
62 THE S T R U C T U R E  OF YNi 

tions, particularly of the type 00l, there existed the 
possibility that  the observed characteristic extinctions 
were fortuitous. Therefore refinements were also 
performed in space groups P21 and Pb. In both cases 
the refinement converged to the same positional 
parameters and temperature factors as for P21/b. 
In addition the general set in both these non-centric 
space groups is twofold, two such sets being oc- 
cupied by nickel and two by yttrium. The Busing, 
Martin & Levy program generates a correlation 
matrix during the refinement procedure. In both 
space groups this correlation matrix indicated correla- 
tion probabilities of 90-99% between twofold sets 
containing the same atomic species, and thus the 
correlation indicates a relationship which generates 
the fourfold sets of P21/b. 

D i s c u s s i o n  

The YNi structure is closely related to the ortho- 
rhombic ThNi structure (Florio, Baenziger & Rundle, 
1956). The structural relationship can be shown by 
choosing a double unit cell for YNi with a = 14.28, 
b =4.11, and c=5.50 A. Then in comparison the ThNi 
lattice parameters are a=14.15, b=4.31, and c= 
5.73 A. The atoms are arranged in this large YNi 
unit cell in two sets of the type _+ (xyz; 1+ x, y, ½ - z ;  
½+x, y, z; ~+x,  y, ½-z) with xNi=0"019, ym=0.245, 
ZNi=0"622 and x~=0.090, yy=0-249, zy=0.132. Again 
in comparison the atoms in the ThNi structure are 
in two sets of the type _+ (xyz ; ~ + x, y, z ; 1+ x, y, { - z ; 

+ x, y, ½ - z) with xNj = 0.018, ym = 0"250, zNi = 0"630 
and XT~=0"094, yw~=0"250, ZTh=0"140. Thus a defi- 
nite structural relationship is evident, the primary 
difference being in the sequence of the z parameters. 
A second significant difference is in symmetry with 
the lower symmetry of YNi resulting from the failure 
of the atoms to occupy the y=¼ positions. 

This failure of the yttrium and nickel atoms to 
occupy the ¼ and ~ positions along the short axis 
is the only structural feature which differentiates the 
YNi structure from the B27 type structure (Pearson, 
1958) typified by FeB (BjurstrSm & Arnfelt, 1929; 
BjurstrSm, 1933). Otherwise, the positional parameters 
and axial ratios of YNi are quite comparable to known 
B27 structures, and for classification purposes YNi 
should be included with this latter group. 

The authors are indebted to Mr B. J. Beaudry for 
pertinent discussions relative to the original investiga- 
tion and for allowing examination of the diffraction 
patterns used in the original symmetry determination. 
Acknowledgment is also due to Mr 1%. N. Kniseley 
for performing the electron probe microanalysis. 
One of the authors (D. A. H.) takes this opportunity 
to thank the United States Steel Fellowship Founda- 
tion for its support during the course of this investiga- 
tion. 

References  

BEAUD•Y, B. J. & DAANE, A. H. (1960). Trans. Amer. 
Inst. Min. (metall.) Engrs,218, 854. 

BUSING, W. R., MARTIN, K.  O. & LEVY, H. A. (1960). U.S.  
Atomic Energy Commission Report No. ORNL-YM-- 
305. 

BJURSTRS~I, T. (1933). Ark. ]~em. 11A, No. 5. 
BJURSTRSM, T. & A1RNFELT, n .  (1929). Z. phys. Chem. 

B4, 469. 
DOMAGA_LA, R. F., ]=~AUSCH, J. J. & LEVlNSON, D. W. 

(1961). Trans. Amer. Soc. Met. 53, 137. 
FLORIO, J. V., BAENZIGER, N. C. & RUNDLE, R. E. (1956). 

Acta Cryst. 9, 367. 
NELSON, J.  B. & RILEY, D. P. (1945). Proc. Phys. Soc. 

Lond. 57, 160. 
PEARSON, W. B. (1958). Handbook of Lattice Spacings and 

Structures of Metals and Alloys, p. 93. New York: 
Pergamon Press. 

