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392. Topochernistry. Part X.I The Crystal and Molecular 
Structures of 2 - Chloro - N-salic ylideneaniline. 

By JUDITH BREGMAN, L. LEISEROWITZ, and K. OSAKI. 
The structure of 2-chloro-N-salicylideneaniline has been determined from 

three-dimensional data. The co-ordinates of carbon, nitrogen, oxygen, and 
chlorine have been located by an anisotropic least-squares refinement to an 
accuracy of at least 0.003 A. The positional and isotropic temperature para- 
meters of the hydrogen atoms have also been obtained. The electron-density 
distribution in the 0 N region has been determined by three-dimensional 
difference syntheses ; the hydrogen atom identified with the electron-density 
peak in this region was included in the final stages of the least-squares refine- 
ment. 

Molecular shape, packing arrangement, and bond lengths of 2-chloro- 
N-salicylideneaniline (2-chloroanil) and of N-5-chlorosalicylideneaniline 
(5'-chloroanil) (Part IX) are compared and discussed. 

THE detailed analysis of the crystal structure of (photochromic) 2-chloro-N-salicylidene- 
aniline (I) * was undertaken as part of a research programme on the relation between 

crystal structure and solid-state thermochromy and photochromy 
&? a (see preceding Papers). The aims of this analysis are set out in 

Part I X 1  in which we describe the crystal structure of (thermo- 

/ IO\ 

ci 1 2  

(1) chromic) N-5-chlorosalicylideneaniline. 

EXPERIMENTAL 
2-Chloro-N-salicylideneaniline, C,,H,,ClNO, M 231.7, crystallises from methylcyclohexane 

in pale yellow orthorhombic needles elongated along [ O O l ]  and showing (110). The cell dimen- 
sions were determined from high-order reflections recorded on a General Electric goniostat : 
a = 13-528, b = 12.185, c = 6.871 A ;  o(u) = 0.0010, o(b) = 0.0008, o(c)  = 0.0006A.  Absences: 
hOO for h odd, O R 0  for k odd, 001 for Z odd. Space group: PZ12,2,. d(ca1c.) for n = 4, 1.359 
g . / ~ m . ~ ;  p = 30.0 crn.-l; F(000) = 480. 

Atom X 

C, ............... 9.780 
C ,  ............... 9.565 
C,  ............... 10.595 
C,  ............... 11.843 
C ,  ............... 12.091 
C ,  ............... 11.062 

C, ............... 8.722 
C ,  ............... 6.510 

C,, ............ 4-456 
C,, ............ 4.614 
C,, ............ 5.640 

C, ............... 6-324 
C,, ............ 5.303 

TABLE 1. 

Atomic co-ordinates (A). 
Y z Atom 

-1.468 4.224 N ............... 
-1.866 2.909 0 ............... 
-2.435 2.163 c1 ............... 
-2.593 2.749 
-2.179 4.030 H, ............ 
-1.618 4.768 H, ............ 

H, ............ 
-0.921 5.055 H, ............ 
-0.310 5.478 H , ............ 
-0.930 6.702 H, ............ 
-0.544 7.529 H,, ............ 

0.484 7.173 H,, ............ 
1-106 5.956 H,, ............ 
0.697 5.110 H, ............ 

X 

7.537 
8.339 
5.831 

10.408 
12.695 
12.926 
11-262 
8.991 
6.935 
5.120 
3.804 
4.006 
7.708 

V 
- 0.726 
- 1.739 

1.498 

-2.716 
- 2.984 
-2.417 
- 1.262 
- 0.733 
- 1.679 
- 0.994 

0.857 
1.853 

- 1.246 

2 

4.590 
2.323 
3.581 

1.144 
2.230 
4.584 
5.81 1 
6.088 
6-981 
8.405 
7.750 
5.662 
3.151 

The zonal data F(hk0) and F(h0Z) were collected from zero-level Weissenberg photographs 
and processed in the usual way. The set of three-dimensional reflections was recorded on the 
goniostat with nickel-filtered copper radiation and an argon-filled counter from a crystal shaped 
to linear dimensions 0-15  x 0.15 x 0-15  mm.; absorption corrections were considered un- 
necessary. We refer to Part V for details of our treatment of data, their reduction of F(hkZ), 

* The numbering shown in (I) is that used in crystallographic descriptions and in bond dimensions. 
1 Part IX, preceding paper. 
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and calculation of associated weights ~ ( ( h k l )  . Since the tube output was heavily contaminated 
with iron radiation all reflections with indices h. k. and I divisible by five were given zero weight . 

Solution of the Structure.-The Patterson projection P(xy) was insufficiently resolved to 
enable us to locate the chlorine atom. let alone the lighter atoms. with sufficient accuracy for a trial 
structure . The heavy-atom co-ordinates were established from P ( x y )  and P(x.z) of the isomor- 
phous bromo-derivative (a = 13.6, b = 12.3, c = 7.19 A; space group P212, 2,). the two sets 
of intensity data were put on an approximately absolute scale and the signs of a number of 

TABLE 2 . 
Thermal parameters (A2) . 

Atom U,, 
C, ......... 0.0570 
C, ......... 0.0669 
C, ......... 0.0872 
C, ......... 0.0898 
C, ......... 0.0589 

C, ......... 0.0552 
C, ......... 0.0516 
C, ......... 0.0654 
C,, ......... 0.0783 
C,, ......... 0-0678 
C,, ......... 0-0615 

N ......... 0-0564 
0 ......... 0.0757 
C1 ......... 0.0960 

c6 ......... 0.0589 

C13 ......... 0.0614 

Atom 44 
C1 ............... 0.0026 
C, ............... 0.0028 
C, ............... 0.0033 
C, ............... 0.0031 
C, ............... 0*0030 

C, ............... 0.0027 
C, ............... 0.0027 

C,, ............ 0. 0034 
C,, ............ 0.0031 
C,, ............ 0-0029 
C,, ............ 0.0029 

c6 ............... 0.0029 

c, ............... 0.0020 

Atom o(U,,) 
C, ......... 0.0015 
C, ......... 0.0017 
c, ......... 0*0020 
C4 ......... 0.0018 
C, ......... 0.0017 
C ,  ......... 0.0016 
C ,  ......... 0.0015 
C ,  ......... 0-0014 
C, ......... 0.0016 

C,, ...... 0.0018 
C,, ...... 0.0017 
C,, ...... 0.0016 
N ......... 0-0012 
0 ......... 0.0013 
C1 ......... 0.0005 

c,, ...... 0.0019 

u22 

0.0437 
0.0481 
0.0565 
0.0558 
0.0637 
0.0556 
0.0483 
0.0468 
0-0538 
0.0655 
0.0671 
0.0553 
0. 0466 
0-0510 
0.0935 
0.0736 

u33 
0.0579 
0.061 1 
0.0642 
0.0901 
0.0920 
0.0764 
0.0621 
0.0568 
0.0575 
0.0647 
0.0735 
0.0761 
0.051 1 
0.0556 
0.0592 
0.0597 

u12 
-0*0018 
. 0.0033 
. 0.0052 
. 0.0022 
. 0.0021 
. 0.0077 
. 0.0046 

0.001 1 
0.0041 
0.0032 
0.0053 
0.0053 

- 0.0040 
0.0015 
0.01 11 
0.0081 

u23 
0.0012 
0.0028 
0.0016 

- 0~0001 
- 0.0009 
-0.0013 
-0.0012 
- 0.0086 

0.001 1 
- 0.001 1 
- 0.0059 
- 0.0074 
- 0.0031 
- 0.0069 
-0.0111 

0.0115 

u13 
0.0002 
0.0053 
0-0203 
0.0273 
0-0073 

- 0.0025 
- 0.0035 
- 0.0059 
- 0.0024 

0-0101 
0.01 12 

- 0.0086 
- 0*0101 
- 0.0023 
- 0.01 19 
- 0.0084 

TABLE 3 . 
Standard deviations (A) of atomic co.ordinates . 

