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The structure analysis of the monoclinic single crystals of anthraquinone has been carried out at room 
temperature and four lower temperatures, independently. This gives molecular reorientation and the 
change of anisotropic thermal vibrations. Double and treble Weissenberg photographs on single films 
have given the anisotropic thermal-expansion figures. Over the range +20 ° to -170 °C the principal 
values are 

ex1=56"4; 0(22 = 125"0; ~ 3 3  = -8"6 (allx 106 . °C-I) .  

0(33, which lies very nearly along c, varies with temperature, becoming positive near to and above 
- 12 °C. An explanation of the large expansion along the unique axis is given in terms of the large 
independent out-of-plane vibration of the oxygen atoms. The positive and negative el l and 0~33 , and 
their respective magnitudes, are shown to be related to this large expansion along [010], to the molec- 
ular reorientation and thermal vibration, and to the directions of the stronger intermolecular bonds. 
The change of sign of 0~33 is due to the increasing effect of thermal vibration. 

I n t r o d u c t i o n  

The increasing use of computers in crystallographic 
research has made data processing and refinement of 
structure analyses a routine matter. With the develop- 
ment of automated crystal setting and recording of 
experimental data and the possibility of automatic 
trial-structure solving, the emphasis must soon shift 
away from the mere cataloguing of crystal structures 
to the value of such information in revealing or explain- 
ing biological, chemical, geological or physical proces- 
ses. This will often involve the use of independent 
crystal-structure analyses made at various temperatures 
or pressures or under other changed or changing con- 
ditions such as time, varying amounts of controlled im- 
purity, imposition of electric or magnetic fields, irrad- 
iation, different compositions of mixed molecular 
structures, different conditions of crystallization (pH, 
supersaturation) and so on. 

One of the most elementary changes with temperat- 
ure that takes place in a crystal structure is its thermal 
expansion. Except for the simplest of materials, how- 
ever, very little is known about the structural relation- 
ship of expansion to thermal vibration amplitudes and 
other factors; and measurement of expansion coeffi- 
cients is not as yet a routine part of a structure deter- 
mination, although it very profitably might become so. 

In order to provide data for the understanding of 
anisotropic thermal expansion it is not enough, how- 
ever, merely to determine the crystal structure at one 
temperature, and the expansion figure between two 
temperatures. It is necessary to know how both pos- 
itional and thermal atomic parameters change with 
changing temperature and, in the case of molecular 
structures, to interpret these in terms of molecular re- 

orientation, rigid-body and non-rigid-body thermal 
vibrations and changes in length and direction of inter- 
molecular bonds. 

P r e s e n t  i n v e s t i g a t i o n  

Preliminary discussion 
The positional parameters of the atoms in anthra- 

quinone at room temperature were determined by 
Murty (1960 and previous references) by means of 520 
three-dimensional data, but he did not give anisotropic 
thermal parameters. His R value was 0.196. 

All measurements have been repeated in the present 
work. Good small single crystals were obtained by 
evaporation of a benzene solution. (Crystals from 
chloroform were almost invariably twinned.) They did 
not stand grinding or shaping and had to be chosen 
with natural habits as nearly spherical or cylindrical as 
possible. Extinction was minimized by liquid-nitrogen 
immersion, and corrected for as far as possible by 
measurements of intensity on four crystals of dimin- 
ishing size. The same extinction corrections (see Ap- 
pendix) were used for the same crystal when measured 
at different temperatures, although there was some in- 
dication that the correction varied slightly with tem- 
perature. Some of the thirty strong reflexions affected 
by extinction were of surprisingly high 0 values. The 
linear absorption coefficient/z = 7.6 cm -1 is small, and 
this correction was neglected. 

Intensity measurements were made on eight equi- 
inclination Weissenberg photographs for hkl (k=O,1, 
2,3; h =0 ;  l=  0; h = + 2l) at room temperature, and of 
1035 theoretically possible reflexions 682 had measur- 
able values. For the measurements made at four tem- 
peratures below room temperature only the zero-level 
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Fig. 1. Compound Weissenberg photograph, [001] as rotation 
axis, at temperatures + 20.5 °C and - 112 °C. 

Weissenberg photographs (rotation axes [010] [100] 
[001 ] [102] [102]) were taken. Least-squares refinements, 
using Murty's parameters as a starting-point in all 
cases, gave final residuals 

+20.5 - 12.5  - 7 2  - 112 - 170 °C 
R = 0.120 0.112 0.122 0.123 0.116 

the refinement being stopped at the point where the 
recommended shifts for the atomic positional and 
thermal parameters were less than the estimated stan- 
dard deviations. The hydrogen atoms were included 
but not refined, and the residuals did not include 'less- 
thans'. It was possible to reduce R, by the imposition 
of 'weights' and by other justifiable manipulation of 
the measured intensities, to as little as 0.059, but these 
adjustments were believed not to be realistic. It was 
decided, therefore, to take the data corresponding to 
the above R values and to see whether, even with this 
moderate degree of accuracy, the relationships between 
the results at the five temperatures would prove to be 
significant and interesting. 

The temperatures below room temperature were ob- 
tained by immersion of the specimen in a stream of 
cold gas obtained by boiling liquid nitrogen, this stream 
being passed through a variable heater, somewhat 
above the crystal. They were measured by means of a 
copper-constantan thermocouple calibrated at  fixed 
points and also placed with one junction actually in- 
side a large anthraquinone crystal in position on the 
arcs in the camera, with Weissenberg motor and X-ray 
tube running, so that the conditions, when steady, 
would be as nearly as possible those of the actual ex- 
periment. Dry cold air was passed over the crystal 

continually to avoid the formation of ice. Care was 
taken to maintain the level of the liquid nitrogen in the 
supply Dewar, as variations in this were found to affect 
the prolonged steadiness of the crystal temperature. 
This procedure [fuller details of which have been given 
by El Sayed (1965)] gave controlled temperatures at 
any value between room temperature and - 1 7 0  °C, 
which could be kept reasonably constant over the 
periods of several hours required for Weissenberg 
photographs. A calibration curve repeated nine months 
later with the same experimental set-up gave good 
agreement with the original. 

