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The previously made suggestion that the apparent thermal motion of naphthalene in the (1:1) 
naphthalene-tetracyanoethylene complex conceals orientational disorder has been confirmed by a 
constrained refinement based on the published data. It appears that the disorder in the above structure, 
at room temperature, is due mainly to usual van der Waals interactions. 

Introduction 

A well known feature of molecular complexes is the 
fact that the environments of the constituent molecules 
are in general dissimilar. It follows, in the case of ~- 
molecular compounds, that the forces experienced by 
the donor and by the acceptor may be rather different 
and hence a different pattern of thermal motion of such 
molecules is hardly surprising. However, the disparity 
of the thermal parameters of naphthalene and tetra- 
cyanoethylene in their 1:1 complex (Williams & Wall- 
work, 1967; hereafter referred to as WW) required 
further investigation as it is unusually large (Fig. 1). 
Thus, WW suggested in the original paper that a small 
contribution of disordered orientations may explain 
the observed peaks in their difference map of naphtha- 
lene. The in-plane libration, however, was considered 
to be genuine. Herbstein & Snyman (1969)studied this 
problem with the aid of electron density and difference 
density maps as well as by examining the thermal par- 
ameters of the naphthalene carbon atoms. They con- 
cluded that a minor orientational disorder is in fact 

* Part IV: Acta Cryst. B29, 2466-2471. 
"t" A preliminary report on this work was presented at the 

annual meeting of the Israel Crystallography Society in Tel- 
Aviv on May 31, 1973. 

:I: On leave at the Department of Structural Chemistry, 
University of Groningen, Zemikelaan, Paddepoel, Groningen, 
The Netherlands. 

present in this complex and that the published structure 
of naphthalene (WW) corresponds to a superposition 
of two orientations in which the molecules are rotated 
in a plane by + 7.5 ° away from the published orienta- 
tion. We have arrived at a qualitatively similar conclu- 
sion (Shmueli & Goldberg, 1973) which differs from 
that of Herbstein & Snyman (1969) in the angular 
deviation from the published orientation. The results 
of our approach, illustrated in Fig. 2, are based on 
evaluating a potential curve corresponding to the mo- 
tion of naphthalene about a direction associated with 
the suspiciously large libration amplitude. The method 
is easy to apply but like other approaches it may only 
generate a hypothesis that still needs to be tested. 

As far as we know, cases of minor orientational dis- 
order were, so far, not confronted directly with ob- 
served structure amplitudes, although the constrained 
refinement that makes such a confrontation possible 
was long since recognized (Pawlcy, 1963) as an appro- 
priate method in cases of disorder. 

Following the results obtained in our study of dis- 
order via potential calculations we decided to investi- 
gate this problem with the aid of constrained refine- 
ment techniques and thereby to assess the applicability 
of these methods to cases of apparently false thermal 
motion. In this communication we report our results 
on the ~z-molecular compound (1 : 1) tetracyanoethylene 
(TCNE)-naphthalene. Apart from naphthalene, the 
TCNE molecule in this complex was also of interest 
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since two minima in the potential curve were found 
upon rotating TCNE about its plane normal (Fig. 2), 
indicating a situation very similar to that observed in 
the TCNE-paracyclophane complex (Bernstein & 
Trueblood, 1971). 

The constrained refinement of the TCNE-naphtha- 
lene complex described below is based on the Fo data 
published by WW. 

Refinement of the structure 

The structure of the 1 : l complex of TCNE and naph- 
thalene was solved by WW from three-dimensional 
counter data and was refined by WW to a conventional 
reliability index R=0.130. The above refinement was 
based on heavy atoms only, using 512 independent re- 
flexions and assuming the space group C2/m (Z=2) ,  
as inferred from negative piezo- and pyro-electric tests. 
Intensity statistics of the published data indicate a 
hypercentric distribution and thus support the correct 
choice of the above space group. 

Some computational details of the least-squares rou- 
tine employed in the present work are given in the 
Appendix. In this work the index of the published 
structure for the 512 reflexions is 0.128, the slight 
difference from R=0.130, reported by WW, probably 
being due to the use of different scattering factor cur- 
ves. Unit weights are used throughout the calculations. 