4 Y )  
0.0027 
0.0028 
0.0031 
0.0029 
0.0032 
0.0030 
0.0029 
0-0026 
0.0028 
0-0032 
0.0032 
0.0030 
0-0026 

"(4 
0.0031 
0.0032 
0.0033 
0.0036 
0.0036 
0.0032 
0.0031 
0.0029 
0.0032 
0.0034 
0.0036 
0.0036 
0.0028 

Atom 
N ............... 
0 ............... 
c1 ............... 
H, ............ 
H. ............ 
H. ............ 
H. ............ 
H. ............ 
H. ............ 
H.. ............ 
H.. ............ 
H.. ............ 
H. ............ 

44 
0.0022 
0*0020 
0*0009 
0.026 
0.031 
0.025 
0.025 
0.025 
0.027 
0.028 
0.027 
0.025 
0.033 

TABLE 4 . 
Standard deviations (Az) of thermal parameters . 

u ( u 2 2 )  u(u33)  a(U12) 0(u13) 
0.0013 0.0017 0.0014 0.0015 0.0015 
0.0014 0.0019 0.0014 0.0015 0.0017 
0.0016 0.0019 0.0017 0.0017 0-0019 
0.0017 0.0022 0.0016 0.0019 0.0019 
0.0017 0.0023 0.0016 0.0020 0.0020 
0.0016 0.0021 0.0015 0.0019 0.0018 
0.0013 0.0019 0.0013 0.0015 0.0016 
0-0013 0.0018 0.0013 0.0015 0.0015 
0.0014 0-0018 0.0015 0-0016 0.0017 
0-0017 0.0020 0.0018 0.0018 0.0020 
0.0018 0.0022 0.0016 0.0019 0.0019 
0.0016 0.0022 0.0015 0.0016 0.0018 
0.0013 0.0017 0.0014 0.0013 0.0015 
0.0012 0.0014 0.0012 0.0012 0.0013 
0.0015 0.0013 0.0014 0*0014 0.0012 
0.0004 0*0005 0.0005 0.0005 0.0005 

Atom U 
H3 ...... 0.0403 
H4 ...... 0.0666 
H, ...... 0.0409 
H6 ...... 0.0387 
H, ...... 0.0354 
H, ...... 0.0633 
H,, ...... 0.0473 
H,, ...... 0.0507 
HI, ...... 0.0385 
H, ...... 0.1042 

4Y) 
0.0022 
0*0020 
0~0009 
0.027 
0.032 
0.027 
0.028 
0.027 
0.031 
0.030 
0.029 
0.029 
0.035 

cr (4 
0.0024 
0.0020 
0~0009 
0.029 
0.031 
0.028 
0.028 
0.029 
0.032 
0.028 
0.034 
0.027 
0.040 

Atom u(V) 
H, ...... 0.0088 
H4 ...... 0.0117 
H, ...... 0.0088 
H6 ...... 0.0088 
H, ...... 0.0085 
H, ...... 0.0099 
H,, ...... 0.0091 
H,, ...... 0.0095 
H,, ...... 0.0085 
H, ...... 0.0147 
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2088 Bregman, Leiserowitz, and Osaki : 

reflections established by the usual method. Fourier projections were sufficiently detailed to 
permit least-squares refinement of the two zones of the chloro-compound to R(hk0)  = 0.093 
and R(h0Z) = 0.1 12 [F(unobserved) excluded ; all hydrogens bonded to carbon were included on the 
basis of reasonable bond length (C-H = 1.0 A) and angles ; hydroxylic hydrogen was omitted ; 
C,N,O,Cl treated anisotropically]. The resulting structure served as the basis for a three- 

FIG. 1. 2-Chloro-N-salicylideneaniline ; 6(xy) based on all atoms except hydroxyl 
Contour interval 0.1 e/A2; zero contour - - - -, negative contours hydrogen. 

dimensional refinement which proceeded by anisotropic cycles for all atoms, except the hydro- 
gens which were held fixed until the heavy atoms had settled down; in further cycles the 
positional and isotropic thermal parameters of the hydrogens were also adjusted. For details 
of the least-squares procedure we refer to Part V.2 The following scattering-factor curves 
were used: fcl, D a ~ s o n , ~  fc,N,O Berghuis et ~ 1 . ~ 4  f H ,  McWeeny.5 No allowance was made for 
anomalous-dispersion effects of the chlorine atom. 

To locate the hydrogen in the 0 N region we computed the difference syntheses 6(xy)  

2 Part V, J. ,  2030. 

4 Berghuis, Haanappel, Potters, Loopstra, MacGillavry, and Veenendaal, A cta Cryst., 1955, 8, 478. 
Dawson, Acta Cryst., 1960, 13, 403. 

McWeeny, Acta Cryst., 1951, 4, 513. 
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(Fig. 1) and 6(xz) both of which showed peaks of height 0.4 e/Az in the 0 * N region. Three- 
dimensional difference syntheses (Fig. 2) in planes parallel to (001) were computed in the region 
corresponding to these peaks in the 6(xy) and 6(xz) maps. Reflections affected by iron con- 
tamination of the copper tube and those for which (KF,] > 21F,( were omitted from the 
difference syntheses; AF(230), corresponding to the strongest reflection (230) believed to suffer 
from secondary extinction, was also 

IY 
I 

X 

I 

-I__ 

la 5 

omitted. The threeidimensional plane syntheses showed 

2 3 4 

6 7 8 

0 I1 
FIG. 2. 2-Chloro-N-salicylideneaniline ; parallel sections perpendicular to [OOl] of 

Contour interval 0.05 elk3; upper left corner of each 
Distance between 

G(xyz) in the 0 . - N region. 
section at  x = 0-513, y s -0-139; first section at  z = 0.375. 
sections 0.2 A; increasing x sections from 1 to 8. 

FIG. 3. 

1-385 A 

2-Chloro-N-salicylideneaniline ; experimentally determined bond lengths 
bond angles. 

2-Chloro-N-salicylideneaniline ; experimentally determined bond lengths 
bond angles. 

and 

a peak of height 0.25 e/A3 at  1.25 A from the oxygen, 1.45 A from the nitrogen, and at  0.07 A 
from the best plane defined by O,C,,C,,C,,N. On the assumption that this peak might refer 
t o  the hydroxylic hydrogen, refinement of the structure was continued with this hydrogen 
included. The last cycle gave an 0-H distance of 1-15 L$, a C,OH angle of 103O, and deviation of 
0.02 A from the best plane of ring c (0, C,,C,,C,,N). 

Refinement was stopped when all parameter shifts had become less than 3'6 their estimated 
standard deviations. The final agreement factor Y = Cw(k2F02 - (Fc12)2/Cwk4F,4 was 0.006, 
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2090 Bregman, Leiserowitz, and Osaki: 
(R = CILF,, - lFc[I/CkFo was 0-046) for all reflections excluding those for which IFc] < 

The positional and thermal parameters derived from the last refinement cycle, and their 
standard deviations, estimated according to Part V,2 are listed in Tables 1-4. Bond lengths 
and angles are given in Fig. 3; Table 5 lists the e.s.d. of the bond lengths, while the C-H bond 
lengths and angles are given in Table 6. The best planes through rings A ( C ~ - ~ ) ,  B (C8-13), and 
c (0, C,, C,, C7,N) were computed according to Schomaker et aZ. ; (Table 7 lists their equations, 
as well as the distances of the substituents and ring atoms from these planes. Table 8 contains 
IzkZ, 100 LF,, 100 A,, 100 B,, and 100 F,. Reflections to which zero weight was attached are 
marked * ; all unobserved reflections are marked <kFo. 

