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The Crystal Structure of Pyridoxine Hydrochloride.
A Comparison of the Symbolic Addition Procedure and the Heavy Atom Method

By F.HANiC
Monsanto Researcn S.A., Binzstrasse 39, Zirich 3/45, Switzerland*

(Received T September 1965)

The crystal structure of pyridoxine hydrochloride was determined directly by means of the heavy atom
method and by the symbolic addition procedure from three-dimensional data, and the efficiency of
both methods was compared. The space group is P1 and the cell dimensions are:

a=9-52, h=5803, c=9-56 A; «=93-9, f=1154, y=98-6°.

The pyridoxine molecule is truly planar with the exception of the oxygen atom from the CH,OH group
participating in an intramolecular hydrogen bond. The increase of the C-N-C bond angle in the
pyridine ring is discussed. The pyridoxine ions are connected by intermolecular hydrogen bonds of
the type O-H:--0O, N-H---Cl, O-H - - - Cl. The estimated standard deviations for bond lengths

and angles are 0-005 A and 0-3° respectively.

Introduction

The classical studies of Rabinowitz & Snell (1948)
demonstrated that vitamin Bg exists in three forms in
the tissues of animals and plants, viz. pyridoxine
(R=CH,OH), pyridoxamine (R =CH,NH,), and pyri-
doxal (R=CHO):

R

HO CH,0H
H>C

N

All of them are converted to pyridoxal phosphate in
tissue. Deficiency of pyridoxine has been reported to
result in a decrease in serum protein synthesis (Pike &
Brown, 1959). It has been suggested that pyridoxine is
an important regulator in glutathione metabolism
(Hsu, Buddemeyer & Chow, 1964). The isolation of
several micro-organisms that grow with pyridoxine,
pyridoxal, or pyridoxamine as sole sources of carbon
and nitrogen has been described (Rodwell, Volcani,
Ikawa & Snpell, 1958). Stebbins (1951) demonstrated
an impaired water metabolism in animals deprived of
vitamin Bs. Anaemia from vitamin Bs deficiency has
been reported in several species (Fouts, Helmer, Lep-

kovsky & Jukes, 1938; Kornberg, Tabor & Sebrell,
1945; Chick, Macrae, Martin & Martin, 1938; Heg-
sted & Rao, 1945; Luckey, Briggs, Elvehjem & Hart,
1945). Riggs, Coyne & Christensen (1953) and Chris-
tensen, Riggs & Coyne (1954) have proposed that
vitamin Bg may function as a carrier substance in
amino acid transport in Ehrlich mouse ascites tumour
cells.
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The purpose of this paper is a detailed study of the
crystal and molecular structure of pyridoxine hydro-
chloride.

Crystal data

Crystals of pyridoxine hydrochloride were kindly sup-
plied by Dr Liska. The material is colorless. The unit-
cell dimensions were determined from rotation, Weis-
senberg and precession photographs. It was found that
the unit cell is triclinic with the following dimensions:

a=9-52+0:04, b=5803+0-007, c=9-56+004 A;
a=939, f=1154, y=986°; V=471-8 A3; M.W.
205-6; Dm=1439 g.cm™3; D, (with Z=2)=1-447
g.cm™3,

The intensities of the reflexions were measured on a
Hilger and Watts automatic linear diffractometer using
a scintillation counter and Mo K« radiation with bal-
anced filter operation. The crystal was mounted on the
b axis and the intensities of 2211 reflexions were col-
lected for the layers 40/ through A71. All the intensities
were corrected for background. No absorption cor-
rections were applied as X-ray absorption was negli-
gible. Lorentz and polarization corrections were made
in the usual way. The different layers of b-axis data
were brought to an approximately common scale by
comparison with 0k/ and #k0 spectra, The method of
Wilson (1942) was used to bring the coefficients to an
approximately absolute scale, and to determine the
value of the overall temperature exponent as B=2-82.
With this B value the scattering factors f; of all
atoms were corrected and the E values were computed
with the formula (Karle & Karle, 1964):

N
Ef=File X [}y, (1)
j=1

N being the number of atoms in the unit cell, £,
normalized structure factors, F, structure factors cor-
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responding to the reflexions Akl/. ¢ is an integer which
is introduced to allow for the presence of symmetry
elements and centring effects in the reciprocal lattice.
For the space group P1, e=1. A computer program
was used (Daly, 1965) which calculated statistical aver-
ages for normalized structure factors {|E|), {|E2—1]),
{|E?|) (Table 1) and evaluated the fraction of the
normalized structure magnitudes larger than 1-0, 1-2,
1-4, 1-6, 1-8, 2:0, 2-5, and 3-0 (Table 2) with evidence
for centrosymmetrical distribution. The space group
is therefore P1. The same program listed all triplet
interactions E,, E, and E,—, with E values greater than
a chosen limit to facilitate the application of the 2,
formula for the symbolic addition method. The limit
{|E|) 1-5 allowed 249 reflexions to be used for the sym-
bolic addition procedure.

Table 1. Statistical average for the normalized
structure factors

Theoretical
Centrosym-  Non-centrosym-
Experimental metric metric
EI) 0-832 0-798 0-886
JE2=11) 0-895 0-968 0-736
{{EI?) 0-999 1-000 1-000

Table 2. The distribution of the normalized
structure magnitudes |E|

Theoretical
Centrosym-  Non-centrosym-
Experimental metric metric
|E]>3-0 0:36 % 0-27% 0-01%
|E|>2-5 1-35 1-24 0:19
|E|>2-0 3-83 455 1-83
|E|>1-8 626 719 392
|E]>1-6 8-96 10-96 7-73
|E|>1-4 13-55 16:15 14-09
|El>12 21-45 23-01 23-69
|E|>1-0 32-09 3173 36-79

Phase determination

The phases were determined by the heavy atom method
and by the symbolic addition procedure (Karle &
Karle, 1963, 1964) to compare the efficiency of both
methods. We expected to find 78-3%; correct signs with
the heavy atom method according to the probability
relation of Sim (1957).

The starting set for the symbolic addition procedure
included the signs of three origin specifying linearly
independent reflexions (Hauptman & Karle, 1953) and
the assignment of signs to four other reflexions with
letters a, b, ¢, d. Each letter represented + or —. All
selected signs were associated with large values for | E]
and they had many relationships applicable to the 2,
formula (Hauptman & Karle, 1953):

SEy~s Z EEy_y. @)
k

This basic set of the seven assignments for applying
the 2, formula is shown in Table 3.

Table 3. Assignment of three origin specifying reflexions
and four other reflexions as a starting set for the
application of 2,

hkl |E| Sign
124 371 +
527 332 -
218 278 +
353 351 a
811 322 b
533 320 ¢
343 2:65 d

The probability that the sign of E, is plus is deter-
mined by the formula (Woolfson, 1954; Hauptman &
Karle, 1953):

a3| Eyl f EvEy

P (E)=%+3%tanh
where

N
on= 2 Z}, (3a)
j=1
Z; being the atomic number of the jth atom in a cell
containing N atoms. o3/0; is a constant which had in
the present case a value 0-2575. The formula (3) in-
dicates that the reflexions whose |E,| 2 E E,_, is more
k

than 10 have a correct sign determined with a prob-
ability of 0-99.

In the course of application of the starting set of 7
reflexions (Table 3) to the determination of further
phases the predominant influence of these basic re-
flexions was accepted only if their contribution to
X E\E,_, was larger than 9. In this manner, the phases

k
for 16 further reflexions were determined (Table 4).

