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The Crystal Structure of 1,1-Di-p-tolylethylene 
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The crystal structure of 1,1-di-p-tolylethylene has been determined by direct methods and refined by 
block-diagonal least-squares calculations with three-dimensional data collected at room temperature 
(final R index 0.069). The crystals are monoclinic, space group P2j/c, with a=6.362, b=26.211, c= 
7.718 A,, p= 103.42 °, and 4 molecules in the unit cell. Intensity data were collected from Weissenberg 
photographs. In the molecule the atoms are distributed on three planes: the ethylene reference plane 
and the two phenyl rings which are rotated by 37 and 50 °. Bond lengths and angles are in the normal 
range. 

Introduction 

The determinat ion of the crystal structure of 1,l-di-p- 
tolylethylene has been undertaken as a cont inuat ion of 
previous studies (Casalone, Mariani ,  Mugnoli  & 
Simonetta,  1966, 1967a, b). By virtue of the ab- 
sence of heavy atoms, which were contained in other 
analogous compounds  investigated up to the present 
time, more accurate experimental  results can be ob- 
tained from 1,1-di-p-tolylethylene. This assures also 
a more reliable comparison with the results of a subse- 
quent conformat ional  analysis. 

In this paper the geometry of the molecule, as deter- 
mined by X-ray diffraction by the crystal, is given. 

Experimental 

Crystals of 1,l-di-p-tolylethylene (m.p. 61°C) are 
white parallelepipeds elongated along a. The crystal 
data are collected in Table 1. 
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Fig. 1. N(z) test for 1,1-di-p-tolylethylene. The solid curve rep- 
resents the experimental  values. 

Table 1. Crystal data 

1,1-Di-p-tolylethylene, C16H16, F.W. 208.3, monoclinic; 
Dmeas = 1"096 g.cm-3, Deale= 1"105 g.cm-3, Z=4,  F(000)=448 
). Cu K~l = 1"5405 .~, 2 Cu K~.2 = 1-5443/~. 

a= 6"362_+ 0"001 
b=26"211 +0"002 
c= 7-718+0"001 
fl= 103.42+0.02 °. 

Cell volume U= 1252 ]~3. 
Systematic absences: hOl for l= 2n + 1, 0k0 for k = 2n + 1. 
Space group P21/c. 

The unit-cell parameters  were obtained f rom a least- 
squares t reatment of  71 measurements  on zero-levcl 
Weissenberg photographs taken at room temperature 
around the crystallographic axes a and b, with Cu Ke 
radiation. 

For the determinat ion of the structure, intensity data 
were collected from multiple-film equi-inclination 
Weissenberg photographs taken at room temperature 
with Cu K~. radiation. Layers 0-5 around a were ob- 
tained from a crystal whose dimensions were 0.26 x 
0.14 x 0.28 mm.  The intensities were estimated visually, 
then scaled together within the same layer and cor- 
rected for Lorentz and polarization factors. No correc- 
tions either for absorpt ion (pCu K e = 4 . 7  cm -1) or for 
extinction were made. An evaluation of the standard 
deviation for each individual observation was obtained 
from a statistical analysis. Scaling factors between 
layers were obtained by comparison with 388 intensity 
measurements  made on the same crystal with an equi- 
incl inat ion diffractometer. 

The whole processing of the observed data was 
carried on using a program for an IBM 1620 20K com- 
puter, written by Gramacciol i  & Mariani  (1967a). Of a 
total of 2867 reflexions within the effective sphere of 
Cu K~ radiation, 2224 were collected, of  which 518 
were too low to be measured. 

Structure determination and refinement 

The crystal structure was solved with the aid of direct 
methods. 
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The intensities were brought to an approximately ab- 
solute scale by means of Wilson statistics and then the 
normalized structure factors were evaluated as 

IEAI =IFAI. 8 - 1 / 2  . exp  [ B ( s i n 2 0 ) / 2 2 ] .  f i ,  A , 
j 1 

where A=hkl and, for space group P21/¢, e = 2  for 
hOl and 0k0 reflexions and e = 1 otherwise. The mean 
values of some functions of ]El are given in Table 2, 
and the N(z) test in Fig. 1. 

