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The crystal structure of the organic scintillator POPOP, 2,2-p-phenylenebis-(5-phenyloxazole), has been 
determined and refined by three-dimensional least-squares methods. The final R index for 1370 observ- 
able reflections is 0.058, and the standard deviations in the positions of the C, N, and O atoms are 
about 0-003 A. 

The crystals are monoclinic, space group P21/c, with a =  9.230, b = 5.285, c= 19.322/~ and/~= 92.09°; 
there are two centrosymmetric molecules per unit cell. The three benzene and two oxazole rings are 
each planar, but they are twisted slightly with respect to one another to form a propeller-shaped molec- 
ule. The bond distances indicate appreciable conjugation between the rings and localization of charges 
within the oxazole rings. The intermolecular contacts appear to be normal. 

Introduction 

POPOP, C24H16N202(I), with the structural names:  

(a) 2,2'-p-phenylenebis-(5-phenyloxazole) 

(b) 1,4-bis-2-(5-phenyloxazolyl)benzene 

is a scintillator, capable of emitting a brief  pulse of 
fluorescent light upon interaction with a high-energy 
particle or quan tum (e.g., Bell & Hayes, 1958). 

(I) 

to the crystallographic b axis. The crystals are soft and 
have no pronounced cleavage, and as a result all at- 
tempts to obtain a specimen suitable for mount ing  
about  any axis other than b were unsuccessful. The 
crystal used for collecting intensity data was about 
0.07 x 0-07 m m  in cross section and about  3 m m  in 
length. 

The unit-cell dimensions and other crystal data are 
given in Table 1. Values for a, c, and fl were determined 
from a least-squares treatment based on 34 high-angle 
(sin0 > 0.81) hOl reflections measured on a Straumanis- 
type rotation photograph about  b; the value of b was 
obtained from a weighted average of 270 measurements  
made on precession photographs,  taken with Mo and 
Fe radiation, of  the hk2h zone and calibrated from the 
previous values of a, c, and ft. 

An X-ray diffraction study has been completed of the 
molecular structure of  this strong scintillator. 

Experimental 

Scintillation-grade crystals of  POPOP were obtained 
from Packard Instrument  Company.  They occur as 
long, pale yellow needles, with the needle axis parallel 

* Contribution No. 3212 from the Gates and CreUin Labora- 
tories of Chemistry. This investigation was supported, in part, 
by a grant (G-21608) from the National Science Foundation, 
U.S.A. 

Table 1. Unit cell parameters of POPOP and their 
estimated standard deviations 

(2cu K~ = 1-5418/~) 
a = 9"2300(3) ,~ V = 941 "9(3) ~,3 
b= 5.2850(8) Z = 2  
e = 19.3220(7) t?e = 1"285(1) g.cm-3 
fl= 92"088(2) ° 0o = 1 "306(10) g.cm-3 

In the least-squares treatment of  the hOl data, weights 
on an absolute scale were derived from the distr ibution 
of discrepancies between repeated measurements ;  the 
resulting goodness of fit was 0.8, suggesting that  the 
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observational errors were somewhat overestimated. 
The standard deviations of a, ¢, and/3 were calculated 
directly from the diagonal terms of the inverse matrix 
of the normal equations; the standard deviation of b 
includes the uncertainties in a, c, and fl as well as in 
the film measurements. The uncertainties listed in 
Table 1 have been taken as twice the calculated stand- 
ard deviations to acknowledge possible systematic er- 
rors. 

The space group P21/c was indicated by the absence 
of hOl reflections with l odd (on Weissenberg films) and 
0k0 reflections with k odd (on precession films). The 
precession photograph needed to confirm the latter 
observation with reasonable certainty required 280 
hours exposure. 

Intensities were estimated visually from multiple- 
film, equi-inclination Weissenberg photographs pre- 
pared with Cu Kc~ radiation for layers 0 through 5 
around b. Within the effective copper sphere (sin0 < 
0.98) approximately 2130 independent reflections are 
permitted by the space group; of these, 1984 were re- 
corded, 1370 having measurable intensity. They were 
corrected, as usual, for Lorentz and polarization fac- 
tors; no absorption corrections were applied. Layer 
lines 0-4 were scaled roughly together on the basis of 
exposure times; the fifth layer line was recorded on a 
different camera and was scaled empirically during the 
course of the refinement. 

