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ABSTRACT

A two-dimensional trial structure has been determined
for oxamide by means of a Patterson projection. The analy-
sis, which was the reinvestigation of a previous preliminary
survey that had reported a slightly wavy planar structure
with a 1.65 g. C-C bond, was interrupted by the publication
of an apparently satisfactory structure by Romers. The
present study and two recent publicatilons are in agreement
both as to the parameters and space group of the triclinic
unilt cell, and the configuration of the molecule. The
oxamide molecules are centered and they are hydrogen bonded
into an essentially planar sheet which is parallel to the
almost perfect cleavage plane exhibited by the crystals.

The dimensions 1ndicate that the C-C bond is a pure single
bond and that the C-N bond has about 50% double-bond charac-
ter as a result of resonance in the amide group. Oxamide,
like oxalic acid and a few other related substances, is
planar although the C-C bond apparently has no double-bond

'character.
IT

The crystal structure of 15,15'-dehydro-A-carotene has

been determined; this analysis represents the first conclu-



sive study of any carotenoid. The analysis was accomplished
through the use of a three-dimensional Patterson coupled
with trial and error methods, and has been carried to a
moderate state of refinement with Fourier projections, two-
dimensional least squares, and a threefdimensional'Foﬁrier.

. : o
The monoclinic unit cell has the parameters a, = 8,145 A.,

1
a, = 31.87 X., ay = 8.465 X., and «, = 128° 18.8'; the space
group is uniquely determined %o be Cgh - P21/c, which re-
quires that the two molecules in the unit cell be qentered.
Except for the cyclohexene rings, the molecule is essen-
tially plane with bond lengths and angles in general agree-
ment with those predicted by theory and experiment. The
chains are packed together almost unaffected by the cyclo;
hexene rings. Each ring has the giﬁ'orientation'about the
singie bond from ring to chain; the molecule is otherwise
all trans. The molecules are efficiently packed, but the
arrangement has resulted 1n a loss of resonance energy

since the rings are not coplanar with the chain. The

hypersymmetry of the molecules accounts for the deviation

of the intensities from a normal statistical distribution.

A brief discussion of some of the IBM fechnliques used
'in the refinement of this structure has been included in

the appendix.
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THE CRYSTAL STRUCTURE OF
OXAMIDE



A. Introduction

The molecular and crystal structures of oxamide have
attracted the interest of structural chemists to such an
extent that four independent crystal structure determina-
tions have now been reported. The firs: of these, by
van der Wyk and Misch (1), is incorrect. The second, pub-
lished only as a preliminary report by Romers (2), inter-
rupted the concurrent work which is described in this sec-
tion of the present thesis. The fourth and most complete
report was published by Ayerst and Duke (3). The last
three determinations, and particularly the last two, agree

well,

The interest in oxamide 1s stimulated by a number of
factors. The unusually high melting point, 417—90 c.,
and relatively high density, 1.667 gm./om.B, indicate a
compact structure which is strongly hydrogen bonded. A
comparison with the somewhat anomalous stfuctures of
oxalic acid proves infermative. The « and @ forms of
anhydrous oxalic acld (4,5) and oxalic acid dihydrate (6)
were found to be planar with no apparent conjugation
across the C-C bond. The carbon-carbon bonds of lengths

o)
1.560 A., 1.59 ﬁ. (not an accurate determination by present

o
day standards), and 1.529 A., found in the « anhydrous,



A anhydrous, and dihydrated oxalic acids, respectively,
re all seemingly single bonds. The space groups of these
crystals require centered and hence planar molecules,
although the bond system does not restrict the rotation
of the carboxyl groups. The oxalate ion, on the other
hand, as found in ammonium oxalate (7) is not planar.
The planes of the CO0™ groups make an angle of 28'degrees.
The C-C bond of 1.56 E. is, within limits of error, a
single bond, and free rotation 1s expected. The planarity
of oxalic acild in its three crystalline forms and of other
molecules conbtaining similar groups of atoms has been dis-
cussed by Cox, Dougill, and Jeffrey (4) and has been cited
by Jeffrey and Parry (8) as evidence for intramolecular
electrostatic attraction between hydroxyl and carbonyl
okygén atoms. Oxamide turns out to have a structure much
like oxalic acid with an apparently single carbon-carbon
bond and a planar structure. It is probably reasonable to
assume that amine-carbonyl attraction is a factpr contribut-

ing to the planarity of the oxamide molecule.

Protein chemists also find interest in the confiigura-
tion and dimensions of the extensive peptide linkages that

are found in the oxamide structure.

An early crystal structure investigation of oxamide was
g

made by van der Wyk and Misch in 1938 (1). They reported a
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slightly wavy planar molecule with a carbon-carbon bond of
1.65 E. In view of the structures reported for oxalic acild
and the oxalate ion 1t seemed possible that a somewhat long
C-C disfance might have been correct for oxamide. A yalue
as large as 1.65 X., however, appeared excessive. ‘These
workers gave an untenable explanation for the long bond
length. The structure reported by van der Wyk and Misch
was derived entirely from two-dimensional Patterson series
and was really in the nature of a preliminary investiga-

tion since no atomic parameters were glven.

Romers (2) published a preliminary report of an appar-
ently satisfactory structure 1In 1953 and indicated that
three-dimensional refinement was in progress. Romers!
communicatlion described a completely planar structure
with a C-C distance of 1.49 X., which is short enough to

indicate some T bond character.

Very recently Ayerst and Duke (3) have published
their results for a completely refined structure of ox-
amide. Theilr structure is in substantilal agreement with
Romers' but indicates slight changes in molecular dimen-
sions. They report the C-C distance to be 1.542 K., with
a standard deviation of 0.006 K., an apparently single

bond.
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Prior to the last two publications, a reinvestigation
of the structure of oxamide was undertaken by the present
author to clarify several points of uncertainty left by the
preliminary study of van der Wyk and Misch. Is the struc-
ture really planar? What 1s the nature of the C-C bond?
What are the factors contributing to the planarity of the
molecule? The following paragraphs describe the progress
of the structural analysis of oxamide up until its inter-
ruption by Romers!' short communication. The work reported,
although finished after Romers! publication, was an entirely
independent investigation. Pertinent information from both

of the recent articles will be included for comparison.



B. The Determination of the Structure

Oxamide is readlly available as a finely divided white
crystalline powder., Some difficulty was encountered in
obtainlng suitable crystals since it is relatively insol-
uble 1in all solvents. ©Small but usable crystals were
finally grown from saturated solutions in either water or
formamide. They grow as transparent colorless needles with
a considerable tendency toward overgrowths and twinning.
The cleavage plane, (010), across the needle is almost: per-
fect. X-ray investigation shows the needle axis to be a
short crystallographic direction with a periodicity of
3.625 R, X-ray photographs using Laue, rotation, and
Weissenberg cameras fail to reveal any symmetry. The unit
cell is therefore triclinic. Cell dimensions were calcu-
lated by the method of least squares using data obtained
from the zero layers about all three axes. The X-ray
rotation photographs used were taken in a camera of 50 mm.
radius, and each film was calibrated by superimposing
single-crystal sodium chloride reflections upon the desired
orders from single crystals of oxamide. In all, twenty-
three separate observational equations were used to calcu-
late the lattice constants shown in the second column

below.
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Sly Romers (2) Ayerst (3)
& Duke
0 O O
aq 5.179 A 3.61 A 3.625 A
9]
a, 3.625 R. 5.17 &. 5.188 A.
a 5.654 A 5.62 A. 5.658 &
“i 114° hegi 83° 50' 83.7°
5 83° 45. o 113° 54 114.1°
s 114° 55.7' 115° 115.1°

The density assuming one molecule per unit cell is

Sly Romers Averst
& Duke
1.6684 gm./cm.3 1.687 gm./cm.3 1.667 gm./c:m.3

Observed density 1.667 gm./cm.3

The primitive unit cell obviously contains just one mole-
cule of oxamide. Since the molecule can be centered the

_ 1
space group may be either C1 or Ci'

The short axis with its associated cleavage plane
support the hypothesis of a layer structure with the mole-
cule contained approximately in the ac plane. Accordingly
most of the features of the structure can be obtained by a
étudy of (hOR) reflections. Careful visual estimates of
intensities were made of the (hOf) reflections using in-
tensity strips as standard. In all, five separate esti-

mates were made on three separate sets of multiple-film
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Welssenberg photographs exposed with the unfiltered X-radia-

tion from a copper target. Correlation between films and

the rechecking of those intensities in serious disagreement

led to the average relative intensities listed in Table I,

page 25;* Multiplication of these values by 2sin 29/(1+c03229)
corrected them for Lorentz and polarization factors and gave

the reduced intensities, I-°9,

Since no atomic parameters were given by van der Wyk
and Misch in their publication, a trial structure had to be
found before reflnement could be undertaken. Inasmuch as
two-dimensional Patterson series were used in the former
investigation they were adopted here to facilitate compari-

son with the earlier structure.

.A Patterson series with the peaks sharpened and with
the peak at the origin removed requires both absolute in~
tensities and a temperature factor for correction of atomic
form factors (9). Statistical methods would not be expected
to prove very satisfactory when applied to this structure,
since there are so few atoms in general positions (10).
There are only three 1f the structure is centered, neglect-
.ing hydrogens, and six if it is not centered. In addition,
the zone of data at hand contains only 60 possible reflec-

tions, and part of these are in the region of low sin® where

*other pertinent data pertaining to these intensities
are also found in Table I, although no further reference will
be made thereto.
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statistical methods are less applicable (10, 11). For these
reasons 1t was intended that absolute intensities would
ultimately be obtained from powder samples in an X-ray spec-
trometer. Meanwhile, Wilson's method, in spite of its ex-
pected limitations, was applied to obtain a scale facﬁor

and an'isotropic température factor (10, 12). This method

assumes the following expression,

n—|
OI{hekdg) F(ikl) = 285”‘ e[[fz [[Zf f cos 277(hU +kV +2w
|

RETRPY

where Ired is the observed relative intensity corrected

for Lorentz and polarization factors, a 1s the scale fac-
tor for conversion of Ired to absolute F2, fi is the atomic
form factor (13) of the ith atom, B is the isotropic tem-

perature factor, and u,,, v,., and w,. are the éoordinates
1J 1] 1J

ih Patterson space of the atomle interaction between the ith

and jth atom, viz., u = (Xi - Xj), Vij = (yi - yj), and

iJ
Wy o= (z4 - zj). If the intensities of the reflections

2 2
within a small interval of sin ©/A are averaged, the
cosine term willl be negative as often as positive and will

average nearly zero, and we may write as an approximation,

n
2
_— —2B sIn° 6 -
al = e A° }fo
|

!
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where singg/}2 in this equation is the mean value of

-~ - -
31n2Q/AC in the interval of the average. Taking the loga-
rithm of this equation and rearranging terwms gives the

following usable expression,

n - .