Table 4. Determination of phases for 16 further reflexions

¥, represents the contribution of the basic set of 7 reflexions
listed in Table 3.

hkl |E| Sign Py
012 2:28 —-c 10-62
311 1-79 - 9-22
615 2-81 c 11-87
713 2:59 b 11-94
6:0-11 2-56 - 12-31
935 2:33 b 11-94
336 1-96 —b 10-69
138 2:53 a 13-02
132 2-76 + 10-31
444 1-54 a 9-75
443 2:96 - 12:31
643 267 ab 11-30
45T 2-87 c 11-87
10-6-1 1-68 ab 11-30
372 2:36 a 13-02
379 3-69 —a 11-65

Further useful information on phases gave the 2;
formula for space group P1 (Hauptman & Karle,

3):
1953) SEy~s(Ei—1). @
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The probability that E,, is positive can be computed
from the relationship:

P,(Ey)=%-+%tanh M 1)

207 ©®)

The application of (4) and (5) to the reflexion 248,
whose [E]=1-99, indicated that it had a positive sign
with a probability of 0-99.

The 24 phases found in the first stage of symbolic
addition procedure were used to determine the signs
of 48 further reflexions and the phases found in the
earlier stage were confirmed by additional contributors
to 2. Two important conclusions followed from these
results: (1) many interactions EE, , showed that
sa=—sb, (2) it was necessary to introduce a new
symbol e for further progress of the symbolic addition
procedure. This symbol was assigned to the reflexion
235. With these four symbols a, ¢, d and e the rest of
the 177 phases for reflexions with |E|)1-5 were deter-
mined. Many interactions E.E,_, showed again that
probably s a= —s ¢=s d= —s e. This relationship be-
tween the letters a, b, ¢, d, and e gave rise to two
possibilities:

b
+

a d

I -
II +

I + =

c
+ —_—
- +
The correct combination of signs could be proved
in_the following way. If the origin were chosen to be:
s(124)=+, s(527)=+, and s(216)=+ instead of
+ — +, then all signs in groups ugu, g g u, u u u and
g u u would change. Hence the signs of letters 4, ¢ and
e should change giving rise to the two possibilities for

phases:
a b d

C e

I - - - -
I+ + + + +
From these two sets it is easily recognized that set II
is impossible since all phases would be + and there is
no atom at the origin in this structure.

With set I, 121 positive and 127 negative signs were
obtained. It was shown later that all 249 phases were
correctly determined.

PYRIDOXINE HYDROCHLORIDE

The position of the Cl atom (heavy atom method)
was found from the three-dimensional Patterson func-
tion. The xc1, yc1, za1 coordinates were fixed in such
a manner that the selected origin was identical with
the origin specified by the three linearly independent
reflexions 124, 527 and 216.

The signs of structure factors calculated with the
contribution of Cl atoms only were used as phase
angles of three-dimensional Fourier coefficients. It was
shown later on that 77-9%; of all signs were correctly
determined (the theoretical value is 78-3%). The
Fourier synthesis computed with these signs showed
the positions of all 13 atoms of pyridoxine hydro-
chloride but another 10 false peaks appeared of the
same heights as those of light atoms. Only the known
shape of the pyridine ring enabled us to distinguish
between the true and false maxima.

The three-dimensional E map, based on 20 phases
per atom, showed clearly the positions of all 13 atoms.
Only one spurious peak appeared there with a rather
lower value for its maximum. The result of the
E(x, y, z)-synthesis was in the present case much clearer
and more unequivocal than the result of the electron
density calculation by the heavy atom method.

Further refinement of the parameters of the structure
has been carried out by a least-squares program of
Daly, Stephens & Wheatley (1963) on an Elliott 803
computer. We started with the set of atomic positions
from the E(x, y, z) and o(x, », z) syntheses. The scat-
tering factors for the atoms were taken from Interna-
tional Tables for X-ray Crystallography (1962). First,
the coordinates and the individual isotropic tempera-
ture factors of 13 atoms, together with the scale factor
were refined. The least-squares program used the block
diagonal approximation and weighting scheme pro-
posed by Cruickshank, Pilling, Bujosa, Lovell & Tru-
ter (1961). During the 4 cycles of refinement the reli-
ability index R=ZX ||Fo|—|F.||/Z |Fol decreased from
0-35 to 0-20. In this stage of refinement individual an-
isotropic temperature factors were introduced with a
6 x 6 matrix for the thermal parameters. During an-
other 4 cycles the reliability factor R decreased to
0093, and the residual R'=ZX wAF2/X wF?2 fell to
0-016.

Table 5. Final atomic coordinates (A), with standard deviations

Atom X oz
Ci 4-314 0-001
o(1) —2-443 0-003
0(2) 0-163 0-003
0O(3) —1-881 0-004
N(1) 1490 0-003
C) 1-450 0-004
C(2) 0-139 0-004
C@3) —1-106 0-004
C4) —-0-991 0-004
C(5) 0-338 0-004
C(6) —2-587 0-005
C(7) 2-811 0-004
C(8) —2-303 0-004

y Oy z Oz
1-908 0-001 1-957 0-001
—1-640 0-003 3:537 0-003
—-1-942 0-003 3-928 0-003
2-384 0:004 —0-032 0-004
0-552 0-003 2:206 0-003
—-0:474 0-003 3-000 0004
—0-920 0-003 3-100 0-004
—0-348 0-003 2:365 0-004
0-712 0-003 1:538 0-004
1-152 0-003 1-491 0-004
—0-824 0-004 2-374 0-004
-1-074 0-004 3-734 0-005
1-369 0-004 0-708 0-004
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Fig. 1. (a) Pyridine hydrochloride. (b) Pyridoxine hydrochloride. (¢) Charge distribution in nitrobenzene (Nagakura & Tanaka,1954).
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Fig.2. (a) Bond lengths and valence angles in pyridine hydro-
chloride (Rérat, 1962). (b) Valence angles in pyridoxine hy-
drochloride. (c) Bond lengths in pyridoxine hydrochloride.
(d) Bond lengths and valence angles in nitrobenzene (Trot-
ter, 1959).

Description of the structure and discussion

The bond lengths and angles obtained from the co-
ordinates in Table 5 are shown in Table 8 together with
their standard deviations. The crystal structure is
governed by the presence of the nitrogen atom in the
aromatic ring system and by the behaviour of the ring
substituents which give rise to hydrogen bond systems
in the structure,

Table 6. The components of the mean square
vibration tensor (A2)

Atom Un Uaz Uss Uiz Uiz Uz

cl 0038 0062 0058 0019 0040  0-040
0001 0001 0001 0001 0001  0-001
o) 0054 0072 0050 0001 0037 0050
0:002 0002 0001 0-003 0-002 0-002
02 0055 0068 0061 0031 0070 0049
0002 0002 0002 0002 0003  0-003
03 0059 0087 008 0060 0107  0-073
0002 0002 0002 0003 0004 0003
N(1) 0041 0054 0045 0015 0025 0038
0001 0001 0001 0002 0002 0002
C(1) 0042 0054 0036 0017 0020 0-028
0002 0002 0001 0003 0002  0-002
C(2 0044 0048 0037 0015 0027 0032
0002 0001 0001 0002 0002 0-003
C(3) 0041 0046 0037 0011 0014 0036
0002 0001 0001 0002 0002  0-002
C@4) 0039 0045 0038 0014 0014 0034
0001 0001 0001 0002 0002 0002
C(5) 0042 0053 0042 0017 0028  0-037
0002 0002 0002 0003 0002  0:003
C(6) 0043 0063 0054 0014 0041 0049
0002 0002 0002 0003 0-003  0-003
C(7) 0044 0073 0055 0040 0040  0-033
0002 0002 0002 0003 0003  0-003
C@8) 0044 0056 0055 0031 0043 0045
0002 0002 0002 0003 04003 0003