Table 2. Some functions of IEI 

Function Acentric case Centric case Experimental 
( IEI)  0.886 0.798 0.812 
(IEI 2) 1.000 1.000 1.087 
(I EE -- 11) 0"736 0-968 1"083 

The sign determination was undertaken by applying 
the Sayre relation (Sayre, 1952) and the N2 relation for 
centrosymmetric crystals (Hauptman & Karle, 1953) 
to 197 reflexions with [E[ > 1.50. 
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Fig. 2. Bond distances and numbering of atoms. 

Fig. 3. Bond angles and angles of rotation 01 and 02 of the phenyl rings with respect to the ethylene plane C(1), C(2), C(3), COO), 
here coincident with the plane of the paper. 
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T h e  w h o l e  p r o c e s s  w a s  p e r f o r m e d  u s i n g  a F O R -  
T R A N  I V  c o m p u t e r  p r o g r a m  ( L o n g ,  1965). T h e  f irs t  
s t ep  is t h e  e v a l u a t i o n ,  fo r  e a c h  r e f l e x i o n ,  o f  t h e  n u m b e r  
o f  t e r m s  in t h e  I~, s u m s .  T h e n  t h e  o r i g i n  s p e c i f y i n g  re-  

f l ex ions  a c c o r d i n g  to  t h e  s p a c e  g r o u p  r e q u i r e m e n t s  
a n d  f o u r  o t h e r  r e f e r e n c e  r e f l e x i o n s  a r e  c h o s e n  a m o n g  

~c I EBI I EoI T h e  n e x t  t h e  l a r g e s t  v a l u e s  o f  l E A [ .  1~ c " " 

T a b l e  3. Observed and calculated structure factors 

The columns are k, l, 10[Fol, 10Fe. N e g a t i v e  Fo values denote  unobserved reflexions. 
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Table 3 (cont.) 

H= 3 

9 5 23 28 
Z3 Z6 

-11. 08 , - ,  _~ ~,_~ 
,! # 
to -I 
1.'~ I 78 -88 
1~ - z  1.,11 -98 

10 .-5 226 23 
10 5 87 31. 
1o .-6, 55 58 
to 6 11. -12 
10 -7  87 37 

39 -53 
I I  o 211 -211 
I I  - I  11. 18 
11 1 

11 2 150 -161 
~86 . . . .  , ~ g - ' ~  

II 2 , .  
I I 1. 65 67 
I I  -.5 1.2 ..-41 
11 5 

11 6 28 35 
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12 o 18 
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step is to perform a reiterative calculat ion for e a c h  of  
the sixteen starting sets o f  signs in order to obtain  the 
remaining signs, using the Ig2 relation. (The program 
was run so that  newly determined signs were uti l ized 
in  a subsequent  cycle.)  For  each so lut ion the consis-  
tency index,  c, is evaluated as 

(IE x If' EB. Ecl) 
• A = B q - C  

C =  

(lEAf ~ lEvi l E d )  
" A - - B - I -  C " 

The E map  corresponding to the so lut ion  o f  highest  
consistency index ( c = 0 . 7 9 9 )  revealed all the atomic  
posit ions.  The  structure factor calculat ion performed 
on  all the three-dimensional  observed data gave an 
index R = 0 . 2 6 .  

Ref inement  was first performed on  the carbon-atom 
parameters by several cycles o f  isotropic block-diago-  
nal least-squares calculat ions including only data for 

which  Fo >_ 7. The quantity minimized was Nw(lkFol- 
IFcl) 2. Initially weights  w =  1If 2 were assigned, where f 
is the average scattering fac tor ,Later  a weight ing func-  
t ion w=(A+BIkFol+CIkFol2) -1 was used, where the 
parameters A = 7 ,  B =  1 and C = 0 . 0 2  were chosen  in 
order to give nearly constant  mean  values o f  w(IkFol- 
IFcl) 2 as a funct ion  of  Fo and sin 2 0/2 2. At  this stage the 
R index was 0.21. 