L i 2B(log e)sin’®
logl—— = log a + 08 =

I A

A straight line graph of 1og(z:5?7'f) against sin20 will
have log(a) as an intercept and 2B(1qg e)/)2 as slope. The
graph of log<z:E§;’fv versus sin“e for oxamide is shown

in Fige. 1. The plotted valuss, as expected, do not lie
exactly on a straight line and accordingly no great re-
liance is placed in elther the absoluts intensities or the
temperature factor. The scale and temperature factor cal-
culated from the intercept and slope have the valuss 0.310
and 2418 respsctively. The absolute 2 values obtained with
this scale factor, multiplied by 10, are listed in Table I

under the heading 10F<2.
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FIGURE |.
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To remove the peak at the origin and to sharpen the
interatomic interactions the coefficlents of the two-

dimensional Patterson series were modified by the equation,

2 2 —ZBsmze
N G Zf )
(hkg) - 2 —2B sm <)
fye A2

where ZN and fN are respectively the atomic number and
atomic form factor for nitrogen. This modification of
Patterson's peak sharpening factor (9) assumes the follow-

ing as an approximatlon,

n

( Z:'f -—ZBsm 2] 2B sinz6
—2Bsin
, 2g Sqr—
n_

(Y z) Zy
1

where Zi is the atomic number of the ith atom and all other

symbols are as"previously defined. This sets the mean
scattering per electron for all atoms in the structure, C,
N, and O in equal numbers, the same as that for the nitrogen
atom; the hydrogens are neglected. The Patterson series

was then calculated from the expression,



m n
02 A ~
Fuwy = ZZF(:OO)COS 2m(hu) + ZZﬁgomcos 2r(iw) +
| |
h

X

[ t
Zﬁfom“s 2 (hu+ 2w) + ZZZ?(SO-@C 0s 27%(hu—2w)

h X

_I\/"u
"‘I\/I“_

Note that no factor 1/A for the area of the ac plane has
been included in this summation. 3y the use of Beevers-
Lipson strips the‘sum was evaluated in units of 1/60 of
the unit cell dimensions for 1800 points in the asymmetric
half-cell projection. The Patterson function is shown as
Fig. 2 with contour lines every hundred positive units in

§2. The Patterson peaks were located graphically.

The crystals were tested in a modified Giebe ahd
Scheibe (14) apparatus for piezoelectric effect with nega-
tive results. This does not conclusively prove the presence
of a center, éince a very weak effect might not be detected.
The statistical method of Wilson (10) was applied in the

slightly modified form of Howells, Phillips, and Rogers (15,11).
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1
The graphs of 1N(z) =1 - e % and _N(z) = erf(1z)° are

1
shown in Fig. 3 along with the observed values of N(z) VS.

z for three overlapping groups of reflections taken in the
region of moderate sin6. The fit for the upper curve
which corresponds to a centered projection is fairly good
in spiﬁe of the unfavorable circumstances. All inter-
pretations of the Patterson projection were accordingly
based upon the space group C%, which require that the
single molecule in the unit be centered and so by virtue

of its bond configuration planar. The plane of the mole-

cule is not, however, required to be in the plane (010).

A centered molecule can give, at most, nine independ-
ent interactions in a Patterson-projection. There are
eight clearly resolved peaks in Fig. 2 with an amplitude
greater than 100, and seven of these have an amplltude
greater than 300. If the eight peaks are assumed to rep-
resént atomic interactions then there are only two un-
resolved interatomic distances. The interpretation of the
Patterson with the ald of expected bond lengths and use of
relative peak heights was quite simple, The observed peak
heights of a Patterson may be compared with the product
‘zizj for the interaction involved. If the peaks are all
resolved and roughly the same Gaussian shape, then peak

height is proportional to the integral
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2
f ﬁ(s) ds
A

peak

and thus to zizj. Here %%)/A is "modified" electrons équared
per unit area, ds is an area element, and the Integration is
to be carried out over the area of the peak. The followlng
table lists the corresponding ZiZj values for the interac-

tions in the Patterson.

Peak
Interaction Height x (0.256) Zy2

¢, - C, 35 36 Z2,
¢, - 0 g2 96 22,2,
C, - 0 109 96 | 2Z42Z,
N, - Cy 87 8l 27,7,
N, - Cp 86 8l 22,7,
Ny - Op 112 112 - 2247y
0, - W, | 210 el uzozN
O, - O ,

Ni ) Nl 106 113 | Z0Zo+ 2y 2y

The two overlapping peaks O1 - N2 and O1 - O2 + Nl - N2 both
come out lower than calculated, as might be expected from
the addition of two peaks not exactly superimposed. The
largest discrepancy is the Cg — Ol peak of 109 and it 1s

only 15% in error. It 1s apparent that there is good corre-



- 17 -
lation between peak height and the assigned interactions.

£

The trial structure derived from the Patterson has the

following bond system.

0 O

c-C 1.55 A. L C-C-0 119
O

C-N 1.28 A. LC-C-N 119°
Q

C=0 1.24 A, L 0-C-N 122°°

The C-C bond lies along the z axis. The C-N distance is
perhaps shorter than expected, dbu% the other values are
quite reasonable. The parameters corresponding to this

model are

X Z
C 0.000 0.138
N ~0.218 0.270
0 0.211 0.224

The atomic interactions resulting from these coordinates
are shown on the Patterson projection along with those
from Romers!' model.* The average distance between the

0
Patterson peaks and the trial structure peaks is 0.063 A.

*Fig. 2 was drawn before the recent publication by
-Ayerst and Duke. Thelr structure is substantially the
same although it rits the Patterson slightly better than
Romers!'.
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The corresponding parameters reported by Romers (2) and

by Ayerst and Duke (3) are

x v z

Romers — A.&D.. Romers  A.&D. Romers - A.&D.
C  0.000 0.0025 0.002 0. 0060 0.132 0.1362
N 0.000  -0.0032  -0.226  -0.2230 0.259 0.2629
0 0.000 0.0061 0.217 0.2208 0.219  0.2168

The average difference in the values of the parameters be-
tween the trial structure and the structure of Ayerst and

Duke 1s 0.006.

It may be récalled‘ﬂntle.65 X. carbon-carton distance
had been derived py van der Wyk and Misch from a study of
Patterson projections. It is true that about the same degree
of agreement between trial structure peaks and Patterson
peaks could be obtained with a spacing of about 1.65 E.,
but certainly“no better. The ac projection of the earlier
workers was made using 29 reflections while the author's

series was based on 60 reflections only one of which was

too weak to Dbe estimated.

*The coordinates of Ayerst and Duke were based on the
molecule centered at (0%4%) and a transformation of coordi-

nates gave the values listed.
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C. The Deseription of the Structure

*
The configuration of the molecule as found by Romers,

and by Ayerst and Duke is diagramed below.

“9.8(/'—\7/ ose do

1.265 A . 1.243 &

1.495 A C// 1.542 & C//

0

C

124.3° 125.7°
1.314 A
i15.9° 114.8°
N
ROMERS AYERST & DUKE

The structure may be describéd as an infinite layer of
hydrogen-bonded molecules with van der Waals forces acting
between léyers. Two layers of the structure ihjvertical
projection are shown in Fig. 4.** The H-N-C angles and the
N-H bonds have arbitrarily been assigned the values i250
and 1.00 X. respectively in this drawing. The skew b axis
displaces successive layers to produce good packing of the
atoms of the upper layer into the pockets of the lower. The

‘ o)
vertical separation between layers is 3.007 A.

*The distances and angles were calculated by the author
since Romers' preliminary paper did not list bond angles.
*% . : _
Figure Y4 was drawn before the recent publication of
Ayerst and Duke and 1s based on Romers! parameters.»
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Figure L.
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Three things are significant about the completely
planar structure. First, the C-C distance of 1.542 E. is
abparently a single bond with no » bond character. Second,
the C-N distance is rather short. Short bonds are also
found in cyanuric acid, 1.345 X. (16,17), and urea, 1.335 E.
(18), and in similar structures (19). The shortening indi-
cates considerable contribution by the structure C—Q;§+.
The 1.315 8. distance compared to the normal single bond of
1.47 &, requires about 50% double bond character (20). The
presence of this ionic resonance hybrid may ke a factor con-

tributing to the planarity of the molecule through intra-

molecular electrostatic attraction bvetween N and O, viz.,

C——~C
AN

Third, the hydrogen bonds in different directions in the
infinite layer are significantly different. The hydrogen
bonds parallel to the & axis are 2.93 K. with an angle
Q==~~~N-C of 1430 while those in the E'direction_are 2.96 E.
with an angle of 1160. The latter are approximétely linear
for an assumed angle of 120O for the H-N-C bond and accord-
ingly must be regarded as relatively strong hydrogen bonds.
The hydrogen bonds directed alcng the a axis, however, are
far from linear. Now Pauling and Corey (20) have assumed

linear hydrogenh bonds in their discussions of proteins and

have considered certain proposed structures as unlikely be-



f
N
na

1

cause they reguire nonlinear hydrogen bonds. Elliot (21)
has pointed out the sparsity of data pertaining to the
angular dependence of hydrogen bond strength, but the fol-
lowing comments may stlill prove informative.

Newman and Badger (22) have found a H-N-C bond anéle
of 100° + lOO by means of polarized infrared studles on
N-acetylglycine. The crystal structure of the same com-
pound (23) gives 132° for the angle O----N-C, which is
within the range of values reported by Donohue (1¢) for
such hydrogen bonds. These combined studies indicate that
the hydrogen bond O0----N-C 1s non linear by about 450
(180 - angle 0---H-N). N-acetylglycine represents an‘
instance in which the hydrogen atom 1is displaced away from
the position giving a linear hydrogen bond and away from
the éxpected angle of about 120°. It is true, however,
that the 0----- N distance is 3.03 g. and the hydrogen bond
- is accordingly regarded as weak. There is also a strong
0----H-0 hydrogen bond of 2.56 g. linking the N-acetylgly-
cine molecules into chains. The rather weak O—;——H~N bonds
may thus be just the best avallable hydrogen bonds of a
secondary nature linking the molecules into sheets. If
Newman and Badger are correct the 0O----H-N hydrogen atom
of N-acetylglycine is directed about midway between an
oxygen atom of the same molecule and one of an adjacent

molecule., There 1is apparently some attraction between the



N
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t

highly polar C=O0 group and the N-H group of the same mole-
cule. The slight shortening of the C-C bond, 1.506 X., is
attributed to hyperconjugation of the C-H bonds with the
neighbofing carbonyl group (23). Perhaps the hyperconju-
gation and the amine-carbvonyl attraction are voth factors
contributing to the planarity of the N-acetylglycine mole-
cule. Oxamide presents almost exactly the same structural
possibilities, If the H-N-C angle for the hydrogen bonds
directed along the a axis is 1030, the hydrogen atqm will
lie along the line bisecting the O!--=-Ny----04 angle.
This weould make possible two interactlions of hydrogen
with unshared electrons of oxygen atoms. The intramoie—
cular 0O----N distance is 2.70 E., while the intermolecular
bond is 2.93 R. The two hydrogen bonds would be non-
linear by a matter of 58° (180 - angle 0O----H-N) and would
accordingly be weak. Ir the H-N-C angle 1s assumed to be
1200, the departure from linearity for the single inter-
molecular hydrogen bond 1s 340, and this is presumably a
weak hydrogen bond. It might be best to state that the
structure is composed of planar chains of oxamide mole-
cules strongly hydrogen bonded along their length and
weakly bonded into infinite sheets. The somewhat unfavor-
able hydrogen bond angles offer then fthe best arrangement

available to the chains of molecules.
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The foregoing paragraphs have not included any dis-
cussion of electrostatic attractions between molecules.
Since ionic resonance hybrids make a consideradle conitri-
bution to the molecular structure such forces must play
some role in bonding the molecules into layers. From.a
polarized infrared study of oﬁamide, particulariy in the
region of the N-H stretching frequency, it might be pos-
sible to find out if the hydrogen atoms directed along
the a axis are disvlaced as in N-acetyl glycine. The
intramclecular attraction supposed to exlist in this case
might be an additional factor contributing to the planarity

of the oxamide molecule.
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THE CRYSTAL STRUCTURE OF

) 15,151 ~DEHAYDRO-A - CAROTENE

THE HALF MOLECULE OF DHC.
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A, Introduction