Some parallel behaviour might be expected between
pyridoxine hydrochloride (Fig.14), pyridine hydro-
chloride (Fig.1a) and nitrobenzene (Fig.1c). This paral-
lel behaviour results from similarity in electron distri-
bution; in all three molecules n-electrons are removed
primarily from three positions on the ring by electro-
negative atoms. A common feature of all three struc-
tures is a large value of the valence angle in the position
of the atom at which electron withdrawal occurs (Fig.
2a-d) (nitrogen or carbon atom with NO,-substituent).
This value is 125-128°. It is interesting that a weaker
donor-acceptor bond between a transition metal and
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Table 7. Observed and calculated structure factors

14 .
L7 . Lor,or, Lo L A O S Lo, o, Lo, LT Loror
oo 10 433 468 CoeLl -9l 9 %36 564 9 AT 7 Loy AN 9 4% R 2L 9 46 26 4 T2 704
3 92 A RO Y B YT S U I RS T 2 6lL 4T 1 T8 11 - 9 21 226 5 )51 s
1 786 &8) 3 i - 110 J  T49 o7 g a0 1w 7 369 =398 8 795 B 6 434 4aT2
2 4808 -48718 1 1137 128 1 .L 6111 4 1NC -177 9 115 -lz8e [3 % 14 T 443 -ch 7 351 =339
3 2 26 6 w7 g1 1L 4o =1st 5 5 24 4 AN A S 9 W2 € 34 213 8 360 <357
4 1 264 R ) CIES [ R T 7Y 94 6 194 a3 I 020 -5M v 1229 178 3 Wl e 4 A 2383 5 1183 1c)4
S 2672 2591 4 u% -2 § w7 92 3 5T =AU 3 o lat 7 1 A 2 oMy e 3 a1l -9 4 01 =536 2L
6 17 -7 3 s 5T T 493 =3 4 A6 -7 g T4y N 3 194 =191 T 597 18 2 173 -l 3 9M -6)9
T 647 -60) 2 024 2791 § 240 162 3 ol S43 T iear -1137 v =il T «as 385 2 w5 T 12 231 264
9 129 132 1 108 %l 3 499 407 2 5% =36 o ul> -5sl 4L P ) ¢ o217 2165 1 588 642 11 342 I5T
10 55 e vo101 18 T 499 7T 1 1544 =1390 5 ATl 428 2 18 1% 1 w43 92 ¢ 952 124 10 24C =249
1 231 -2j0 1 a6 -x8 30397 266 O 1128 -12y 1 1396 1124 £ 120 -11c ERTI § 11 2 v2 o« 1 21 -16 3 175 -185
12157 154 2 ue -7 Z B4 -4 1 T2 31803 -1614 11 298 45 3217 -225 2 2094 -2972 B 554 55)
3952 932 COST1 435 2 1342 1280 2 3486 -3246 [ YU T Wit 4« 8 s 3 416 410 T 980 949
10L 4 1146 1084 3 126 -1 1 208l -273m 9 483 =439 _ 5 A9 T8l 4 4929 36 6 980 322
6 1C1 - 69 1201 4 1760 =1670 v s17¢ 3538 8 1017 -1k7 1T s =113 6 79 764 5 369 388 5  6)4 -612
2 25 280 7 A2 -u8 5 1623 1111 1 1646 168 7 b4 98 3 3 4 8 527 -519 6 1442 -1384 I 3 A6
n 10 4 8 194 -1 10 194 6 613 572 2 T4T2 -8464 6 147 17 T sl -3 10 12 267 7295 -321 § 1581 1518
9 684 654 9 217 22) I o4 7 1185 1058 1 2284 -2122 5 Tl 7.8 6 684 -bon 1 les ee A 184 172 2 1720 1378
T 1831 1696 3 8 1. <91 4 1CT2 197 4 oll -6 5 B -n - 9 369 392 1 15T 174
6 NS 199 60L 1582 9 Ty -T95 5 86y T 3 1%7 -1500 4365 & S21 C 2569 «2655
5 924 AN _ 5 79 W W1 -8 b Hue 851 2 2210 2101 2 27 -5k ~ caL 1 122
4 1969 -1857 11 1192 -1115 4 e 11 314 -313 T %) =3j1 1 1,99 -1.22 1 a3y -5 7 369 -39F _ 2 1498 14T2
Y o906 Bs 10 194 16} 3 107 a2y -4 ¢ 527 39 c L st € 433 aCc 2 92 76 3 23 19
2 314 -293 9 1396 1299 2 24 51U 9 332 =38 1 0 1n 1 e 3y 5 ¢ -7 {1 295 -39 4 64 46
T 1 -lo11 8 s sa 1157 U T T 2 209C -191¢ 4 1396 -1351 10 397 ~Cl 5 351 -395
0 3756 37150 I 2 ™ ¢ 22 B 41 - 11 212 261 3o -1y niL J 212 18 S 68 61 T 249 21
1 49 =769 6 863 -877 — T 545 -5c4 4 e % _ 2 186 1081 8 1035 1043 8 101 148
2 1303 964 S 490 -322 Zau & %y 854 L1 5 sla 266 7 1 78 B10 7 32 a7
3 2136 a8 1191 9% 5 Tz S _ 6 157 =17 & ¢ 128 -1119 g 286 -262 s2L
4305 -136 3 uc ue O e 3 31 -9 11 20 -2 T 462 -487 sy 1 1692 -158) 5 168 <1318 _
5 89 =708 2 49 -238 110 s J le2s <1326 T 91T =519 4 2 1266 132 4 1488 1302 12 323 -8
T 619 584 1 8¢ 818 2 12y -17y 2 2 =LAl Ny =517 >t 3 3 1784 180) 3 1248 -158: 11 55 45
& 21 21 1 92 - 3UB <170 1 98 By T 30 -l _ 2 4 a4 818 2 453 666 10 147 127
9 258 221 2 249 -238 FET) 4 32 45 T el 20175 1 1 5 1322 -1572 T 887 .19¢ § 98 992
10 786 =650 3 147 a7 147 -k 1 1851 -1%99 5 17 12y I sco -ece 1 7 1w5 1068 C 2524 =319 B 277 226
11 - 48C ~429 4 203 =221 1 sou 41l ¢ 22R <3R5 1118 1114 P ) 8 120 113 1 208C 2115 T 257C -2698
6 61 531 - F O I (Y S 3 Mot he Wit 30123 <148 2 231 -25F & s64 615
201L 7243 2w 111 40255 -l 3 2017 -las A 18 a7 - 1 286 =307 3 1248 -138¢ 5 233C 2424
— . 5 o4 =By 2 3662 o 7 o2 -s28 € b5 A3 11 11 -6 4 1886 1605 & 1137 1212
1 323 =225 7cL 1 Jo. & 6 16 197 1 647 T2 & 998 -1007 5 118 1e” B 5 )60 =35 7 4le 532
IL 55 se2 COOMT -1 7 351 =334 C L3TT 2uR S5 2358 ~2366 T a6 a2 i2L o 17 181 2 1433 -1509
9 305 21 12 22 185 1 268 =285 v 263 26 1 1% -l2l2 31 1e 30 m7 ~ TS27 533 O 64T 46
B8 1165 <1065 11 499 70 ¢ B4 =85 1C 2J1 192 2 B35 =945 2 1248 110 _ i len 862 8 231 -2 1 508 478
I3 332 286 10 10 124 3353 459 12 20 -26¢ 3 1812 1579 T louy -1562 Lot T w297 2
6 92 9 129 159 1 434 459 - 4 e 1241 0 2515 -2275 _ & a6 -)Ba T2t 3 s -616
5 ne 723 § 295 -5 5 T6T  -157 J1L 5 1387 -L.7y 1 61k 609 2 b 039 5 17 A 4« 64 39
4 1220 umw I %8 -x8 6 406, -4 6 S =515 2 952 958 1 575 ol 31072 167 17 267 -5 5 138 1)
3 3847 -3509 6 647 635 8 138 175 3 138 =163 T 443 =15 4 388 <30 CooJey  aX% J o221 28 11 175 157 6 123 -158
2 3958 ~4233 5 591 ss2 T 564 5S¢ B 434 38y 5 628 -637 1289 -2 2 €2 2T X 258 233
1 1387 -1319 4 17 - Wi € 18 -127 3 212 1y 6 147 -9} 2 235 -0 I sn =621 3 28 -2 621
0 149 42 T 527 -504 _ 3 B¢ =765 L 212 -2l 7 286 286 35 -5 C 2653 -2251 8 647 -8 _
1 64 197 2 118 -R J 1@ el 4 92 W8 11 318 -lew 8 175 -l81 4 379 4l 1 s 163 7 1054 -1S71 12 184 18