Determination of structure 

The initial attempt of structure determination was a 
stochastic one based on the (010) projection. With two 
molecules per unit cell and space group P21/c, each 
molecule must have a symmetry center. The molecule 
was assumed to be planar, the rings regular, and the 
bond distances normal. The shortness of the b axis re- 
quired that the molecules be resolved in the (010) 
projection with the molecular plane making an angle 
of about 50 ° with (010), and defined circles in the (010) 
projection, about 2.5 A in diameter with centers on 
the screw axes and symmetry centers, within which no 
heavy atom can lie. An additional clue was the great 
strength of the 102 reflection, and accordingly the 
orientation was initially chosen to be with the long 
dimension of the molecule in the (102) plane. Succes- 
sive structure-factor and electron-density calculations 
based on a number of different models eventually led 
to a structure with encouraging agreement between 
observed and calculated structure-factor amplitudes. 

Refinement of the parameters 

The structure was refined by least-squares methods on 
a Burroughs 220 computer with the use of a structure- 
factor least-squares program which accepts three pos- 
itional and six vibrational parameters for each atom. 
The normal-equation matrix is block-diagonal; for each 
atom the cross terms between the temperature param- 

eters and between the x and z coordinates are collected. 
The function minimized is Xw(AF2) 2. Atomic form 
factors were averages of the values of Berghuis, Haan- 
appel, Potters, Loopstra, MacGillavry & Veenendaal 
(1955) and Hoerni & Ibers (1954) for oxygen, nitrogen, 
and carbon, and McWeeny's (1951) values for hyd- 
rogen. 

The first hOl structure-factor calculation, including 
only the heavy atoms with fixed isotropic tempelature 
factors (B=2.9),  led to an R index of 0.56. When sub- 
sequent refinement using weights inversely proportional 
to the square of the scattering factor of carbon was 
unsatisfactory, the refinement was limited to low order 
reflections (sin20/22 _< 0.15). The R index then fell quick- 
ly from 0.40 to 0.20, when full hOl data were again 
included. The isotropic temperature factors of the 
heavy atoms were included as parameters and the con- 
tributions of the eight hydrogen atoms (at assumed 
positions and with B =  2.5) were included in the struct- 
ure-factor calculations. The hOl refinement was stopped 
at R =0.09. 

Approximate y parameters were calculated through 
knowledge of the x and z coordinates and assumption 
of a planar molecule, and were partially refined on the 
basis of the hll data. Three-dimensional least-squares 
refinement based on the complete set of data (hOl-h5l) 
was then initiated. Anisotropic temperature param- 
eters for the heavy atoms and the coordinates of the 
hydrogen atoms were refined, and the layer scale factors 
were adjusted every few cycles. Apparent convergence 
was reached at R = 0.10. This value seemed higher than 
warranted by the quality of the data, and led us to 
suspect that the atoms in the oxazole ring should be 
interchanged. However, after a number of refinement 
cycles and a difference map based on such a model, 
this thesis was rejected. The trouble was eventually 
found to be a programming error which caused the 
first-layer observations to be weighted ten times too 
high. When this error was corrected, convergence pro- 
ceeded smoothly. 

The weighting scheme used in the last few cycles was 
taken as the function best representing our estimates 
of the observational uncertainties; it was 

l/w= 1/a(r~)= 1/(1 +0.1FZ).  

Unobserved reflections were included only for the 11 
cases where the value of Fc exceeded the threshold 
value of Fo. The final R index for 1381 observed reflec- 
tions of non-zero weight was 0.058, and the goodness 
of fit - here defined a s  { ~ F w ( A F Z ) Z / ( n - p ) }  ~r - was 1.1. 
When refinement was halted the maximum indicated 
shift in a heavy-atom coordinate was 15 Yo of its estim- 
ated standard deviation, in a hydrogen atom coordinate 
24Y/o of its e.s.d., and in a heavy-atom temperature 
parameter 2 6 ~  of its e.s.d. From the initial structure 
proposed, with R=0.56,  to the final one, the average 
shift in the position of a heavy atom was 0.32 A. 