Since the dimensions of the naphthalene in the pub- 
lished structure were rather seriously distorted the in- 
put atomic parameters were evaluated on the basis of 
the molecule found in the naphthalene crystal (Abra- 
hams, Robertson & White, 1949) and refined by 
Cruickshank (1957). These dimensions were averaged 
so as to impart to naphthalene an mm symmetry. The 
modified molecule was then inserted into the unit cell 
of TCNE-naphthalene with its molecular axes coincid- 
ing with those of the published naphthalene (WW). The 
atomic parameters of TCNE, on the other hand, were 
not altered or refined except for the occupancies of the 
two perpendicular orientations of TCNE (see below). 

Atomic scattering factors for carbon and nitrogen 
atoms were taken from Hanson, Herman, Lea & Skill- 
man (1964) while those for hydrogen atoms are from 
Stewart, Davidson & Simpson (1965). The internal 
geometry of naphthalene was kept fixed while its orien- 
tation parameters were taken as the angles through 
which the input molecule has to be rotated in the same 
sense about each of its axes of inertia. This set of par- 
ameters was preferred to the Eulerian angles in view of 
singularity problems occuring with the latter. The aver- 
age motion of the carbon skeleton was assumed to be 
governed by the libration and translation tensors L 
and T respectively. No screw tensor is needed since the 
molecule must occupy (at least) a crystallographic 
centre of symmetly. The eventually disordered naph- 
thalene molecules must also have equal occupancies. 
For convenience of interpretation, the asymmetric unit 
was chosen as a complete naphthalene molecule with 

an occupancy factor of 0.25 and a quarter of TCNE as 
in the previous work (WW). As naphthalene was placed 
with its centre at the origin, the disordered model 
could be generated with the operations of the point 
group 2/m. No attempt was made at refining individual 
atomic parameters of naphthalene. 

In the refinement process summarized in Table 1 the 
orientational and thermal parameters are refined sim- 
ultaneously by the full-matrix method. The input 
value of q~u was taken from the result shown in Fig. 2. 

As far as the structural detail and the number of re- 
fined parameters are concerned, stage 2 of the present 
calculation may be compared with the final cycle of the 
published refinement (WW). There are 15 and 23 naph- 
thalene-defining refined parameters in the present and 
in the previous (WW) refinements, respectively. After 
this stage the hydrogens of naphthalene were inserted 

TCNE N A P H T H A L E N E  

Fig. 1. Thermal ellipsoids of TCNE and of naphthalene cal- 
culated from published (WW) atomic parameters. 
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Fig. 2. Rotation potentials of TCNE (upper) and of naphthalene 
with modified (see text) geometry. The rotation potential 
of TCNE is based on a disordered model resulting from the 
present work. 
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Table  1. Summary of the refinement of 
naphthalene 

Input parameters 
TCNE - as published 
Naphthalene - 'ideal' geometry (see text) 
(aL = (aM = 0, (au = 17"0 ° 
T.=0"05 A z, Ti j=0 for iCj 
Lu=0.01 rad z, L~j=0 

Parameters refined 
(naphthalene only) R(%) r(%) 
(aN, L, T, scale 10"4 9.7 

(based on heavy atoms) 
(aL, (aM, (au, L, T, scale 9.1 9.1 

(based on heavy atoms) 
(a,, (aM, (au - all atoms, 9.0 8.5 

L ,  T - heavy atoms, scale 

Published structure 12"8 11.2 
(structure-factor calculation) 

(fin 

11 "2 ° 

11.4 

11.3 

at  chemica l ly  reasonab le  pos i t ions  with C - H  = 1.07 A. 
Thei r  fixed i so t ropic  v ib ra t ion  pa ramete r s  were t aken  
as one  th i rd  of  the t race of  U, where U is the v ib ra t ion  
tensor  of  the ca rbon  a toms  to which  the hyd rogen  is 
bonded .  U was eva lua ted  f rom the L and  T tensors  of  
the n a p h t h a l e n e  and f rom the coord ina tes  of  this  car- 

bon  after  stage 2 of  the ref inement .  It is seen t ha t  in- 
c lusion of  the h y d r o g e n  a toms  into  the re f inement  h a d  
a small  effect on the conven t iona l  R index but  was re- 
flected to a grea ter  extent  in the weighted  rel iabi l i ty  
index,  r=[~,w(Fo-K[Fc[)Z/~,wF2] 1/2. The final R a n d  r 
values,  r eached  in this  ref inement ,  are 0.090 a n d  0.085 
respectively.  