Acta Cryst. (1965). 18, 62 

The Crystal Structure of the a-Modif icat ion of p -Ni tropheno l  near 90 °K 
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The crystal  s t ructure  of the a modif icat ion of p-ni t rophenol  near  90 °K has been de termined by the  
use of par t ia l  three-dimensional  data .  The cell dimensions are a = 11.66, b = 8.78, c = 6.098 A, 
fl= 107 ° 32'. The space group is P21/n and Z =4.  The crystals contain  chains of hydrogen-bonded  
molecules. The benzene r ing is planar  but  the ni t rogen and  oxygen a toms are displaced from the 
benzene-ring plane by  amounts  vary ing  from 0-03-0-07 /~. 

In troduct ion  

The structure analysis of the c~ modification of 
p-nitrophenol (I), started in 1957 and reported in this 

o 
(i) 
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paper, forms part of a research program on the 
chemistry of the solid state (Schmidt, 1957). The 
reaction occurring on irradiation of the c~ modification 
of p-nitrophenol manifests itself in the irreversible 
color change of the crystal from yellow to red; it is 
evidently structure dependent since the fl-form is 
light stable as was first observed by Fritzsche (1859), 
and checked by us. 

The room-temperature structure of the fl modifica- 
tion will be described in a subsequent publication. 

E x p e r i m e n t a l  

Crystals of the ~ form can be grown by slow evapora- 
tion of solutions of p-nitrophenol in diethyl ether. 
The crystallographic constants near 300 and 90 °K 
are listed in Table 1. The cell dimensions compare 
well with previously reported room temperature values 
(Toussaint, 1954). 

Table 1. Crystallographic constants 

A t  r o o m  t e m p e r a t u r e  
(Toussa in t ,  1954) 

a = 11.8A 
b = 8.9 
c ---- 6.17 

= 106 o 52' 

P21/n 
dc ---- 1 . 5 1 g . c m  -a (Z ---- 4) 

* Cell d i m e n s i o n s  d e t e r m i n e d  f r o m  
g r a p h s ,  c o r r e c t e d  for  f i lm sh r inkage .  Cell 

of ~-p-nitrophenol 

N e a r  90 °K* 

a = 11-66 A 
b --- 8.78 
c = 6.098 

# = 1o7 ° 32' 
P2a/n 

de = 1.551 g . c m  -3 (Z = 4) 

W e i s s e n b e r g  p h o t o -  
edges  _+ O. 1%, fl + 6'.  

The h/c0 and h/c3 intensities were measured on a 
needle-shaped crystal of cross section 0.4 × 0.4 mm; 
for the hO1 intensities we used a cube-shaped crystal, 
with an edge of about 0.3 mm, which had been cut 
by means of an alcohol-wetted nylon thread. All 
intensities were recorded at the temperature of boiling 
nitrogen with an equi-inclination Weissenberg camera 
(Hirshfeld & Schmidt, 1956) and Ni-filtered C u K  
radiation. Intensities, measured visually, ranged from 
28,000-1 for h/cO, 10,000-1 for hO1, and 2,000-1 
for h/c3. All usual corrections were applied by means 
of a computer program; no allowance was made for 
absorption. Approximate values of the scale factor /c 
and of an average temperature factor were obtained 
from a Wilson plot (Wilson, 1942). 

Solut ion of the s tructure  

The [h/c0] zone was solved (Coppens, Schmidt & Gillis, 
1958) by means of the inequality (Harker & Kasper, 
1948) 

(U~ + U~,) 2 _< (1 + U~+H'). (1 _+ U~-~,) .  (1) 

The origin of the projection was fixed by the arbitrary 
assignment of signs to two reflections with h odd and 
/c odd respectively. Systematic application of the 
inequality (1) by a procedure due to Gillis (1948) 
led to contradictions which could be climinatcd by a 
20% reduction of the scale factor /c. Subsequently, 
the signs of seven reflections were established abso- 
lutely; the signs of eleven other reflections could be 
expressed relative to each other. Two electron-density 
projections @(xy) were computed with these twenty 
reflections; one of these maps could be interpreted 
and yielded trial coordinates whose correctness was 
established by the eventual refinement. 