The final parameters and their standard deviations 
are listed in Table 2. The observed and final calculated 

A C 1 9 - 5  



944 S T R U C T U R E  O F  2 , 2 ' - p - P H E N Y L E N E B I S - ( 5 - P H E N Y L O X A Z O L E )  - ' P O P O P '  

s t ruc ture  fac tors  are  listed in Table  3. F ina l  electron 
densi ty  m"_p~ in the planes o f  the center  phenyl ,  the 
oxazole,  and  the  end phenyl  rings are shown in Fig. 1 ; 
the  co r r e spond ing  difference Four ie r  syntheses are 
shown  in Fig. 2. F o r  the  difference m a p s  the coefficients 
were  t a k e n  as the  differences between the  observed 
s t ruc ture  factors ,  with the signs o f  the final Fe, and  the 
s t ruc ture  fac tors  calculated for  only the heavy a toms.  

The geometry of the molecule 

The  b o n d  distances and  angles as calculated f rom the 

parameters of Table 3 are shown in Fig. 3. Their stand- 
ard deviat ions,  as ca lcula ted f rom the uncer ta int ies  of  
the final a tomic  pa ramete r s ,  are 0.003-0-004 A and  
0.3-0-6 ° for  distances and  angles involving heavy a toms  
only and  0.3 A and  3--4 ° for  those involving hydrogen  
a toms.  Add i t iona l  uncer ta int ies  are undoub ted ly  in- 
t roduced  by the effects of  the rmal  l ibrat ion and,  to 
some extent,  o f  systematic  errors  in the data .  

In  F ig .4  are shown the canonical  s t ructures  we 
believe to have  ma jo r  cont r ibu t ions  to the s t ructure  
and  our  es t imates  of  their  relative contr ibut ions .  The  
predicted b o n d  distances of  the resonance  hybr id  shown 
in F ig .4  were ob ta ined  f r o m  curves d r a w n  th rough  
points  represent ing  observed b o n d  distances for  bond  
numbers  1.0, 1.5, and  2.0. The  values chosen for  C - O  
and  C - N  distances are those as given in Table  6 of  
Marsh ,  Bierstedt  & Eichhorn  (1962); the C - C  distances 
are f r o m  Paul ing  (1960). This analysis  is felt to be at  
best  descriptive, poin t ing  out  significant depar tu re  f rom 
the n o r m a l  Kekul6- type  structures.  The observed bond  
distances in the  terminal  phenyl  ring are significantly 
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F ig .  1. The electron density in the planes of the three rings. 
The straight dashed lines set off the regions which are in 
different planes (see Table 4). Contours are at intervals of 
1.0 e.A-3 beginning with the 1.0 e.A-3 level, which is dashed. 
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H(2.') 14(5) 
Fig.2. The difference Fourier map corresponding to Fig. 1. 

Contours are at intervals of 0.1 e . ~  -3 beginning with the 
0.2 e.A-3 level. 

Table  2. The final parameters and their estimated standard deviations 

All values except the hydrogen temperature factors are multiplied by 104. The anisotropic temperature factors are of the form: 
T~ = exp { - (bl lh 2 Jr- b22k 2 -b b33/2 4- bl2hk + b13hl+ b23kl)}. 

The values of the temperature factors of the hydrogen atoms were assumed. 

B 
H(1) 1985 (29) -2793 (53) 252 (14) 3"50 ,~2 
H(2) 1386 (29) 282 (53) 1073 (14) 3.50 
H(3) - 5 2 4  (29) 6850 (55) 2345 (14) 3.50 
H(4) -4142 (28) 7490 (55) 572 (14) 3.50 
H(5) -5947 (30) 10704 (58) 652 (15) 4.25 
H(6) -5985 (31) 13575 (61) 1574 (15) 4.25 
H(7) -3990 (31) 13422 (62) 2438 (15) 4.25 
H(8) -2265 (29) 10323 (56) 2332 (15) 3.50 