[kFthresholdl 

Bond 
C1-C2 ......... 0.0040 
C2-C3 ......... 0.0043 
C3-C4 ......... 0.0045 
C,-C, ......... 0.0046 
c5-ce . e . .  . . . . 0.0044 
C,-c, . . . . . . . . 0.0041 
C1-C7 ......... 0.0040 

TABLE 5. 
Standard deviation of bond lengths (A). 
Bond Bond Bond 

C7-N ......... 0.0037 C8-C13 ...... 0.0039 C7-H, ...... 0.027 
N-c, ......... 0.0035 cl3-Cl ...... 0.0029 CS-H, ...... 0.030 
C8-Cg ...... 0.0040 C,-0 ......... 0.0035 Clo-Hlo ...... 0.029 
C,-C,, ...... 0.0045 C,-H, ...... 0.027 C,,-H,, ...... 0.030 
Clo-Cll ...... 0.0047 C,-H, ...... 0.032 C,,-H,, ...... 0.027 
Cll-C12 ...... 0.0045 C,-H, ...... 0.027 O-H, ......... 0.036 
c12-cl, ...... 0.0042 C6-H6 ..... . 0.027 

Bond Bond length (8) 
C3-H3 ......... 1.073 
C4-H4 ......... 1.072 
C,-H, . . . . . . . . . 1.030 

1.120 
C7-H, . . . . . . . . . 1.084 
C,-H, . . . . . . . . . 1.006 

Cl1-Hl1 . . . . . . 0.947 

O-H, ......... 1.152 

C,-H, . . . . . . . . . 

Clo-Hlo . . . . . . 1.002 

C12-H12 . . . . . . 1.008 

TABLE 6. 
C-H Bond lengths and angles. 

C2-C3-H3 . . . . . . 
C,-C4-H4 . . . . . . 
C4-C5-H, . . . . . . 
C,-C7-H, . . . . . . 
C,-C,-H, . . . . . . 
C,-C,,-H,, . . . 
Clo-Cll-Hll . . . 
Cl1-Cl2-Hl2 . . . 
C2-O-H0 . . . . . . 

C5-C6-H, ...... 

Bond angles (") 
119.1 C4-C,-H3 . . . . . . 
123.5 C,-C4-H, . , . . . . 
125-5 C,-C,-H, . . . . . . 
115.5 N-C,-H7 . . . . . . 
119.8 C,,-C,-H, . . . . . . 
122.6 Cll-Clo-H,, . . . 
124.0 C1,-Cll-Hll . . . 
121-6 Cl3-CI2-Hl2 . . . 
102.9 

119.5 C1-C,-H, . . . . . . 

121.8 
114.8 
114.1 
119.4 
123.1 
119.6 
116.6 
116.1 
119.1 

TABLE 7. 
Equations of best planes. 

m, m2 m, d 
Ring A C, * - - c6 3.5019 11.0594 -2.2708 -0.1857 

8.1382 + 2.9332 6.0936 Ring B C, - - - C,, 8.2478 
Ring c 0, C,, C,, C,, N 3.3961 11.1617 -2-1499 -0.2201 

Equation of best plane: m,x + m,y + m3z - d = 0, where xyz are fractional co-ordinates. 

Deviations (A) from best planes. 
Atom Ring A Ring c Atom Ring B 

c, ..................... -0.011 +0.009 c, ..................... +0*008 
C2 ..................... +0*007 +0*002 c, . . . . . . . . . . . . . . . . . . . . . + 0.002 
C, + 0,004 c,, -0.010 
c, ..................... -0.010 C,, ..................... +O-OOS 
C, ..................... +0.006 c,, + 0.001 
c6 +0'005 c,, - 0.009 

C7 ..................... -0.063 -0.016 N . . . . . . . . . . . . . . . . . . . . . . . . - 0.024 
0 . . . . . . . . . . . . . . . . . . . . . . . . - 0.006 c1 ........................ -0.010 
N ........................ -0.039 + O . O l l  

. . . . . . . . . . . . . . . . . . . . . .... . .. . ... . . . .. . . .. . 
. . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . * .  . . . . . . . . . . . . . . . . . . . . . . 

- 0.002 

Comparison of the Structures of N-5-Chloro- and 2-Chloro-N-salicyZideneaniZine.-In the 
2-chloroanil rings A and c lie on a common plane to within lo of the normals to their respective 
best planes. The angle between ring A and the anil ring (B) of 51.5" is due to rotation of the 

Schomaker, Waser, Marsh, and Bergman, A d a  Crysf.,  1959, 12, 600. 
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latter around the C,-N bond since the angle between the vectors C,- C,, and C,-C, corresponds 
to 51.1". In addition, the deviations of N, C,, centre of ring B, and of C,, from the plane of ring 
A linearly increase (by -0.039, -0.221, -0.411, and -0.592 A) so that the molecule is bent 
into a V shape where the nitrogen is at  the apex and the angle between the arms of the V is 
7.5". Rotation of the anil ring about C,-N has led to a distance between (the ovtho-hydrogen) 
H, and (the exocyclic hydrogen) H, of 2.43 A corresponding to normal van der Waals contact. 

In the 5'-chloroanil on the other hand the two rings A and B are parallel, both at  room and 

L c - = -  

--- 

A 

a 

0 I 2 i  
w 

FIG. 4a. N-5-Chlorosalicylideneaniline ; packing diagram seen along [OlO]  . For 
contact distances see Table 11. 

0 .  1 f i  
FIG. 4b. N-5-Chlorosalicylideneaniline ; packing diagram seen along [loo]. 
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TABLE 8. 
Structure factors. 

I lOOkFo lOOAc lOOBc 
0 < l l S  118 0 

<168 0 25 

0 1550 -1474 0 
2479 0 2509 

3267 0 3235 
788 759 0 

217 -164 0 

1190 -1164 0 

704 0 -719 
268 -312 0 
444 0 -465 
537 532 0 

2028 0 -2052 
1416 1406 0 

352 0 347 
343 -278 0 
160 0 55 
360 -269 0 
377 0 238 
202 125 0 

0 737 0 -697 
2035 -1954 0 

1525 -1401 0 
1382 0 1383 

1055 0 1055 
160 247 0 

<134 0 87 
670 664 0 
411 0 438 

<126 134 0 

687 -668 0 
678 0 -701 

662 0 -649 

h k 1 lOOkFo 
2 0 0 2371 
4 5270 
6 2203 
8 1483 

10 * 746 
12 369 
14  234 
16 209 
1 1 0 1274 
2 3217 
3 5780 

lOOAc 

- 5294 
-2182 
-1532 

165 
- 328 

208 
-106 

0 
3093 

0 
1948 

0 
1381 

0 
-443 

0 - 1109 
0 

-1241 
0 

73 
0 

2 38 
0 

5766 
0 

4753 
0 

-173 
0 

1534 
0 

-1037 
0 

- 866 
0 

786 
0 - 10 
0 

-154 
0 
0 

10,226 
0 

979 
0 

463 
0 

-1089 
0 

-950 
0 

-1768 
0 

1 5  
0 

95 
0 

-8690 
0 

825 
0 

1294 
0 

1665 
0 

1754 
0 

217 
0 

68 
0 

- 340 
0 

- 24 
0 

-951 
0 - 2045 
0 

- 684 
0 

1267 
0 

-1729 
0 

-250 
0 

2183 
lOoB0 lOOFc 

0 2183 
0 5294 
0 2182 
0 1532 
0 165 
0 328 
0 208 
0 106 
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12  
1 3  
1 4  
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2094 Bregman, Leiserowitx, and Osaki: 