The thermal-expansion coefficients were measured 
by taking Weissenberg photographs of the same crystal 
in the same setting and on the same film, but at two 
(or three) different temperatures, with a camera shift 
of 2 or 1.5 mm between photographs. Thus the pattern 
is repeated on the film, but with a slight shift (Fig. 1) 
and values of AO for high-angle reflexions are used for 
the determination of thermal expansion for every meas- 
urable reflexion in each zone. The absolute measure- 
ments of unit-cell dimensions are not of ultra-high 
accuracy (probably they are correct to within 0.2Yo, the 
camera and film radii having been calibrated by means 
of a powder photograph of an aluminum wire). The 
thermal-expansion coefficients are of the accuracies in- 
dicated in Fig. 8, which shows one section of the ex- 
pansion figure. Measurements were made on both sides 
of the primary-beam trace, in order to minimize any 
possible mis-setting or mis-centring during the cooling 
process. Readings were taken with a low-powered trav- 
elling microscope (with which even the weakest spots 
could be seen) on all reflexions having 0>20  ° and 
these readings were repeated independently eight times 
within three weeks, since it was found that humidity 
affected the film size in an anisotropic way. Where pos- 
sible, Cu Kcq and ct2 spots were both used and measure- 
ments were made on the {h01}, {hk0}, {Ok/} and {2hkh} 
zones. In particular, the expansion for the 020 reflexion 
had to be measured from the least three zones, since 
040 was unfortunately very weak indeed and 060 un- 
observable. 

The formula used for the calculation of the expan- 
sion coefficients was 

dd  dd  cosec (0 -Y- d0) 
ct - - - - -  where + - - -  - 1. 

d .  AT - d cosec0 
d T is the temperature range and 
0 the Bragg angle corresponding to the lower tem- 

perature. 

Table 1. Unit-cell parameters, as used for purposes of  structure refinement, with A, the extreme difference of length 
Values at - 12.5 °, -72 °, - 112 ° are interpolated. 

Temp. (°C) 20.5 (+0.5) -12.5 (+4.5) -72 (+2) -112 (+2) -170 (+5) d 
a 15.83 (4) 15.81 (2) 15.76 (9) 15.74 (0) 15.69 (6) 0.144 A 
b 3.97 (1) 3.95 (8) 3.93 (3) 3.91 (6) 3.89 (0) 0-081 
c 7.89 (1) 7.89 (1) 7.89 (1) 7-90 (4) 7.91 (0) -0.019 
fl 102"5 ° 102.5 ° 102.5 ° 102.5 ° 102.5 ° 
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T h e  f o r m u l a  c ~ = - ( c o t  O)AO/AT, a l t h o u g h  s o m e -  
t i m e s  g iven ,  is i n c o r r e c t ,  b e c a u s e  it a s s u m e s  t h a t  AO is 
v a n i s h i n g l y  smal l ,  w h e r e a s  o u r  a i m  w a s  to  m a k e  AO as 
l a rge  as poss ib le .  

A n  e r r o r  o f  + 0 . 1  ° in  t he  m e a s u r e m e n t  o f  AO p r o d -  
u c e d  a n  e r r o r  in  c~ w h i c h  was  d e p e n d e n t  u p o n  t h e  
m a g n i t u d e s  o f  b o t h  0 a n d  AO, b u t  w h i c h  v a r i e d  f r o m  
1 . 5 ~  ( for  20 0 i C u  K0~2, 0 = 8 5 . 8 9  °, AO=-4 .70  °) to  
24.6Yo ( for  12 0 1 C u  K~, 0 = 4 0 . 3 2  °, AO=-0.41°).  

Experimental results 

T h e  c rys ta l s  a re  p s e u d o - o r t h o r h o m b i c  (F ig .  2) b u t  t h e  
t r u e  space  g r o u p  is P21/a, w i t h  t w o  c e n t r o s y m m e t r i c a l  
m o l e c u l e s  o f  C14H802, m o l e c u l a r  w e i g h t  208.1 g iv ing  
a c a l c u l a t e d  d e n s i t y  1.430 g . c m  -3. T h e  un i t - ce l l  p a r -  
a m e t e r s  w e r e  m e a s u r e d  f r o m  r o t a t i o n  a n d  i n c l i n e d -  
b e a m  o s c i l l a t i o n  p h o t o g r a p h s  ( M i l l e d g e ,  1963) t a k e n  
a t  r o o m  t e m p e r a t u r e s ,  t h o s e  at  l o w  t e m p e r a t u r e s  b e i n g  

T a b l e  2. Orthogonal coordinates (x, y, z relative to a, b, c*) in A for the seven carbon, one oxygen and four hydrogen 
atoms (the latter not refined) in the asymmetric unit, for five temperatures. Also the differences Axi for the extreme 
temperatures, as 'observed', and the corrected differences Ax~ e derived from smoothed curves of  x(y, z) versus 

temperature (cf. Figs .  3, 4, 5) 
- 1 7 0 ° C  - 1 1 2 ° C  - 7 2 ° C  - 1 2 . 5 ° C  +20"5°C Ax~ Ax~ e 

C(1) 
x 1.357 1.394 1.393 
y 1.628 1.636 1.651 
z 3'126 3"108 3"100 

C(2) 
x 0'184 0"211 0"211 
y 1"064 1"075 1"075 
z 2"646 2"640 2"639 

C(3) 
x 0.101 0.115 0-117 
y 0"584 0"556 0"562 
z 1"357 1"354 1"354 

C(4) 
x 1"233 1"236 1"233 
y 0"603 0"601 0"611 
z 0"522 0"508 0"504 

C(5) 
x 2"402 2"412 2"409 
y 1"167 1"172 1"186 
z 1"014 0"982 0"975 

C(6) 
x 2"478 2"504 2"502 
y 1"676 1"687 1"706 
z 2"300 2"260 2"254 

C(7) 
x 1.174 1.164 1.161 
y 0.057 0.051 0.060 
z --0"861 -0"876 -0"880 

0(8) 
x 2.173 2.155 2.150 
y 0.102 0.096 0.109 
z - 1.602 - 1.626 - 1.629 

H(9) 
x 3.273 3.278 3.271 
y 1.204 1.205 1.227 
z 0.369 0.323 0.315 

H(10) 
x 3.405 3.438 3.430 
y 2"115 2.125 2.151 
z 2.664 2.612 2"602 

H ( l l )  
x 1-410 1"462 1"457 
y 2"022 2"038 2"053 
z 4"133 4.107 4"102 

H(12) 
x -0 .685  --0.643 --0.644 
y 1"020 1"033 1"033 
z 3.285 3-290 3.289 

1 "414 1"434 0"077 0"077/~ 
1"647 1"658 0.030 0"030 
3"093 3"071 - 0"055 - 0"050 

0-227 0-242 0.058 0"058 
1.076 1"093 0.026 0"020 
2.635 2"633 -0"013 -0 .014  

0.127 0.133 0.032 0.032 
0"559 0.567 0"019 0.019 
1.349 1"348 - 0"009 - 0"009 

1"234 1-242 0"009 0"006 
0"607 0"611 0"008 0"008 
0"504 0"481 --0"041 --0"037 

2"417 2"423 0"021 0"021 
1'181 1"188 0"021 0"021 
0"962 0"939 -- 0"075 -- 0"075 

2"514 2"523 0"045 0"050 
1"699 1"715 0"039 0"039 
2"241 2-216 -0"084 -0"084 

1"156 1"148 --0"026 --0"026 
0"055 0"043 --0"014 --0"015 
0'882 --0"890 +0"029 +0"030 

2"143 2"132 --0.041 --0"041 
0"101 0"091 --0-011 --0"016 

- 1"640 -- 1"655 + 0"053 + 0"053 

3"275 3"278 
1"218 1-217 
0"301 0"270 

3"446 3"467 
2-141 2"154 
2"588 2"550 

1"480 1-511 
2"048 2-073 
4"096 4"072 

0"627 -- 0"602 
1"034 1"056 
3"292 3"290 

AC20- 1" 
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deduced from the average thermal-expansion coeffic- 
ients over the range of temperature - 170 ° to -t-20.5 °C. 