2 TE6 604 T 1734 1ec3 2 263 -296 3 453 401 5 64 S, 2 9as Ay $ 1932 11 11 2% 23%¢C
3 2876 2615 0 1488 183 T 342 =389 2 50 079 11 61L 6 120 -1 33172 -332) 5 268 8 10 38R -)54
4 1433 -1188 1 2422 -2546 e 175 -153 1 15T -73  _ _ 7 58 -sa 4397 =295 4 2940 -27 9 55 -¢8
5 619 542 2 163 -8 1 536 612 0 J5C4 =37 Ll 14 -sl5 1 305 =276 8 12u -97 5 32 - J s1 228 8 129 105
6 10 987 3 e 2% 2 221 238 1 1396 1494 1L 166 -129 Ic 305 325 3 55 9 6 A4 TS5 T 27 -198 T 1294 -1312
8 601 -SEC 4 554 526 3 M2 =125 2 166 2T § se4 557 31729 136 11 122 115 7416 396 1 1979 2112 6§ 212 23
9 2212 183 5 a1 a7 4 531 -6C7 3 2635 2555 8 0> =262 8 116 -767 . € 8RT -i47 C 628 63 S 73 151
no 139 -9 5 360 <37 s 332 325 4 UsC-l27 7T 32 -1 7 1812 -1774 sat K 28 23 1 2977 -2886 4 93¢ <912
7 138 -153 6 T2 696 5 292« w2868 & 9 172 6 369 349 - 11 17 151 2 19511912 175 -la
oL 7 106 1721 o 1183 121C 5 2127 -1782 EX 952 87 3 92 pla} - 3 -%1 2 490 511
_ BCL B 342 =T 7 601 566 3 1387 139 T ST3 4 2 Vs 1 Jau 4 776 686 1 35 341
2 268 41 _ 3 56« =SB0 8 alo 392 3 1118 36 J 128 -1328 1 517 =533 _ 5 3T 318 C 462 544
11 157 181 11 499 417 - Y 129 =125 2 342 -455 Z 952 =810 C 88 -06 § 36 -im € 332 -3¢ 1 317 =505
1. 175 159 1T 39T =39 1L 1. 36C =71 T 166 =09 i638 645 2 258 286 g 9z -l T 375 -8 2 249 =239
3 952 A6 3 203 -1 - 11 258 289 ¢ 2538 IS5 C 1KT 1324 3 a5 3% 7 129 .10 8 21 -45 3 %4 e}
B 656 626 8 758 19 3 268 =285 12 133 166 1 3588 1852 I 470 =65 <305 -iCs & 157 1 4 527 58y
T 915 se2 7 13 92 2 153 1M ~ 2 61C 5ol 2 1165 -1210 5 175 119 5 J6C -3ac HERS 5 T2 186
&6 998 935 6 1091 -1u85 1536 - 543 YlL 31351 =105 3 6l 645 6 92 98 < 1424 -1446 _ 6 443 496
5  T16 =380 S 1165 -1181 ¢ 1 95 _ 4 758 <69y 4 832 859 T332 336 3 21 88 12 92 =68 Too12C 183
4 3477 -35C3 1 268 -249 1 38 =435 9 20& 276 5 425 330 6 212 -2 8 36 2 1627 1357 11 166 191
3 51 53 3 1192 148 2 443 =T T 342 -6 6 1CT2 1009 9 453 83 T 1794 1647 10 <443 —4aa 721
2 2339 2042 FI 3 IS 193] 4 ST3 547 5 5o 454 T 166 175 7T1L 10 365 -381 0 JaB6 -3022 § 758 -T14
1425 367 T 129 -157 S 1l 123 4 832 832 8 758 -o9y - 13218 -)34e 8 83 812 12 1.1 -67
0 887 =153, [ 73 87 6 379 -64 3 1w =€l 9 268 =272 11 88 =341 82L 2 545 S1C T 351 27 11 268 -281
1 4551 <£97C 1 564 =52 7194 196 2 2237 15%¢ 1 175 189 0 114 an _ 3 166 =266 € 499 -506 IT 231 225
2 1387 1224 2 2 293 2 675 68l 1 1747 153 11 92 =53 S 601 553 5 295 345 4 397 3 3 264 273 3 158 153
) 823 M2 4 w7 -1 _ C o192 ne 8 818 84 3 a5y B9 5 4Tl -a68 1 280 -2620 8§ 110 -
41515 =130l 81l 1 4272 4812 21L T 798 688 2 78T -804 6 1257 -1266 3 29 21 7 1128 118
5 508 =ui2 9cL B 2 647 -4l _ 5 416 -)95 1 295 31 TR =336 2 360 5T & 1045 1036
6 647 <Ti _ 30563 551 3 108 -les Il 628 604 5 351 =304 1 14 19 9 2717 305 T 1387-1271 5 23 -7
7 263 267 10 638 o2 Jo41 a3 4 5 961 6 998 =35 3 1220 1226 T o34 6T 9 120 17 $ 2127 -2026 4 961 956
e & as? 3 e -2yt 2 175 A s 15y 131 1 136 136 2 1266 1281 2 177 -13% 1 10 110 1 471 <5%1 3 194 -153
v 18 -1y 8 536 -a54 T Bl -672 6 1035 106§ 3421 3285 1 1 -815 3 2)95 244 R 2 168 1%1  Z et -39
7 184 254 © 8% s T 819 ~659 3 1017 -yu9 1 813 -85 4 1165 1130 221 3360 415 1 989 -1
4oL [V RY 1 2s5¢ 2o €& Bly -828 & 1895 -1792 2 295 21! 5 1322 1323 _ 4 1C72 -96C 0 101 =23
_ 5 434 369 2 a3 =155 9 157 =127 3 1479 -la62 3l uR 6 4Tl =95 I 183 <206 5 943 g2 1 850 924
2 1y -129 €36 =45 31155 =115 10 647 833 2 1738 1857 4129 143 7255 =29 3 3me 3e3 & 314 138 2 351 -.46
11 158 -0 3122 -1 4 13 -2 11 24y 27 T 8207 Secw 5 35 =358 8 268 =305 € 13:2 1M 7T M 229 30T 7
B u56 T4 2 92 - 5 38 =3y5 12 leb -lE) 0 3™ S8y Y B 299 T 1368 -136) 8 23C =297 4 221 Q)8
T 3 <81y 1 NIT 1 £ o9 W 1T <1667 81l 100157 15 6 1877 -1885 3 194 -1
& LIT7 -1267 LS s 158 59%% 2L 2 397 369 _ _ 5 121 T3 821
S 1 3 1 22 -162 8 55 a3 3 2w 224 2323 -8 TaL 35 26 s2L _
L a4 =527 2 a5 -)8s 9 196 =18 . 55 0T s 102 832 0 21 -2 _ 3 2056 1358 . 12 92 a8
3 &C22 I 31l =% iv Js1 =ls 3 T3 Twe 5 268 255 0 sl 518 5 ez -3% 2 212 =337 12 157 -175 U 381 3!
2 591 -6k 4 4o 1 Im a8 7 e 1 o 1 %S J a8 AT s -5)7 T 1581 -1224 11 416 445 I 110 128
T 3310 =)4u PR 2 _ & b1 wey 8 169 =718 BN AT 1377 1167 10 493 522§ 134 =217
0 2755 2551 714 5 188} ~lée2 sL 7 138 -115 2 89 857 1 191 1092 9 129 -128 8 493 —487
126 1294 Wit . 4918 -176s & 175 -los 1 x5 29 2 a98 1148 € 2m -z16 T 295 325
2 1590 151%  _ € 551 B 3 N2 eTs I 305 <313 5 eTs 362 0 A -4l 3 =75 522 T 416 <22 £ 110C 1148
31285 1139 1L o3 -lTL Sl lbs 2 m85 (> 3 323 325 4 Bly 932 1 221 2% 4 58 417 6 27 65 5 388 462
31414 ~126¢ < 166 -173 T 23 Alb 1 2508 ews  § 980 91b s a1 - 2 e 62 5 056 6l S 462 414 4 638 -6B1
5 ) Bl 9 554 552 3 M. Bla . MRA L2851 T 8al B 1 a4 =52 > 121 -1 6 lo, =u7 4 B} 193 T a6 na
6 388 3l T 14y B4R 2 110 -8 Lol =les o 176 -18% v o7 759 < 4o 7 147 -141 3 1479 -15c8 2 323 =6
8 88 -7 6 129 > T osse A’ o leed L2l 5 s> —asw PR S SN 5 3,7 -3 a 19, 17, 2 169 -1418 T 323 329
9 138 =126 5 430 =499 L1 1031 3 18Uy 183t 4 1942 1532 6 323 -3 3 402 =isl T 1% 233 0 425 -4
¢ A2 - 11627 1688 & 1387 13 3 a6 1831 J1L 7T M2 MWW T 4l € 110 -192 1 430 ~57
»0L 3 6)8  4as 2 1988 «18lo b w28 -0l 2 184c 185) _ 8 129 157 11 369 393 1 2247 2186 3 382 a2
2517 as? 3ol .S T N9 772 1 AU37 -43% 0 295 - 9 231 2% 2 453 =512 ¢ 2 273
N7 13 T s -197 4 1557 19y CE2 AT 131 -lie) 3 2% - W 138 -1 Vet 3 961 =99