Further ref inement on  the carbon atoms was ac- 
compl ished by anisotropic  b lock-diagonal  least-squares 
process,  using the same weight ing funct ion and in- 
c luding all the observed data. U n o b s e r v e d  reflexions 
were included only w h e n  IF~I exceeded a threshold 
value of  IkFol. This led to an index R = 0 . 1 1  for all the 
observed reflexions. 

In order to locate the hydrogen  atoms a three-  
d imensional  difference Fourier  synthesis  was computed  
in the ethylene,  phenyl  and methyl  hydrogen  atom 
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planes. The corresponding two-dimensional  maps  re- 
vealed well-defined peaks near the expected positions; 
accordingly, the coordinates of the hydrogen atoms 
were allowcd to vary in subsequent least-squares cal- 
culations. In the final stages of refinement the isotropic 
temperature  factors of  the hydrogen atoms were also 
allowed to vary;  however, their shifts were not credible. 
These temperature  factors were therefore held fixed at 
assumed values of  B = 4 . 9  for H(1)-H(10) and B = 5 . 5  
for the methyl hydrogen atoms H(11)-H(16).  

At  the end the shifts for all parameters  were lower 
than the corresponding s tandard deviation. Of  the 518 
reflexions too weak to be measured,  only 55 had IFcl 

greater than  the threshold value of  IkFo[. The final re- 
liability index based on all the observed reflexions is 
R=0 .069 .  The observed and calculated structure fac- 
tors are listed in Table 3, the final carbon a tom param-  
eters and their s tandard deviations in Table 4, and the 
hydrogen a tom parameters  in Table 5. The numbering 
of the a toms is shown in Fig. 2. 

Results and discussion 

The s tandard deviations in the coordinates,  derived 
from the residual and the reciprocals of  the diagonal 
elements of the matrix of  the final least-squares cycle, 

c(1) 

c(2) 

c(3) 

c(4) 

c(5) 

c(6) 

c(7) 

c(8) 

0(9) 

C(lO) 

c(11) 

c(12) 

c(13) 

c(14) 

c(15) 

c(16) 

Table 4. The carbon atom parameters and their standard deviations 

All the values in this Table have been multiplied by 10 4 . The temperature factor is in the form 
exp [ -  (bl~h 2 + b lzhk + b l3hl+ bzzk 2 + b23kl + b3312)]. 

X 

-2324(6) 

-1833(4) 

-2406(4) 

-4267(5) 

-4707(5) 

-3265(5) 

-1406(5) 

-976(5) 

-3752(7) 

-669(4) 

-1405(5) 

-304(5) 

1575(5) 

2311(5) 

12oo(5) 

2776(6) 

y z ~11 ~12 ~ 3 ~22 ~ 3  

2096(1) 1026(4) 451(10) 15(3) 209(13) 14(0) -13(3) 

1667(1) 267(4) 278(8) 2(3) 77(10) 14(0) 0(2) 

1157(I) 907(3) 287(8) 9(3) 103(9) 13(0) -6(2) 

1078(I) 1482(4) 331(9) 21(3) 171(10) 16(0) 9(2) 

607(1) 2160(4) 342(9) 4(3) 212(11) 18(0) 22(3) 

203(1) 2272(4) 385(9) -2(3) 195(11) 14(0) 5(2) 

283(1) 1698(4) 405(10) 37(3) 245(12) 14(0) 10(2) 

753(1) 1002(4) 292(8) 15(3) 184(10) 15(0) 2(2) 

-309(1) 2984(5) 652(14) -5(4) 403(16) 16(0) 31(3) 

1674(1) -1176(3) 293(8) 6(3) 52(9) 12(0) 5(2) 

1389(1) -2725(4) 326(9) -25(3) 74(11) 16(0) -3(2) 

1393(I) -4076(4) 380(10) -9(3) 85(11) 16(0) -12(2) 