The fractional positional parameters and the thermal 
b~j parameters corresponding to the temperature factor 

e x p  { -- [bl 1 h2 + b22 k2 + b3312 + bz3kl + b311h + b12hk] } 

Table 3. Vahtes of  observed Ue~ referred to the molecular 
inertia axes L, M, N (see Table 4)for  all atoms at all 

temperatures 
- 1 7 0  o - 1 1 2  ° - 7 2  o - 1 2 . 5  ° + 2 0 . 5 o c  

C(1) 
Ull 2555 2674 3063 3665 4969 
U22 2931 4284 4561 7168 8116 
U33 898 1800 2067 3179 3844 
U23 - 2 4 5  - 2 7 0  389 483 - 673 
U31 396 167 201 30 753 
U12 - 3 7 5  - 2 5 6  - 4 6  68 - 1 5 5  

C(2) 
Ul l  2162 3123 3356 4628 5010 
U22 1346 2692 3244 4282 5054 
U33 1189 1664 1506 2422 3922 
U23 587 371 505 66 24 
U31 -- 359 --275 -- 87 217 -- 171 
U12 278 668 330 259 - 4 3 7  

C(3) 
Ul l  1505 2430 3056 2955 4047 
U22 1681 2616 2487 3322 2793 
U33 1328 1651 1571 3388 2990 
U23 107 170 540 434 - 4 7  
U31 - 2 3 9  - 1 1 1  - 2 8  - 173 434 
U12 - 31 - 138 310 - 200 - 113 

C(4) 
U11 2631 2590 2573 3274 4669 
U22 1247 1901 2758 2790 4156 
U33 1415 1445 1644 3087 3897 
U23 - 538 56 472 - 7 - 225 
U31 36 8 - 128 358 465 
U12 --595 - 8 4  - 1 9 1  - 3 3 8  - 1 6 4 7  

C(5) 
Ull  2359 3149 3312 4372 4891 
U22 1156 1975 2999 2987 5361 
U33 1208 1980 1663 2939 3636 
U23 --12 213 355 - 128 616 
U31 - 2 2 9  131 112 547 - 162 
U12 --815 --763 - 1 0 3 7  - 8 5 7  - 1 9 4 2  

C(6) 
Ul l  1760 3122 3660 3945 5271 
Uz2 1656 3735 4522 5069 6857 
U33 1562 1939 2961 3662 4090 
U23 526 271 411 572 836 
U31 --308 252 588 - 1 7 2  598 
Ua2 - -320  - 5 6 2  - 1 2 7 2  - 5 0 0  - 1 5 0 6  

C(7) 
Ull  1779 2970 3222 3843 4992 
U22 1352 2122 2565 2657 2299 
U33 1316 2064 1916 3504 4567 
U23 827 214 442 - 133 624 
U31 - 4 2 4  2 - 4 5  - 4  - 14 
U12 39 14 - 9 8  - 4 0 8  - 253 

0(8) 
Ull  1487 2757 3079 4341 5269 
U22 1527 2207 2232 2780 9449 
U33 3192 4872 5193 7434 2627 
UE3 144 379 746 191 - 3 3 1  
U31 228 - 51 - 152 420 - 52 
U12 - 191 64 313 15 - 4 2 7  

10-s A2 

are given for all atoms at all temperatures by El Sayed 
(1965). These were used to deduce the orthogonal co- 
ordinates shown in Table 2 and the Ui.~ (Cruickshank's 
notation) shown in Table 3. The Fobs and Feale for all 
temperatures are given in the Appendix to this paper. 

Inspection of Table 2, or the actual plotting of co- 
ordinates against temperature, shows clearly that sys- 
tematic errors in the experimental data have not been 
eliminated. One might expect a smooth variation but 
there is, for example, little change in x or z between 

) / . .  .... 

Fig.2.  Project ion of  s t ructure  on (010) showing bo th  m o n o -  
clinic and p seudo -o r tho rhombic  axes;  and molecular  orient-  
ation, which  is nearly symmetr ical  relative to a and c. 

- y  < - -  ---.9. y 

- X  -1 

1" 
0 1 2 

i ! 

]112 
I I 

! 
, \ 

9~ 
10 t 

Fig.3. Molecular  or ientat ion showing x, y in/~, (see Table  2) 
at +20 .5  (heavy line) and - 1 7 0 ° C  (light line). 
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Fig.4. Molecular orientation showing x, z in A (see Table 2) 
at +20-5 (heavy line) and - 1 7 0 ° C  (light line). 
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Fig. 5. Molecular orientation showing y, z in A (see Table 2) 
at +20.5 (heavy l ine)and  - 1 7 0 ° C  (light). 

T a b l e  4. Intramolecular bond lengths and angles at different temperatures 

- 170°c - 1 1 2 ° C  - 7 2 ° C  - 12.5°c +20-5°C e.s.d. 
C(1)-C(2) 1.386 1.390 1-394 1.395 1.388 
C(2)-C(3) 1.392 1-390 1-387 1.389 1.395 
C(3)-C(4) 1.408 1.404 1.403 1.394 1.412 
C(4)-C(5) 1-388 1.390 1.391 1-392 1.396 
C(5)-C(6) 1-384 1.381 1.384 1.384 1.382 
C(6)-C(1) 1.394 1.396 1.396 1.392 1.384 
C(3)-C(7) 1.496 1 "494 1.498 1.497 1.490 
C(4)-C(7) 1.488 1.492 1.492 1.494 1.486 
C(7)-O(8) 1.244 1-244 1.242 1.245 1.243 

Average 
0.008 1.391/~ 
0.008 1.391 
0.007 1.404 
0.007 1.391 
0.008 1.383 
0.008 1.392 
0.008 1.495 
0.008 1.490 
0.006 1.244 

-- 170°C +20.5°C 

120"5 120-3 
120"8 121"2 
1 1 9 . 4  1 1 9 " 6  
1 2 0 . 1  1 2 0 " 6  
120"5 119"9 