At  this  stage a sect ion of  the difference dens i ty  AQ, 
pass ing  t h r o u g h  the best p lane  of  the two d i so rdered  
naph tha lenes ,  was computed .  The  values o f  AO r ange  
f rom - 0 - 1 5  elk -3 in the region of  r ing centres to 
0.1 e ~  -3 a long  the ca rbon  skeleton.  The  pub l i shed  
difference dens i ty  m a p  (WW)  con ta ins  in the la t ter  re- 
g ion peaks  r a n g i n g  f rom - 0 . 5  to 0.5e A -3. 

Fo l lowing  the re f inement  of  the d i sordered  naph-  
tha lene  model ,  the  second  o r i en ta t ion  of  T C N E  was 
genera ted  by ro t a t ing  the molecule  abou t  its p lane  
no rma l  t h r o u g h  90 ° and  by t r a n s f o r m i n g  the aniso-  
t rop ic  v ib ra t ion  tensors  a s suming  tha t  T C N E  in bo th  
o r ien ta t ions  has  an ident ical  t he rma l  behaviour .  Wi th  
this model ,  the a s s u m p t i o n  tha t  the  second o r i en ta t ion  
may  be p o p u l a t e d  can be rejected as being wrong  since 
the occupancy  fac tor  of  the pe rpend icu la r  o r i en ta t ion  
d r o p p e d  af ter  four  cycles f rom 0.20 to near ly  zero. 

The  crystal  data ,  ini t ial  and  final coord ina tes  o f  

Crystal data 
a =  7"26, b= 12"69, 

Rigid-body parameters 
(a) Positional 

(aL=-4"1 (3) ° 
01.= 0 

(b) Thermal* 

Table  2. Results of refinement 

c=7.21 A. /1=94.4 °, space group C2]m, Z = 2 .  

(aM=0.9 (1) ° (as= 11"3 (1) ° 
0M = 0 ON = 0 (not refined) 

449 (300) 33 (113) 
L[tr(L)] x 105 -- 262 (81) 

4978 (211) - 5 8  (191) 
T[a(T)] x 10s= 5032 (245) 

Atomic fractional coordinates of naphthalene (x 104)'t • 

Eigenvalues 
- 9 7  (155)\ 28.8 °2 -0.2104 
- 11 (89) ] tad 2 14.2 -0.9066 
856 (94) ] 8-4 -0.3657 

-226  (176)~ 0.0516 A2 -0.8130 
62 (307)] A2 0.0498 - 0.3359 

4689 (432)] 0.0456 - 0.4756 

Eigenvectors 
0.0003 -0.9776 

-0.3742 0.1950 
0.9274 0.0790 

0-4296 -0.3930 
-0.8974 -0.2861 
-0.1006 0.8739 

Input Final 
x y z x y z Biso 

C(3) 0 556 0 - 204 543 - 29 
C(4) 1565 1104 832 1131 1272 755 
C(4') - 1565 1104 - 832 - 1941 887 - 870 
C(5) 3041 559 1616 2779 922 1550 
C(5') -3041 559 -1616 -3189 173 -1608 
H(4) 1565 1947 832 822 2097 711 5"1 
H(4') - 1565 1947 -832  -2250 1711 -914  5-1 
H(5) 4207 981 2236 3769 1477 2133 6"0 
H(5') -4207 981 -2236 -4488 441 -2235 6"0 

Atomic fractional coordinates and anisotropic vibration tensors of TCNE - as published (WW). 

* The rigid-body tensors, as well as their eigenvectors, are referred to the inertial system of the modified published naphthalene 
(see text). 

t A final atomic position vector is given by r = A[M((aL(aM(aN)ro + Q], where ro is the initial position of this atom referred to the 
principal axes of inertia of the published naphthalene (WW), modified as described in the text. The form of M is given in the 
Appendix, while A is a transformation matrix relating the working (inertial) and the crystal systems. The positions of only half 
of the naphthalene atoms belonging to the chosen asymmetric unit are given in the Table. The second part of the molecule can be 
obtained by applying an inversion through the origin. 