The compound 15,15'—dehydroye-carotene* 1s represen-
tative of many carctenoids both synthetic and naturalq
These highly colored substances form the pigments found in
the fruits, flowers, and leaves of many plants, and they
also occur in various animal organisms (24, 25,.26,»é7). The
natufally occurring carotenoids include aldehydes, acids,
esters, alcohols, ketones, and epoxides as well as'hydro—
carbons; tThey are characterized structurally by the presence
of isoprene groups, 2-methyl-1l,3-butadiene, and often .con-
tain e or g-ionone rings, 4-(2,6,6-trimethyl-1 or 2-cyclo-
hexenyl)—B—buten-Euone (24-28). Compare the structures of
isoprene, « and g-ionone, and r-carotene shown in,Figure 5.
Lycopene is an example of an open chain hydrocarbon, while o
and ﬁ—carétene are terminated with rings at both ends. The
x-carotene mOlecule has one ring of each of the two types
shown in Figure‘B, whilélﬁ~carotene has both rings of the A
form, Lycopene and the three carotenes are all struétural
isomers with the composition CMOH56- Certain of the carote-
noids are of considerable biochemical interest because they

are related to vitamin A and are active as provitaaninsg, for

*The nomenclature used here is the accepted form pro-
posed by P. Karrer (30, 31, 32). The compound has also been
referred to as 9,9'-dehydro-g-carotene (60-64).
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FIGURE 5. THE STRUCTURAL FORMULAS OF ISOPRENE,
a—lONONE,B-!ONONE,ANDy—CAROTENE.



example «x-carotene, A-carotene, 7v-carotene, and cryptoxanthin
(29), Several synthetic methods have been devised Ffor the
preparation of g-carotene and related polyenes, notably those
of Karrer et al. (33-48), and Inhoffen and co-workers (49-80).
It will suffice here to say that the occurrence of these
compounds 1is widespread in nature and that consideravle work
has been done in determining their structural formulas, in
devising methods of synthesis, and in evaluating the role

they play in metabolic processes.

The carotenoids, with from nine to thirteen double
bonds in a linear chain, are among the most unsaturated com-
pounds found in nature. This makes possible a great variety
of cis-trans isomerism. The compound g-carotene, for example,
is predicted to have twenty unhindered isomers of this type,
of which thirteen have actually been observed (26, 2g, 81,
82). Moreover Garbers, Eugster, and Karrer (43, 45, L6)
have recently reported the preparation of some of the
hindered cis isomers of g-carotene, lycopene, and phenyl-
polyenes; and Oroshnik, et al. (83) have prepared a similar

] ps 3 a * ]
Torm of retrovitamin A methyl ether. The number of iso-

*
. In 1948, prior to these papers, Karrer, Schwyzer, and
Neuwirth (84) reported the preparation of a hindered cis
isomer of methyl muconic acid. FElvidge, Linstead, Sims,
and Orkin (85, 86, 87) showed shortly thereafter that this
was a cis-trans isomer and not the hindered cis-cis form.
Pauling's further cormment on hindered cis isomers (88), in
answer to Karrer's paper, appeared in 1949,



meric forms 1s therefore large and many of them have not
been assigned structures, for example the neodehydro-g
~carotenes described by Wallcave (89). The isolation and
analysis of the carotenoids, which often occur in rather
minute quantities, have paralleled the development of the
sclence of chromatography. A great deal has been accom-
plished by the organic chemists in isolating and charac-
terizing the various lsomers. The configurations ol the
all-trans forms, and of some of the central mono—gig
carotenoids are apparently well established (26, 29, 82,
90-95). However, there are many compounds, and the multi-
farious problems connected with their structural analﬁsis
are of such complexity that the preclse nature of these
isomers will probably only be determined by X-ray investi-
gétion of their crystals, and this will certainly not be
easy (82). The present report represents the first con-
clusive structure analysis of any of the carotehoids.*

The determination of the configuration of the carote-
noild stereocisomers is Just vart of the structural problem
of linearly conjugated systems in general. The concepts
of resonance, as applied by Pauling and others, have led

'to many correct predictions about the bond lengths, bond

*Recently MacGillavry, Kreuger, and Elchhorn (114)
have reported the structure of a compound related to part
of one end of the #g-carotene molecule, trans-g-lonylidene
crotonic acid.
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angles, and the planar configuration of conjugated func-
tional groups and molecules (82, 96). GQuantum mechanical
calculations of the resonance energiles, bond orders, and
pond leﬁgths of aromatic and linearly conjugated systems
were made during the years 1933 to 1939, and especlally
from 1937 to 1939 (97-106). However, to date, no refined
structural analysis has been reported for any highly con-
Jugated linear molecule, and consequently we have no
experimental data for comparison with the theoretlcal
dimensions. Considerable effort has been directed ftoward
the solution of the crystal structures of such systems.
Hengstenberg and Kuhn (107) studied a series of dipheﬁyl—
polyenes in 1630 and reported the general orientation of
molecules described as planar and all-trans. The'planes
of a few strong reflections were used to locate the mole-
cules but no intensities were measured or calculated, and
no atomic parameters were reported. Although the configu-
ration and orientation are very likely correct, the analy-
sis was neilther conclusive nor complete. The same may be
said for the study made in 1932 by Waldmann and Branden-
berger on methyl bixin (108, 109), an ester of a carote-
noid acid with nine conjugated carbon-carbon bonds in a
linear chain. Both of these investigations, inconclusive
by present day standards, were carried out prior to the

gquantum mechanical treatment of conjugated systems; they
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were followed by the X-ray study of g-carotene described

in the following paragraphs.

In 1937, Taylor (110) published an inconclusive X-ray
investigation of g-carotene, presumably the all-trans form.

The monoclinic lattice was found to have the parameters,

a 7.75 &.
o]
b g.5 A,

O

c 25.0 A,
(0]
A 105,

with the space grcup probably Cgh" P2j/c. Density measure-

ments require the unit cell to contain two molecules which
must be centrosymmebtric in this space group. The crystals
were studied optically as well as with X-rays. Absqlute
intensities for the hCf reflections were measured on a
spectrometer and were used to evaluate a Patterson projec-
tion along thelB'aXis. The direction of high optical ab-
sorbance, the traces of the strong hOf reflections, and
the location of the peaks in the Patterson, although very
poorly resolved, gave the general orientation of the mole-
cule. A large number of trial siructures were tested but
none gave satisfactory agreement with all of the hOf inten-
Sity data. Despite consilderable effort Taylor was unable

to complete the analysis.
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Smare continued Taylor's investigation of g-carotene
and reported the rollowing results 1n a private communi-
cation to Dr. E. W. Hughes in 1949. Complete hkjf data were
obtalned by the visual estimation of intensities. Several
sections of a three-dimensional Patterson function were
evaluated which confirmed Taylor'!'s general orientatlion of
the molecule. OSmare made a considerable number of trial
b-axis projections similar to those of Taylior but also with-
out success; however his report contalned a rather poorly
resolved Fouriler projection along the a axis. In 1049
Smare expected to continue work on g-carotene by further
refining the projection on (100C), while at the same tiﬁe
attempting to obtain agreement with the h0Of data. As nearly
as can be determined Smare found the projections along a and
E'impossible to refine with the available data and abandoned
all work on g-carotene shortly thereafter. In any case no

publications have appeared since Taylor's paper in 1937.

The crystal structure investigation of g-carotene was
handicapped by three difficulties. 1) The data were insuf-
ficient. The high temperature factor resulted in the
absence of all reflections with sine > 0.70, based on copper
K« X-radiation. 2) The probable orientation of the mole-
cule 1s such that the projections are not well resolved.

3) The space group is not known with cersainty. Only a

single order from (010), namely 020, was observéd, and the
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assumption that all odd crders of 0kO are systematically

absent may not be valid.

The compound 15,15'-dehydro-g-carotene, hereinafier
also referred to as DHC, differs from A-carotene only by
the presence of a triple bond irn the center rather than a
double bond. The compound is the precursor of A-carotene
in the total synthesis by Inhoffen (60-64). The final
step 1n the synthesis i1s the selective reduction of the
conjugated alkyne to an olefin by means of a lead-poisoned
palladium catalyst described by Lindlar (111). The reduc-
tion gives almost quantitatively the 15,15'-mono-cis-4-
carotene. Inhoffen was therefore interested in the con-
figuration of DHC about the three collinear central bonds,
since he felt that a knowledge of this would make possible
a useful comparison of properties>with those of the all-
trans and the central mono-gis- g ~carotenes, and might
clarify the steric course of the catalytic reduction.
Inhoffen accordingly offered a crystalline sample of DHC
to Professor Zechmeister for X-ray analysis. These
crystals were used in the structural determination described

herein, and the author extends thanks to both Professor

Inhoffen and Professor Zechmeister.

Before contlnuing with a detalled description of the

crystal structure of DHC a brief discussion of the catalytic



- 37 -

reduction will be worth while, The structures of DHC and
A -carotene in both extended trans and central 'V' forms
are shown in Figure 5. There is currently avallable con-
siderable evidence which indicates that the catalytic
semireduction of a conjugated alkyne leads almost invari-
ably to an ethylene group with the cis configuration re-
gardless of the relative stability of the cis and trans
isomers of the product (43, 45, 46, 59, 64, 83, 112, 113).
The preparation of some of the hindered cis isomers:pre~

viously mentioned devends upon just this reaction (43, 45,

N

]

46, 83, 112). The structure found for DHC is centro-
symmecric and must be the frans isomer (2) shown in

Fig. 6. Inhoffen in his published description of the
preparation of the carotenes (59, 64) has shown DHC in

the 'V! form about the three central bonds as drawn in Fig.
6(c). Apparently the fact that DHC 1s reduced to a cis
form does not require a 'V' molecule, although it cer-
tainly does not preclude this possibility., If the mole-
cules of DHC retain in solution the configuration they
have in the crystal, the reductlion to the mono cils form
not only bends the molecule but rotates one end about the
Qentral bonds., This means that the course of the reduc-
tlon is such that “free rotation of one end of the mole-
cule 1ls posslble at some Intermediate stage. Alternatively

l1c in solution with the two forms shown

=

DHC might be isome

D



(a)TRANS —DHC

(b) TRANS —B~CAROTENE

(¢c)14-14'-C/S—DHC

(d)15,15'-C/S-B -CAROTENE

FIGURE 6. THE STRUCTURES OF THE ALL 7TRANS AND CENTRAL
'V FORMS OF DHGC AND B—CAROTENE,
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' ¥*
in Fig. 6 (a) and (¢). But if this were the case then

the chromatographic separation of a solution prepared by
dissolving crystalline DHC should yvield more than one
product. Inhoffen has apparently not carried out this
experiment, but the former hypothesls is perhaps more
tenable anyway. The catalytic reductlion of DHC was car-
ried out by Inhoffen at a temperature low enough to pre-
vent the thermal isomerization of 15,15'-cis-/f -carotene
to the more stable trans form, that 1s, to prevent a
rotation about a dcuble bond of a highly conjugated mole-
cule. The conversion of the trans form of DHC to the 'y!
form of Fig. 6 would require a rotation aroundé one of the
three centrai bonds, elther single or triple. Although
these two cases, DHC and g-carotene, are doubtless not
eXactly equlvalent one may argue that the single, double,
and triple bonds all have the same amount of double-bond
character 1in the center of a molecule having eléven con-
Jugated multiple bonds, involving a total of twenty-one
atoms. If this is true then the temperature of‘Inhoffen's
reduction was probably also too low to isomerize the trans

DHC <o fhe presumably less stable cis form. The author is

*®

There are possible resonance forms having the planes
of the two halves of the molecule at right angles; however
these forms have lower resonance energy and would probably
have only a transitory existence.
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inclined to believe that DHC can exist in solutibn in
elther the c¢is or the trans form but without appreciable
interconversion at room temperature,- and that the con-~
version to a cis A-carotene occurs in the process of
reduction. If this is true we have here evidence support-
ing the postulate that catalytic reduction gilves the clis

isomer regardless of the steric form of the initial com-

pound.