We may note here that  unitary structure factors U 
were recalculated with the final scale and temperature 
factors. Somewhat surprisingly, their correct values 
are about half those used in the solution of the 
structure; the inequalities are now found to be nearly 
always satisfied by both signs, frequently with a 
narrower margin by the wrong sign (e.g. the example 
given below). Nevertheless, only one out of the eighteen 
signs determined with the old U's proves to be 
incorrect. A similar experience has been recorded by 
Gillis (1948) who noted that  the inequalities method 
had reserves of power in the sense that  stronger 
inequalities than those used were in fact satisfied. 
He found that, if both signs satisfied an inequality, 
one by a comfortable margin and the other by a 
relatively narrow margin, the former sign was almost 
always the correct one. 

An example of a sign determination is given below: 

IU41o1=0.35; IU8o0[=0.70; IUo2ol=0-10 
(U41o- U4i0) 2 _< ( 1 -  Us0o)(1- Uo2o) since U41o= - U4i,, 

or 0.49 _< ( 1 -  U8oo) × 1.1 or (1 - U80o) >_ 0.45 which 
is only satisfied if U8oo is negative. (We have assumed 
Uo2o to be negative, thus choosing the less stringent 
condition. If Uo2o is taken as positive we get 
(1-Us0o) _> 0.53, which is a more powerful result.) 
The final values are however: lU41o1=0"17; IUs0o[-- 

S e p a r a t e  level  r e f i n e m e n t  

R e f i n e m e n t  of all d a t a  

Table 2. Refinement of the structure 
N u m b e r  of re f lec t ions  

R e s u l t i n g  . ^ 
L e v e l  100r ~,wA 2In -- s wo O b s e r v e d  U n o b s e r v e d  

h/c0 4.64 0.71 1-0 122 6 
hk3 3.04 0.81 1.0 174 20 
hO1 3.62 0.58 1.25 77 10 

- -  3.47 0.76 - -  358* 35* 
w - - w e i g h t  a s s u m e d  to  be  equa l  to  wo/_~o a, in w h i c h  wo is a c o n s t a n t  fo r  e a c h  leve l ;  AI = k~2'o 2 -  Fc~; 

n = n u m b e r  of r e f l ec t ions ;  s - -  n u m b e r  of p a r a m e t e r s .  

* These  n u m b e r s  a re  sma l l e r  t h a n  t h e  s u m  of t he  c o r r e s p o n d i n g  va lue s  fo r  t he  s e p a r a t e  levels,  s ince t h e  r e f l ec t ions  c o m m o n  
to  t w o  levels  were  i n c l u d e d  o n l y  once  in  t h e  r e f i n e m e n t .  
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T ~ b l e  3 .  Observed and calculated structure factors 
Sign < indica tes  u n o b s e r v e d  ref lect ion 

~. x ,oo~o ,o~% ~ ~ i ,OO~o ,oo~= h ~ 1 ,OO~o ,ooi,= ~ ~ x ,~oF o ,~¢= 

o 2 0 ~ - ~ 9 0  3 12&9 L~69 7 2s8 -2~B k ~ =9"1 
& 3723 ~5~9 & 1331 1297 8 8~ 780 3 I~ 136 
6 737 7 ~  5 965 ~ ~t 3. o ~ ~ 2 3.me 9e~ 
b 3 ~  3so 6 .u.9 87 2 ~ -~79 ~ L ~ t  -x2k) 

lO 535 -5~ 7 1513 -lkoO 3 ~ 157 o 7 ~  617 
I I 0 1857 -13~7 8 ~39 396 ~ &39 386 -1 1222 1119 

~ 35~ 9 196 -185 5 ~ ~ -2 r/63 - ~ )  
1586 1596 10 637 609 6 ~)~ 271 -3 2~7 -1913 

& ~63 -~5 6 i 0 10%1 ~ 7 <71 67 -It 3a~& -3292 
5 ~o~ -2783 2 1~87 158,9. ].2 1 o ~ ~ -5 In)6 
6 ~ -  - ~  3 ~ -L~& e ~ -~e -6 87~ -719 
7 ~857 ~71 ~ 1008. 953 3 27~ -252 "7 5¢8 &71 