1672(I) -3926(4) 334(9) 24(3) 115(10) 13(0) 17(2) 

1954(1) -2389(4) 311(9) -7(3) 98(11) 15(0) 16(2) 

1957(1) -1044(4) 337(8) -13(3) 62(10) 13(0) -2(2) 

1663(1) -5389(4) 423(10) 41(4) 263(12) 21(1) 21(3) 

~33 

264(6) 

18o(5) 

148(4) 

2o5(5) 

223(5) 

2o3(5) 

251(6) 

226(5) 

334(8) 

162(4) 

185(5) 

172(5) 

193(5) 

206(5) 

174(5) 

242(6) 

Table 5. The hydrogen atom parameters 

Estimated standard deviations in the coordinates (in brackets) are multiplied by 10 4 . 

x y z B 
H( 1 ) - 0" 1935 (57) 0"2444 (14) 0"0569 (49) 4"9 
H(2) - 0"3050 (57) 0"2082 (15) 0"2073 (48) 4"9 
H(3) -0"5401 (57) 0"1349 (15) 0"1299 (50) 4"9 
H(4) -0"6072 (58) 0"0564 (15) 0"2562 (51) ' 4"9 
H(5) -0.0393 (59) 0.0032 (15) 0-1713 (50) 4.9 
H(6) 0.0449 (59) 0.0799 (14) 0.0598 (48) 4.9 
H(7) -0.2678 (57) 0.1198 (14) -0.2824 (50) 4.9 
H(8) -0.0764 (57) 0.1183 (14) -0.5177 (49) 4-9 
H(9) 0-3724 (58) 0.2138 (15) -0.2208 (49) 4.9 
H(10) 0.1843 (58) 0.2130 (14) 0-0019 (47) 4.9 
H(I 1) -0.3285 (62) -0.0569 (16) 0.2355 (55) 5.5 
H(12) -0.2712 (61) -0.0372 (15) 0.4182 (54) 5-5 
H(13) -0.5034 (61) -0.0335 (15) 0.3280 (53) 5.5 
H(14) 0.3537 (61) 0-1363 (15) -0.5459 (51) 5-5 
H(15) 0.4063 (60) 0.1866 (15) -0.5188 (49) 5-5 
H(16) 0.1962 (61) 0.1783 (16) --0.6516 (49) 5.5 
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correspond to positional uncertainties of 0.003 A for 
carbon atoms and of 0.04 A for hydrogen atoms. The 
corresponding standard deviations in bond lengths and 
angles do not exceed 0.005 A and 0.3 ° for C-C bonds 
and CCC angles respectively, whereas they range from 
0.03 to 0.04/~ for C-H bonds and from 2 to 4 ° for 
HCC and HCH angles. Bond distances and angles are 
reported in Figs. 2 and 3. All these values are uncor- 
rected for librational effects. The two Cethylene-H bond 
distances are 1-02 and 1.03A respectively. The 
Cphenyl-H bond distances range from 0.92 to 1.03 A 
and the Cmethyl-H bond distances range from 0.90 to 
1.02 A. Benzenic and ethylenic bond angles involving 
hydrogen atoms range from 116 to 123 °. In the methyl 
groups, HCC angles range from 109 to 116 o and HCH 
from 92 to 120 o. 

The most interesting result of this structure analysis 
concerns the conformation of the molecule in the 
crystal. Both phenyl rings are rotated with respect to 
the ethylenic plane C(1), C(2), C(3), C(10), the rotation 
angles being 01 = 37 ° and 02 = 50 ° (see Fig. 3). A twist 
value near to 01 was found for gaseous biphenyl, both 
experimentally (Almenningen & Bastiansen, 1958) and 
on semi-theoretical grounds (Casalone, Mariani, Mu- 
gnoli & Simonetta, 1968). Also in crystals ofp, p'-bitolyl 

the twist angle lies between 36 and 40 ° (Casalone, 
MariaN, Mugnoli & Simonetta, 19.69). The consider- 
able difference between the two angles 01 and Oz could 
be explained by packing interactions. Conformational 
analysis should give a better insight into this problem. 
Calculations are in progress to establish the minimum- 
energy conformation for the isolated molecule of 
1,1-di-p-tolylethylene and for the same molecule packed 
in the crystal. 