*Some effort should be made to isolate the cis DHC
since a comparison of the properties of all four compounds
shown in Fig. 6 should be very illuminating, especially the
spectra and the conditions for isomerization between pairs.



B. Preliminary Investigation

The compound 15,15f-dehydro- 8 -carotene, C Fig. T,

QOH54’
crystallizes 1n thin, orange, monoclinic rhomboids, platy
on (010), with edges parallel to [100] and [001]. ' By trans-
mitted polarized light the crystals are dark orange-red if

the electric vector of the incident light is approximately

varallel to [101], but otherwise a pale yellow-green. At

8 17
H,C C\HB/SZ
\C1 2 Cw,
H H H H , l
] | I | : 4
\ C C C C C CH,
UETIENE NN NN
4
N | : | : |
A\ CHs CH, CH,
20 19 16

Figure 7. The structural formula of the half molecule of
15,151'~-dehydro-g -carotene. The other half of the molecule
is obtained by inversion through a center at the triple

bond. The numbering 1s consistent with the atomic parameters
listed in Table 2. Atoms 16 to 20 inclusive are numbered
arpitrarily by the author; the others are numbered according
to accepted carotene nomenclature (30, 31, 32).
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0
a temperature of -20 C. the unit cell has the parameters,

a, 8.1, §.
as 31'87 A.
a. 8.46 X.
> 5
PN}
o, 128 18.8r.

From systematic absences the space group was unlguely de-

»
termined to be Cih
[=8

reguire the unit cell toc contain two molecules of DHC,

- P2;/c. Rough measurements of density

which accordingly must bpe centrosymmetric.

Preliminary Welssenberg photographs were taken at
room temperature with copper K« X-radiation and with the
crystals exposed to air. The high temperature factor
made the exposure time of the order of five to ten days,
and only a limited amount of data could be obtained. The
crystals have a tendency to curl upon standing in air for
moderate 1engths of time, probably a result of oxidation.
They accordingly glve poor X-ray photographs after perhaps
two weeks to a month depending upon thelr size, thickness,
and original guality. The crystals scatter sc poorly and
are so thin that it was not considered feasible to enclose
them 1in capillaries. A thoroughly refined analysis of any
complicated crystal structure regulres complete three-
dimensional data. A compound such as DHC, where the inten-

sities of the reflections are limited both in number and
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accuracy by unfavorable experimental conditions, will require
a major effort to obtain all possible data 1If the structure
determination is to be successful. It was apparent after

a few pfeliminary photographs that this would be a long

and arduous task, even wilth improvements in technique that
were designed to lncrease the coherent scattering of X-rays
and to lower the rate of air oxidation. It was therefore
deemed desirable to attempt to find a trial structure with
the data available while complete X-ray photographs_were
being taken. The following paragraphs are devoted to a
description of the methods and the results of this prelimi-

nary investigation.

From the method of synthesis the compound was expecsed
to be all-trans with the possible exception of the configu-
ration about the three collinear central bonds (60-64).
Since the molecule is centered, 1t 1s trans about these
bonds also, and the alternative 'V' model must be rejected.
Upon the premise of an all-trans planar chain structure
models of the asymmetric half molecule were constructed
with bond lengths and angles selected on the basis of
resonance considerations (96), of quantum mechanical cal-
culations (97-106), and of all available experimental data.
The bond lengths along the conjugated chain were expected
to be almost equal near the center of the molecule and

graded towards the ends into almost pure single'and double
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bondg. Thus the distances would vary from 1.39 g. to a
value of 1.46 g. for single bonds and 1.36 ﬁ. for double.
These limiting values have been set at the experimental
lengthsbfor butadiene (115) rather than she theoretical
one huncéred percent single and double bonds of 1.54 K: and
1.33 K., respectively. The bond angles along a conjugated
chain are predicted to have the value 1250 161 (96, 82).
However the benzene molecule has a very high resonance
energy with bond angles of 1200, therefore we cannqt ex-
clude the possibility of bond angles between these two
limits. The difficulty encountered in constructing the
models was to determine how the angles and distances éhange
along the chain. The calculations of guantum mechanics
(97-106) were helpful but in the end the assignments were
1érgély arbiltrary. Both wire frame models and ball and
stick models with spheres of van der Waals radill were

bullt with the configuration shown in Figure 7.

Trial structures were sought that satisfied packing
requirements, that were consistent with the chserved
dichroism, and that gave reascnable agreement with the
Intensities of the strong reflectlons observed in the zero
'1ayers about all three axes. The absolute F values for

*
the strongest reflections in these layers are lis%ed below.

*In this preliminary work unitary structure factors
were compared with very rough relative intensity measure-
ments, The absolute F values listed were obtained subse-
quently by the application of Wilson's method (10, 12) to
hkO data as described in the following paragraphs.



nkt  |F| hkg |7 nk § |7|
100 70 120 45 021 62
002 69 130 50 031 51
102 67 140 50 okl S0
202 43 150 60 051 137
302 79 160 55 : 061 78

022 70

Total electrons per unit cell 588,

The plane of the half molecule was oriented in the trial
structures approximately parallel to (10l1). There are

two reasons for this selection. First, that the hkO énd
Okl Welssenberg photographs are very simllar indicates
that the molecule should lie approximately varallel to the
piané (101), or to the plane (101); hOf reflections where
{ is cdd are systematically absent and could not be used
to determine which was the better choice. Second, light
18 most strongly absorbed when the electric vector is ap-
proximately parallel to [101]. The angle of thé chain
with the ac plane was chosen to give large values to the
structure factors for 041 and 051, and accordingly to 140
and 150, and yet to give reasonable van der Waals contacts
between the half molecules related by the c¢ glide plane.
Fts were calculated for numerous orientations of the mole-
cule varied slightly from these directions. No good agree-

nent was ever obtalned between ocbserved and calculated F's
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for all of the strong reflections although the results
seemed promising. The calculated values for 051 were re-
curringly low, and these for 031 were always too large.
Study of the coordinates suggested that the molecule
should be tllted more toward the direction of the b axis.
This, however, created packing problems with the models
used, and also led to low values for the structure factors

100 and 002,

The Intensities o all hkO reflections were estimated
with the use of intensity strips and multiple film Welssen-
berg photographs exposed with the characteristic X-radiation
from a copper farget.* The observed intensities were cor-
rected for. Lorentz and polarization factors and then placed
on an absolute scale by the method of Wilson (10, 12). The
relative intensities of 62 reflections were obtained, up to
a limiting value of sin® equal to 0.73. About 86 reflec-

¥

tions were unobserved because of low scattering. The high

thermal motion present in this compound is indicated by the

*The reflection 020 has such a low value of sin® that
1t was obscured by the beam stop, and special techniques
were later employed to estimate its intensity.

*%

This particular set of films was unfortunately rather
poor. A later set of VWelssenberg films taken under identi-
cal conditions but with a better crystal and with longer
eXposure have over 115 measurable reflections. Taylor re-
ported the intensities of 50 out of 75 possible hOf reflec-
tions in his study of B-carotene, and it appears that the
yield from the later films compares favorably with Taylor's.
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large exponent, B=8.9, in the isctropic temperature fac-
tor found in this preliminary determination. Correlation
of the hkO intensities with the rough estimates of a few
reflections from the zero layers about a and b gave the

observed |F|'s listed above.

It was suggested that some information about the
angle of inclination of the chain relative to (010) might
be obtained from a twc-dimensional Patterson. The avail-
able hkO data were therefore used to make a Patterson
series, P(u,v). Inasmuch as the normal Beevers-Lipson
strips used in making summations of this kind are not
avallable for values of h greater than 20, the functions
cos2rhx and sin2wvhx were calculated for x at intervals
of 1/180 and for h from O to 30. From these tabulations
of the trigonometric functions Beevers-Lipson strips for
the amplitudes needed were made for the summation over v.
The summation over u was then carried out with the conven-
tional strips in units of 1/60. It was hoped that the
Patterson would give some information about the distances
in the chain which cccur with high multiplicity and close
to the origin in Patterson space. The summation was there-

fore carried out only for u from O to % and for v from O to

+; the asymmetric gquarter cell extends from O to % 1in both
coordinates. The Patterson projection contained broad

plateaus rather than sharply defined peaks and conseguently
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was of limited value. Among the various trial structures
for which structure factors were calculated, those with

the largest angle between the chain and the ac plane gave
hest agreement with the Patterson. The agreement would
have been even better 1f the molecule had been more steeply
inclined, as a study of the coordinates of these trial

structures had previously 1ndicated.

The problem still remained of finding a trial struc-
ture accurate enough to promise convergence to the correct
structure. Trial and error methods using models were
abandoned for two reasons, PFirst, the configuration of
the molecule was not known with certainty. Although a
planar structure was expected for DHC, the chain is long
enough to allow considerable departure from planarity
and still malntain strong conjugation. It was not known
how much reliability could be placed in the chemists’
contention that the molecule is all-trans (60-64). The
theoretical calculations (97-106) and what few experi-
mental data were available (82, 96, 115) did not place
very stringent Zimitatlons on the bond angles and bond
lengths in a long conJugated chain. All of these factors
served to make uncertain the configuration of the mole-
cule, and particularly the location of the cyclohexene
ring, slnce deviations from ideal parameters along the

chain are apt to be cumulative. Second, the orientation
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of the molecule had not been definitely established. Pre-
liminary upper-layer data revealed that the 111 reflection
was very strong, prohably even stronger than 051, The
interplanar spacing for 111 is 4,02 K., close to the thick-
ness of a planar chain; e.g., the benzene ring 1is about
3.7 R. thick. This seemed to indicate that the molecule
is approximately planar and contained roughly in the plane
(111). There remained the question of the angle between
the basal plane ac and the chain of the molecule. The
molecule might be steeply inclined or 1t might lie along
the plane of maximum values for the structure factor 051;
however, both orientations presented difficulties. If

the molecule was incllined steeply, and 1t was perhaps
reagonable to eXpect a molecule 30 8. long to lle approxi-
méteiy along a 32 E_ axis, 1t was not obvious how 051 and
041 could have large F's., If the molecule was th steeply
inclined, no way was apparent to obtain large F values

for 100, 002, 102, 202, and 302. If the chain was inclined
to lie approximately along 051, the models could not be
correct, because they would not pack in that orientation.
A three-dimensional Patterson was adopted as the method
mest likely to give a suitable trial structure, since it

does not requilre extensive knowledge of the structure.