A C 3 0 B  - 2* 
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naphthalene and the refined parameters are presented 
in Table 2. Thermal ellipsoids of naphthalene carbons 
based on the anisotropic vibration tensors from the 
published structure (WW) and on the L and T tensors 
obtained in the present work are shown in Fig. 3. 

Description of the structure and discussion 

The above results show conclusively that the published 
average motion of naphthalene in its (1"1) TCNE com- 
plex (WW) conceals a minor orientational disorder of 
this molecule. This is in agreement with the suggestions 
based on difference maps (Herbstein & Snyman, 1969) 
and on potential calculations (Shmueli & Goldberg, 
1973). As far as the actual amount of disorder present 
is concerned, the in-plane deviation from the published 
orientation (~0N = 11.3 °, Table 2) lies between the values 
of 7"5 and 17 ° , deduced from difference map and poten- 
tial calculations respectively. However, the in-plane ro- 
tation through ~0~ is also followed by a rotation through 
0.9 ° about the twofold axis (pM) and by another about 
a line passing through the molecular centre and lying 
in the mirror plane of the space group C 2 / m  (~oz = - 

4.1 °) [we recall that L, M, N are the molecular axes of 
the published naphthalene structure (WW)]. That is, 
a complete, although small, reorientation takes place 
on transition to the present disordered model. 

Introduction of hydrogen atoms, at reasonable posi- 
tions, into the published structure (WW), modified as 
described above results in short contacts between two 
of these hydrogens and the nitrogen atoms of TCNE 
from a neighbouring stack. Thus, for example, the 
C(5). -- N contact of 3-47 A (in the modified published 
structure) is normal, as noted by WW who report the 
value of 3.54 A for this contact. However, the H(5). • • N 
distance of 2.42 A is 0.3 A shorter than the sum of the 
appropriate van der Waals radii (Pauling, 1960). It is 
seen from Fig. 4 that in either of the disordered ar- 
rangements this contact is considerably relaxed as the 
relevant contacts become" C(5). • • N = 3.51, C(5'). • • N'  
=3-59, H ( 5 ) - . . N = 2 . 5 5  and H(5 ' ) . . .N '2 .63  A. 

The thermal motion of naphthalene (Table 2) is now 
described in terms of a nearly isotropic translation ten- 
sor and an anisotropic tensor of libration. The largest 
r.m.s, amplitude oflibration, 5.4 °, is associated with the 

plane normal of the molecule. This result seems to be 
reasonable since the rotation about the long axis of the 
modified published structure (OL=4"l °) not only con- 
tributes to the relaxation of H . . .  N short contacts but 
probably also imparts to the molecule a greater lattitude 
of in-plane motion as follows from a careful considera- 
tion of the packing arrangement. 

It should be kept in mind that this study is based on 
an assumed molecular geometry of naphthalene. 

The theoretical work of Kuroda, Amano, Ikemoto & 
Akamatu (1967) shows that the increase of the calcu- 
lated charge transfer energy as a result of a rotation of 
the naphthalene molecule through ,,~12 ° about the 
plane normal, the starting point being the published 
structure, is less than 0"1 kcal mole -1. It is therefore 
possible to neglect as a first approximation the charge- 
transfer interactions and calculate the lattice energy 
with semi-empirical (exp - 6 )  functions. We did this 
with the P C K 6  program of Williams (1972) and the 

(a) 

N 

(b) 

Fig.4. Short contacts between neighbouring T C N E  and 
naphthalene molecules in (a) the modified published struc- 
ture and (b) the refined disoldered structure. 