- 170oc + 20.5°C 

C(1)-C(2)-C(3) 121.5 120.6 C(7)-C(3)-C(2) 
C(2)-C(3)-C(4) 119.2 119-8 C(7)-C(4)-C(5) 
C(3)-C(4)-C(5) 118.9 118.4 C(3)-C(7)-C(4) 
C(4)-C(5)-C(6) 121.7 121.4 C(3)-C(7)-0(8) 
C(5)-C(6)-C(1) 120.3 120.0 C(4)-C(7)-0(8) 
C(6)-C(1)-C(2) 119.4 119.8 

L 
M 
N 

T a b l e  5. Variation o f  direction o f  the molecular inertia axes L [length C ( 6 ) - - C ( 1 ' ) ] ,  M (width 0 - - 0 ' )  and N 
(normal to plane), with temperature, relative to a, b, c* 

- 170 ° - 112 ° - 7 2  ° - 12"5 ° + 20-5 °C 
• ^ , ^ ~ , ^ , , ^ • 

a b c* a b c* a b c* a b c* a b c* 
58.7 63.4 43.0 58.2 63"4 43.6 58"4 63.1 43.8 58.0 63.2 44-0 57.9 62-9 44"5 
36"4 87.8 126.2 37"0 88"0 127"0 37"2 8 7 " 7  127.1 37.5 87"9 127.4 37.8 88.0 127"7 

107.0 26-6 109.8 107"2 26-7 109.8 107.6 27.0 109-8 107"5 26.9 109.8 107"7 27"2 110"0 
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- 1 1 2  ° and - 7 2  °C although there is a large change in 
y. It is not, therefore, the temperature measurement 
that is at fault. In general it appears that y for - 72 °C 
is too large and y for - 12.5 °C is too small. The small 
changes of molecular shape implied in the data (Table 
4) are almost certainly unreal, yet taken as a whole 
the five sets of coordinates do give a clear and reason- 
able variation of molecular orientation with temper- 
ature. This shown in Figs. 3, 4 and 5 (which only show 
positions for the two extreme temperatures) and in 
Table 5 which gives the change of direction of the 
molecular inertia axes as the temperature changes. 

If the data were sufficiently accurate one might ex- 
pect to find a small lengthening of the intramolecular 
bond lengths as the temperature decreases (Becka & 
Cruickshank, 1961). These were too small to be ob- 
served. As Table 4 shows, the bond lengths are un- 
changed to within the estimated standard deviation. 
The average C- -C  length in the end rings is 1.392 A, 
the bonds to the 'aliphatic' carbon are 1.493 A and the 
C = O  is 1.244 A. 

The electron-density projections on (010) at 20.5 °C 
and - 1 7 0  °C show very marked changes of peak 
heights due to the changes of thermal vibration am- 
plitudes. This is particularly true of the oxygen atoms 
(see Figs. 6 and 7 and Table 6). These increases may 
be compared with those found, by Hirshfeld & Schmidt 
(1956) for three compounds studied at room and low 
temperatures. 

The thermal-expansion experimental results are 
shown graphically in Figs. 8, 9 and 10 which are all to 
the same scale. When Fig. 9 is compared with Fig. 2 
it is clearly seen that the pseudo-orthorhombic axes 
[102] and [102] have no significance in relation to the 
principal axes of expansion. These are closely related 
to the monoclinic axes in that Cql is only 1 ° from [100] 

Table 6. Peak values of  electron density at - 170 °C and 
+ 20.5 °C (all to within + 0.5) in e.A-2 

-170°C +20"5°C -170°C +20.5°C 
C(1) 7.7 6-3 C(5) 9.3 7-1 
C(2) 9.3 6.9 C(6) 7.7 6.1 
C(3) 7.7 7-3 C(7) 8.7 7.1 
C(4) 8.5 7.1 0(8) 14.3 10.3 

® 

@@®/ 

Fig.7. (010) electron-density projection at -170°C, showing 
considerable sharpening of peak heights. Contours at 2, 4, 
6, 8, 10, 12, 14 e.A-2. 

¢,lt 

Fig. 6. (010) electron-density projection at room temperature 
(20.5 °C). Contours at 2, 4, 6, 8, 10 e.A-2. 

Fig. 8. Thermal-expansion coefficients normal to {Okl} planes. 
Figs.8, 9, and 10 are on the same scale. Circles positive, 
crosses negative experimental values; continuous line: calc- 
ulated values. 
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in acute fl, 0~22 is of course along [010] and iX33 is 1 ° from 
c*, away from [001]. Their values are 

ct11=56.4 ~22 = 125.0 (X33 = --8.6 (all x 10-6/°C) 

taken over the whole range of temperature - 1 7 0  ° to 
-t-20.5 °C. Comparisons of ct, over various ranges of 
temperature show that ~lt and ct22 do not have much 
temperature variation. A compound Weissenberg 
photograph (Fig. 11) taken at +20.5 °C, -12 .5  °C 
and - 7 2  °C does show quite clearly that reflexions 208 
and 207 and even 007 (for which 0 is much smaller) 
have a smaller value of 0 for both + 20.5 ° and - 7 2  °C 

¢ 

Fig.9. Thermal-expansion coefficients normal  to {h01} planes. 

I 7' 

T 7 

,It 
~ a  

Fig. 10. Thermal expansion coefficients normal  to {hk0} planes. 

! v - , ~  
¢ ; l  . !  

i ." ?i 
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: t :  : " 
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Fig. 11. Compound  Weissenberg photograph taken about [010] 
as rotation axis; at temperatures + 20-5 °, -12-5  ° and - 7 2  °C. 

than for -12 .5  °C. In other words, the negative ~33 
becomes positive in the neighbourhood of - 1 2  °C. 

The points requiring explanation are: 
(1) Why is ct22 so large? 
(2) Why is ~u so much larger than CX337 
(3) Why is ~t33 negative at low temperatures, becoming 

positive near to room temperature? 
These questions must be answered in terms of molec- 

ular reorientations, positions of neighbouring molec- 
ules and intermolecular bonds, and thermal vibrations. 
Long-wave translatory vibrations, in which neighbour- 
ing molecules may be considered as moving in unison, 
will not be expected to contribute much to thermal ex- 
pansion even though, taken in isolation, the molecules 
apparently occupy much more space at higher tem- 
peratures. 

Discussion of thermal vibrations 

The U~j data shown in Table 3 can be treated in two 
ways. They can be used as they stand, with all their 
obvious deficiencies, to determine the molecular trans- 
lations and librations at each temperature; or they can 
be smoothed with respect to temperature and the 
smoothed values used for computing*. Or indeed, if 
it is really believed that the molecular inertia axes L, 
M, N will be the principal axes of the vibration ellip- 

soid, then Utj for C(1) and C(6) can be averaged, sim- 
ilarly those for C(2) and C(5), C(3) and C(4). This, 
however, is clearly not justified. The atomic coordin- 
ates are symmetrical with respect to L, M, N; but L, 
M, N are not symmetry axes in terms of the whole 
crystal structure; and one would not therefore expect 
that the principal translation axes would necessarily 
coincide with L, M, N. This will be seen more clearly 
when the lengths of intermolecular bonds are discussed. 