Atom x y z bl t b22 b33 bl 2 b13 b23 
C(l) 1126 (2) - 1681 (5) 146 (1) 133 (3) 377 (9) 24 (1) 37 (8) - 3  (2) - 2  (4) 
C(2) 791 (2) 145 (5) 623 (1) 127 (3) 419 (10) 22 (1) 7 (8) - 9  (2) - 5  (4) 
C(3) -335  (2) 1859 (4) 482 (1) 117 (3) 339 (9) 22 (1) -31  (7) 5 (2) 7 (3) 
C(4) -669  (2) 3769 (4) 998 (1) 116 (3) 353 (9) 22 (1) 1 (7) 2 (2) 9 (3) 
C(5) -771 (3) 6166 (5) 1873 (1) 160 (3) 373 (9) 22 (I) 8 (9) - 4  (2) - 2 1  (4) 
C(6) -1881 (2) 6851 (4) 1441 (1) 136 (3) 331 (9) 21 (1) - 3 6  (8) 9 (2) - 1 8  (3) 
C(7) -3026 (2) 8734 (5) 1464 (1) 124 (3) 356 (9) 26 (1) - 3 0  (8) 12 (2) 8 (4) 
C(8) -4134 (3) 8827 (5) 957 (1) 155 (4) 500 (12) 31 (1) 81 (10) - 4  (3) - 15 (5) 
C(9) -5200 (3) 10657 (6) 995 (2) 162 (4) 610 (15) 38 (1) 104 (12) - 6  (3) 28 (6) 
C(10) -5187 (3) 12383 (6) 1531 (2) 173 (4) 479 (13) 45 (1) 131 (11) 43 (3) 26 (6) 
C(11) -4099 (3) 12291 (5) 2035 (1) 169 (4) 416 (11) 39 (1) 0 (10) 38 (3) - 2 6  (5) 
C(12) -3016 (3) 10489 (5) 2004 (1) 139 (3) 392 (10) 31 (1) - 4 3  (9) 16 (2) - 2 5  (4) 
O -1830 (2) 5305 (3) 868 (1) 122 (2) 356 (6) 21 (0) 0 (5) - 5  (1) -11  (2) 
N - 1  (2) 4205 (4) 1586 (1) 144 (3) 388 (8) 23 (0) 34 (7) - 9  (2) - 1 4  (3) 
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T a b l e  3 .  The observed and calculated structure factors 
W i t h i n  e a c h  g r o u p  a r e  v a l u e s  f o r  l, lOFo, 10Fc ,  r e a d i n g  f r o m  l e f t  t o  r i g h t .  R e f l e c t i o n s  i n d i c a t e d  b y  a n  a s t e r i s k  w e r e  g i v e n  z e r o  

w e i g h t  in  t h e  l e a s t - s q u a r e s  c a l c u l a t i o n s  a n d  w e r e  o m i t t e d  f r o m  t h e  R i n d e x .  
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shorter than predicted, which can probably be attrib- 
uted to relatively large thermal motion(s) of this part 
of the molecule. The angles around C(4) and C(6) re- 
flect the extensive double-bond character of the C(4)-N 
and C(5)-C(6) bonds. 

The average apparent C-H distance of 0.98 ,~ is 
significantly shorter than the standard internuclear 
separation of 1.09 ,~. This shortening is not an uncom- 
mon observation for C-H distances. 

The equations for the best planes of various groups 
within the molecule, with out-of-plane deviations of 

the atoms, are given in Table 4. The molecule is sig- 
nificantly non-planar, although the center phenyl (I), 
oxazole (II), and end phenyl (III) groups are each pla- 
nar within experimental error. The dihedral angle be- 
tween planes I and II is 3.75°; that between II and III 
is 6.45 °. The sense of the two tilts is the same; i .e. the 
five planes in a molecule are oriented in a screw fashion. 
The line of intersection of planes II and III is the C(6)- 
C(7) bond; the I-II intersection passes through C(4) 
and between C(3) and C(I'), making an angle of 16.7 ° 
with the C(3)-C(4) bond. 

H(3) 
d b  

HLS') H(2) ~ H(8) 

. . ~  . . . .  ,,~Z.~,~'~ o ~ , ~ o .  " ~ . ~  ~ //,~, 

H(8) ' ~z- H(Z) H(5) 

H(3) 
Fig. 3. Bond distances and angles computed from the least-squares parameters of Table 3. The center phenyl contains a center 

of symmetry. 