c(4) (7~ ~_~ c @  
C 1 5 , 1 " , ~ ) ' ~  ~,.~ , 

C(4'1 

.(o) (hi  (c)  
Fig.3. Comparison of thermal ellipsoids of naphthalene in (a) the published (WW) structure and (b) the present structure. The 

numbering of the atoms is given in (c) where a single orientation of naphthalene is displayed. 
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result was that the modified published structure (A) is 
less stable by about 5 kcal mole -1 than two other 
structural models which ale based on disorder of naph- 
thalene. In one of the models the orientation of naph- 
thalene with respect to the unit-cell axes is identical at 
the two possible sites (B) while in the other model the 
molecules at (0,0,0) and at (½,½,0) deviate from the 
published structure in opposite senses (C). The results 
are - 32 .8  kcal mole - l ,  -38 .1  kcal mole -a and -37 .7  
kcal mole-1 for structures A, B and C, respectively• It 
is of interest to note that the H . . . N  short contacts 
mentioned above, are the main contributors to the 
destabilization of structure A. There are probably many 
more possible local arrangements characterized by 
somewhat different lattice energies and violating the 
C2/m symmetry. Structures (B) and (C) were chosen to 
approximate two extreme packing modes. 

The result of refining the occupancy of TCNE in the 
two orientations, shown in Fig. 2, is in agreement with 
the published structure. The rather obvious reason for 
the presence of two minima 90 ° apart is the fact that 
the nitrogen atoms involved in shortest interstack con- 
tacts lie approximately on the corners of a square. It was 
pointed out by Wallwork (1973) that the perpendicular 
(unoccupied) orientation was in fact considered in the 
early stages of the structure determination. It is seen 
(Fig. 2) that the perpendicular orientation corresponds 
to a minimum which is shallower by about 2 kcal mole- 
than the occupied one. If we add to it 0.7 kcal mole-1, 
which is the increase in the charge-transfer energy 
calculated by Kuroda et al. (1967) for a 90 ° rotation, 
we obtain e x p ( - E / k T ) = e x p ( - 4 . 2 ) = O . O 1 5  for the 

this method be very accurate, especially where large de- 
viations from equilibri umare involved. However, a plau- 
sible result can be obtained in most cases and may 
serve as a useful starting point for a more rigorous test. 
The difference map, on the other hand, is apparently 
mo~e objective, as it is based in part on the observed 
structure amplitudes. However, in cases of false thermal 
motion, there may be serious errors involved in the 
calculated structure amplitudes, since the correct 
atomic thermal parameters are in principle unknown 
unless a refinement of the disordered model has been 
carried out. 

We thank Professor Fred Hirshfeld for supplying 
his constrained refinement routine and Professor Wall- 
work for communicating his unpublished results on 
the TCNE orientation problem• The computations 
were done with a CDC-6600 at the Tel-Aviv University 
Computation Centre. 

A P P E N D I X  

For the purpose of this work, the local version of 
ORFLS was modified, in a manner similar to that indi- 
cated by Pawley ( 1971), so that geometrical and thermal 
constraints can be simultaneously applied. Rather than 
Eulerian matrices, which may lead to singularity pro- 
blems, we choose as orientation-defining parameters 
three angles ¢x,~0y,~0z, through which the input rigid 
group has to be rotated about the unit vectors parallel 
to the axes of the working (Cartesian) system and re- 
ferred to the origin of this group• The rotation matrix 
employed has the form 

(i0 0) M(~ox(py~o~) = cos qx sin ~0x 
--sin COx COS fPx 

( c~)s ~0y 0 - sin ~py) 
1 0 

\sin q~y 0 cos ~0~, 

cos Cz sin ¢pz ! )  
- s i n  q~z cos Cz 

0 0 
(1) 

expected fraction of molecules in this minimum. This 
reasonably small occupancy again speaks in favour of 
semi-empirical calculations, however approximate they 
may be. 

It should be pointed out that in the calculation of the 
rotation potential in Fig. 2, a disordered model of 
naphthalene resulting from the present refinement was 
used. The rotation potential of TCNE presented else- 
where (Shmueli & Goldberg, 1973) was calculated on 
the basis of the modified published structure of naph- 
thalene (WW) and shows, as was expected, two equal 
minima. A disordered model of naphthalene was not 
used at that stage as the amount of disorder was un- 
certain. 