~ -39 5 1~17 13~ ~ 763 -?~& -8 518 ~93 
9 786 ~ 6 1589 1353 5 73 -60 -9 as~ 23o 

1o 829 -816 7 1~-~. -1o¢8 6 195 i 'D -lO l f f~  1799 
.~5 - 6 ~  8 86 -78 13 1 o ~ ~u. - ~  2a62 

2 i o 1¢~ - ~  9 162 325 2 U~9 ~ xo 3 3 xTz -173 
2 ~ -8935 1o ~ ~ 7  3 ~ = ,  2 9 ~ - ' ~  
3 6 ~  -729 7 1 0 79o 716 ~, ~¢~ -366 8 7 ~  -735 

~3 -36~ 2 ]J.07 -I~83 1~ i o 196 -89 7 8~8 -716 
5 17~ -1832 3 380 3~ 2 195 -172 6 ~S& -185 
6 1873 -~8~6 ~ ~ -Z~62 13. 1 3 ~ ~5 5 397 271- 
7 19~  -19~o 5 2¢05 Z9~7 lO ~,72 ~93 ~ ~ 96O 
8 387 370 6 968 -792 9 3(;8 -~6~ 3 855 786 
9 125 129 7 79O -7~0 8 b.7~ ~ 2 ~ "995 

lO < 125 -~8 8 687 -617 7 1.589 -151~ 1 1319 
11 7~.3 716 9 ~ 2~6 6 139 b, -13~6 o ~ u:,7~, 

3 1 o 6¢6 557 8 1 o 396 350 5 ~k3 -353 -1 582 -529 
2 ~3~ 28~ 2 I~3 1336 ~ 312 ~63 -2 ~5 x~o 
3 6~ -638 3 1272 - 1 ~  3 775 651 -3 133o 1172 

535 553 ~ I~37 -1267 2 168 -175 -~ lllS -IO92 
5 ~ l~ 5 36~3 ~39 1 172 -i~ -5 973 -8~ 
6 998 -9SS 6 L-~2 -i16~ o 1 ~ ~ -6 17~ 
7 129 -135 7 866 -768 181 -36 -7 ~6o 391 
8 226 2o3 8 6~ - ~ 2  -2 282 325 -8 135o 1359 
9 ~?. -4b.,8 9 ~,16 37~ -3 67~ 6~ -9 13& 16~ 

lO 387 ~,13 9 1 o 1259 -u21 -~ 6o7 -631 - lO ~9~5 -1781 
~J. < ~ -33 2 ~59 -kz l  -5 15¢6 -1379 -L~ 362 ~.SS 

b, 1 o 3~ 3525 3 ~9~ -28~9 -6 683 -599 lO ~. 3 282 -20k 
2 555 -512 ~ 690 6¢2 -7 '<108 16 9 637 6~ 
3 538 ~o 5 968 832 -8 726 7~ 8 120 151 
b, 1~5o 1~63 6 1513 1307 -9 < ~29 -66 7 ~6 2.1-5 
5 211 2o9 7 106 -1~6 -10 1136 -Ll76 6 .1.856 -19~  
6 S54 -~ 8 ~63 b~6 32 2 3 2~9 -m2 5 1636 ~63~ 
7 287 292 IO 10 7~O 7~ iO i~2 -139 ~ < 132 89 
8 152 IR6 2 1982 1861 9 ~57 -~I 3 226 163 
9 5~5 5~5 3 1738 -159~ 8 8o5 691 2 < 119 3~. 

10 122 110 b. 218 -1~ 7 Iiii -1(~6 1 1259 -i191 
5 1 o 377 -296 5 301 283 6 ~13~ -76 o I 887 912 

2 ~ ~SA 6 99 109 5 557 533 196 -~5 

h k 1 lOU F o 1VO F c h ~ i 100 F ° 100 F h k i ~U F ° IrA, F c 
• • c 

-2 3219 3591 -iO ~68 372 o 650 -6~ 
-3 9~ -9~6 -2/ ~3~ ~19 -I • 171 ~8 
-4 <11o -83 8 7 3 ~7 287 -2 877 8~8 
-5 1270 1111 7 1255 -I175 -3 621 -651 
-6 < L~e -lb, O 6 < 107 21 -~ 5~. -550 
-7 1039 i~7 5 ~.75 -537 -5 508 520 
-8 ~67 269 ~. . ~ o  - ~  0 0 2 2 ~  -232 
-9 809 -832. 3 238 -~3 ~ ~ -zaz9 
-iO 60;. -535 2 8~7 -~X, 6 719 -657 
-/2. 607 -Sha 1 < 137 -2 1 0 -7 9~5 -81,0 
-12 ik17 -1380 .01 690 -723 -5 199 -199 
8 - 5 3 36~ 396 736 729 -3 6108 6365 
7 607 66~ -2 1797 1913 -i IB5~ -1690 
6 386 ~IO -3 2951 3222 1 ~3~ -39h7 
5 i~2 1512 -It 723 721 3 2257 -2280 