Most of the foregoing paragraphs were contained in a

report on the structure determinaticn made prior to the
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calculation of the three-dimensional Patterson and before
the structure had‘been solved, In retrospection perhaps a2
few comments may be pertinent. Structure factors were cal-
culated for small positilonal variations of all kinds from
the location described as follows. The half molecule was
oriented so that its projecticn onto the ac plane, looking
along -b, was a few degrees %to the right of [Tbl]. The
mean length of the half molecule was inclined 200 upward
from (010) and the molecule was twisted about 1ts axis

so that the double bonds, which were approximately parallel
to the ac plane, projected onto (010) in the direction of
the E vector for maximum absorption of polarized lighﬁ,
viz. ca 5.50 to the lefs of [I01]. This corresponded to
the molecule roughly contained in the plane (111) and
gave.large positive values %o the structure factor for
100. In its correct orientation the molecule proves to

be projected to the left of [I101l], inclined 27° to (010),
and twisted to the left so that the double bonds remained
projected as before. This orlentation gives a negative
structure factor for 100 and places the molecule in (111),
which 1s crystallographically equivalent %o (111). The
general features of the configuration of the molecule 1in
the unit cell, derived from very limited data, were cor-
rect, but the detalls were wrong. The models used were

also incorrect in some features; principally in that the
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half molecule turned out to be about 3/U £. too long, and
that the configuration of the ring relative to the chain
had to be considerably altered., It is now the author's
conviction that, with suitable improvements in technique,
the correct soclution could have been made using zero-
layer data. This matter will be discussed in more detail
after the description of the three-dimensional Patterson

and the determination of the correct structure.
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C. The Collection and Correlation of Three-Dimensional Data

_ o)
Complete three-dimensional data were collected at -20

C. using equi-inclination Weissenberg techniques. Chrpmium
Ko« X~-radiation was used for the zero layers and iron K« for
all others. The high temperature factor limits the data
optainable with copper X-radiation. The reduced tempera-
ture was used to lower the rate of air oxidation and to
intensify the coherent scattering of X-rays. The intensi-
ties of all reflections were estimated visually by compari-
son with standard intensity strips. The film factors for
both iron and chromium Ke radiations are so high that
multiple exposures were required rather than the multiple
film techniqgues conventilionally employed with the harder
céppér X-rays. This requires an experimental evaluation

of the film factors-between successlve films of each layer,
from three %o five such determinations per layer} The
diffraction spots resulting from the thin flat plates of
DHC were poor for intensity work; they were not consistent
in size or shape either from layer to layer or even within
a given layer. As a result several intensity strips were
used, having spots of different size and shape, the cor-
relation between them being experimentally estabvlished.

An additional problem was the rather high background of
incoherent scattering over which all comparisons of inten-

sity had to be made. The net result was a difficult and
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time consuming process of intensity estimation that at very
best could not be expected to give exceedingly accurate
results. Many of the reflections were rechecked in the
process of determining the film factors, and two of the
higher layers were estlmated twice, once with films ex-
posed with chromium K« and once with photographs taken
with iron X-radiation. Some quantitative estimate of the
reliability of the intensity data will be made aflter the

correlation of data is discussed.

Most of the calculations described in the following
pages were carried out by straightforward operations with
the Type 604 IBM electronic computer. For the most part
the calculatlons are too simple to warrant any detailed
discussion. The problems of crystallography require the
evaluation of several standard functions, some of which
cannot be.expressed in closed form. A number of these
functions have been evaluated for small intervals of
some sultable variable and are stored in master decks
from which they are gang punched onto detalil cards when

needed. Cards are thus avallable for the atomic form

factors vs. sin®/A, for e™® vs. x, for cose/(1 + cos

vs. 8ine, etc. The sorting, collating, and gang punching
procedures using these cards are but routine IBM opera-
tions and deserve no further mention. The same may be

said for a number of standard calculate panels that are
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avallable for evaluating the sines and cosines used to
obtain structure factors and in least-squares refinements,
and for taking square roots by successive application of

Newton's method,.

The observed relative intensitlies and indices were
hand punched into IBM cards along with sultable code
punches which indicated the axls of rotation, layer, and
the radiation used. A separate card was used for each
intensity measurement. The minimum estimated intensity
was code punched into the cards for unobserved reflec-
tions, eicept for space group extinctions; this provided
an upper 1imit to the intensity of these rellections.
SinEG values were then calculated from the following ex-

pression,

. 2, 22 2,. 22 2, 2 2
sn_nge(w) =07 (oy A /4) + k(oA /4) + (05 /4)

2
+ h!(bleAcosﬂg)/Q

where © is the Bragg angle, h, k, and fare the indices

of the reflection, b b., b

1772
lattice parameters, and A is the wave length of the radla-

2 o %
tion used. Calculations of sin®, {(sin 6 - sin“Y)?,

and A are the reclprocal

33

~ )
. 2 z2 . . : . s
Slan/) s and 81n@/2 were carried out. The reflection

cards were then sorted on sin@ and collated with the deck



=
containing cos@/(l + cos“26), and a single operation with

the 604 was sufficient to make the following calculation,

1red = Io\/sinze — sin2y cos ©
| + cos2286

where V is the equi-inclination angle. This corrected the
observed relative intensities IO for Lorentz and polariza-

£1 - : . s red
tion factors and gave the reduced intensities I7 - .

Average scale factors for correlating the two layers
of data taken both with iron and chromium radiations were
calculated. The intensities were placed on the same scale,
common reflections were averaged, and the resulting values
were reproduced onto single cards. Minimum intensitiles

were retained for the uncbserved reflecticns.

The correlation of the variocus layers about the three
axes was carrled out by an iterative procedure that is
essentlally equivalent to the method of least sguares.

The majority of the intensity measurements were made on
Welssenbergz photographs taken about the shorter a and ¢
axes. All layers with equi-inclination angles up to 450

were photographed for these axes. This included h and
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up to the fifth order. Only the zero and first layers
were taken about the long b axis to complete the three-

dimensional coverage. The ratios

b
Lihk ) 1
R = =
a b a -
h k Tk ) R“okah

were calculated for all multiply observed reflections,
where a and b are the axes of rotation, h and k are the
corresponding layers, and I% and Ib are the reduced rela-
tive intensities. These ratlios were averaged over the
missing index, f in the case above, to give mean values

Ra b The very weak, and a few very strong reflections
h'k’
that were in serious disagreement with the mean were

neglected In this averaglng process.

The b axis layers conftain only a relatively few re-

flections and thus the ratiocs ﬁé b and ﬁ% c were multi-
h k Al |

vlied to give'ﬁé o Vvalues which were weighted propor-
h &
tionally to the number of reflectlons and averaged with

the clrectly observed ﬁé c terms. The resulting mean
h™%

values for the various layvers of the a and ¢ axes form an

.overdetermined group that must be made self-consistent.

The following expression was used to calculate a set of btest

values for these ratlos,
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h #
where n is the numoer of reflections included in R, ,
id
1 =)
m Ra.c B
ik
1 b7
o] RC a‘! 3
k™h
il =)
p fa o
h ]

1
The R, ., terms thus calculated were weighted unity and
i

J

were made self-consistent by a successive evaluation of

the expresslon,

'3y the third iteration of this equation, viz. r-4, the

individual terms of this sum had a maximum deviation of

less than 1% from the mean and an average variation of

only about 0.25%.

Two typlcal sets of terms from the

.



r= 1 iteration are listed below, along with the maximum

and mean deviations,

I L
ikhj R 1khj R
) 3 _ 3
E--4 1,558 = Ro), 0--2  0.622 = R,
5004  1.566 2 0012  0.622
5014 1.566 0022 0.620
5024 1,569 0032  0.620
5034  1.566 o042 0.619
5044  1.566 0052  0.617
5104  1.559Q m 0112  0.622 )
5114 1.557 RBM = 1.562 o122 0.622 Rop = 0.620
5124 1.565 0132  0.619
5134  1.557 o142  0.621
5144 1.564  Max.4R = ¢, 58% 0152  0.620 Max.4R = o, 565%
5204 1.554 R 0312  0.622 R
521ﬁ 1.553 . 0322 0.221
522 1.561 o AR = 0.25% 0332 0.623 e A opa
5234 1.560 UE-— 03h2  0.620 ~ve.AR = 0.25%
524l 1,562 R 0352  0.622
5304  1.5584 ohile  0.622
5314 1.553 Original oh22 0.619 Original
5324  1.559  Direct o432  0.619 Direct
5334 1.562 Observation oh42 0.619 Observation
5344 1,558 1.581 ols2  0.620 0.591
5504 1,570 0512  0.621
5514  1.567 0522  0.616
5524 1,562 0532  0.619
5534 1.568 o542 0.616
5544 1,563 0552  0.616

No further iteration was deemed necessary in view of the con-
gsistency of the terms above. All of the intensities were

placed on the scale of the zero layer of the a axis. The

=

36 numbers determined by the procedure outlined above gave

. i . , . % %

directly or by simple calculation the ratios R and Bb
aOCP ,a,(j'lh

which are the reciprocals of the scale factors for reduction

of the a and ¢ axis data to a common basis. Reciprocal scale

factors for the two b axis layers were calculated as follows,
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R . =
aobk 0 +Zm LZ
Hp D
h 1

where n 15 now the number of reflectiocns lncluded in ﬁé )

0’k
m " R
2P
P " R,
©p "k

The intensities of the reflections in the various layers
were multiplied by the appropriate scale factors to bring
all data to the same scale of relative intensity. The
intensitlies of multiply-observed reflections were averaged,
while the smallest IPed values were retained for the unch-

gerved reflections,

A measure of the seif-consistency of the data is
given by the gquaniityal/I, where AI is the difference in
reduced relative intensity for two observations ol the same
reflection and I is their mean value. Figure 8 shows a

plot of the mean value of aAL/T vs. log (T ) for two over-

avg

o

lapping groups of the 829 multiply-observed reflections.

Fach point, except for the two at the ends of “he curve,
represents the mean of 100 reflections. The 1og(f) has no
varticular significance here bHut is merely used to reduce

v

the scale of the drawing. The curve drawn in Fig. 8 is
£ %



>

30

Log(I)

PLOT OF él.l VS. LOG(T) FOR TWO OVERLAP-

PING GROUPS OF THE MULTIPLY OBSERVED
REFLECTIONS.
FIGURE 8.



typical of visual intensity data, with the poorest agree-
ment found for very weak and for very strong reflections.
The very weak reflections are inherently difficult to esti-
mate and are thus subject to large absolute errors; as a
rule they are only measured once on the most heavily ex-
posed film so that there 1s no intralayer cross check of
intensitles. Very strong reflections are mostly of low
8in6 where the spots are badly distorted, especially on
nonzero layers. Thelr relative intensitles depend upon a
number of experimentally evaluated film factors, and sone
of these may e based on only a very few common reflec-

tions. The iIntensities of medium and moderately strong

[¢2]

reflections therefore have the greatest relliabllity a
shown in Figure 8. The overall average value of AI/T 1is
15.7%, marked by the dotted line of Figure 8, which indi-
cates a well correlated set of data. The graph shown
serves two useful purposes. First, ic indicates an upper
1imit to the accuracy of the data; since most of fthe inten-
sities were based on twe readings, the standard deviations
o~ I/T are one-half of the values shown on the curve; there
may be other errors which increase the standard deviation

%
‘but the data alone have an average value of 8%. Second,

*Actually the data may even be better than indicated
by thls standard deviation. The majority of the multiply-
opserved reflections were estimated on a and ¢ axis photo-
graphs, and most of the medlium and moderately strong re-
flections were measured twice or three times in each layer

so that I is really the mean of from 4 to 6 measurements.



the graph provides a basis for weighting the Fo“Fc terms

in a least-squares refinement.

Wilson's method was employed in an effort to place
the reduced relative intensities on an absolute scale and
to obtain an isotroplc temperature factor for use in cal-
culating a three-dimensional Patterson with the inter-
atomic interactions sharpened and with the peak at the
orlgin removed. For DHC Wilson's method can be expressed

in the equation.

log | —— = log (a/80) + RB(sinEG)(loge)
2
A

=

where a 18 the scale factor to absolute Fg, B is the iso-
tropic temperature factor for correcting the atomic form
factors, and fC is the atomic form factor for carbon (116).
This equation expresses the linear relation between

2

C’
D
sinQQ/AL are averaged over a small reglon of sin®. The

sineg/}l2 and log(fg/fj when the quantities f_, I, and
intercept of the straight line gives the scale factor a,
and the slope the 1sotropic temperature factor B. Figure 9
'ShOWS she plotted values of the above exXxpression for the
DHC data. The reflections were arranged in order of in-
creasing sin6 and were averaged in intervals of one hundred

reflections to give one group of values. The procedure was
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PLOT OF WILSON'S METHOD FOR TWO
OVERLAPPING GROUPS OF REFLECTIONS.

