecular packing is shown in Fig. 1. A layer
related to the one shown by a c-glide occurs halfway
up the b axis. Molecules are packed in rows along a
ling of centres of symmetry along [101]. Some inter-
molecular carbon—carbon contact distances are shown.
Table 3 lists the bond lengths and bond angles of the
derived molecular structure. The bonds in the four-
membered ring are greater then the normal single-bond
length. Mean values of chemically similar bond lengths
are compared with the corresponding bond lengths in
naphthalene and acenaphthene (Ehrlich, 1957). The
deviation of each bond length from the mean value for
that type of bond is never more than 2:5 standard
deviations and is generally much less.

The significant findings of the investigation are con-
cerned with the conformation of the molecule. Fig. 2
shows the molecule projected onto the plane of one
half of the molecule. The two halves are seen to be
twisted with respect to each other, i.e. the molecule
does not have mm?2 symmetry. The deviation from this
symmetry was measured in terms of the angles between
pairs of similar vectors — with the notation 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

STRUCTURE OF THE cis-DIMER OF ACENAPHTHYLENE

This twist can be explained in terms of the non-planar
conformation of the cyclobutane ring. While deviations
from planarity of the ring itself are only of the order
of one standard deviation and hence not significant,

s

10 9

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-
Maximum Minimum dicular
5 52 3-5 4-1
6 50 32 30
7 7-6 32 51
8 6-5 32 39
9 7-5 32 3-7
10 53 29 37
12 36 31 2-5
Values of B=87n2i2 in A2. 2 is the mean-square atomic dis-
placement.

Table 4. Values of (Uijons — Uijearc) x 104 A2 for rigid -body motion of one half molecule only (atoms 1-12),
where U= Bi;/8n?

Uy; 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
(@) With the centre of rotatlon at the centre of gravity of the
the 4-membered ring.

The mean standard dev1at10n of the values for Uy was 50 (on this scale), and errors within this

half molecule, (b) with the centre of rotation moved 1 A towards

range have been omitted.

(@) 11 22 33 23 13 12 ) 11 22 33 23 13 12
1 —~53 453  —145  +58 — —  — 465 - -
2 -98 - -1 -2 - — — 4718 — —
3 -87  — — 465 —53 -4 — 482 - — _
4 -65 — —141 —64 —-S50 — —- - -6 — -
5 - — — - = - - - — -85 —
6 -97 —  —60 - - = — I
7 +77  — 4194 +118 +72  — — +54 487  — +73 —
8 —  — 499 —109 +121 — — = — — +109  —
9 +91  — 4267 +95 —  — —  — #1459 —

10 +118 — — -8  — —62 - - -1 - -

11 —  —  —s6 - - = — —s4  — -

12 -83  — — - —55 — - — -1 — -6

Derived rigid-body T, @ tensors were: )
Ti; for (a) +0-0224 +0-0402 +0-0418 +0-0025 +0-0027 +0-0025 A
()] +0:0175 +0-0413 40-0387 +0:0025 +0:0015 +0-0031
;j for (a) +0:0046 +0-0050 +0-0009 +0-0010 —0:0000 —0-0002 radians
() +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 Tij;, @ 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 Ujjops—
Uijeale for these atoms. 76% of the Uy 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 U;;
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;; values.

AC27B-8
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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 A2 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 A2, 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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