1028 975 -5 < 135 IO 5 986 -869 
3 < 132 -9~ -6 i~ 118 7 <191, -0 
2 802 752 -7 431 379 2 0 -6 72,2 -805 
1 8o0 -8,1o -8 ~ 123 -72 -~ 1~36 -1161 

01 i(~9 -i(~ -9 539 -557 -20 2772 -2712 
2665 -31~3 -iO 19A .21~. 16~7 1778 

-2 3D8 -3~1 6 5 3 6~6 -586 2 1623 -1577 
-3 190 208 5 < 96 88 ~. ~ -llgh 
-~ 1286 - 1~8  ~ 196 ~5 6 689 -697 
-5 ~ -52 3 236 -2.17 3 o-7 8ce 71o 
-6 ~A5 -38~ 2 338 331 -5 6~7 -606 
-7 ~,16 ~50 1 126 3.31 -3 1538 15~ 
-8 520 513 o 291 3.1.8 -1 301.8 2991 
"9 632 -706 -1  2~.5 220 1 2762 -26~9 

-10 .,132 31 -2 892 895 3 ~ -2327 
-11 ~ -2~5 -3 358 -380 5 329 -3O6 

9 6 3 328 -382 -~ ~9 -131 ~ o - 6  1217 -1291 
8 1 ~  17~ -5 ~8~ 566 -~ 8~ 797 
7 153A -1632 -6 373 380 -2 913 -917 
6 2/2 150 -7. 579 -58~ 0 8.11 -792 
5 656 652 -8 <1(;3 -23 2 8~6 827 

252 293 -9 3.63 -165 ~ 8b~ 8~7 
3 3~ -316 3 9 3 291 313 6 ~58 22:28 
2 1-].o5 -1~,2 2 ~53 ~62 5 o-7 6~ -839 
1 212 169 1 <1077 -73 -5 ~ -~55 
o 1635 -159~ . o  1 223 235 -3 523 ~93 

-i 1360 1373 i~37 -1~70 -i 3C~ 2966 
-2 ~ 131 -9~ -2 1/26 1~5 i < 23~ -61 
-3 16~ -1660 "3 891 -972 3 135~ 1336 
-~ 1136 -1166 -~ i086 -flOe 5 1913 -1857 
-5 .135 -9 -5 i~7 -1299 6 o -6 7~I 
-6 137 122 -6 79~ -767 -~ 729 677 
-7 8o6 7~5 -7 3~ ~83 -2 2529 2203 
-8 ~3 379 -8 751 -765 o 211o - 2_..iBt, 
-9 ..128 -128 1 1o 3 390 ~ 2 2559 -2515 

h k i 10~ F ° 100 F c 

<3~z 69 
0-7 652 -661 
-5 s892 28Z2 
-3 318 -321 
-1 ~ 3892 
1 3~4 -376 
3 269 253 
5 ~ -~m 

8 0-6 <3¢0. 62 
-~ ~67 3870 
-2 < ~6 97 

o 35~ -36~2 
2 1~27 -Lu.6 

515 566 
90-7 389 ~> 

-5 201 -~ 
-3 3670 -36Z5 
-i 1090 -I//3. 
1 610 -593 
3 535 5C8 

Io o-6 888 -9OO 
-~ 695 7 ~  
-2 < 328 -133 

~. 67 -81 
328 -3~ 

< 114 I~ 
11 o - 5  919 939 

-3 <3~ ~2 
-i 762 -830 
1 8e~ 89¢/ 
3 6~ 65~ 

12 o - 6  793 75~ 
-~ 359 -3~9 
-2 ~ 869 
o 172 

1291 1512 
13 0-5 <200. 60 

-3 306 -32-3 
-i 95 -1c~ 

1336 
- 617 -612 
-2 1070 -in~7 

o ~ -~,96 
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0-36; I U0201 =0.05; now both signs of Us00 satisfy the 
inequality, though with different margins. 