FIGURE 9.
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repeated for a second group after removing the Tifty re-
flections with lowest sin® so that this group overlapped
the filrst. The deviation from linearity of Wilson's sta-
tisticai method 1g apparent in the filgure, and the reasons
therefor will be discussed in the final sectlion. The two
strailght lines drawn on the graph were derived in a rather
arovitrary manner. The solid line, which has a = 0.217

and B = 2,56, represents the values of the scale and
temperature factors used to calculate the three-dimensicnal
Patterson. The dotted line, with a = 0.1875 and B = 3.41,
corresponds to the values used to obtain the observed and
calculated structure factors of Takle III, in part I of
the appendix. The value 3.41 for the exponent in the
i1sotropic temperature factor 1s probably low, if we con-
sider the high incoherent scattering from the DHC crystals,
and the value for the completely refined structure may
well be larger than this. The plot above gave ohly very
general values for a and B, and the selection of these
guantities for use in calculating the three-dimensional
Patterson function will be considered in the following

sectlon.
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D. The Three-Dimensional Patterson Function

A three-dimensional Patterson with the peak at the
origin removed and with the interatomic interactions
2
sharpened requires absolute F values and the temperature

factor. The Patterson function may be defined as follows,

<

| 2 |

—_—c
If the temperature factor is assumed to be isotropic,:

F(hkﬂ) may e written,

n

. —Bsin®@ «(hy. ) ;
Fiy = € A7 Z fi g 2milhxit ky+ 2z)).
l

Assuming the f's to be real we may write,
n !
2 % —28sin‘e Z
- * — 2
|F(hk2)| = Fokn Fin = X 1 fo -+

n—

n | ‘
ZZ 2f;f, cos 27r(huii+ kvii—Hwij) ,
2

i
i#jidj
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where, u,, =%, - X,, V,, =V, -y., and w,, =2, - 2Z,.
1] A J 1] i J 1d 1 J

These are simply the coordinates of the vector between

the ith and the jth atoms. Substituting the eXpression

2
for F(hkf) into P(uvw) and rearranging termus gives

@ n

1 2 . 2 x=

Plove) = §F(go0)|” *+ 2L L ) lexn(-2esin?e/s®)) ) o
h k £ {

] oo 5 o n n-l
[cos2m{hu + kv + fw)] + -\}-gg gexp(-QBsin 8/ )ZZ
K 2 1
i#j i2]
(?OSQW[h(u - uij) + kv - Vij) + Rw - Wij)] +

cos2w{ h(u + uij) + k(v + Vij) + M(w +'wij)b,

The second term of this expression gives the large peak

at the origin of Patterson space. The third term gives

the peaks at + (uij’ Vij’ Wij) corresponding to all inter-
actions within the unit cell. Consider the conﬁribution of
the various terms of this expression at v =v =w = 0.
Wilson's statistical argument assumes that the average of
the third term over a small range of sin® will be nearly
zero. In the case of DHC this is found to be not valid.

‘The quesZion then remains, can the term be negiected if

all reflections are totaled? If so we may write, omitting

o
Fiooo)?



[ 2] o0 n
VP'ioo0) = z;kzgx(:&, = %g;zlfze—zas'"e

— 0

The assumption that the contribution from all of the inter-
action peaks to the peak at the origin is negligible may
well be no more valld than the assumptions of Wilson's sta-
tistical argument. However, the above equation can be
evaluated without difficulty or ambiguity, and although the
a and B factors obtained may not be very accurate they can
be used as approximate values. It 1s perhaps worth péint—
ing out that this procedure cannot be used for two-dimen-
sional data since peaks 1in Patterson space can project

into the region of the origin. The method suffers from

two further disadvantages: first, the effects of seriles
termination are not known; this, however, may no% be par-
ticularly serious; second, errors of large magnitude may
oceur in the intensity estimates of the strong reflec-
tions, and if these are not random, as well may be the
case, they could introduce serlous discrepancies. Despite
.the limitations the method was employed to obtaln the

scale factor of 0.217 and the exponent for the isotropic
temperature factor of B = 2.56. The value of B = 2.56

was believed too low; however, this influences the Patter-
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son principally in reducing the effect of peak sharpening

and this was not regarded as particularly undesirable.

A

The modifled terms F(hk?) used in calculating the
Patterson function were obtained from the following expres-
sion,

2 2 2 —2Bsin’g
£2  _ Fup —(80fc +108f)e — =
(hk ) 2 .

—Bsin’ @
fce A2

Throughout the calculation of reduced intensities and the
corfelation of data the lowest observable intensity was
retained as an estimate for each missing reflection. This
represents an upper limit for the square of the calculated
structure factor. Missing reflections were included in
the Patterson at half of this value. A modified M-card
system was used to evaluate the Patterson in 180ths for

v and 60ths for u and w over the asymmetric quarter cell
which extends from u = 0 to 1, v = 0 to %, and w = O to .
The M-card system allows a systematic summation of the con-
tributions from the 1811 reflections at each of the 162,000
'points in Patterson space. Most of the values for these
points were plotted on prepared grids 60 by 30 units paral-

lel to the ac plane,
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The Patterson contains a number of large, approximately

.

coplanar peaks that can be assigned to the C-C bond, %o

the C=C bond, to the 04’0 distance, which we shall desig-
nate byAthe symbol G, and to multiples of the latter dis~'
tance. The plane passing through these peaks is inclined
15.9o ﬁo the b axis, and i1ts intersection with the ac plane
makes an angle of 3.70 with the direction [T01], as shown
in Figure 10, This skew section of the three-dimensional
Patterson 1s shown in Figure 11 with some of the important
peaks numbered. The symmetry elements in this figure are
two-fold axes which are inclined at an angle of 15.90 to
the plane of the paper and pass up through the skew sec-
tion; see Figure 10. A similar two-fold axis passes
through the origin, which is also a center of symmetry.
Peaké corresponding to the single bond, 1, the double bond,
2, and to the vector Q and multiples thereof, 3, 4, 5,

- -~ -, are all clearly resolved in the section.l The ampli-
tudes of these peaks are in rough agreement with their
expected multiplicities. The bond lengths of 1.46 X; for
c-C, 1.37 K. for C=C, and 2.43 B. with & bond angle of
120O for Q are reasonable values for a conjugated system.
The single bond-double bond combination Q. which describes

the direction of the molecule is inclined 270 to the ac

plane.
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A DRAWING OF THE UNIT CELL OF DHC SHOWING THE ORIENTA-
TION OF THE PLANE PASSING THROUGH THE PRINGIPAL PEAKS
OF THE THREE-DIMENSIONAL PATTERSON.

FIGURE 10O,
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The Patterson function of a complicated molecule such
as DHC, contalning no heavy atoms, will exhibit only peaks
resulting from the superposition of several interactions.
The planar conjugated chain structure of DHC will have a
number of similar distances giving rise to large peaks
with the maxima located at some average position. Inter-
molecular interatomic vectors will be much more randomly
distributed in space, and most of the peaks of Figure 11
must be accounted for by the interactions within one mole-
cule. Conslderable departure from the average bond length
and direction, as given by the location of the peaks, is

possible for any specific interaction.

The general features of the Patterson are clearly
shown in Filgure 11, but a more detailed analysis of the
section reveals that the superficial interpretation is not
completely correct. Figure 12 Shows.a vector diagram of
the coplanar chain atoms of a plausible molecule of DHC
which has the Q vectors roughly collinear. This drawing,
which is to the same scale as Figure 11, also shows part
of the molecule used to derive the vector map and a list
of representative interactions for some of the peaks.

This illustration is very simllar to Figure 11, especilally
in the region near the origin. For example, peaks 1 to 6
and a to h of Figure 12 can all be located in the observed

Patterson. There are also features of disagreement. First,
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Figure 12 shows a definite break in the line of strong
peaks from 6 to 7". This step, which corresponds to the
C=C—C distance, is not present in Figure 11l. Second,
Figure 12 has a pair of peaks of roughly equal amplitude
derived from peaks 4, 5, 6, - - -, by the addition and
subtraction of the C=C distance, e.g., peaks h and J.

The similar peaks of Figure 11 show considerable disparity.*
The explanation of these discrepancles lies in what is per-
haps the most striking point of similarity between the ob-
served Patterson and the vector diagram, namely the peri-
odic occurrence of peaks every 1.2 to 1.3 X. along the

mean direction of the molecule. If some angular variafion
18 allowed in the interactions of Figure 12, the super-
position of the "smeared" vectors can reaily lead to the
Patterson of Flgure 11. That 1s, the peaks of the observed
Patterson result from the merging of the unprimed and double
primed peaks of Figure 12, 6 with 6", 7 with 7”,.etc. That
this is actually the case is evidenced by the elongated
peak 4 of Figure 11. The angular spread of the large num-

ber of interactions involved in this peak 1is not enough

*These features of the Patterson were somewhat puzzling
during the early stages of interpretation. The collinear
group of peaks 3 to 11 would be typical of a moclecule hav-
ing no triple bond. Some form of asymmetry in peak ampli-
tudes would be characteristlc of a stepped molecule having
the triple bond. The observed Patterson has some features
of both types of structure and the DHC molecule satisfac-
torily explains the Patterson.
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to allow resolution into two or more peaks but is suffi-
cient to cause considerable distortion. The foregoing
discussion means that the collinear peaks 3 to 11 of
Figure 11 lie along the mean direction of the @ vectors
and the interatomic vectors across the step due to the

triple bond.

The Patterson yields guantitative information about
the orientation of the molecule but does not gilve the
coordinates of any specific interaction. The plane'and
average direction of the molecule are known, but the
direction of the triple bond remains uncertain, and the
location and orientation of the ring, which contalns
roughly half of the carbon atoms in the structure, is
only approximately known. In summary 1t may be sald that
a great deal is known in general but almost nothing in

detail.

With an ahgle of inclination of 270 from the ac plane
one molecule will have 1little or no ovérlap with the mole-
cule related by the ¢ glide plane at y = + when viewed
normal to the b axis. This coupled with the fact that
the molecular plane is only slightly inclined to the ©
axis mean that the projection of the molecule onto the
plane (101) will be essentially resolved and relatively

undistorted. Attention stherefore turnsg in the next sec-

tion to the projection along the zone [101], which is
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0 .
only 2.9 from the normal to (101). The structural de-
talls of this two-dimensional projection will be suffi-
clently resolved to be capable of considerable refinement

pefore recourse to three-dimensional data 1s necessary.
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E. The Solution of a Projection of the Structure and

Its Refinement

A two-dimensional trial structure consistent with the
Patterson was found by the projection of models onto (101)
and by the use of hkh data with appropriate structure-
factor maps. Certain of the hkh data were particularly
useful 1in determining the preliminary structure. Within
the 1limits of the three-dimensional Patterson some con-
siderable leeway 1s avallable for the direction of fhe
three collinear central bonds and consequently in the
position of the cyclchexene ring. The very weak 020 re-
flection served to restrict the location of the ring to
orientations where the atoms with the greatest y coordi-
nate were below but very near to y = 5;. The direction
and magnitude of the average C =~ vector as determined
from the three-dimensional Patterson, and the structure
factor maps for the strongest reflections of low order,
13T, 151, 202, 212, and 242, were sufficient to establish
the length of the molecule in projection. With a knowl-
edge of the molecular length and the y parameters of the
ring atoms a compatible trial structure was constructed.