TABLE 8. 
100Fc h k 1 lOOkFo 

(CO 
lOOAc 

1 3  
158 
287 
- 88 

ntinuec 
100Bc 

i.1 
lOOFc 

248 
159 
312 
207 
197 
134 
42 

294 
219 
340 
146 
426 

k k 1 1  1OOkFo 
318 

1793 
939 
209 

(134 
175 

<126 
503 
377 
150 
202 
327 

1550 
1542 
1994 

813 
385 
762 
946 

1013 
653 
453 
343 
259 
202 

1734 

lOOAc 
-295 
- 544 
-104 
- 48 

-158 
234 
16 

300 
283 - 79 

0 
220 

-1301 
-652 

-1963 
802 

24 
422 
957 
196 
705 - 47 
235 
172 
182 

1731 
429 
866 

-262 
-1795 

- 321 
-1574 - 50 

-869 
30 

-432 
244 
209 
28 

550 
0 

1024 
1482 

-873 
529 
434 
772 
157 
669 

-326 
-154 

37 
47 

lODBc h k 1 lOOkFo lOOAc 
171 

-133 
326 

-16 
72 

- 64 
88 
0 - 207 

1197 
326 
507 

1039 

51 5 
1081 

941 

- 506 

-124 
-558 
- 47 
- 213 

8 
-102 - 897 

-1050 
-152 

-1973 
150 

-1619 
386 - 743 

1313 
323 
- 41 
648 

- 501 
264 

-16 
0 

1378 
- 604 
1298 - 941 

21 3 
156 

-750 
9 31 

-1087 
298 

34 
-119 
-18 
187 
184 

- 581 
128 

-937 
1089 

27 
-270 - 388 
-135 
-113 

417 
3 

- 206 
- 352 

0 
1512 - 56 
163 - 668 - 393 
143 

-468 
1 4  

-671 
616 
- 32 

6 
542 

-199 
995 
795 

-169 
664 

-439 
- 264 - 26 
-411 

368 - 494 

100BC 
315 
345 

- 203 
765 

- 340 
95 

152 
2535 

-639 
-102 
- 1445 
- 742 - 334 
-287 

346 
-105 

-54 

lOOFc 
359 
369 
384 
765 
347 
115 
176 

2535 
671 

1201 
1481 
899 

1091 
582 
621 

1086 
942 
531 
829 
268 
227 
104 
170 
897 

1151 

6 6 2  
7 
8 

177 
-1733 

933 
-132 

345 2 1 3  2 
1816 3 

939 4 
140 5 
184 6 
278 7 
138 8 
480 0 1 4  2 
396 1 
170 2 
199 3 
256 4 

1500 5 
1487 6 

209 
143 
259 
185 

248 
22 

9 4 3 318 
10  419 

122 
-187 

128 
103 
42 
0 

110 
-296 

146 
127 

-138 
-283 

228 
228 
86 

4114 
1034 
4272 

513 

-1524 

-189 
-321 
-463 
-852 
-235 
- 462 
- 743 

33 
-12 

11 335 
12 754 
1 3  343 
14  126 
15 185 
0 5 3 2622 
1 720 
2 1207 
3 1567 
4 921 
5 1131 
6 520 
7 620 
8 1106 
9 887 

10  511 
11 804 
12 310 
1 3  259 
14  (126 
15  160 
0 6 3 914 
1 1148 
2 522 
3 2018 
4 653 
5 1809 
6 444 
7 729 
8 1333 
9 569 

10 552 
11 611 
12 670 
1 3  352 
1 4  134 
0 7 3 2178 
1 1474 
2 887 
3 1441 
4 939 
5 310 
6 234 
7 804 
8 1022 
9 1165 

10  301 
11 436 
12 343 

9 
10 ga 

-150 
137 

243 
< lo9  

118 
226 
251 

-IS0 
- 85 
-6 

- 294 
-189 

11 
12 
1 3  
1 4  
15  377 

150 
436 
150 
276 
202 
243 

<92 
1600 
3971 
1030 
4189 

552 
335 
310 
486 
887 
234 
41 9 
729 

<126 
< 109 

1615 15  <126 
339 16  < 92 

1330 0 1 3 6936 
32 1 594 

687 2 846 
249 3 411 
287 4 754 

1039 
1064 

872 
963 
259 
293 
662 
469 
385 
301 
217 
< 92 
1944 

167 
-13 
407 

-10 
78 
0 

55 
- 140 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 7 2  
1 
2 
3 
4 
5 
6 
7 
8 
9 

- 746 
1336 

i38  
294 
228 
235 

129 
129 
438 164 

1524 
4114 
1034 
4272 

513 
189 
321 
463 
852 
235 
462 
743 

33 
12  
78 
55 

7029 
596 
865 
362 
782 

- 664 
-71 960 2 

-1009 1028 3 
-163 724 4 
-403 406 5 

184 299 6 
139 222 7 
12 182 8 
0 1731 9 

-281 513 10 
-996 
-729 

186 
-681 

361 
-335 
1007 

1 3  
- 534 

49 
-197 

119 122 5 
269 612 6 

-564 564 7 
473 1128 8 

-736 1655 9 
695 1116 10  . 