The average planes in the molecule were determined 
by the method of Schomaker, Waser, Marsh & Berg- 
man (1959) using a program written by Mariani & 
Gramaccioli (1967) for the IBM 1620 computer. The 
results are reported in Table 6. A considerable out-of- 
plane bending takes place along both phenyl ring axes, 
as indicated by the deviations in Table 6 for atoms 
marked by an asterisk. A similar behaviour has been 
found in p,p'-bitolyl for example (Casalone, Mariani, 
Mugnoli & Simonetta, 1969). All the intermolecular 
distances are longer than the corresponding van der 
Waals distances, as computed with rc = 1.6 and rrr= 
1"2 A. A view of the packing of the molecules in the 
crystal is shown in Fig.4. The lengths and direction 
cosines of the principal axes of thermal vibration are 
given in Table 7, as computed by a program of Gra- 

-( 

Fig.4. Arrangement of the molecules in the crystal as viewed along the a axis. 
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maccioli & Mariani (1967b). The anisotropy is parti- 
cularly evident for the C(1) and the methyl carbon 
atoms. 

Table 6. Some least-squares planes 

The coefficients qi are the direction cosines relative to the 
crysta l lographic  axes a,b,  c. A toms  were omit ted  f rom the cal- 
culat ion of  the least-squares plane where  indicated by an 
asterisk;  the remaining a toms  were given equal  weights. 

Ethylene 

ql ---- 0"7406 
q2 = - -  0"0334 
q3 -- 0"4809 
D = - 0 - 9 0 1  /~ 

1 st tolyl group 

ql = 0"2627 
q2 = 0"2914 
q3 -= 0-8337 
D = 1.065 A 

Table 6 (cont.) 
C(3) 0.000 
C(4) - 0"001 
C(5) 0-002 
C(6) 0.006 
C(7) 0.009 
c(8) -0.008 
c(9) - o.o08 

*C(2) 0"074 
Angle with the ethylene plane:  37 o 

A t o m  Deviat ion 2nd tolyl g roup  
C(I)  0 . 0 0 3 / l  ql = 0"4529 C(10) 0.006 
C(2) - 0"009 q2 = - 0.7819 C(11 ) 0.005 
C(3) 0"003 q3 = 0.3115 C(12) - 0 . 0 1 0  
C(10) 0.003 D = - 3 . 9 1 2 / l  C(13) - 0 " 0 0 5  

*C(6) 0-188 C(14) - 0"001 
*C(9) 0"268 C(15) - 0"004 
*C(13) 0"040 C(16) 0"008 
*C(I 6) 0"064 *C(2) 0.032 

Angle with the ethylene plane:  50 ° 

Table 7. Magnitudes and direction cosines, relative to the crystallographic axes, of the principal 
axes of the thermal ellipsoids 

0(I) 7.03 0.898 0.109 0.206 0(9) 10.56 

5.90 0.367 0.347 -0.925 6.80 

3.67 0.242 -0.931 -0.320 3.69 

0(2) 4.50 0.885 0.076 -0.653 0(10) 

3.93 0.456 0.062 0.758 

3.72 0.096 -0.995 -0.003 

0(3)  4.52 0.937 0.342 -0.143 0(11) 

3.66 0.211 -0.724 0.591 

3.06 0.28O -0.600 -0.794 

0(4) 5.66 0.705 0.474 0.350 0(12) 

4.22 0.444 0.286 -0.929 

3.93 0.554 -0.833 -0.120 

0(5) 6.16 0.427 0.534 0.611 0(13) 

5.03 0.723 -0.686 -0.091 

3.74 0.543 0.495 -0.786 

0(6) 

c(7) 