CENTER PHENYL OXAZOLE END PHENYL 

O- 0 -0 -0 
-0=-  ,~, J~_ ,,, _ ©  ~ ,o, 

H. N 

H + 5% N-- 

H + 

5% 

•-----'•- 5% 

- 0  
1.38 N 1.38 1.39 

~ - / ~ ~  ,~l I,~ ~-/---~ 
\ / ~-o-~- ~\ /o 

1.39 
Fig.4. Canonical structures of the three rings and the bond distances predicted from the indicated relative contributions. The 

groups were considered separately. 
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A d r a w i n g  o f  t h e  s t r u c t u r e  o f  P O P O P  v i e w e d  a l o n g  

t h e  b a x i s  is  s h o w n  in  F i g . 5 .  C l o s e s t  i n t e r m o l e c u l a r  

a p p r o a c h e s  a r e  g i v e n  i n  T a b l e  5. C o n s i d e r i n g  t h e  b e s t  

p l a n e  o f  t h e  w h o l e  m o l e c u l e  ( p l a n e  A o f  T a b l e  4 ) ,  t h e  

i n t e r p l a n a r  s p a c i n g  b e t w e e n  a d j a c e n t  m o l e c u l e s  a l o n g  

b is  3 . 4 6 2  ~ 

P l a n e  

A 
B 
I 
I I  
I I I  

T a b l e  4 .  Least-squares plane~ 
T h e  d i r e c t i o n  cos ines  a r e  r e l a t ive  to  abc*; the  origi .  ~o-plane  d i s t a n c e  is in/~,  

A t o m s  i n v o l v e d  E q u a t i o n  o f  p l a n e  

Ful l  m o l e c u l e :  C ( 1 ) - C ( 1 2 ) ,  O, N ,  C ( 1 ' ) - C ( 1 2 ' ) ~  O ' .  N" 0.5999X+O.6550Y-O.4595Z=O 
A s y m m e t r i c  un i t :  C ( 1 ) - C ( 1 2 ) ,  O,  N 0 . 5 9 0 6 X +  0.6461 Y -  0 . 4 8 3 6 Z =  - 0 .0803 
C e n t e r  p h e n y l :  C ( 1 ) - C ( 3 ) ,  C ( 1 ' ) - C ( 3 ' )  0 . 6 5 7 8 X +  0.6271 Y -  0 . 4 1 7 2 Z  = 0 
O x a z o l e :  C ( 4 ) - C ( 6 ) ,  O, N 0.6076X+O.6613 Y-O.4398Z=O.0535 
E n d  p h e n y l  : C ( 7 ) - C ( 1 2 )  0 . 5 6 6 9 X +  0 .6242 Y -  0 . 5 3 7 6 Z =  - 0 .2805 

O u t - o f - p l a n e  d e v i a t i o n s  

A t o m  A B I II  I I I  

C(1)  - 0 .094* - 0-922* 0.002* - 0 .140 0.158 
C(2)  - 0.091 * - 0-046* - 0 .002* - 0 .115 0.071 
C(3)  0 .010* 0.062* 0.002* - 0-022 0.199 
C(4)  0.007* 0.030* - 0 .007 - 0.001 * 0.098 
C(5)  - 0 .034* - 0 .062* - 0 .020 - 0 .002* - 0.108 
C(6)  - 0 .009* - 0.011 * - 0 .099 0.001 * 0.003 
C(7)  - 0 .013* - 0 .015* - 0 .190 - 0-004 0 .000"  
C(8)  - 0 .122* - 0 .092* - 0 .399 - 0 .110 - 0 .002* 
C(9)  - 0 .116* - 0 .086* - 0-473 - 0.133 0-002* 
C(10)  - 0"008* - 0"011" - 0"349 0"000 0"001 * 
C(11)  0"094* 0"058* - 0 " 1 4 9  0"128 - 0"003* 
C(12)  0"098" 0"063 * - 0"062 0" 133 0"002" 
O 0"016" 0 ' 047*  - 0"092 0"000" 0" 137 
N --  0"019* - -  0"031" 0"190 0"001" - 0"042 

H ( 1 )  - 0 " 1 0  - 0 " 0 4  0"06 - 0 " 1 4  0"13 
H ( 2 )  - 0"13 - 0"11 0"02 - 0"14 - 0"06 
H ( 3 )  - 0 " 1 0  - 0 " 1 5  - 0 " 0 5  - 0 " 0 4  - 0 " 2 6  
H ( 4 )  - 0"23 - 0" 18 - 0"52 - 0"27 - 0 '03  
H ( 5 )  - 0 " 1 9  - 0 " 1 4  - 0 " 6 2  - 0 " 2 3  - 0 " 0 0  
H(6 )  - 0"08 - 0"08 - 0"48 - 0"07 - 0"07 
H ( 7 )  0"17 0"11 - 0"05 0"22 - 0"01 
H ( 8 )  0" 15 0" 10 0"06 0"20 - 0"01 