1008 1134 11 
816 924 12  

-54 774 1 3  
-301 340 1 4  
-182 694 15  
-835 897 16  

268 309 0 2 3 
-204 207 1 2412 

11 48 2 1215 
27 -26 38 3 1717 

227 0 227 4 1365 
501 -1231 1329 5 1986 
762 527 927 6 921 

-1050 1059 7 1030 
-123 436 8 486 

186 394 9 402 
17 268 

542 872 - 249 202 
145 160 
223 223 1 4  217 

-108 140 1 5  259 
-32 149 16 175 

-695 695 0 3 3 4516 
g i  -292 306 1 1416 

1190 138 1198 2 3142 
642 -338 726 3 444 

-131 874 4 1249 
52 236 5 537 

-59 1173 - 140 1784 
434 1315 
184 1441 
264 
115 

0 
-439 
-63 

-190 
-505 - 90 

183 
169 

-192 - 117 

-627 
-237 

180 

516 
613 
263 

10 
11 
12 

80 
-104 
-136 

0 
- 470 
-495 

98 
583 - 660 

-110 
143 
150 - 510 
532 - 101 
438 
229 

2194 

666 
428 

-187 
-207 

10  
- 300 - 442 

404 - 86 
48 3 
263 
172 
45 

0 
1265 
1003 

801 

470 

-16 

- 561 

-827 

- 742 

-714 
- 362 

182 
187 

43 
-176 

258 
216 
- 21 
-63 
856 
539 
432 
656 

249 
410 

-104 
18 

- 43 

-174 

1 3  
1 4  
0 8 2  
1 
2 
3 

_ ~ ~ _  
518 

1975 
602 

1748 

528 
1281 
1977 

301 

-_  
1320 11 
1937 12 

322 1 3  
752 1 4  

4 
5 
6 
7 
8 
9 

10  
11 
12 
1 3  
1 4  

0 9 2  
1 
2 
3 
4 
5 

401 
757 

1322 
603 
533 
656 
666 
349 
22 

2194 
1488 

899 
1367 

960 
297 
157 
808 

746 
1609 
276 

1291 
<134 

695 
243 
310 
185 
586 
603 

1097 
1651 
1156 
1215 

897 
754 
327 
662 
887 
293 
143 

78 
55 

- 7029 
-278 
-855 

0 
0 

527 
131 

76 354 
780 

1090 
1090 
- 588 

804 
-174 

292 
-268 

237 
142 

-187 
61 

- 78 
0 

-2009 
1171 

552 
537 
850 

- 51 
104 

71 
-529 
- 500 

1095 
1092 

791 
947 
246 -174 

10  293 
604 
480 
358 
290 
111 
107 

1926 

541 
41 7 
328 
222 

6 
7 
8 

1031 
1160 

310 93 
- 73 
1926 

-1340 
158 

1593 

1661 
650 
716 

-1197 

-450 
- 310 
-113 
-865 
- 30 
- 67 

9 
1 0  
11 

484 
289 
173 
192 

2415 
1182 
1686 

~~ 

1 3  150 
1 4  134 
0 8 3 <134 

12 
13 
0 1 0  2 
1 

<126 
126 
209 

1390 

_ . ~  

184 
1392 
1011 

1312 
1866 

667 931 
-700 1002 

- 5  450 
310 
261 
880 
270 
123 
182 
226 
212 

4472 
1443 
3099 
421 

1222 
523 

1165 
1761 
1343 
1432 
803 
160 
332 
236 
234 
232 
260 

1710 
3115 
504 

1549 
611 
319 
700 

1133 

1 1357 
2 1013 

2 
3 
4 
5 

887 
1064 

444 
402 

3 1240 
4 1306 
5 746 
6 537 
7 762 
8 394 
9 202 

10 495 
11 (109 
12  318 
1 3  444 
0 9 3 t 1 3 4  
1 1491 
2 < 126 
3 946 
4 804 
5 537 
6 687 
7 579 
8 276 
9 737 

10  586 
11 (134 
12  4118  
0 10 3 520 
1 603 
2 1005 
3 9 56 
4 444 
5 620 
6 503 
7 268 
8 185 
9 419 