In fact the thermal data have so far been used just 
as they are, without smoothing, for all computing pur- 
poses; but the effect of this is seen in Figs. 12 and 13, 
which show U33 plotted against temperature for all 
atoms. Fig. 12 uses the data as observed and Fig. 13 
uses smoothed data. Both demonstrate clearly the out- 
standing values for the oxygen atom. Elsewhere (Lons- 
dale, Walley & E1 Sayed, 1966) we have shown that by 
treating first the whole molecule, and then the carbon 
atoms only, as if they were a rigid body, it is made 
obvious that the oxygen atoms must be executing a 
large out-of-plane, independent libration about the 

* The magnitude and direction of Bmax, Bmea, Bmia have 
been calculated from the b,j, smoothed with respect to temp- 
erature, and unsmoothed,  for all atoms at all temperatures. 
The e.s.d, of both magnitudes and direction cosines have been 
calculated with the use of a program prepared by D.Walley.  
In general, agreement lies within the e.s.d.'s, which at room 
temperature vary between 0.5 and 0.2 Jr2 in B. B itself varies 
from about 7 to 2/~2. At - 1 7 0 ° C  the agreement is similar 
in magnitude but the errors are larger percentage-wise where 
Brain is very small. The smoothed and unsmoothed data for 
direction cosines are also surprisingly close in most cases, but 
in some there are large variations because of near-equality 
of B magnitudes (see later discussion and Table 7). 
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Table 7. Magnitudes and direction cosines (relative to a, b, c*) of  Bmax, Breed, Bmtn with e.s.d, on both, for the 
oxygen atom at 20.5 ° and - 170 °C; and ¢(U 2) along [010] 

+ 20.5oc - 170°C 
, -~  ~ ~ /~  

z~ 2 a b c* 2 a b c* 
Bmax 7"48 --0"346 0"883 --0"316 2"55 --0"164 0"943 --0"289 
Bmea 4"21 0"405 0"445 0"799 1"34 - 0"245 0"245 0"938 
Brain 2"02 0"846 0"148 -0"512 0"98 0"956 0"225 0"191 
tr (Bmax) 0"38 0"050 0"033 0"078 0"23 0" 134 0"043 0" 155 
O" (Bmecl) 0"29 0"072 0"071 0"050 0" 18 0-383 0"065 0"098 
O" (Brain) 0"21 0"021 0"084 0"050 0" 13 0"095 0" 152 0"342 
I/(u2---) [010] 0"291 A 0"174 ~, 

C(7) atoms to which they are attached. Using the car- 
bon atoms only as a rigid body, molecular translations 
and librations can be deduced which when applied to 
the oxygen atoms, would give U33 calculated values as 
shown by the intermediate points on Fig. 13. The dif- 
ference between U330bs and  U33calc for the oxygen 
atoms is the measure of their independent libration. 
Now this out-of-plane amplitude is not far from [010]. 
Table 4 shows that at all temperatures the angle be- 
tween N and b is + 27 ° for the two molecules in the 
uni t  cell. 

The  pr inc ipal  values of  the the rmal  ell ipsoids of  all 
the a toms (deduced f rom observed,  not  smoothed ,  b~s) 
wi th  their  d i rect ion cosines and  the e.s.d, for  bo th  
magni tudes  and  directions,  were compu ted  on Pegasus 
by means of a program prepared by Mr D. Walley. 
They  are recorded  by E1 Sayed (1965). F r o m  one tem- 
pera ture  to ano the r  the magni tudes  varied reasonably  
smoo th ly  (compare  U~s in Table  3) bu t  the direct ion 
cosines somet imes  f luctuated wildly and  where two o f  
the  ell ipsoid axes were near ly  equal  the e.s.d. 's for  the 
di rect ion cosines were so large tha t  the direct ions  were 
inde te rmina te  in the p lane  o f  those  axes. Fo r  oxygen, 
however ,  no t  only  the magni tudes ,  bu t  also the dir- 
ect ion cosines of  the pr inc ipal  axes were fair ly well 
defined at  all temperatures .  They  are shown in Table  7, 

together with the value of l/(u2) for oxygen along [010], 
at +20.5 ° C  and - 170 ° C  only. 

The values of the root-mean-square vibration am- 
plitudes (observed, not smoothed) for all atoms at 
- 1 7 0  ° and +20.5 °C along a b c*, which are almost 
identical with the directions of ctll, ~22, ix33, are shown 
in Table 8 together with Au, the increase in the r.m.s. 
amplitude due to the temperature rise. Our problem is 
to assess how much of Au may contribute to a genuine 
increase of distance between a standard molecule and 
its nearest neighbours along [100] [010] and c*. This is 
particularly difficult not only because our observed u 2 
are averages, but also because we have no idea of the 
distribution as between the acoustic and optical bran- 
ches. 

If the molecular translatory vibrations are controlled 
in part, at least, by the configuration of the nearest 
neighbours, and the librations by the inertia of the 
molecule itself, then it might be reasonable to suggest 
that the translations are the more likely to be of long 
wavelengths and to involve coordinated movements of 

Table  8. Root-mean-square amplitudes ]/(u 2) =(B/8zr) +, 
observed, along C~l~, cq2, ~33, at -170  ° and +20 .5  °C 

a(~l 1) b (~22)  c*(0~33) 
C(1) - 170°C 0.152 0.117 0-159/~ 

+ 20.5 °C 0.260 0.215 0.235 

c(2) 
Au 0"108 0.098 0 . 0 7 6  

- 170°C 0.123 0-107 0.139 
+ 20.5 °C 0.215 0.200 0-232 

c(3) 

Au 0"092 0"093 0"093 

- 170°C 0"125 0"109 0"131 
+20.5°C 0"173 0.188 0.182 

Au 0"048 0"079 0"051 

TC.  
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-lO0 

-14o 

-18o 
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C(1 ) ....... (7) 0(8) 
• . Q *  * X 

• ~ . ,  x 

0'01 0"02 0"03 0"04 0"05 0"06 0"07 0"08 0"09 A2 

U2(N) as observed 
m 

Fig. 12. U330bs [u2(N)] plotted against temperature, for all 
atoms. 
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Fig. 13. The same as Fig. 12 but using smoothed values of U33. 
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c(4) 

Table 8 (cont.) 

a(~ll) b(~22) c*(~33) 
- 170°C 0"116 0"128 0"151 
+20"5°C  0"168 0-209 0"235 

c(5) 