According to the (h/cO) projection the long molecular 
axis of the molecule near (0, 0) lies roughly parallel 
to either [111] or [111]. Approximate z coordinates 
for both orientations were derived from packing 
considerations and tested by structure-factor calcula- 
tions; of the two models the former was found to 
correspond to the correct orientation. 

R e f i n e m e n t  

Details of our refinement procedure have been given 
in a previous publication (Coppens & Schmidt, 1964). 
The scattering factors employed were those given by 
Hoerni & Ibers (1954) for C, by Berghuis, Haanappel,  
Potters, Loopstra, MacGfllavry & Veenendaal (1955) 
for N and 0, and by McWeeny (1952) for It. Un- 
observed reflections were assigned a threshold value 
~ t  based on the lowest intensity readings and only 
included in the refinement when [Fcl > kFt. The three 
levels were first refined separately, initially with 
isotropic, later with anisotropic temperature para- 
meters of all but  the hydrogen atoms. When these 
refinements had been completed the levels were 
merged, and the residuals used to estimate the 
relative accuracy of the levels (Coppens & Schmidt, 
1964). Numerical details are given in Table 2. 

Refinement of all data was continued until the 
shifts in positional and thermal parameters were 
random and less than a fifth of the estimated standard 
deviations of these parameters. 360 reflections 
(358 observed reflections + 2 unobserved reflections 

Table 4. Final fi'actional coordinates of o¢-p-nitrophenol 
H e a v y  a toms*  

A t o m  x y z a(x) ~(y) cr(z) 

O(1) --0.0586 0.2931 0-8930 0.0003 0.0004 0.0006 
O(2) --0.0864 0.1267 0.6215 0.0003 0"0004 0.0006 
0(3)  0.3188 0.5238 0.4370 0.0003 0.0004 0-0006 
N -- 0"0350 0.2409 0.7240 0.0003 0"0005 0.0007 
C(1) 0.0554 0.3144 0-6431 0.0003 0"0005 0.0008 
C(2) 0-1138 0.4413 0.7612 0-0003 0-0005 0.0007 
C(3) 0.2013 0.5104 0.6860 0.0004 0.0005 0.0008 
C(4) 0.2298 0.4526 0.4971 0.0004 0.0005 0.0008 
C(5) 0.1689 0.3267 0.3777 0.0003 0.0005 0.0007 
C(6) 0.0800 0.2580 0"4503 0.0003 0.0005 0"0009 

H y d r o g e n  a toms*  

A t o m  Observed  Ca lcu la ted t  
z-  - 

H(O) 0:3354 0.4891 0.3614" 0.3524 0.4704 0.3250 
H(2) 0-0934 0.4851 0.8816 0.0911 0.4849 0.9089 
H(3) 0 .2413 0.6095 0.7768 0-2478 0.6097 0.7742 ~(5) 0.1868 0.2924 0.2487 0.1911 0.2832 0.2295 
H(6) 0.0434 0.1597 0.3674 0.0305 0.1618 0.3581 

* For  the  number ing  of the  heavy  a toms  see Figs. 2 and  3. 
H(O) is the  hydroxy l i c  hydrogen;  H(n)  is the  hydrogen  a t o m  
b o n d e d  to C(n). 

Calcula ted  assuming the  a romat ic  H C =  1.08 /~, bisect ing 
the  angle be tween  the  ad j acen t  C-C bonds ,  and the  hydroxy l i e  
hyd rogen  a t  1.00 .£, f rom 0(3)  towards  the  accep te r  a t o m  0(2).  

A C 1 8 - - 5  
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with IFcl > kFt)  were used to determine 113 parameters 
(3 scale factors, 45 positional and 65 thermal para- 
meters). 

Observed and calculated structure factors are listed 
in Table 3; final coordinates and temperature factors 
are given in Tables 4 and 5. 