-

= O N M IO S

-0l

O -

BN E LR O NIt Y R P W N TN

BNV A R C RS

I PV

~O0VEOWEWNHO

-

S0 WO WAL RO MR MR

e

F. HANIC 337

Table 7 (cont.)

LIS A LooF, bt too te o Fe L L rooF 1t LA LIS SO o T L Y, .
92 € 684 -T16 ot o 212 251 [ SIS ¥ 0 He -PO 3 332 -)8 A4l 1527 61} 7379 453
5 268 =257 - 7T o2 T8 9 1oy 144 1157 =125 4 51 <298 2 By =108 g 46 -2
369 -382 T oasc a2 11 115 19 _ 2 1045 954 5 L8 w18 175 209 3 388 =440 S 1174 -1354
323 a2 3 619 506 10 188 406 5L Wet 3OM) ol b 425 39 3 18 17 4 453 460 4 471 =500
675 627 2 268 169 g 517 497 . 4 1165 -1144 8 166 =1¥ 6 120 -131 5 110 70 3 915 97
295 =37 1 118} -1107 6 268 -255 11 212 =226 1 2e0 =215 5 M2 -Te 722 e 6 453 455 2 64 32
206 -278 c 10 92 7 906 -818 IC 249 26 0 138 -l4e 6 194 205 24 € 351 -3 7B 9 I 499 -510
684 m 1 1109 974 1 55 21 9 64T ~64l 1 83 81 7 101 113 _ 5 499 441 8 166 =203 o] 57) -587
952 1065 2 1692 1549 5 1072 996 T 388 -331 335 -8l 8 129 143 1 1,7 206 4 482 408 - 2 462 416
249 =327 30 5 4 545 =398 & 332 e 4 129 =17 9 138 -7 9§ 314 =35} 3 240 -224 st 3 led a2
2 -369 4 1146 -1206 3 ya2 -8 5 254) 256C 6 110 115 1 147 -178 8 675 69y z 173 -88 _ 4 20) -218
10 -3 5 83 55 2 T2 -8 I 1146 -115C 7 10 -152 _ 7 915 1055 1 25 77 3 22 307 6 147 196
212 257 6 397 393 1 730 -635 3 1655 -1T11 8 92 -126 JaL & 94 98 0 360 335 8 166 -199
T 536 546 O 804 685 2 O 58 S 166 177 _ 5 434 =536 1 406 389 1 6t )6 IsL
0o2L 8 jea -392 1 64 -6 1 406 412 10 203 226 4 64 -99 6 3c5 Bl —
9 564 =558 2 46 18 0 314 Bl ¥ 9 4L 9 J05 310 i 804 -T64 94L 3 175 «17% 11 25 =359
243 315 10 184 166 3 665 -628 1 767 =787 _ 8 1 -7 7 406 394 4 2 - B 2 om
196 215 1 120 147 4 952 92T 2 305 =321 £ 157 1 T 48 473 1 638 540 0 92 -136 3 480 492 8 110 -160
92 66 . 5 1072 1066 3 i 389 1 w1 -103 6 249 -269 o 360 -263 ? 1072 -1132 T 351 -
i3 6 ST3 534 4 221 249 T a4) 487 5 675 614 1 52T 402 1nsL 1 397 ue & 100 123
natr _ 7 28 -278 5 110 -116 0 147 -155 4 1960 1730 2 527 -450 _ 0 665 T61 5 3719 401
2 3] =91 8 147 -92 6 4R =335 1 ATL =477 3 1738 =1551 4 212 143 1 305 =339 1 739 -84 4 147 -151
397 445 8 2717 =263 9 8 37 2 425 446 T 2274 -2101 5 295 25T 1 22 219 2 92 -1 3 5T -567
157 -163 T 203 200 10 184 224 631 31 9 1 58 422 1 138 -127 2 240 268 3 129 14 2 647 -581
_ 6 684 59 _ 4 434 <40 0 T21 519 3 147 18 4 34 29} T 295 3%
03IL 5 499 455 13t 12 240 232 5 1o 1 1989 943 jaL 4 166 =176 S 175 -197 0 4T 44}
4 jl4 240 I an -25 6 554 =539 2 499 - _ 5 166 =175 6 305 -339 1 406 -)E0
499 128 7 258 -205 11 92 99 10 129 -17C 7749 =751 3 323 -218 0 312 -)58 6 92 T 8 120 18 2 490 -51%
665 514 Z 8 50 IC w9 129 3 16 167 8 249 239 4 175 233 8 499 500 7 18 122 3 120 -102
263 210 1T 1105 98 3 462 462 B T2l 686 9 453 447 5 175 190 1 471 507 — TsL 4 46 -6
343 =460 0 69) 686 B 369 377 T 425 -394 — 6 249 226 6 101 -T2 051 _ 5 203 209
295 =)l 1159 -1150 7 1651 1435 & 869 =85 B4l 7 194 <205 5 45C 454 B 175 24l 6 175 192
194 188 2 1479 1292 g_ 406 362 5 1257 1253 - 9 157 200 4 915 7 0 416 457 T 184 -2c8 7 92 -13)3
49C 486 3 7116 18 S 591 572 4 1146 1115 4 28 215 10 18 -146 ] 1294 1163 1157 176 T 551 =03
286 =303 4 286 35) 4 1720 1618 I 517 490 3 369 355 _ 2 115 m S 34 -8R0 R
120 -128 5 1017 1061 3 1618 1452 2 271 =202 Z us ZaL 1 1M -39 IsL T 536 584 _
110 -8) 6 397 -43) g 3833 1984 1 601 =636 1 425 =422 _ [ 147 120 - 3 120 128 11 249 -318
147 147 7 18 -2 T 1276 -1159 1 665 742 0 332 -345 10 1.7 -161 1 319 18} T 462 5.4 Z 1720 21953 10 203 -270
83 62 8 129 133 0 1137 -1133 K 240 324 1 49U 444 9 18 -98 2 776 676 Z 217 -2718 1 462 ~345 E 20} =232
. 9 166 145 1 989 -1064 3 286 =316 2 647 91 8 55 4y 3 369 -3} C 249 <274 0 194 259 8 166 205
[BRA 10157 17 2 B18 665 4 64 =53 3 ue 16 7 186 146 4 897 -82 1 46 42 1342 44 T 360 36
1157 -4 3 1692 1650 5 258 -247 4 406 =22 6 18 129 5 21 196 _ 2 397 432 & 8 19
211 -232 _ 4 175 2121 6 184 -139 5 35 293 5 147 -1c3 6 295 320 85t 3 480 -50C 5 536 -5)1
175 -18) I3t 5 416 437 6 231 251 4203 M4 T e 4T _ 4 397 437 & 64 =55
129 92 7 231 263 73L T 425 =25 3 a5 -4 3 194 =233 5 92 10 3 157 -136
639 125 3 47 14 8 166 173 _ 2 2 1% a4l 2 129 17 6 203 222 2 268 243
656 687 8 554 559 12 258 234 TaL 1 98c 9 _ T 112¢ 169 8 13 1)y T 1035 1032
332 -349 T 314 293 23L I <4 41 _ 0 906 -979 1l 175 208 0 129 8 - 0 351 -284
471 =503 s 1192 -1127 10 332 303 6 433 436 1 46 -48 n! 208 JC6 1 (23 -P5 15L 1 656 <632
388 165 T 360 365 12 129 -12) 9 186 -1 5 2 29 2 j42 14§ 2 87 2 129 -1e6  _ 2 4
1257 1234 4 144 199 11 18 -209 B 832 -798 T 212 =0 3 M9 MT 8 55 -563 3 1C -9 10 21 299 3 166 180
83 6l J 1091 949 I& 48C 486 T 258 =255 T 582 -650 & 432 167 b 5B 46} 4 by a7 S 462 -582 5 129 -l34
721 -n8 2 158 &5 3 110 -162 & 887 849 L34 2m s 31 <3715 5 12)9 1148 7 382 % 8 286 -369
157 -181 1 2182 -1815 8 92 13 5 628 609 1 1035 997 6 591 =593 4 101 26 9 231 250 7 166 227 55L
_ 0 1479 -1302 7 10 2¢ T 258 324 ¢ g2 -1m 8 7716 195 ] 2117 -1991 _ 6 591 694