Au 0-052 0"081 0"084 

- 170°C 0"094 0"111 0.162 
+ 20"5°C  0"178 0-193 0"264 

C(6) 

Au 0"084 0"082 0"102 

- 170°C 0"111 0"118 0"153 
+ 2 0 " 5 ° C  0-208 0"220 0"267 

C(7) 

Au 0"097 0"102 0"114 

- 170°C 0"111 0"106 0"144 
+ 20"5°C 0"165 0"216 0"210 

o(8) 

Au 0.054 0"110 0"066 

- 170°C 0"115 0"174 0.135 
+ 20"5°C 0"196 0.291 0"224 

Au 0.081 0 117 0.089 

Table 9. Values of Tij, co~j (Cruickshank's notation) 
calculated on the basis of the whole molecule as a rigid 

body, for all five temperatures 
(All f rom u n s m o o t h e d  data)  

T i j ( x  1 0 - 4 A  2) 
- 1 7 0 ° C  - 1 1 2 ° C  - 7 2 ° C  - 1 2 . 5 ° C  + 2 0 . 5 ° C  

Tl l  194 262 289 347 430 
T22 135 204 239 270 298 
T33 100 108 86 240 264 
T23 + 17 + 2 8  + 57 + 7 + 7 
T31 -- 16 + 5 + 9  + 8 + 4 6  
T12 - 25 - 13 - 2 1  - 24 - 81 

0)~j(x 10-5 radians2) 

0)11 274 496 546 623 888 
0)22 0 29 78 22 41 
0)33 48 120 144 218 309 
0)23 -- 1 + 2 0  + 17 - 22 - 7 
0)31 - 26 + 20 + 16 - 4 0  + 122 
0)12 - 2 4  - 1 6  - 3 8  - 3 6  - 6  

Table 10. Values of T~j, coij calculated for +20.5 ° and 
- 1 7 0  °C only, from data smoothed with respect to 
temperature, for a rigid-body composed of(a) C(1 )--C(6) 

only (b) C(1)--C(7) only (c) the whole molecule 
Tll T22 T33 T23 T31 TI2 ( x 10-5/]t 2) 

a) + 2 0 " 5 ° C  423 302 334 18 35 - 6 4  
- 1 7 0  ° 198 113 104 14 - 1 2  - 1 5  

0)11 0)22 (-033 0)23 O931 O912 ( X 10 -5 ~2) 
+ 2 0 . 5 ° C  - 1 6  5 30 1 8 - 2  
- 1 7 0  ° - 6  1 8 0 - 2  - 3  

(b) + 2 0 " 5 ° C  420 292 340 19 34 - 5 9  
- 1 7 0  ° 196 130 105 28 - 1 4  - 1 2  

+ 2 0 " 5 ° C  7 2 30 0 8 - 2  
- 1 7 0  ° - 4  1 6 1 - 2  - 3  

(c) + 2 0 " 5 ° C  408 303 246 
- 1 7 0  ° 188 147 64 

+ 20"5°C 82 5 28 
- 170 ° 29 2 4 

15 34 - 54 
32 - 14 -- 10 

- -  1 6 - 2 
1 - 3 - 3 

neighbouring molecules. They would then contribute 
least to thermal expansion. This does seem to be the 
case. Table 9 shows the values of T~j and og~j (Cruick- 
shank's notation) at all temperatures, based on the 
rigid-body analysis, using all atoms. (Using the seven 
carbon atoms only (see Table 10), the values for i # j  
are not much changed, the main change being in T33 
and o)11). A fair deduction from the cross-term values 
seems to be that the principal molecular librations are 
very near to the inertia axes, but that the principal 
molecular translations are not so near and are more 
dependent on the directions of intermolecular bonds, 
as they were also, for example, in diketopiperazine 
(Lonsdale, 1961). In that case the translations can, to a 
first approximation, be discounted in assessing the 
contribution of the thermal vibrations to thermal ex- 
pansion. In the direction of [010], that is, of ~22, the 
observed value of I/(u 2) is greatly enhanced by the 
independent out-of-plane libration of the oxygen atom. 

Thermal variation of intermolecular bond lengths 

In addition to knowing the changes of molecular orient- 
ation, it is important to know how the intermolecular 
bond lengths change, in order to assess the importance 
of reorientation and changed thermal vibration am- 
plitudes in respect of thermal expansion. Table l l 
gives a list of the lengths at the five temperatures of 
all intermolecular bonds less than 3.7 A in length at 
+20.5 °C. Table 12 gives their direction cosines at 
- 170  ° and +20.5 °C only. It will be seen that, apart 
from one bond, they all increase in length. The question 
is, whether the components of these changes in length 
of intermolecular bonds can be understood in terms 
of molecular reorientation combined with some part of 
the molecular thermal vibration. The simplest case is 
that of the large expansion along the b axis: ~22 is 
125.10 -6 . °C-1 and there are eight independent short 
intermolecular bonds between each pair of molecules 
along the [010] direction. 

Figs. 4 and 5 show that the molecular reorientation 
involves the atoms C(6) and its attached H(10) in the 
maximum movement in the [010] direction. The change 
Ay from - 1 7 0  ° to +20.5 °C is almost 0.039 ]t for 
both and therefore the total increase of space parallel 
to [010] taken up by the centrosymmetrical molecule 
in turning is ~0.078 A. At the same time, however, 
the molecule turns so that Ay for the oxygen atom is 
-0 .016 A and in respect of its width, therefore, the 
molecule occupies 0.032 A less space along [010]. It is 
difficult to see what effect these combined movements 
would have in altering the packing arrangements of 
the identical array of molecules along [010]. A more 
useful consideration is that of Ay for the atoms which 
take a major part in the intermolecular bonds along 
[010]. The maximum bond changes are those between 
C(1) of the molecule at 000 and C(2) of that at 010 
(0.076 A) and also between C(2) (000) and C(3) (010) 
(0.073 A). For C(1), Ay=0.030 A, but for C(2), Ay= 
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0.020 A in the same direction; hence the change  of  
o r ien ta t ion  only  accounts  for  0.010 A of  the actual  
0.076 A increase which  occurs. Similar ly  Ay[C(2) (000)] 
- -Ay[C(3)  (010)] is near ly  zero, yet  an  increase of  bond  
length of  0.073 A occurs. F o r  C(5) (000) and  C(4) 
(010) the molecu la r  r eor ien ta t ion  only  accounts  for 
0 .013 /k  of  the observed b o n d  increase of  0.070 ~ a long  
[010]. A l t h o u g h  the accuracy  of  any  indiv idual  bond  
length  or Ay measuremen t  does cer ta inly  no t  jus t i fy  
the use of  the  th i rd  decimal  place, yet  the accumula ted  
effect o f  the above  cons idera t ions  is tha t  there  is an 
increase of  in te rmolecu la r  b o n d  length  a long  [010] f rom 
- 1 7 0  ° to + 2 0 . 5  °C of  abou t  0.06 A, no t  accounted  
for  by  molecu la r  reor ienta t ion .  This  is only  a f rac t ion  