10  461 
11 520 

1250 
1352 

743 
542 
813 
387 
214 
457 

43 
271 
437 
216 

1512 
84 

871 
858 
584 
671 
500 
250 
787 
624 

37 
44 

0 642 
585 618 

978 
426 
593 
452 
296 
172 
459 
492 
500 

-68 996 

138 
-418 
-347 

511 -525 
636 -167 
259 -152 
185 -84 

12 
89 

145 
0 

12 
235 

-160 
-269 

6 
7 
8 

~~~ 

525 16 
567 11 
291 12 
167 1 3  9 

10  
11 
12 
0 1 1  2 
1 
2 
3 
4 
5 
6 
7 
8 
9 

-103 
23 

-79 
129 

- 4472 
-119 

-1935 
106 
418 
237 

1106 
- 579 
1120 

39 
763 
159 

42 - 60 
-118 - 91 

0 
-1558 
-3115 

-253 
-1417 
- 305 

143 
596 
698 

243 
160 

< lo9  
704 
327 

1148 
771 
855 
168 
503 
310 
436 
611 
259 
226 
369 
419 
327 
712 
662 
402 
293 
168 
160 
134 
310 
636 
301 

181 
212 
168 

0 
-1438 

2421 
408 

1148 

366 
1663 

1432 

8 
329 

-229 
202 

-213 
- 260 

- 466 

- 742 

-251 

705 
25 

-435 
-626 
-529 

- 367 
285 

893 

864 

513 
217 
125 

- 230 

- 542 
-78 
201 

- 384 
276 - 201 
705 
504 - 416 
192 

-148 
110 

90 
232 

0 
207 

517 
259 
452 
572 
275 
2 31 
384 
518 
211 
730 
714 
426 
265 
224 
222 
148 
294 
627 
315 

6 
7 
8 
9 

10  10  
11 

0 12  
1 

796 
268 
343 
285 
234 
285 
268 

1767 
3107 
486 

1416 
653 
636 
729 

1064 

11 
12  
13 
1 4  
1 5  
0 
1 
2 
3 
4 
5 
6 
7 
8 

2 

2 
3 
4 
5 
6 
7 
8 
9 

1 0  
0 1 3  2 
1 

4 3 -569 
-392 
-185 - 107 
-135 

170 
206 

76 
- 326 
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[ 19641 

h k I 1  
0 1 1  3 
1 
2 
3 

9 
10 

0 12 3 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0 13  3 
1 
2 
4 
5 
6 
7 
0 14  3 
1 

3 
4 

9 

4 
5 
6 
7 
8 

1 0  
11 
12  
1 3  
14  
1 5  
0 1 4  
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12  ~~ 

1 3  
1 4  
1 5  

0 2 4  
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
12 
1 3  
1 4  
15  
0 3 4  
1 
2 
a 
4 
5 
6 
7 
8 
9 
10 

.OOkFo 
259 
678 
897 
411 
276 
461 
552 
202 
276 

<126 
< lo9  

268 
301 
528 
453 
939 

<118 
259 

<126 
< 109 

150 
695 
603 
495 
369 
251 ~~~ 

160 
175 
352 
310 
160 
226 
134 ~- 
687 

1658 
2814 
1340 

670 
461 
444 

1340 
1223 

552 
444 
478 
562 
168 
234 
< 92 
1432 
1776 
1215 
1986 
1734 
2496 

327 
1223 

788 
771 
628 
226 
268 
293 
143 
150 

1641 
2102 
1264 

788 
603 

1114 
45 3 

2405 
327 
202 
444 
251 

<118 
192 

<118 
126 
653 

1860 
1022 
1232 
1609 

528 
1668 

779 
611 
921 
880 

1OOAc 
0 

-199 
-813 
- 344 

192 
- 45 
337 
132 
- 22 
111 

-71 - 308 
184 
437 
484 
143 

-167 
7 - 52 
7 

-143 
0 

- 596 
- 421 

326 
157 

171 
371 
293 

-272 

-170 

- 209 

154 
657 

2780 
-1600 

lOOBc lOOFc 
-268 268 

660 689 
470 939 

59 349 
133 234 
456 458 
488 593 
18  134 

205 206 
-44 119 
-97 121 

0 308 
-187 262 
-161 466 

262 551 

39 171 
-313 313 

178 186 
121 122 

-154 210 
673 673 
176 621 
243 486 
163 364 

-925 936 

-201 255 
-94 194 
-4 171 

0 371 
181 344 

-97 231 
89 286 

-23 155 
0 657 
0 1600 
0 2780 
0 1304 
0 703 
0 431 
0 419 
0 1392 
0 1278 
0 534 
0 564 
0 477 
0 546 
0 55 
0 227 
0 0  

1427 1427 
1375 1632 

333 1211 ~~~ _ ~ ~ _  
2015 2022 

2524 2550 
-821 1721 

-1304 

-431 
-419 

-1392 
-1278 

534 - 564 
477 
546 
- 55 
227 

1 
0 

880 
1164 
163 

1513 
360 

703 

-333 -215 397 
-1203 224 1224 

-97 744 750 
-267 -728 775 
-512 388 642 
-174 -27 176 
-190 255 319 

282 -66 290 
-134 -60 147 

59 23 64 
1606 0 1606 

435 1217 1292 
-1170 -1926 2254 

-658 -411 776 
-394 466 610 

-60 1134 1135 
118 -373 391 

-213 2454 2463 

-183 -19 184 
189 -428 468 

-57 -205 213 
-21 102 104 

-133 -195 235 

-64 -135 150 
0 -662 662 

1064 -1492 1833 
792 -693 1006 
381 -1212 1271 

1411 685 1568 
-409 -382 560 
-334 1537 1573 
-297 777 832 
-518 -22 518 
-863 228 892 
-879 276 922 

223 204 302 

66 34 75 

ToPochemistry . Part X . 
TABLE 8. 

It k I 100F, 
11 3 4 301 
12 185 
1 3  352 
14  234 
15 126 
0 4 4 855 
1 695 
2 1843 
3 377 
4 1424 
5 1291 
6 929 
1 1123 
8 838 
9 971 

10 444 
11 670 
12 175 
1 3  175 
1 4  192 

0 5 4 771 
1 <118 
2 678 
3 804 
4 1340 
5 1885 
6 1123 
7 579 
8 662 
9 863 

10 251 
11 318 
12 168 
1 3  143 
14  109 
0 6 4 887 
1 1097 
2 1634 
3 49 5 
4 1081 
5 327 
6 720 
7 804 
8 369 
9 <334 

1 0  268 
11 385 
12 < 109 
1 3  126 
0 7 4 1173 
1 746 
2 1550 
3 887 
4 1005 
5 461 
6 729 
7 310 
8 226 
9 <118 

10 461 
11 185 
12 <118 
1 3  143 
0 8 4 411 
1 813 
2 855 
3 796 
4 394 
5 427 
6 478 
7 343 
8 586 
9 495 

10  453 
11 143 
12 192 
0 9 4 569 
1 545 
2 202 
3 4 3 4  
4 687 
5 411 
6 503 
7 444 
8 453 
9 310 

10  377 
11 < 101 
0 10 4 <118 
1 1047 
2 929 
3 251 

(CO? 
lOOAc 
-193 
-171 

145 
38 
48 

- 794 
428 

-1740 
- 308 

458 
551 
824 
481 
803 

-938 
457 

- 509 
- 27 

-234 
-105 

0 
-132 

653 - 570 
-1171 

-971 

-680 
- 606 

272 

551 

267 
-130 

183 
- 75 
101 

-893 
89 

-432 
533 
493 

-412 
480 

-672 - 59 
80 

-172 
-158 

104 
-108 

0 
- 380 

83 
- 860 
- 924 

455 
-383 
-265 
-180 

14 
265 
- 78 
187 

-82 
385 

-359 
835 

1 
-167 
-399 
-373 
-161 
- 518 

- 64 
- 61 

38 
0 

- 440 
25 
36 

523 
-295 

41 9 

239 

392 

- 381 

- 303 
- 310 

93 
-23 
640 
251 

-159 

ztinued 
lOOBc 
-167 

79 
303 

-205 
63 
0 

- 512 
-456 
- 31 

-1323 
1109 

340 
972 

-362 
-196 

97 
- 396 

92 
8 

168 
7 51 
- 72 
- 160 
- 692 

669 
-1891 

598 
61 

- 54 
549 

83 
188 

-77 
106 

-131 
0 

1136 
-1589 

48 
-964 

-8 
-512 
- 480 

345 
149 

-13 
-395 

81 
47 

1104 
662 

1600 
38 

-416 
-128 
-570 
-107 

94 
69 

- 396 
- 141 
- 35 

-118 
0 

-725 
-53 
818 

-369 
98 

-133 
- 330 

78 
163 

123 

514 
296 
193 
127 
41 2 
200 

-248 
-177 
- 407 

111 
-197 

-6 
0 

-823 
850 
218 

-416 

- 206 

4 
lOOFc 

255 
188 
336 
209 

79 
794 
668 

1799 
310 

1400 
1238 

891 
1084 
881 
958 
467 
645 

96 
2 34 
198 
751 
150 
672 
896 

1349 
1910 
1140 

554 
683 
818 
279 
228 
199 
130 
166 
893 

1139 
1647 

535 
1083 

412 
702 
825 
350 
169 
173 
426 
132 
118 

1104 
763 

1602 
861 

1013 
472 
687 
286 
203 
71 

476 
161 
190 
144 
385 
809 
837 
818 
405 
411 
396 
367 
524 
425 
421 
137 
209 
514 
531 
195 
133 
665 
356 
487 
420 
47 2 
323 
367 

93 
23 

1042 
887 
270 

h k 1 lOOkFo 
4 10 4 (126 
5 318 
6 226 
7 461 
8 335 
9 276 

10 377 
0 11 4 243 
1 603 
2 411 
3 360 
4 452 
5 268 
6 217 
7 17b 
8 126 
9 126 
0 12 4 (101 
1 285 
2 276 
3 579 
4 209 
5 143 
6 126 
7 150 
0 1 3  4 670 
1 360 
2 310 
3 318 
4 160 
5 92 
1 0 5 1390 
2 796 
3 762 
4 318 
b * 1725 
6 1232 
7 <134 
8 1190 
9 202 

10 * 838 
11 251 
12 444 
0 1 5 1348 
1 1165 
2 846 
3 1291 
4 1793 
5 2052 
6 1508 
7 762 
8 788 
9 562 

10  192 
11 <118 
12  134 
1 3  192 
0 2 5 495 
1 628 
2 720 
3 1626 
4 712 
5 813 
6 1843 
7 929 
8 1181 
9 343 

10  243 
11 594 
12 185 
1 3  185 
1 4  217 
0 3 5 956 
1 939 
2 586 
3 1458 
4 1165 
5 897 
6 779 
7 929 
8 552 
9 453 

10  185 
11 (109 
12 209 
1 3  (101 