The three-dimensional Patterson confirmed the exist-
ence of an essentially planar structure with a number of

nearly collinear atoms. The Fourier transform of such a

regular array of atoms was expected to have peaks of large
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amplitude in the region of high sin® and consequently with
small spacings. An examination of the intensities of the
hkh data reveals a number of high order reflections with
large uﬁitary structure factors. Some of these reflecf

tions are listed in the table below,

Unitary structure Unitary structure
h k factor h k factor
5 15 51% 1 29 23%
5 10 28% 1 28 20%
5 12 28% 1 21 18%
5 16 267 1 20 19%
1 19 17%
b 13 23%
11 184
417 18%
1 16 o
4 25 22%
3 17 19% 0 16 25%
0 22 21%
2 29 164 )
0 26 267%
2 25 227
2 19 15%
2 17 27%
2 13 22%
p 12 28%

Prof., Verner Schomaker suggested that the structure might
be solved by an application of the mapping method first

used by Lonsdale on hexamethylbenzene (117) and later by
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White and Robertson on coronene (118). The method was
tried, but proved to be of limited value because of the
complexity of the line patterns that were ocbtained. An
alternaﬁive procedure suggested itself, however; namely,
that of using the method for refinement rather than as

a means of directly determining the structure. After the
fairly good trial structure had been obtained as outlined
above, a modified mapping method was therefore used to
refine the structure as follows. The projected structure,
drawn on a transparent sheet, was superposed on the
structure~factor maps of the high order hkh reflections
which have large unitary structure factors. The probéble
signs were determined for as many of these reflections as
possible; the chain atoms were given greater weight than
those of the ring structure, because their posivions were
considered more reliable. A celluloid sheet was next
placed over the structure-factor map for one of these re-
flections, and lines were roughly drawn with India ink
along the 0.7 amplitude contour for the regioné with cor-
rect slgn. With the same celluloid sheet this procedure
was repeated for each reflection whose sign could be es-
.tablished with reascnable certainty. Rectangles were
drawn enclosing the entire areas of proper sign common

to 5+15+5 and 5-.-16.5 with portions deleted as required by
0+16+*0. The drawing made in this manner is shown 1in Fig-

ure 13. The rectangular areas are shaded because of the
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extremely high unitary structure factor of 54155, On the
composite map of Figure 13 the atoms are to be located
within the maximum number of ccntours. The location of
the peaks of this graphical summation may be compared
with the refined atomic positions shown in Figure 15,
page 84. The coordinates obtained from the map repfe-
sent a high-order refinement of a structure that was pre-

sumed correct in its general features.

Further refinement of the projection was undertaken
by the use of Fourier series. Several calculations of
structure factors were made with variations in some of
the ring and chain parameters. A number of Fourilers were
evaluated with the resulting combinations of signs, and
wlth permutations of the signs for some of the uncertain
terms. In determining changes of parameters considerable.
use was made of the structure-factor maps of uncertaln |
reflections. Chemical knowledge of expected bond 1engthé
and angles was also applied when changes of atomic posi-
tlons were necessary, particularly in smoothing out the
bond lengths and angles along the chain by slight posi-
tional changes from the peaks of Fourilers. Chain atoms
were well resolved in the Fouriers and their parameters
were quickly refined. Certain of the atoms associated
with the ring atoms, on the other hand, were very trouble-

some. The structure factors for most of the high order
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reflections were in good agreement, but a few of the low

order terms were not correct.

Throughout all of these stages of preliminary re-
finement, as in all earlier work, an all-trans chéin
structure was retained with the cyclohexene ring oriented
in the trans configuration of Figure 14a. T Soon became
apparent that this orientation of the ring was impossible,
and an inversion to the cis form of 14b was made. This

was necessary to give correct values to 202, 060, and 080

(a) (b)

Figure 14, The configuration of the cyclohexene ring in
(a) trans-g-ionylidene crotonic acid (114), (b) 15,15'-
dehydro-g-carotene.
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and & few other reflections of higher order. The inver-
sion of the ring results primarily in the transposition of
one atom; this brings about a marked improvement in the
above low order reflections but does not affect the agree-
ment already achieved for the high order terms. The

ftrans ring orientation has recently been reported by
MacGillavry, Kreuger and Eichhorn (114). This orientation
of the ring was abandoned rather reluctantly, since some
distortion ¢f the ring and loss of conjugatilon will inevi-
tably result. A plausible two—dimensional Pourier, simi-
lar to Figure 15 but with the ring inverted, can indeed

be calculated if five or six structure factors are left
out of the summation, but this cnly demonstrates the

Iimitations of two-dimensional methods,

The change to the cis ring orientation was suffi-

cient to reduce the two-dimensional reliability factor, R,

_ b ’ 7| IFCI 7

Y'Y
> 2|7l
hk2 hk g

where

[+
1O

’

from 37% to 29%., Convergence thereafter was rapid, and
Fourier refinement followed by two least-squares calcula-

tions sufficed to reduce the R factor to 19.9%.
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qually

Fourier projection of the structure of
15,15'-dehydro-B-carotene alon

onto (I01); contours are drawn e
spaced on an arbitrary scale.
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The final Fourier projection along (1011 onto

Fourier 1Is veryv well resal

very nearly the same. No atomic coordinates y and v, where
Z-X, will be listed here but the parameters given in
Table II, of the next section, obtained from a three-

dimensional Fourier, are only very slightly dirfereni from

3

those derived by the two-dimensional least squares, he
results of further refinement with hikh data were not deemed
commensurate with the time required, especially since a
complete structure analvsis will necessitate z three-
dimensional Fourier or least sguares btreatment or hot!
Two-dimensional methods using hkh data were therefore

avandoned at this point.

Part 11 of the appendix, page 1ilL, contains a descrip-
tlon ol some of the IBM procedures used to calculabe struc-

ture lactors, least squares, and two-dimensional Fourier
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projections. This rather specia

cally concerned with the refinement carried out in this

=y
'—-‘t
m

ot
o]
o

section t 1t has more general application and was Lhere-

fore not included in the text.



Thrac-Dimensional Reflinement

s

*

r1 the refined projection, since y and z - X are

T

known, the determination of a three-dimensional struc
becomes principally a one-dimensional problem, that of
finding z + x. The plane of the molecule must he assumed
nearly coincident with the plane of the three-dimensional
Patterson sectlon described in Section D. Approximate
three-dimensional parameters for the chain atoms were

thereflfore obtained bv back projection along [101] from

101) to the plane shown in Figure 10, page 70. The cyclo-
{

"D
Lt
LU

hexene ring shown in the [101] projection of Figure

bt
m
<

cannot be coplanar with the chain and the ring 1s al

o1

obviously puckered. Back projection could not be used

for these atoms, and theilr coordinates were obtained from
2

a special model constructed lor this purpose of the ring

structure and the last twe atoms of the chain. This model

Y

was made with wires strung in the direction [101] and

were fixed on the wires so that they could be slla in
the [101] direction. The positlons of the atoms were
varied until a satisfactory set of bond lenglhs were ob-

tained, and measurements ol the positions projected along



and OkR data was reduced from 42 to 37% by use of one set

of & and ¢ axls projections. These projections suflfer
from & lack of resclution because the molecule 18 con-
gsiderably foreshortened in both, and because the zero

layers were both photographed with chromium K« X-radi-

ation and could noi{ possibly give & resolution greater
! o o~ O . . X iv;

than A{0.61/2) 0.69 A, (119). The hOf, Okf, and hkO

structure 10

actors were calculated for two other struc-
Tures having only moderate changes in ring and chain
parameters in the x + z direction. Both gave R lactors

of the order of 50,

I

Further refinement by means of a one-dimensional
least squares‘calculation wae considered, bul abandoned
in favor of a three-dimensional Fouriler. The Fourler
has the advantage over least sguares procedures of show-
ing that a structure is wrong while also giving some indi-
cation of the correct structure. With an R factor no

lower than 377 for zero layer data the structure could

still be wrong in some essential and the Fourier wa

4]

Judged most likely to expose the error.

A three-dimensional TFourier was calculated by straight-



£ oy - It e - R R » 3 4 < - ara
forward application of M card tecnnigues with y In 120ihs
y 1 e - - } i = ki h 3+ - -
and x and in ©0ths. The asymmetiric unit extends [rom
4

Fourier was plotted only in the positive regions, and

F 000) was left out of the summation. The results are
summarized I1n the table on the following page which 1ists

.

peak heights E and half-amplitude diameters A, B, and C
for the twenty atoms of the structur ,‘ The diameters

have been listed in terms of y, =, and z + x, since the
major corrections in atomic position are exmg ted in the
last coordinate. Except in The regions associlated w.

the atomic peaks the elec

than 1.1 electrons per A

The table also includes the corrections o the z + x
parameters obtained from the Pourier. These c§rrections
were derived from the preliminary coordinates used to
calculate the Fou%ier, and from the Fourier peaks as fol-
lows,

B
Az + x); = 1.2[(z + x); - (2 + x)

B, . o .
where (z + x); is the (z + xz) coordinate of the Fourier

f__?o

peak of the ith atom, and (z + x) S the preliminary

L

(z + x) coordinate of the ith atom. Also lisfted in the
table are the products S ol the three diameters and the

peak height. If the peak height is proportional to the
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of the peaks well resclved this 1s a reasonable assumptior
this product will be proporticnal to a denslity integra-

tion. The nitude of & 1s perhaps more significant than
peak height in the present lnstance where the structure is

not well refined. The mean value of 8 is 4.48 with an

average deviation of 0.21 for the 15 carbdn atoms of tThe
chain and ring, and 4.76 wi
0.12 for the 5 methyl groups. The difference between

.

these two values may not be significant in view of the
large deviations. The table illiustrates the lack ol re-

finement in the x + 2z paramsters, since the average

)
Fe
m
I
[
=3

lameter of tThe peaks in thi irection 1s greater than

1 Tk T
& 18 uSua i g

along either r or y. The greatest difference
assoclated with the largest correction terms, for example

atoms 7, 6, 2, and 8. A notable exception is atom 17,

but this is one of the few atoms where the Fourier also
indicated a change of z - = parameter. The y and v co-

ordinates were only half corrected from their original

]

ignificant re!

-

nslitions because nement had already been
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made 1n these coordinates.
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coing to influence the Fourler in a not altogelher pre-

4 E P N o T om - e, A £ S . a oy b £ . 1 y o
dictable way. For example detalls such as the shape

peak is 0.00 A, wider in dlameter in the z - x direction

nresent state of refinement warrants such considerations.

Structure factors were calculated for the 1758 ob-
servablie relflections, excluding space group extinctlons,
both before and after the Fourier refinement. The
tor broken down into groups of ne;aﬁive and positive L is

informative.

First three- Second three-~

dimensional dimensional

calculation caleculation
687 terms with £20 27.1%
1071 terms with $<0 ol

Overall average

-3

This is exactly what 1s expected from data where the
Z - X = r parameters are more refined. Reflections with
negative § values, especially when h and f are nearly the

same, must have much hetter agreement than those with



positive K. The reduction in R factor by this stage of

The structure factors caleculated from the rellined

-

parameters are listed
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Appendix I, page 13l.

the values of
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The observed structure fact

I
Vg
]
o)

ct
)
}_.l;
0

so listed 1n

®]

table. A number of refllec-

Lt

are al
tions, some with large AF values, have changed sign as &
resu ﬁ‘of the Fourier refinement: these are indicated in

Table IIT with an asterisk after the AF terms. There were

182 sign changes, roughly 107 of the data; the following

reakdown is about as expected.

o

negative § positive f Total

Total sign changes 8¢ , o7 ‘ 182

nobserved reflections Lo 28 70

Reflections with g 20 28
|7, |>10.0 |

=

In almost every instance the new F, values are 1n better

agreement with Fo than the first calculated. The 1 factor,

(=

led comparison of obsecrved

eta

o

the changes of sign, and a
and calculated structure factors all serve to illustrate
the degree of refinement. There have been enough changes

] ]

gn almost to invallidate any detailed analysis of the

[

in s

three-dimensional Fourier.
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The parameters derived from the Fourler are listed
in Table II on the following page. It is doubtful if the
resulting atomic positions differ from theilr true locatlions
by more than G.OB_K. on the average, and the maximum error
will probably not exceed the average change just made,
namely 0.10 B. Three-dimensional least squares can certainly
be applied to the structure in this stage‘of refinement with

almost certain assurance of convergence to the correct struc-

ture.
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Table II. Coordinates of the carbon atoms of 15,15'-

dehydro-A-carotene.