of  the  increase in l/(uZ) a long  [010], which  changes  
f rom 0.114 ~ at  - 1 7 0  °C to 0.206 A at  +20 .5  °C for 
the a toms  C(1) to C(7) ( +  0.015 for  indiv idual  a toms)  
and  f rom 0.174 A t o  0.291 A for oxygen over  the same 
t empera tu re  range.  It  is clear t ha t  even though ,  as 

previously  suggested, the long-wave acoust ic  v ib ra t ions  
will con t r ibu te  little to the expans ion ,  yet  the  cont r ib-  
u t ion  of  the l ib ra t iona l  v ib ra t ions  and  pa r t i cu la r ly  
tha t  of  the oxygen a toms  (whose total  mean  v ib ra t i on  

ampl i t ude  2V(u z) increases f rom 0.35 A to 0.58 A) is 
sufficient to account  for the expans ion  of  the  inter-  
molecu la r  bonds  and  hence of  the b axis. 

The  difference in the values of  al l  and  ~33 is more  
difficult to explain.  As Fig. 2 shows,  the molecu la r  
o r ien ta t ion  is near ly  symmet r ica l  relat ive to a and  c. 
F r o m  Table  2 it will be seen tha t  the  reor ien ta t ion  wi th  
t empera tu re  causes the fo l lowing m a x i m u m  coord in -  
ate changes  ( -  170°C to + 20.5°C) 

C(1) Ax= +0 .077  A C(6) A z = - 0 . 0 8 4  A 

0(8 )  A x = - 0 . 0 4 1  A 0(8)  Az= +0 .053  A 

Again ,  it is diff icult  to  see h o w  th i s  r eor ien ta t ion  m a y  
be expected to affect p a c k i n g  cons idera t ions ,  and  i t  is 
more  helpful  to cons ider  the changes  of  in t e rmolecu la r  

Tab le  11. lntermolecular bond lengths ( <  3.7 A) at all temperatures* 

-170  ° -112  ° - 7 2  ° _12.5 ° +20.5oc 
000 C(1)-C(2) 010 3.562 3.588 3-589 3-618 3.635 

-C(3) 010 3.550 3.571 3.572 3-596 3.600 
000 C(2)-C(3) 010 3-609 3-634 3.654 3.674 3.679 
000 C(4)-C(7) 010 3.619 3-640 3.654 3.678 3-670 
000 C(5)-C(4) 010 3"560 3.578 3.589 3.614 3.623 

-C(7) 010 3.571 3.58l 3.588 3.607 3.600 
000 C(6)-C(4) 010 3.557 3.562 3"568 3.587 3.587 

-C(5) 010 3.618 3.634 3.647 3.672 3.674 
000 C(1)-O(8) 001 3.478 3.491 3.483 3.489 3"513 
000 C(2)-O(8) 001 3.617 3.595 3.577 3.571 3-564 
000 C(5)-O(8) -~0 3.439 3.479 3.504 3.531 3.550 
000 C(6)-O(8) ~-1~0 3.293 3.294 3.312 3.327 3.330 

* Objection may be taken to the use of the word bond in this sense. However, the main property of the crystal is that the 
molecules are held together in an almost static pattern which requires the expenditure of energy to break it up. We believe, there- 
fore, that the use of the term interrnolecular bond is justified. 

Tab le  12. The direction cosines of  the shortest intermolecular bonds and L, the principal component of  each such 
bond, at - 170 ° and +20 .5  °C (relative to a, b, c*) 

a b c* L 
000 C(1)-C(2) 010 -170°C  -0"329 0"935 -0"135 3"330 

+20"5 ° -0.328 0.937 -0.120 3.406 
000 C(1)-C(3) 010 -170  ° -0"354 0"792 -0"498 2"814 

+20-5 ° -0"361 0.800 -0.479 2-880 
000 C(2)-C(3) 010 -170  ° -0"023 0"934 -0"357 3"370 

+20-5 ° -0.030 0.936 -0.349 3.443 
000 C(4)-C(7) 010 - 170 ° -0"016 0"924 -0"382 3"345 

+20"5 ° -0"026 0.927 -0"374 3.402 
000 C(5)-C(4) 010 - 170 ° -0"328 0-934 -0"138 3.325 

+20'5 ° -0 '326 0'937 -0 '126 3'395 
000 C(5)-C(7) 010 - 170 ° -0"344 0.778 -0.525 2.780 

+20"5 ° -0-354 0.785 -0.508 2.826 
000 C(6)-C(4) 010 - 170 ° -0-350 0.792 -0.500 2.818 

+20"5 ° -0"357 0.799 -0"484 2.843 
000 C(6)-C(5) 010 - 170 ° -0.021 0"934 -0.355 3.380 

+ 20"5 ° - 0.027 0-937 - 0-347 3"443 
000 C(1)-O(8) 001 -170  ° -0.258 -0.439 0"861 2.995 

+ 20.5 ° - 0.287 - 0.446 0-847 2-975 
000 C(2)-O(8) 001 -170  ° 0"077 -0.267 0"961 3.476 

+20"5 ° 0"05l -0.281 0.958 3.415 
000 C(5)-O(8) ~_0 -170  ° 0.952 0"256 0"171 3"278 

+ 20"5 ° 0"947 0.250 0-202 3.361 
000 C(6)-O(8) ~-~0 -170  ° 0-971 0-113 -0.212 3.196 

+20"5 ° 0.980 0"108 -0-168 3"263 
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distance along each direction. There are only two in- 
termolecular bonds along each of the [100] and [001] 
directions less than 3.7/~ in length. The point of major 
significance is that along [100] the connection is be- 
tween a molecule and its reflexion, while along [001] 
the connection is between two similar molecules. Now 
the molecule itself is centrosymmetrical, and the situ- 
ation is therefore as shown in Fig. 14 and Table 12. 
As the standard molecule at 000 swings round, the 
tendency is for the bond (000) C(6)--O(8') (~-~0), which 
is the shortest bond near to [100], to swing even nearer; 
so that its projection along [100] lengthens more than 
the actual bond lengthens. The increase of 0.072 N in 
½a cannot be accounted for, however, by the reorient- 
ation of the molecules alone. This reorientation causes 
a change of Ax of +0.050 A for 0(6) of 000 and of 
+0.041 /~ for the centrosymmetrical 0(8') of the 
molecule at N 0  (since the value of Ax for 0(8) is 
-0.041 /~). The reorientation of the molecules there- 
fore causes a shift of position of the (000) C(6) to 
0(8') (za-}20) bond, but not necessarily of the molecules 
relative to each other. There is, however, a consider- 
able change in the thermal vibration amplitudes of 
C(6) and 0(8') from - 1 7 0  °C to +20.5 °C, and Fig. 
14 shows that the disposition of the intermolecular 
bonds along [100] is such that, although long acoustical 
waves may be neglected as a cause of thermal ex- 
pansion, yet any short or optical vibrations must cause 
an increasing separation of the molecules along that 
direction. The maximum change in root-mean-square 
amplitudes along [100] for C(6) and 0(8') is 0.097+ 
0.081 =0.178 A (from Table 8), whereas the increase 
in the C(6)--O(8') bond component along [100] (from 
Table 12) is 0.067 ~,  only a fraction of that amount. 