0 4 5 160 
1 1257 
2 1139 
3 887 
4 385 
5 887 

lOOAc 
91 

283 
- 242 

303 
6 

-178 
57 
0 

- 360 
282 

-207 
459 

-266 
215 

-107 
61 - 58 

- 78 
147 - 216 
557 
68 
59 

144 
94 
0 

-185 
- 306 - 353 - 140 
-107 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1018 
-195 
- 281 

-1778 
-1947 
-1342 
- 300 

777 
-545 

233 
-75 
142 
157 
496 
628 
623 ~~ ~ 

1589 
705 
795 

-1360 

2095 

994 
-1033 

-4 
146 ~ 

8 623 -623 
178 0 178 

-62 102 119 
231 -115 258 

0 -967 967 - 940 
285 

-963 
-353 

896 
616 

-443 
-133 

215 
-128 
- 40 

-194 
48 

162 
392 
419 
921 

235 
-160 

lOOBc 100FC 
19 93 
54 289 

-45 246 
326 445 

-314 314 
199 267 

-315 320 
-204 204 
-498 615 
-331 434 
-257 330 

-34 268 

-121 162 
-71 94 

92 469 

71 226 

27 64 
0 78 

207 254 
-31 218 
-20 557 
-65 94 
-75 96 

-47 105 
-730 730 
-327 376 

-98 366 
-72 157 
-26 110 

59 155 

34 308 

1396 1396 
832 832 
781 781 

-277 277 
-1720 1720 

-146 146 
-1150 1150 

-751 751 

-460 460 
-1272 1272 

-808 831 

1228 1228 

153 153 

310 310 

449 1113 

1282 1313 
62 1779 
39 1948 

646 1489 
-660 725 

179 797 
-215 586 

17 234 
-55 93 

67 157 
-66 171 

0 496 
37 629 

304 693 
84 1592 

148 721 
48 796 

-1138 1773 
-78 997 

-465 1133 

-165 220 
389 389 

-96 945 
-546 616 

-1126 1180 
-8 896 
77 779 

-935 1034 
547 563 

-323 388 
154 201 

-57 69 
-115 226 

22 53 
0 162 

-1177 1241 
-1076 1155 

-334 371 

1046 1422 

29 922 

833 865 
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Bregman, Leiserowitz, and Osaki : 

TABLE 8. (Continued.) 
h k 1 lOOkFo 
6 4 5 1508 
7 436 
8 226 
9 385 

1 0  419 
11 (109 
12  175 
1 3  <92 
0 5 5 *  863 
1 804 
2 < 126 
3 1190 
4 971 
5 * 537 
6 1039 
7 478 
8 528 
9 444 

1 0  * 243 
11 150 
12 160 
13 301 
0 6 5 687 
1 310 
2 369 
3 1449 
4 419 
5 436 
6 444 
7 318 
8 419 
9 444 

1 0  185 
11 285 
12 160 
0 7 5 788 
1 (126 
2 t 1 2 6  
3 720 
4 327 
5 327 

lOOAc 
-1015 

- 142 
409 

248 
309 

-15 - 46 
- 27 

0 
- 781 

36 
- 395 

944 
17 

537 
406 

- 338 
444 - 205 
-6 
54 

-282 - 644 
- 324 

364 
-1406 
- 284 

335 
-153 

254 
327 
369 

6 
199 - 69 

0 
-119 

-86 
649 
321 

- 234 

100Bc lOOFc k k 1 100kFo 
-1109 1503 6 7 5 695 

220 465 7 259 
116 183 8 377 
318 404 9 209 
247 396 1 0  17 5 

-73 74 11 209 
105 115 0 8 5 436 

33 42 1 620 
841 841 2 729 

-240 817 3 <126 
-14 39 4 469 

-1090 1160 5 243 
-217 968 6 520 
-344 345 7 318 
-850 1005 8 160 
-237 471 9 419 
-379 508 10  285 

-5  444 11 < 84 
-1 205 0 9 5 251 
170 170 1 217 

-95 110 2 (118 
-43 285 3 653 

0 644 4 653 
-33 326 5 419 
-43 367 6 134 
135 1413 7 < 101 
266 389 8 <118 
158 371 9 192 
345 377 10  92 
46 258 0 10  5 511 

165 366 1 <lo9  
-184 412 2 (109 

80 81  3 343 
-6 199 4 134 

-107 127 5 * 335 
772 772 6 209 

-31 122 7 <118 
1 5  87 8 < 92 

-251 696 9 217 
-97 335 0 11 5 469 

-146 276 1 234 

lOOAc 
5 

-195 - 80 
-119 

76 
-87 
444 

-418 
27 

-75 
129 - 99 

90 
55 

-177 
312 - 230 
82 
0 

228 
35 

152 
226 

-142 
135 - 77 - 38 

-213 - 76 
524 

-15 
127 
353 - 78 
201 - 94 
129 - 28 

-186 
0 

-170 

lOOBc lOOFc 
-671 671 
-171 259 
-372 380 

131 177 
-197 211 

183 203 
0 444 

483 638 
785 785 

77 107 
460 478 

526 534 

84 178 

-239 259 

-271 276 

-230 387 
-200 305 

-282 282 
-103 250 

-96 103 

-598 639 

35 89 

672 689 

393 417 
138 193 

81  90 
18  214 
94 121 
0 524 

-110 111 
-28 130 
108 369 

70 104 
255 324 
193 215 

1 7  130 
0 28 

-70 199 
-477 477 
-32 173 

-23 81  

h k 1 100kFo 
2 11 5 495 
3 318 
4 243 
5 427 
6 168 
7 226 
0 12 5 327 
1 <lo9  
2 327 
3 < 92 
4 217 
5 251 
0 0 G 897 
1 695 
2 921 
4 461 
5 552 
8 712 
9 628 

10 444 
11 569 
0 1 6 569 

3 712 
4 997 
5 704 
8 552 

1 0 7 636 
3 897 
6 192 
7 662 
0 1 7 411 

2 486 
4 813 
5 419 
6 1097 
7 301 

0 0 8 168 
1 276 
2 234 

100Ac 
294 

245 
300 
150 

66 - 330 
44 

- 93 
- 49 
- 43 

58 
848 

965 
515 

- 521 
- 747 

605 
-497 

57 5 
0 
0 

-976 
0 

604 
0 
0 
0 
0 
0 

444 
- 883 

0 
-1114 

0 

- 268 

- 730 

212 
-273 

241 

lOOBc 
- 404 

40 
80 

301 
131 
172 

0 
-77 

-317 
-68 
- 206 

270 
0 
0 
0 
0 
0 
0 
0 
0 
0 

562 
- 709 

0 
- 703 

0 
626 
928 
258 

-645 
-455 

0 
0 

435 
0 

338 
0 
0 
0 

l0OFc 
500 

184 
330 
89 

331 
a4  

210 
276 
848 
730 
965 
515 
521 
747 
605 
497 
575 
562 
709 
976 
703 
604 
626 
928 
258 
645 
455 
444 
883 
435 

1114 
338 
212 
273 
241 

FIG. 4c. N-5-Chlorosalicylidene- 
aniline ; packing diagram seen 
along [loo], showing two 
molecules only. For contact 
distances see Table 11. 
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[ 19641 Topochemistry. Part X. 2097 
low remperature, to within 1" of their respective normals. 
from the plane of ring A,  which corresponds to a stepping of the aldehyde and anil rings across 
the C=N bond. This deviation from molecuIar planarity may be viewed as partly relieving 

repulsion between H, and H,; the in-plane deformation around C, (NC,C, = 124") and the 
rotation of approximately 5" about bonds C,-C, and N-C, operate in the same direction to 
produce a H,-H, separation of 2.0 A. 

The packing arrangement of the 6'-chloroanil is characteristic of flat molecules arranged in 
stacks along the shortest axis, in which the molecules are inclined at  about 40" to (010) ; within 

The nitrogen is displaced by 0-1 

A 

0 

5 

1 

d 
I 
I 

5 

Q 
TY 5 

7 %  

7 %  

7% 

u 

FIG. 5a. 2-Chloro-N-salicylideneaniline ; packing diagram seen along [OOl]. 

each stack they are held at  an interplanar distance of 3.4 A. Packing diagrams are given in 
Fig. 4 where intermolecular van der Waals contacts of less than 3.7 are shown. Rotation 
of the anil ring in the 2-chloro-derivative prevents any such close parallel stacking. Packing 
diagrams of the latter seen along [OOl]  and [OlO]  are shown in Fig. 5. The plane C,-C,,N lies 
roughly parallel to (101) with molecules making close contact across twofold screw axes parallel 
to [OOl]  (Table 9a). Close contacts between nearest-neighbour molecules related by translation 
in the c-direction, and twofold screw axes along [loo] and (0101 are given in Tables 9b-d, 
respectively. 

Table 10 lists the bond lengths of the two anils. In neither structure does the variation in bond 
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(a)  
c, * * - c, 3-57 
C, - * * H, 3.05 
N * - * H,, 2.8'7 
C1 * - * H,, 3.02 
C1 * - * H,, 3.11 
C, * * C,, 3.56 
C, * * H,, 3.06 
C, - - * C,, 3.56 
c, - - * c,, 3.54 

Bregwan, Leiserowitz, and Osaki : 

TABLE 9. 
Intermolecular distances (A). 

(b)  (4 
0 - * - C ,  3.31 
C1 - * * C, 3-60 
0 - * - H, 2.62 

C, * * * H,, 3-02 
C, - * * H,, 2.99 

lengths in the benzene rings conform to a clear or interpretable pattern, nor can we account for 
the variation of bonds C,-C,, Cll-C,,, and C1,-Cl, with temperature in the 5'-chloroanil. The 