* T h e s e  a t o m s  w e r e  inc luded ,  e a c h  w i t h  w e i g h t  i nve r se ly  p r o p o r t i o n a l  to  the  s q u a r e  o f  the  a v e r a g e  s t a n d a r d  d e v i a t i o n  o f  
its c o o r d i n a t e s ,  in the  c a l c u l a t i o n  o f  the  p l ane .  

Fig.  5. T h e  s t r u c t u r e  v i ewed  a l o n g  the  b axis .  
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Table 5. Closest intermolecular approaches 
All distances less than 3"6 A between heavy atoms, and 3.0 A 
between a hydrogen atom and a heavy atom, are included. 

From To In unit at Distance 
C(4) C(1) (x, 1 +y, z) 3.381 A 
C(5) C(2) 3.549 
C(6) C(2) 3-449 
C(6) C(3) 3.559 
C(7) C(3) 3"583 
C(7) C(4) 3.573 
C(11) C(6) 3.389 
C(11) O 3.514 
C(12) C(4) 3.433 
C(121 0 3.559 
C(12) N 3.524 
O C(1) 3-494 
O C(2) 3.564 
C(5)[H(3)] N (g, ½+y, ½-z) 3.435[2.44] 
H(8) N 2.96 
H(3) C(5) 2.96 

The temperature factors 

We should emphasize here that, since the scale factors 
of the various layer lines were adjusted empirically 
during the course of the refinement, the coupling be- 
tween these scale factors and the b22 terms of the temp- 
erature factor is complete and hence these b22 terms 
are, in principle, not determined. In point of fact, how- 
ever, the adjustments to the scale factors originally 
derived from the relative exposure times (see Exper- 
imental) were small, 5Yo or less for all layers except 
the fifth, which was recorded with a different camera; 
moreover, the final values of b22 seem very reasonable. 
Accordingly, we feel justified in discussing briefly the 
apparent thermal anisotropies. 

In Fig.6 are shown representations of the thermal 
ellipsoids derived from the anisotropic temperature 
factors of Table 2. The maximum mean square am- 
plitudes of thermal motion of the various atoms range 
from 0.103 A 2 (corresponding to a B value of 8.15) for 
C(10) to 0.051 A 2 for C(4); the minimum amplitudes 
range from 0.058 A 2 for C(9) to 0.038 A 2 for C(6). No 
obvious combination of rigid-body motions seems cap- 
able of explaining the thermal motions; rather, the 
rings appear to be moving independently of one anoth- 
er. The largest motion is an in-plane libration of the 
end phenyl group; the center of libration is near C(7) 
and the r.m.s, amplitude is about 5 °. This motion is 
sufficient to explain the apparent shortening of the 

C-C bonds in this ring. 
In a substantial study of organic scintillators, 

Sangster & Irvine (1956) discuss the fluorescence and 

T ! ' 
N U5) C(7) C(12) C(11) 

, 1 

' o' ' . ~ I ' , . .~J  

C(1) C(2) C(3) C(4) 0 Q6) \w~-;" ' / . , ,dt '~".. /" 

,.-~., %.--,,, ,. 

Fig. 6. Ellipsoids representing the thermal motions. The central 
drawing is a view perpendicular to the best molecular 
plane (A, Table 4); the top and bottom sets of ellipsoids are 
viewed parallel to this plane. Lengths of the principal axes 
are proportional to the mean square displacements B/8zt2; 
the scale is arbitrary. An arbitrary pair of eigenvectors is 
drawn for the degenerate minor axes of C(8). 

scintillation properties of crystalline organic com- 
pounds as functions of various structural features of 
the molecule. The apparent contribution of non-Ke- 
kul6-type structures, involving conjugation between the 
rings and sepmation of charges, to the over-all struct- 
ure of POPOP is in good agreement with their con- 
clusions conserning the electronic properties of scintil- 
lators. 

The work described here was carried out as an under- 
graduate research project (I.A.). 
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