6.02 0.881 0.002 0.256 

4.27 0.417 -0.477 -0.849 

3.76 0.224 0.879 -0.462 

7.07 0.731 0.321 0.416 

4.85 0.540 0.267 -0.902 

3.26 0.417 -0.909 -0.118 

c(14) 

c(15) 

4 ,,b ,,c 
0.816 0.053 0.370 

0.532 -0.458 -0.816 

0.225 0.888 -0.443 

4.84 0.955 0.059 -0.504 

3.66 0.227 0.484 0.770 

3.11 0.190 -0.873 0.392 

5.67 0.862 -0.493 -0.318 

4.28 0.151 0.477 -0.877 

3.68 0.484 0.728 0.360 

6.01 0.994 -0.103 -0.259 

4.69 0.076 0.866 -0.498 

3.60 0.076 0.489 0.828 

5.47 0.857 0.424 0.086 

4.56 0.441 -0.308 -0.922 

3.13 0.267 -0.852 0.377 

5.33 0.616 -0.505 -0.731 

4.62 0.763 0.193 0.422 

3.69 0.194 0.842 -0.535 

5.56 0.961 -0.202 -0.409 

3.92 0.094 -0.412 0.860 

3.48 0.261 0.888 0.306 

c(8) 5.40 0.466 0.199 0.730 

4.34 0.545 0.703 -0.571 

3.55 0.697 -0.683 -0.375 

0(16) 7.89 0.655 0.552 0.349 

4.80 0.296 -0.815 0.415 

4.47 0.695 -0.174 -0.840 
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A Refinement of the Crystal Structure of Copper(II) Oxide with a Discussion 
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The crystal structure of copper(II) oxide has been refined from single-crystal diffractometer data. It is 
found that the coordination of oxygen around copper is more properly described as a plane four coordi- 
nation rather than a 4+ 2 distorted octahedral one. The copper atom shows anisotropy of thermal 
vibration, the largest component of vibration being approximately perpendicular to the plane formed 
by the coordinated oxygen atoms. An anomaly in the magnitudes of the o-(U~j)'s of the copper is ex- 
plained. This anomaly is found to be connected with the fact that there are weak contributions from the 
copper atom to reflexions which according to the space group should contain only oxygen contributions. 
In connexion with the extinction correction a modification is pointed out which should be made in 
Zachariasen's formula when the crystal is of 'arbitrary shape'. 

Introduction 

In connexion with studies of oxidation products of 
copper based d-brass (Norrby, Kierkegaard & Mag- 
n61i, 1963; Norrby, Johansson, Kierkegaard & Mag- 
n61i, 1964; Norrby, Nygren, Lindberg, Kierkegaard & 
Magn61i, 1966) it became desirable to undertake a re- 
determination of the previously investigated crystal 
structure of CuO (Tunell, Posniak & Ksanda, 1935). 
Furthermore, a need for accurate Cu(II)-O distances 
of various compounds became acute when studying 
spinels containing copper and other transition metals 
(Asbrink, 1965). In the course of this investigation, 
which included the use of an automatic single crystal 
X-ray diffractometer, some interesting problems of 
methodological character arose. The physical inter- 
pretation of the least-squares refined parameters and 
the significance of their estimated standard deviations 
also presented problems. Thus the emphasis of this 

study was laid not only on the structural features of 
CuO, but also on more general aspects of the methods 
used. 

Experimental 

Single crystals of CuO were obtained by a flux method. 
Powdered commercial analytical grade copper(II) oxide 
was mixed in equimolar proportions with sodium car- 
bonate and melted in a platinum crucible, heated in a 
conventional resistance furnace. The melt was kept at 
900 °C for 20 hours and then cooled to 500 °C at a rate 
of 1.5°C.min -1. The solidified material was then air 
quenched and the sodium carbonate dissolved in hot 
water. The residue consisted of small, needle-shaped, 
dark, highly reflecting crystals of CuO. Out of this 
material a prismatic single crystal with a parallelo- 
gram-shaped base was selected. The dimensions of the 
crystal were 0.057 x0.013 x0.010 mm, the long edge 
being parallel to the c axis. 