8iL 1 U7 91 6 1054 =963 l 397 =383 1 416 =418 9 221 204 ; 212 134 T5L 3 bl-4 632 10 b4 24
2 1821 1706 5 1516 149 2 T3 9 2 212 -167 10 14 -2¢ 1 1729 1489 _ & 397 -a66 5 305 338
194 =20C 3 869 835 I 11 1199 1 S8 542 3 406 385 - o 961 a1 5 240 -282 3 SR  -644 8 1 143
425 459 4 135 -1319 3 684 633 0 231 261 4 832 812 Tal 1 193 -164 4 480 -550 2 55 =41 7 258 -291
638 645 5 221 -213 2 115 1u2 118 5 351 360 _ 2 49 469 3120 145 T 0 512 & 147 -89
49 210 6 249 269 T 1045 -1081 2 6 =11} v 36 =76 T 1ee 168 3 ) Z o 28 o 27 18 5 46 6
Jos =268 72T 249 C 1285 1297 3 92 61 7 258 =245 7 601 =533 5 138 138 C 564 -623 1 a3 -1 T o2 em
767 -760 8 360 167 1 1106 1688 4 314 338 9 110 126 6 425 =421 1527 -58C 2 184 -199 3 462 427
138 126 9 55 -T3 2 101 ‘66 5 81} 88 s4L 2 684 79 4 64 235 2 675 -572
203 253 10 120 -121 3 989 -968 83L 64L 4 1868 1867 _ 3«43 a4k 5 T 56 I 80 715
513 531 11 157 166 4 462 -441 — 3 51 342 11 e =23c 4 157 -198 6 55 -29 0 4362 454
998 974 5 425 426 10 184 ~-190 6 21 189 Z me2 -mc 10 s -1 5 286 =359 7 175 -168 155 61
121 =119 L 6 323 30 3 129 -u9 5 517 488 T 453 -517 8 3le J28 6 20) -193 8 221 255 2 10 -127
286 -284 8 35 -)e2 B 453 469 T a6 44 0 %« 676 T 638 &) 7 1.7 157 9 129 164 3231 -249
434 45 10 286 296 6 188 405 3 517 496 1 1126 145 & 934 -898 3 101 -105 s 120 157
_ 9 55 <80 33L .5 AT =458 Z 425 a0 2 a3 372 5 18 -0 GstL
73L 8 249 -242 4 388 -396 1 3 72 3 656 64l 4 4. 44T g5t 651L
7 702 -823 2 249 277 3 T9 7172 0 1396 -1350 4 665 =597 3 103 -11T9 - 3 18 -182 -
157 167 € 1627 <1544 11 443 451 T 63 813 1 305 204 5 554 545 2 240 a4 5 18 & 305 36 10 100 -80
17 133 5 2191 2038 10 M7 -152 0 240 =27 2 647 691 6 2.9 -249 1 129 48 3 92 T4 7 115 191 T 406 -448
92 -7 4 1202 1160 S 1008 -1081 1 147 171 3 1 100 T 286 -J15 0 4)4 )RR 2 665 -760 & 8 -1 B 217 289
22 -7 3 2506 -2301 8 545 -555 2 )88 412 4 323 <291 8 332 49 1 295 244 1 73 -8 5 10 -l T 517 50
758 470 2 8) =127 7 906 917 3 101 128 5 619 -598 2 184 150 0 332 M i 369 1% T 45 441
184 212 1 73 =55 & 221 262 4 194 177 6 32 )7 calL 3 ue 76 1 120 78 T 943 1073 T o4 -n2
194 188 C 1368 1170 5 1248 -1175 7 527 546 _ 5 92 -124 2 18 166 2 286 424 £ 638 -604
3 -7 1 TR 4 1396 -1317 93L 9 203 <251 9 490 -549 3 a)a 455 1 1715 =137 T 147 116
1137 <1123 2 204) -2261 3 92 - _ 11166 190 8 480 526 641 5 342 M 0 684 <-65) 7 0 3
T2l ~T06 3 295 =252 2 536 447 10 221 228 _ 7 101 50 6 203 240 1 536 528 T 397 167
70 736 4 106) 99) 1 &) T2 9 351 =320 54L € 162 511 T 120 144 8 203 -231 2 961 966 1 212 -227
“4) 7 5 &80 436 o 906 -850 § 53 _ 5 471 <46 8 517 <71 _ 3 2 -208
298 =333 6 1377 -1341 1 545 =508 7 194 <219 8 517 =506 4 1285 -1329 T 277 - 244 551 4 517 518 751
286 -314 7 749 =765 2 94) 1067 & N -8 7 212 -216 3 8 -1M & 258 245 - s 221 -218 B
184 204 8 499 487 3314 =279 5 51T 553 € 332 1 2 1562 149 5 841 750 T 31 a6 6 47 137 1 240 -242
208 278 9 314 4l 4 36 66 X 203 -195 s 18 125 T 388 339 4 211 18 g 517 587 7 13 1% 1 184 229
11 101 12 5 13 -7 3 249 =259 4 194 189 0 1479 -1234 3 1451 <1221 5 )6 -83 8 92 17
631t 6 268 -275 2 35 -39 T 619 -525 1 44} 434 2 B3 -656 ¥ 38 418 es5L
TiL 7 8 &8 T 8 -17 2 564 =486 2 369 345 1 234 260 T e 43l 15L
203 214 8 B8 -3 0 305 346 1 21 21 3 RS 794 0 425 165 Z s 592 _ 1166 187
212 219 10 42 =)0 11 67 0 554 522 a 1001 e 2 323 -305 T 231 2% 10 147 204
157 136 9 15T <147 4L 1 92 92 5 351 =335 3 369 <37l 0 212 -20¢ 8 22 -261 9sL
85C &5 7 129 101 103 2 T2 ~766 6 527 435 4 64 81 1285 297 I 212 =245 -
1135 -1118 € 1923 -1876 12 129 -l2z  _ 33 7R 7 157 133 2 ‘13716 € 628 a3 1 166 =199
1461 1461 5 10 -1023 1T 110 -116 1 120 -15C 4 462 =411 8 268 270 T4l 3 42 67 1 36 51 1 138 166
Ty T4 4 166 =120 10 73 )6 O 268 -284 5 13 1m 9 e 49 4 64 -39 Z 462 438 -
573 -5)8 T 186 9 203 206 1 55 718 6 157 145 3 516 -553 5 323 =348 1 943 929 et
1257 =1198 Z 453 a2 8 175 1M 7 319 -39 141 9 44} 447 6 212 29 0 34 2P
1220 =1192 1 1535 ~1519 T 989 -997 1njL 8 92 =100 _ 8 120 9 7 14T 191 1186 117 1 21 2=
906 &1 0 1396 ~-1841 € 10C -1106 10 175 161 11 166 -185 1 453 417 8 13 )0 2 B 2 258 -258
M 18 1 675 =543 2 MmC M 1 115 163 - 3 s51 408 & 323 276 - 3 e - 3 147 -6
739 -781 2 1562 1469 4 18 136 _ 'R 8 1)8 -161 5 397 =369 5L 4 211 280
517 -489 3157 <135 I 628 <74 ST R _ 6 915 940 4 453 -i& _ s 147 178 Vet
101 17 4 601 543 Z 1599 -1598 8 55 =51 5 8l -951 1 4} T4 7 120 -167 T 92 -121 -
8) 88 s 268 -192 1 12c2 <1224 1 13 67 7 147 135 4 1u8 952 2 5B 557 € 47 -8 8 T -9 1 268 -n
64 17 6 1664 -1568 0 194 163 O 166 -194 € 2 -28 Y o6es -ma 1 194 175 s 3IMm 48 0 92 &
120 95 7 212 199 1 795 726 1 3T =719 5 915 -864 2 314 <299 0 397 -3 4 & 640 2sL 1 64 46
8 433 42y 2 8% 19 3 527 540 4 388 -346 T 1747 <1456 1 55 23 J 21 48 _ 3 22 o7
53t 9 12t -110 3} 702 -697 4 166 188 T e 26 0 1424 1257 2 249 252 2 TIO -T37T 10 194 -1 5 110 -151
W2 4 687 w659 > lsd IR Z s 18 1 1664 1403 4 129 -138 1 64 -24 g 92 -107
11¢ 1l 5 268 283 6 15 =91 T 71 -676 2 240 198 o 97 1057 E 406 499 96L