mean C-H bond length of the 2-chloroanil is 1.04 f 0.05 A. The mean e.s.d. of these bond 

7 FIG. 5b. 2-Chloro-N-salicylideneaniline : packing 
diagram seen along [OlO]. 

G G 
ki JG 

G 
!4 

lengths is 0-03 A. Corresponding values for the 5'-chloroanil are 0.99 f 0-05 A, and 1-02 & 
0.04 A at room and low temperature. We note the equality of the exocyclic C,-N bond in the 
three structures. The mean value of 1.418 A compares with the length (1.426 A) of the corre- 
sponding bond in acetanilide.' The exocyclic Cl-C7 bonds in the 5'-chloroanil are equal (mean 
value of 1.441 A) and do not differ appreciably from the corresponding bond in the 2-chloroanil 
(1.452 A). These lengths can be compared to values of 1.506 A in o-nitrobenzaldehyde,8 1.48 & 

Brown and Corbridge, Acta Cryst., 1954, 7, 711. 
Coppens and Schmidt, Actn Cryst., 1964, 17, in the  press. 
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0.016 8, in benzoic acid,9 1.474 A in 5-chlorosalicylal~loxime,~~ 1.458 A in salicyclic acid,ll 1-44 A 
in copper salicylate tetrahydrate,lz and 1.44 & 0.014 A and 1-40 f 0.013 A in 2- and l-naphthoic 
acids,13 respectively. The wide spread of this bond length makes discussion difficult. The 
scatter in length of the three C-0 bonds is almost within their standard deviations. The 
mean value (1.362 A) compares well with the C-0 bond length in salicyclic acid (1.361 A). 
The difference in length between the mean value of the 5'-chloroanil C-Cl bond (1.756 A) and 
the corresponding 2-chloroanil bond (1.737 A) is probably significant; we compare these results 
with similar lengths in 5-chlorosalicylaldoxime, 1-777 A, and in o-chlorobenzoic acid, l4 1.737 A. 

Cox and Jeffrey in 1951 l5 

reported : " There is no direct experimental evidence on the C=N double-bond length and there 
are indeed few molecules on which it might be measured; O-ethers of oximes, R,R,C:NOR 
should possess unequivocal double bonds but none has yet been studied. A recent 
X-ray investigation of acetoxime . . . gives N=C = 1.31 but the occurrence of a well- 
marked system of N * * * H * * * 0 bonds between adjacent molecules in this structure suggests 
caution in accepting either N=C or N - O  as bonds of integral order; 1.31 A is somewhat higher 
than would be expected for a pure N=C double bond. The covalent radii values of Stevenson 
and Schomaker with the electronegativity correction according to Gordy give 1.27 which is 
also the mean of the O=O and C=C lengths. Interpolation between C-N and C=N [ E N ?  B., 
L., 0.1 lengths, assuming analogy with carbon-carbon bonds, indicates 1.28-1.29 A. We 
thereforc take 1.28 A as the N=C double-bond length in this discussion." A recent structure 

We next draw attention to the problem of the pure C=N bond. 

TABLE 10. 
Comparison of bond lengths (A). 

Ring A (aldehyde moiety) 
Room Room Low 
temp." temp.t temp. $ 

C,-C, ... 1.418 1.423 1.416 
C,-C, ... 1.398 1.399 1.392 
C3-C, ... 1.363 1.366 1.379 
C,-C, ... 1.405 1.411 1.400 
C,-C6 ... 1.360 1.361 1.385 
C6-C, ... 1.407 1.411 1.412 
r.m.s. ... 1-392 1.395 1.397 

2-Chloro- 
anil * 
1.391 
1.394 
1.388 
1.368 
1.385 
1.400 
1.388 

Ring B (aniline moiety) 
Room Room Low 
temp.* temp.? temp.: 

C,-C, ... 1.410 1.415 1.415 
Cg-Clo ... 1.367 1.368 1.370 
Clo-Cll 1.386 1.390 1.401 
Cll-Clz 1.372 1.377 1.409 
C12-C13 1.404 1.405 1.385 
C,,-C, ... 1.387 1.391 1.400 
r.m.s. ... 1.388 1.392 1.397 

2-Chloro- 
anil * 
1.384 
1-369 
1.379 
1.376 
1.391 
1.381 
1.380 

Cl-C, ... 1.444 1.445 1.438 1.452 
C-0 ...... 1.351 1.356 1.364 1.365 

* Bond lengths uncorrected for thermal C=N ... 1.270 1.273 1.292 1-288 
vibrations. t Bond lengths corrected for N-C ... 1.419 1.420 1.414 1.421 
thermal vibrations. $ Maximum bond-length C-C1 . . . 1.755 1.759 1.752 1,737 
correction for thermal vibrations = 0.001 A. 0 * - N 2.584 2.594 2.609 

TABLE 11. 
Short intermolecular contact distances (A) (see Fig. 4). (Low-temperature structure.) 

1' 3.50 
2' 3-67 
3' 3.40 
4' 3.47 
5' 3.62 

1 3-62 
2 3.48 
3 3.51 
4 3.70 
5 3.30 

6 3-54 11 3.48 
7 3-35 12 3.55 
8 3-54 13 3.30 
9 3-42 14 3-57 

10 3.26 

analysis of 2-methylthiobenzothiazole l6 reports a C=N bond length of 1-27 A; however, the 
estimated limits of accuracy of 0.05 A are too high for our present purpose; 5-chlorosalicyl- 
aldoxime lo has been found to contain a C=N bond of length 1.237 A which the authors consider 

Sim, Robertson, and Goodwin, Acta Cr-yst., 1955, 8, 157. 
lo Simonsen, Pfluger, and Thompson, Acta Cryst., 1961, 14, 269. 

Cochran, Acta Cryst., 1953, 6, 260. 
l2  Hanic and Michalov, Acta Cryst., 1960, 13, 299. 
l3 Trotter, Acta Cryst., 1961, 14, 101; 1960, 13, 732. 
l2 Ferguson and Sim, Acta Cryst., 1961, 14, 1262. 
l3  Cox and Jeffrey, Proc. Roy. SOC., 1951, A ,  207, 110. 
l6 Wheatley, J . ,  1962, 3636. 
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2100 Watson : Syntheses, Characterisation, and some Reactions of 
to be " a little short." An estimate of 1.26, A for the length of the pure C=N double bond is 
given by Levine,17 on the basis of microwave studies on the monomeric formaldoxime. 

We assume tentatively that the C=N bond-length values (1-292 and 1.273 A corresponding 
to the low- and room-temperature structures of the 5'-chloroanil, whose difference amounts to 
three times the standard deviation of the measurement, represent a significant variation of this 
bond length with temperature and indicate a weakening of the 0 N hydrogen bond with 
increasing temperature. This assumption is in accord with our results on the variations of 
electron density with temperature in the 0 N region of the 5'-chloroanil; it is further 
supported by the results on the 2-chloroanil in which both the electron-density distribution in 
the 0 N region and the C=N bond length agree with the corresponding low-temperature data 
of the 5'-chloroanil. 

The value of 1-273 A need not yet be accepted as the true length of the C=N bond of order 
two since the 0 H N bond though weakened is still present in the room-temperature 
structure of the 5'-chloroanil. For a determination of the unmodified C=N bond length we 
suggest as suitable materials the centric Schiff bases, the p-toluidine dianil of terephthaldehyde 
(a  = 18.3, b = 7.8, c = 6.1 A, (3 = 107-5", P2,/a, n = 2, dcalc. = 1.24 g . / ~ m . ~ ) ,  and NN'-di-p- 
methylbenzylidene-p-phenylenediamine (a  = 19.5, b = 7.0, c = 6-5 A, p = 108", P2,/a, 
n = 2, dcalc. = 1-22 g . / ~ m . ~ ) .  

We thank Professor G. M. J. Schmidt for suggesting the problem and for helpful discussions. 
Our thanks are also due to Professor C. L. Pekeris and the staff of the Computer Laboratory of 
the Weizmann Institute for help in computations on WEIZAC. One of us (K. 0.) acknowledges 
award of a Rockefeller Fellowship during the tenure of which (1958/9) some of this work was 
carried out. 
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