By contrast, Table 12 shows that although the inter- 
molecular bond nearest to [001], that from (000) C(2) 
to 0(8) (001), hardly changes its direction at all with 
temperature, yet its component along [001] is decreased 
by 0.061 A as the temperature rises from - 1 7 0  °C to 
+20.5 °C. The reorientation of the molecules causes 
a change of Az= -0 .014 in C(2) and of -0 .053 in the 
coordinate (originally 6.255/~) 0(8) of 001. This does 
account for a good part of the change in intermolecular 

((]01) 

• _ _  -/ ......... 

(IO0) 
Fig. 14. Diagrammatic representation of intermolecular bonds 

in the (001) and (100) projections. Vibrating O atoms are 
shown by circles, intermolecular 'bonds' by dotted lines. 
The small arrows show relative directions of movement as 
the temperature increases. 

bond length. The remainder reflects the change of 
-0 .019  A in the c axis. Fig. 14 shows that as long as 
the thermal vibrations along [001] are not too large, 
any expansion along [010] is bound to be accompanied 
by a contraction along [001] because of the trellis-work 
nature of the intermolecular bonds in that direction. 
As the thermal vibrations increase in magnitude those 
of the optical type are bound to increase the distance 
between the molecules and to turn the contraction 
along [001] into an expansion. 

It is probable that a consideration of H - - H  and of 
H - - O  contacts would yield useful information, but for 
such results to be really significant the data (at differ- 
ent temperatures) should be extended to anthrone 
(C14H100) which is closely isostructural with anthra- 
quinone (C14H802) although CH2 has replaced half the 
CO groups in a partially disordered way. This is a 
major research and would need well-established H 
positions, and hence much better as well as more- 
extended experimental data than are used here. 

APPENDIX 
Experimental data 

R values of 12yo do not by any means represent the 
limit of accuracy attainable with good photographic 
data, and require some explanation in view of the 
considerable number of conclusions deduced in this 
paper. The principal cause of experimental inaccuracy 
was uneven spot-shapes in the hOl data owing to the 
impossibility of grinding spheres. The other four zones 
used had to be scaled together via the hOl data alone, 
since there are virtually no 0k0 reflexions. Further- 
more, four different crystals had been used to collect 
the zones of data owing to difficulties of re-mounting, 
and these crystals required different extinction cor- 
rections. Hence the uncorrected intensities did not 
scale well together in any case. 

Accordingly, all five sets of data at the different 
temperatures were refined independently to about R = 
14%. For each set structure factors were calculated 
for a regular molecule oriented along the inertia axes 
derived from the coordinates at that stage of refine- 
ment. The five zones of data were then scaled to the 
calculated structure factors, only those observed values 
being used which were weak enough for extinction to 
be negligible. With these scales, a value of the extinction 
parameter fl in the expression/TRUE = lOBS +fllg~s was 
obtained (assuming ITRW ~ IeAr~C) for each crystal so 
as to give reasonable corrections for the appropriate 
zone at all five temperatures. The final cycles of refine- 
ment were then carried out with the data corrected in 
this way. It can be seen from Table 13" that the agree- 
ment is much better for zones other than h0/, because 
spot-shapes were much more uniform in the other 
zones. 

* It will be seen that the computer prints F(obs) with the 
sign found for F(calc). 
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The observed intensities for each zone were scaled 
together and processed by means of a least-squares 
program (Milledge & Walley, to be published) which 
proved very efficient in el iminating gross errors of  in- 
dexing, intensity est imation and punching, as well as 
providing experimental  weights. These weights were in 
fact used in the refinement, but are not likely to have 
had a very large effect on the final result since there 
was already a fairly even distribution of AF values 
among the observed reflexions. The results appear  to 
indicate that  molecular orientations derived from inertia 
calculations on coordinates obtained by refining rel- 
atively inaccurate data do have a much greater signific- 
ance than the coordinates themselves. All estimates of 
errors derived from these diagonal SFLS refinements 
are certainly lower limits. 
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Thermal coefficients have been measured for anthraquinone at five different temperatures. These in- 
dicated that the oxygen atom possessed a large independent out-of-plane libration. This was con- 
firmed by treating first the whole molecule and then the anthracene nucleus alone as if they were rigid 
bodies, and noting the differences in the T, ca values thus determined. These were particularly large 
for col ~. This method of using successively smaller parts of the molecule as a basis for a rigid-body 
thermal analysis seems capable of extension to more complicated molecules. A critical consideration 
of the individual values of (U o b s -  U calc)t~ may also reveal large discrepancies which are consistent 
at different temperatures, even when the average value is similar to the e.s.d, for the experimental data. 
Such an inspection has revealed a translatory vibration of the anthracene nucleus along the inertia 
axis L, relative to the oxygen atom. This may be a consequence of the strong intermolecular C(6)(000) --- 
O(8)(J2-½0) bond, combined with the large out-of-plane 0(8) libration. There is no sign of any accom- 
panying out-of-plane libration of the outer carbon atoms, such as would be expected for a 'butterfly' 
motion. 

Dur ing an investigation of the crystal structure, thermal  
vibrations and thermal  expansion of anthraquinone,  
for which measurements  were made at five temperat- 
ures (Lonsdale, Milledge & E1 Sayed, 1966) it was 
noticed that  the thermal  vibrat ion of the oxygen atoms 
normal  to the molecular plane (Fig. 1) was rather larger 
at all temperatures than would have been expected by 
comparison with the remainder  of the molecule. In 
order to test whether this could conceivably be due to 
a part icularly large l ibration about  the L axis the values 
of the Ufj were computed and hence the T, ca matrices 

(Cruickshank's  notation), with a program written for 
Pegasus by one of us (D.W.). 

The calculations were carried out: 
(1) For  the whole molecule, which is centrosymmetri-  

cal. 
(2) For  the anthracene nucleus alone, omitt ing oxygen 

atoms. 
If  the r igid-body hypothesis were adequate, then the 

T, ca matrices obtained for (1) and (2) should be ef- 
fectively identical. In fact they were very different, the 
main  difference being that  the presence of  the oxygen 