338
L ?° ': L F° Fc L FD Pc L !’o 12 ¢ < Fc ‘:
FeL 3 240 242 T 5 268 3 2T -x4 4 151 <laa
4 92 99 & 16 -187 2 351 37
T 258 -258 6 73 =105 5 18 -1 1 166 -266 2oL
0 194 1 7 64 =53 & 1t 14y 0453 =511
1 20 198 8 129 44 3 750 62 2 388 81 10 sa: 45
3 84 -114 2 8y -3 3166 145 9 4%) 42
4 101 -1 6L T 184 =158 4 231 =276 T 277 -24a
s %2 & LV Bl Ry 5 120 -121 6 332 -3
6 166 155 5 323 =TT 1 B} <57 6 166 185 5 184 145
- 4 147 74 2 138 =134 7 129 92 4 20} 133
g6l I owe -ws 3 8y X 3 oa a9
_ T 628 -554 4 221 -240 o6 L 2 45 =51
2 sl 352 o 166 128 b o4 8l - 1 305 -295
1 239 252 1 240 23 T 92 90 8 295 282 0 332 315
C 258 -248 2 46 =36 _ 7175 -4l 11 262
1 286 -28) ) 147 <165 261 g 8 -2
2 19 LB 4 55 <01 5 379 35 JeL
3 323 J4l 6 268 268 B 258 -257 4 46 36
5 240 -2a7 T 157 167 T 147 122 T o9 =25 16 1 32
- 8 212 -196 6 268 238 2 433 =4C) 3 2 236
TeL - 5 305 2m T 258 =257 8 110 -126
_ T 4 203 -168 O 268 29 T 363 62
3 194 e _ 3 44) 368 1 64 1 B 147 1
2 157 121 7 64 102 2 M2 -7 2 110 -7 S 92 =90
I )1 -22c & 342 308 T 194 375 332) =303 4 397 8y
9 194 195 5 J2) 278 O 684 108 4 184 -192 3 129 -120
1239 236 4 184 =153 2 J51 -)6) 5 212 A2 2 46 3715
@ 157 162 ) 57) 498 3 By -85 1 371 350
4 379 -381 2 129 103 4 55 5) 161L 0 55 T
6 120 147 1 517 424 5 221 211 - 1 508 =550
C 804 05 & 46 & 9 34 -0 2 110 -19
6L 1 430 =461 7 166 <128 7 28 257 3 425 425
2 881 -818 8 €4 -47 5 416 =395 4 175 191
350017 <51 3 55 44 - 4 591 543
£ 7y =611 4 3l 32 TetL 3 804 ™5 46L
7 o222 2191 5 M - 2 536 $30  _
g ace 348 6 55 =27 9 184 -4l 1 268 =259 g 4m 437
T 64 69 T 64 12 T 684 68 0 175 =166 8 268 24C
2 1C 94 B8 101 -18 6 13 48 1 2T1 -245 7 194 -187
1295 290 5513 -517 2 212 1§ 416 -39z
2 92 -109 6L ¢ a6 -)s2 38 19 4 39T Je3

THE CRYSTAL STRUCTURE OF PYRIDOXINE HYDROCHLORIDE
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Table 8. Interatomic distances and bond angles in pyridoxine hydrochloride

Bond Distance o
N(1)-C(1) 1-345 A 0-005
N(1)-C(5) 1-325 0-005
C(1)-C(2) 1-368 0-005
C(2)-C(3) 1-379 0-005
C(3)-C(4) 1-409 0-005
C(4)-C(5) 1-358 0-005
C(1)-C(7) 1-483 0-006
C(3)-C(6) 1-490 0-005
C(4)-C(8) 1-497 0-005
C(2)-0(2) 1-354 0-005
C(6)-0(1) 1-435 0-005
C(8)-0(3) 1-413 0-005
CI—N(1) 3-064 0-003
0(1)-0(2) 2:532 0-004

the nitrogen atom of the pyridine molecule does not
affect the value of this valence angle to such an extent.
The valence angle found in this type of compound is
very nearly 120° as Table 9 shows. In the crystal struc-
ture of SeOCl,(CsH;sN), the situation is similar to that
found in transition metal compounds. In the case of
pyridinium dicyanomethylide the z-orbitals probably
extend over more than six nuclei. The planar z-electron
distribution is such as to give a flow of electronic charge
from adjacent C atoms into the ring. In the free pyrid-
ine molecule there is a definite tendency for the
m-electrons to move on to the more electronegative
nitrogen atom, preferentially from the ortho and para
positions (Coulson, 1952). The charge distribution is
shown in Fig. 3(a). Fig.3(b) illustrates bond lengths
and valence angles in the free pyridine molecule from
microwave spectroscopy data (Bak, Hansen & Rastrup-
Andersen, 1954).