Table 5. Temperature factors* 
fill f 2 2  

O(1) 0.0052 0-0070 
0(2)  0.0044 0.0058 
O(3) 0.0044 0.0054 
N 0-0033 0.0044 
C(1) 0.0031 0.0040 
C(2) 0.0036 0.0045 
C(3) 0.0040 0.0047 
C(4) 0.0037 0.0044 
C(5) 0.0039 0.0052 
C(6) 0.0035 0-0042 

~33 ~1~ ~23 ~13 
0"0132 --0"0029 --0-0031 0"0087 
0"0192 --0"0033 --0-0070 0"0061 
0-0199 -- 0"0008 0"0008 0"0097 
0-0135 --0-0008 --0"0023 0"0042 
0"0115 0-0002 -- 0"0011 0"0035 
0"0098 0"0009 -- 0"0010 0"0030 
0"0137 --0-0006 --0"0001 0"0021 
0"0144 0"0003 0"0025 0"0058 
0"0087 0"0020 -- 0"0000 0"0037 
0"0134 0-0005 0.0022 0"0014 

B 
H(O) 3.1 
H(2) - 0 . 6  
H(3) --1.3 
H(5) --0.6 
H(6) 0.4 

* The t e m p e r a t u r e  factors  fi and B are respec t ive ly  the  
coefficients in the  expressions exp[-(flnh2+f1221c2+f13~12+ 
fl12hk+f123kl+fl13hl)] and  exp [- -  (B sin 2 0/22)]. 

i a~i°p l 

Q 
(o) 

Cb) 

j -  

i 

Fig. 1. E lec t ron  dens i ty  project ions .  Contours  each 1 e./lx -2, 
lowest  con tour  a t  2 e./~ -2. (a) P ro j ec t i on  along [001]. 
(b) P ro jec t ion  along [010]. 
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Final overall agreement factors are 

r=Zw(ic2F'zo e 2 4 4 - F c )  /Zwk Fo=3.5% 
and 

R = X ( l k F o -  IFcll)/ZkFo= 8.3%. 
For 6 reflections 21Eel < kFo, while for 2 out of the total 
35 unobserved reflections Fc> kFt. Electron density 
projections and packing diagrams along [001] and 
[010] are shown in Figs. 1 and 2. 

j o s , ° ~  [ I 
- ~"'".i- ~ 

1 (~) 1 

..." ~ ' 0  1,A 
Fig. 2. Packing diagrams, 

(a) seen along [001], (b) seen along [010]. 

Discussion 
Packing arrangement 

The structure contains infinite chains of glide-plane 
related molecules linked together by hydrogen bonds. 
The angle between the benzene-ring planes of adjacent 
molecules in a chain is 74 °. 

Every molecule is faced by a second one at a distance 
of 3-33 A and related to it by a center of symmetry. 
Additional van der Waals contacts are made with 
twelve other molecules. Eleven of these are listed in 
Table 6; the two others are at x, y, z - 1  and l + x ,  
~ - y ,  z+½. Distances to these two molecules are 
identical with those to molecules I and I I I  given in 
Table 6. The molecule at 5, ~, 5 is at a somewhat 
larger distance, the shortest interatomic vector to it 
being 3.96 /~ (0(2)-0(2)). 

Molecular structure 

The benzene ring is planar, but the nitro group and 
the hydroxylic oxygen atom are displaced from the 
plane of the ring (Table 7). Such deviations from 
planarity are quite common in substituted aromatic 
molecules, as for example in benzoic acid (Sim, 

Table 6. Intermolecular distances (•) 
Distances are given between reference molecule of which 
the a tomic coordinates are listed in Table 4 and surrounding 

molecules 
Distances involving hydrogen a toms are based on calculated 

hydrogen  coordinates given in Table 4 

(I) x, y, l + z  (VII) 2, l - - y ,  1--z 
(II) x--½, }--y ,  ½+z (VIII)  ½-x,  ½+y, ½--z 
(III)  x--½, ½ - y ,  z--½ (IX) { - x ,  ½+y, 1½-z  
(IV) ½+x, i--Y, z - ½  (X) ½--x, y--½, ½ - z  
(V) x, y, 1--z (XI) ½--x, y--½, 1½--z 
(VI) ~, 1 -- y, 2 -- z 