The results obtained in this study differ significantly 
from those indicated by either rotation potentials or 
difference maps. As far as the first method is con- 
cerned, its limitations were discussed in detail elsewhere 
(Shmueli & Goldberg, 1973), the most important being 
the approximate nature of the functions employed and 
the assumption of uncorrelated motion of molecules in 
the solid. It is therefore not expected that the results of 

and premultiplies the input atomic position vector re- 
ferred to the local origin. In the text, x , y , z  are replaced 
by L, M, N, respectively, as the inertial system has been 
used (see below). Each of the matrices in (1) represents 
an operator which rotates a vector in a clockwise sense 
when looking from the origin towards the negative end 
of the axis appearing as subscript. 

The working system can be either a Cartesian system 
based on the vectors a, b* and a x b* or a system con- 
structed from the eigenvectors of the tensor of inertia 
of the first input rigid group. The atomic positions are 
referred, via the the centroids of the groups to which 
they belong, to the unit-cell origin. Introduction of an 
inertial system offers a convenient way of interpreting 
the positional and thermal rigid-body parameters at the 
expense of providing for an eigenvalue-eigenvector 
subroutine and a few relevant statements. The reflexion 
indices are transformed to the working system only 
after the symmetry operations were applied to them. 
Atomic vibration tensors are expressed according to the 
usual TLS formalism (Schoemakel & Trueblood, 1968) 
and their derivatives with respect to the thermal and 
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positional rigid-body parameters are explicitly evalu- 
ated in order to permit a simultaneous refinement of 
these parameters. It is also possible to apply only geo- 
metrical or only thermal constraints and treat a part of 
the structure in an unconstrained manner in which 
cases the derivatives are appropriately modified. 

The general organization of the program was based 
in part on an ORFLS version modified by Professor 
F. L. Hirshfeld for a purpose similar to ours, but 
with some constraints different. 
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Sodium diborate, Na20.2B203, is triclinic, space group P1, with unit-cell dimensions at 22°C: a=  
6.5445+0.0004, b=8.6205+_0.0004, c= 10.4855_+0.0006 ,~, ~= 93.279 +_ 0.006, fl=94.870+0.006, y= 
90.843 +_ 0.006 °. The calculated density is 2.272 g cm- 3 with four formula units in the cell. The structure 
was determined from three-dimensional X-ray data by direct methods. A full-matrix least-squares re- 
finement resulted in an R index of 0-035 (0-040 for the weighted R index). The anion borate polymer in 
this structure forms layers composed of di-pentaborate groups and triborate groups with one non- 
bridging oxygen. This is a novel feature in diborates. Boron-oxygen bond lengths are normal, but with 
significant differences depending on the location within the groups. The sodium atoms are coordinated 
by six or seven oxygen atoms at distances ranging from 2.260 to 2.872 A. 

Introduction 

Several of the anhydrous diborates have polymer struc- 
tures built up from diborate groups. This is the case 
for lithium diborate, gi20.2B203 (Krogh-Moe, 1968), 
and cadmium diborate, CdO.2B203 (Ihara & Krogh- 
Moe, 1966). The structure of this cadmium compound 
is the first determined structure in an isomorphous 
series including the Mg, Mn, Fe, Co, Ni, Zn, Hg com- 
pounds (Ecker, 1966). Diborates containing groups 
other than the diborate group are known, however. 
Potassium diborate (Krogh-Moe, 1972a) has, in ad- 
dition to diborate groups, di-triborate groups. Barium 
diborate (Block & Perloff, 1965) has a single frame- 
work based on di-triborate and di-pentaborate groups. 
The structure reported for sodium diborate in the 

present paper provides yet another example of a dibor- 
ate with a novel combination of groups. 

Sodium diborate exists in more than one modifica- 
tion (Jenkel, 1936; Milman & Bouaziz, 1968). The 
phase studied here crystallizes from the melt (or glass) 
below the melting point 742°C down to about 650°C. 
It appears to be the stable phase, at least in the tem- 
perature range mentioned. Vila & Font-Altaba (1955) 
have reported unit-cell dimensions for what appears 
to be the same phase, though their values differ ap- 
preciably from those obtained by us. 

Experimental 

Anhydrous sodium diborate was prepared by dehydrat- 
ing and melting borax, Na20.2B2Oa.10H20, (p.a. 