Bonds Angle c
C(1)-N(1)-C(5) 124-5° 03
N(1)-C(1)-C(2) 1181 0-3
C(1)-C(2)-C(3) 120-1 03
C(2)-C(3)-C(4) 118-8 0-3
C(3)-C(4)-C(5) 119:6 0-3
C(4)-C(5)-N(1) 1189 0-3
N(1)-C(1)-C(7) 119:4 0-3
C(2)-C(1)-C(7) 122-5 03
C(1)-C(2)-0(2) 115-8 0-3
C(3)-C(2)-0(2) 1241 03
C(2)-C(3)-C(6) 123-0 03
C(4)-C(3)-C(6) 118-2 03
C(3)-C(6)-0(1) 1117 03
C(3)-C(4)-C(@8) 121-4 03
C(5)-C(4)-C(8) 1190 03
C(4)-C(8)-0(@3) 109-5 0-3
Cl——N(1)-C(1) 124-2 0-2
Cl-——N(1)-C(5) 11141 0-2

o+
082

(a) (b)

Fig.3. (a) Charge distribution in pyridine, () Bond lengths
and valence angles in pyridine.

The values of 1:325 and 1-345 A for the C-N bonds
in pyridoxine hydrochloride are comparable to the
similar bond lengths found in pyridine hydrochloride
(Table 9). The shortening of this bond length in com-
parison with C-C bonds in the same ring is to be ex-
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Table 9. Interatomic distances and bond angles in pyridine derivatives
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<3 "‘% %) pected on account of the smaller atomic radius of the
22 = 2 s nitrogen atom.
S V) < ig p ] With orthogonal atomic coordinates, a least-squares
3 § ) o8 a - plane was fitted to the atoms constituting the pyridoxine
- 2. 2E. 9 N ion. The arrangement of atoms is truly planar with the
27 e g,’g § = ~ exception of O(1) (an atom from the CH,OH group).
& & AZZT A & The equation of the plane is:
—0-0696x+0-5741y4+0-8158z=1-6783 .
AR The atoms deviate from the mean plane as follows:
S22 N(1) 0-001, C(1) —0-009, C(2) 0-009, C(3) —0-001,
o man mae wan ww C@) —0007, C(5) 0007, C(6) —0-033, C(7) —0-037,
and a3n B2t g®eg =z C(8) —0015 O(1) 0314, O(2) 0-015, O(3) —0-029,
e mmm mmm Sem == 100164 A
The Cl-ion is only slightly displaced from the plane
of the pyridoxine ion (0-16 A) and it occurs close to
¥a RN Q& aa S S  the extension of the straight line connecting N(1) and
ad ad ad == 22 C(3) atoms, the CI-C(1) and CI-C(5) distances being
3-98 and 375 A, respectively.
From the considerable shortening of the bond length
~ o “ e ~ (1-354 A in comparison with the pure single-bond
) == & & = value) it may be inferred that the C-OH bond possesses
- - - a partial double-bond character distinct from what it
has in CH,OH groups, where there are no conventional
n-electrons, the C(6)-O(1) and C(8)-O(3) bond lengths
being 1435 and 1-413 A respectively.

aQ N oo oo © 0 A close intramolecular contact between O(1) and

a Y I3 R @< O(2) atoms suggests the presence of a strong hydrogen

- - - bond (2:53 A). Another system of hydrogen bonds con-
nects the pyridoxine ions and Cl- among themselves,

_ . as follows from the interatomic distances CI-N(1)

8§ TE 82 2a 23 3064, CI-O(1) 3-024, and CI-O(3) 3-064 A. Two O(2)

- = - = ~= atoms from different molecules are connected by a
hydrogen bond of length 2:724 A.

=2 o) a —r~ Qg 1 should like to express my gratitude to Prof. H.

oo oo oo R @< Zeiss, Director of Monsanto Research, for his help and
interest in this work. I am greatly indebted to Prof. J.
Dunitz and to Dr J.J.Daly for their advice and con-
siderable aid. Structure calculations were done with
programs worked out in Monsanto Research on an

Q R g o Elliott 803 computer.
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Crystal Structure of Dibenzoylmethane*

By DoNALD E. WILLIAMS

Institute for Atomic Research and Department of Chemistry, Iowa State University, Ames, Iowa, U.S.4.

(Received 14 June 1965)

The crystal structure diffraction phase problem for dibenzoylmethane (CisH120,) has been solved by
packing analysis. The three-dimensional scintillation counter data have been refined by anisotropic
least-squares analysis. The positions of all hydrogen atoms, including the enolic hydrogen, have been
found and refined by least-squares analysis. The final discrepancy index for the 865 observed reflections
was 59 %.

The molecule was found to be nonplanar, with the planes of the two phenyl groups making angles
of —3-8 and + 16-9° respectively with the enol ring. The hydrogen bond was found to be very short,
2-47 A, and appears to be nonlinear, asymmetric, and nonstatistical. The thermal analysis showed
rather large librations of the phenyl groups about their connecting bonds and a large libration of the
enol ring about an axis through the carbonyl carbon atoms. Intramolecular distances were corrected
for the observed librations.

The crystals are orthorhombic, space group Pbca, with lattice constants a=10-857, b=24-446, c=

8756 A, and eight molecules in the unit cell.

Introduction

Dibenzoylmethane is used as an analytical reagent for
the determination of uranium (Harton & White, 1958;
Maeck, Booman, Elliott & Rein, 1959). It has also

been investigated for use in the determination of pluto-
nium and neptunium (Kolthoff, Elving & Sandell,
1962) and several other metal ions because of its chel-
ating ability. Williams, Dumke & Rundle (1962) and
Engebretson & Rundle (1964) have shown that the
symmetrically substituted m-bromo and m-chloro-di-
benzoylmethanes are completely enolized in the crystal
and possess a strong, possibly symmetric, intramolec-

* Work was performed in the Ames Laboratory of the U.S.
Atomic Energy Commission. Contribution 1742,

ular hydrogen bond. Dibenzoylmethane crystallizes in
a different space group from either the m-chloro or
the m-bromo compound, with twice as many molecules
in the unit cell. The unit cell of the m-chloro com-

pound docs not have a center of symmetry, but centers

of symmetry are present in the m-bromo compound
and in dibenzoylmethane itself.

Collection and treatment of X-ray data

Crystals suitable for X-ray analysis were obtained by
recrystallization from carbon tetrachloride solution.
Weissenberg and precession X-ray photographs indi-
cated the unique centric orthorhombic space group
Pbca. Data for the lattice constants were obtained with
a single-crystal orienter-scintillation counter, which