Distances Distances 
between heavy  atoms: involving hydrogen  a toms:  

(<3.5 A) (<3 A) 
O(1)C(5)(I) 3.33 O(1)H(6)(I) 2.95 
O(1)C(6)(I) 3.31 H(2)H(5)(I) 2-63 
O(1)C(4)(II) 3-47 O(2)H(O)(II) 1.82" 
O(1)C(5)(II) 3.31 O(2)H(5)(II) 2.96 
O(2)C(3)(III) 3-26 O(1)H(5)(II) 2-86 
O(3)O(1)(IV) 3.17 O(1)H(O)(II) 2.52 
O(3)O(2)(IV) 2-82* NH(O)(II)  2-45 
O(2)C(6)(V) 3.41 O(2)H(6)(V) 2.61 
O(1)C(2)(VI) 3.33 O(1)H(2)(VI) 2.38 
O(3)O(1)(VII) 3.48 H(2)H(2)(VI) 2.69 
O(1)C(4)(VII) 3.43 O(3)H(5)(VIII) 2.48 
NC(3)(VII) 3.44 H(3)H(6)(IX) 2-90 
C(2)C(1)(VII) 3.41 I-I(5)H(O)(X) 2-79 
C(3)C(1)(VII) 3.42 H(6)H(O)(X) 2-62 
C(6)C(2)(VII) 3.46 C(6)H(3)(XI) 2-55 
O(3)C(5)(VIII) 3.31 C(5)H(3)(XI) 2.80 
O(3)N(IX) 3.33 C(1)H(3)(XI) 2-83 

* Hydrogen  bond. 

Table 7 
Equat ions  of planes 

Benzene-ring: 6.2340x-- 5.2864y + 2.4667z-- 0.2570 = 0 
Nitro-group: 6"4154x--5.1074y+2.4734z--0.3358----O 

Angle between the  two planes: 1 ° 32" 

The benzene ring plane is derived according to 
Schomaker,  Waser, Marsh & Bergman (1959) 

Atom 

o(1) 
0(2) 
0(3) 
N 

C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 

Out-of-plane displacements  

F rom From 
benzene ring Atom benzene ring 

0.031 A H(2) -- 0.06/~ 
0-068 H(3) --0-06 
0.039 H(5) --0.02 
0.037 H(6) 0-07 

0-013 
- 0.003 
- 0.008 

0.009 
0.001 

-0 .011  

From NO 2 
C(1) 0.013 
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Robertson & Goodwin, 1955), p- dini trobenzene 
(Abrahams,  1950), m-dini t robenzene (Trotter, 1961) 
and nicotinic acid (Wright & King,  19531. Larger 
deviat ions from p lanar i ty  are observed in the other 
modification of p-nitrophenol (Coppens & Schmidt,  
19651. 

The intramolecular  distances and angles are shown 
in Fig. 3. The average s tandard  deviat ion in the bond 
lengths is 0.006 A, while the average s tandard  devia- 
t ion in the angles is 0.4 ° . The distances between the 
heavy atoms are all compat ible  with values recorded 
in the li terature, and equal within the exper imental  
errors with corresponding distances in the fl form of 
p-nitrophenol.  We shall discuss these dimensions in 
the  paper  on the  structure of the fl modification. 

t 

119.3  ° -f. 

co) 

c (~ ) ' - r "  122.4 o 

a 

o(31 "3° 

Fig. 3. Bond lengths and angles. Average standard deviation 
in bond lengths 0.006 A, in angles 0-4 °. 

Hydrogen temperature factors 

The fact tha t  three out of five hydrogen ' tempera- 
ture factors'  are negative (Table 5) deserves some 
comment.  The errors in these parameters  are very 
large, but  the negative sign indicates tha t  the electron 
densi ty  is more concentrated in the bonded a tom 
than  in the free a tom from which the f curve is 
derived. This is in agreement  with recent calculations 
of the scattering factor of a hydrogen atom in a 
hydrogen molecule (I i j ima & Bonham, 1963). Nega- 
t ive tempera ture  factors for the hydrogen atoms 
have been observed in other low-temperature struc- 
tures (e.g. Hirshfeld, Sandler & Schmidt,  1963). 
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