Atom Number X N Z
1 -0.7032 0.1726 0.8532
2 -0.6732 0.2068 0.9950
3 -0.5577 0.2441 0.0065
il -0.3417 0.2302 0.0833
5 -0.3435 0.1916 0.97L0

6 ~0.5125 0.1659 0.8574
7 -0.5275 0.1302 0.7430

8 -0.4430 0.1305 0.6373

9 -0.4380 0.0957 0.5488
10 -0.3415 0.0982 0.4567
11 -0.3148 0.0629 0.3670
12 -0.2083 0.0690 0.2872
13 ~0.1715 0.0351 0.2040
14 ~0.0683 0.0451 0.1245
15 -0.0185 0.0135 0.0388
16 -0.1235 0.1851 0.0347
17 -0.8814 0.1857 0.6298
18 -0.7815 0.1327 0.8767
19 -0.5465 0.0542 0.5383
20 -0.2353 -0.0118 0.2018
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G. Description of the Structure

The molecules of DHC are arranged into a structure in
such a way that the long conjugated chains are packed {o-
gether almost unaffected by the cyclohexene rings. As a
result the molecules are grouped into what we shall call
sections that are separated by the c¢ giide planes; one
such section is illustrated in the b axis projection of
Figure 16. In describing the structure it will be con-
venient to consider the important features of the'inter—
molecular arrangement in a more simplifiéd form, but
reference to Figure 16 must be made occasionally'in order

to keep the detalls in proper relation to the'overall

structure.

Consider as origin a particular symmetry center which
1s occupied by a molecule. The molecule 1s essentially
plane. Consider next the molecules which are generated
from this molecule by the translation ¢ - a; this set of
molecules proves to be uniplanar and they populate one of
a number of linear plane strips that comprise the struc-
ture. The plane of each strip is inclined 8° to T, A
translation which is almost normal to ¢ - a, namely at
87.1O to it, is ¢ + a; for a and ¢ are almost egual,

. 0 o
8.145 A, and 8.465 A, respectively. Hence a plane strip
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is repeated by ¢ + a to form an echelon of parallel strips,
gseparated by 7.25 X‘, in whick the molecules are essentially

side by side. The diagonals, ¢ - a egual to 14.95 £., and
fa .l

in the basal plane. Therefore the echelon really has strips

spaced every 3.61 E‘, put the molecules of adjacent strips

are displaced along the length of the strip by (¢ - a)/2
o
or 7.47 A. One echelon composes the section of the struc-

ture which lies between y =

A simplified drawing of the DHC molecules in three

e
0

sections of the structure shown in Figure 17. The glide
planes at y = f% divide the structure into sections and
also offset the plane strips as illustrated in the end view
on the right. Molecules C and D, and all others related
by the translations along ¢ - 2 are contained in one pléne
strip. In a projection aléng e + a we will see the mole-
cules of only two adjacent plane strips, since ¢ + a is

the translation whiéh relates the molecules of every other
plane strip. Molecules A and E are thus part of the strip
which 1s immediately behind the one containing molecules

C and D. Every molecule has four nearest neighbors in ad-
Jacent strips, and these are arranged in what we might call
a two-dimensional close-packed array. The four molecules

closest to B are C and D, and the two molecules derived

from them by the translation ¢ + a. Two strips related
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by the ¢ glide are offset by the translation of c¢/2, but
can be regarded as forming a corrugated layer extending

in the b direction. The angle at the dihedral of two

W

]

)
4

adjacent strips of one such layer is 16MOa There
actually two ways in which the strips may be grouped into
layers, one of which is illustrated in Figure 17 by the
numbering 1, 2, 3. The general features of the structure

may thus be quickly summarized as follows. The‘molecules

are arranged into straight plane strips which extend through-
out the ecrystal in the direction ¢ - a. Thése strips form
an offset corrugated layer in the direction of the b axis

and are closely packed side by side in the direction c + a.

In describing the detailed arrangement of the molecules

it will be convenient to consider in turn the intermolecu-

=

lar configuration within one plane strip, the relative pos

e

tions of molecules in two adjacent strips, and the packin
of the ring structures at the dihedrals formed by the c
glide planes. On the detailed diagrams that follow to
illustrate these points molecules are lettered in accord-
ance with Figure 17. Frequent reference will be made to
this figure so that the isolated features of the packing

can be related to the structure as a whole.

Two molecules from one of the plane strips are shown
in Figure 18. The strip is formed by the back to back

packing of molecules. That is, the methyl groups of the



.

‘D-0 NOILDAYA 3IHL OSNOTV s3I

dIMLS ANVId FHL ¥AAVT Q3LVONHHOO V. WOHA
didls 3NVId 3NO NI SITNOITON  LNIADVPQY OM L

—yi—

v-v NOI103s

9l

PA

Mgure 18.

i



positive halfl of one molecule are interleaved with those

(2

e derived from the

o
i__J

of the negative half of the molec

osltive and negative are

Ay

first by the translation ¢ - a.
used here in reference to the v parameter, but alsc refler
to the ends with unprimed and primed atoms respectively.
The two half mélecules contained in each unit cell of the
b axis projection of Figure 16 form one such coupled pair.
This coupling 1s repeated so that the positive half of

the second molecule is meshed with the negativé halfl of
the third, the positive half of the third With'the nega-
tive half of the fourth, and so on to form a strip that
extends throughout the crystal as shown in Figufé 17.  The
packing distances between the molecules, 3.7, 3.8, 3.9,
4.1, and 4.4 E., are quite acceptable values, and'the.half
molecules fill space efficiently. The extent to which the
atoms of one molecule lie in a single plane is illustrated
in section A-A of Figure 18. All chain atoms from 9 to g1,
fourteen in all, are coplanar within + 0.05 E., and the

six methyl groups 18, 19, 20, 18!, 19t and 20' are coplanar

Iy

-t
=2,

o]
thin + 0.10 A. The A-A section also shows that the cyclo-
hexene ring 1s puckered and twisted out of the plane by
rotation around the 7-6 single bond; these two features of

the structure will be discuased in more detall later.

The plane of the continuous strip which we have pre-

viously described is defined by the vector T - a and a
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vector along the mean length of the molecule, viz., the
molecular axis, which is inclined 27° to ¢ - &. The
planar molecules of DHC related by the translation c - a
are not contalned exactly in the plane of the strip but
are rotated by 50 about the molecular axis. This rbta—
tion offsets the planes of the molecules by 0.5 X. as

shown in Figure 18.

The relative positions of molecules in two adjacent

and parallel plane strips are illustrated in Figure 19,

The molecule C is derived from A by the translation -a

and this same symmetry operation carries B to D. Mole-
cules 4 and B are from one plane strip and C and D are

from the layer just above. Note that this drawing 1s pro-
jected along the normal to the plaﬁe of the molecule; it
may be compared with Figure 17 which is projected along |
¢ + a. The molecule C above the palr A, B projects nearer
to B in the left portion of Figure 19 consistent with the
fact that B is 0.5 E. further away, as shown in sectlon
A-A. The general features of the packing are such that

the methyl groups 20 andle of C are directed symmetrically
into the pockets of molecule B. The effective thickness of
the conjugated chains for packing purposes is 3.6 g. The
two distances, 19-14, and 20-20' between molecules A, C

and B, D respectively, are both 3.5 K., which is somewhat

short. Lipson and Cochran (120) report unbonded carbon-
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carbon distances of 3.4 to 3.8 4., although no references
are given for the data. If the hydrogen atoms of the 20

foo

and 20' methyl groups are staggered, the C-H and H-H dis-

-y
(-

tances become respectively 3.1 A. and 2.6 E. These are

not intolerable values for unbonded contacts. Similar dis-
tances wlll be found for the C-H and H-H contacts associ-
ated with the 19-14 interaction if the hydrogens are
staggered. The situation with this pair of atoms is some-
what more favorable, however, since atom 14 has only a

direction of

f
0]
e
pal
o
joy
@

single hyvdrogen and 1t deoes not 1
the methyl group even in projection., A more detailed
consideration of these distances will not be significant

until the structure 1is further reflined.

The eighteen atoms of molecule B, shoWn in
comprise the central portion of one molecule of
group of atoms 1s boxed 1n place by the molecules which are
its six nearest neighbors. Two are from the same strip,
one of which, molecule A, is shown; two are from the layer
above, molecules C and D; and two more, not shown, are
from the layer below. The missing molecules can be derived
from those shown by inversion through the center of molecule‘

)

B. A comparison with Figure 17 may also prove helpful. The
packing of the conjugated chains i1s illustrated in the simpli-
fled drawing of Figure 20. Here we have deleted all ring

atoms and methyl groups, and have projected the remaining
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chain atoms along the molecular axis onto a plane normal
thereto. _The ellipses have been drawn using van der Waals
radii for carbon atoms. This figure is merely a simplifiled
version of the A-A section of Figure 19, only with more
molecules shown. The six nearest neighbors of molecule B
are labeled. This figure is an end view of what is almost
a two-dimensional close packed array of chains. If we
consider the chain structure of each molecule to extend

so that i1t includes atoms 6, 1, and 2 of the cYclohexene

ring, then molecule A ends at about the center of molecule

w

; see Figures 17 and 19. This is of course where molecgle
J begins. All of the molecules in horizontal rows, related‘
by the translation ¢ + a, are essentially side b,g.% side.
Thus Figure 20 should really be staircased out of the‘paper
as we proceed down the page from row A to C to B --- J,
with each successive row being about 7 X. furthef out of
the paper. This figure should therefore extend coﬂtinuously
in both dimensions, but in going from A to B to J we are
working through the structure in the direction ¢ - a, and
by every fourth row‘we have traversed the length of one
molecule, about 28 E. The spaces in the figure are of
course occupied by the meshed methyl groups, but the al-
most linear chains, by themselves, form a compact struc-
ture with the chains displaced along their length suffi-

ciently to leave room for the bulky cyclohexene rings to

fit at the ends; the central portion of each molecule 1is



tightly boxed by 1its neighbors.

Figure 19 shows, in a gqualitative way, why the ring
structure is not coplanar with the chain. Molecules A
and B form a compact strip extending beneath moleéule C.
Molecule B extends under atoms 19 and 18 but molecule A
ends at about atom 9 of C. The chaln and ring structure
simply twist down into the remaining space, bringing atom
16 into contact with 18 and 2 of &, and into contact with
atom 17 of the layer beneath, molecule G of Figure 20. This
is also illustrated in the A-A section of Figure 18, page
100, by the distortion of the chain from atom 9 to 8 to 7
to 6. Packing then causes the ring structure to twist
out of plane even though the conjugation would be stfonger
if atoms 8, 7, 6, and 5 were coplaﬁar. This rotation of
the ring about the 6-7 single bond also allows‘atom 18 of
C to maintain suitable packing distances from 10, 11, and
12 of moleculé/B, and similarly 17 Of A from 10 and 12 df
C. The molecules could not pack in thelr present orienta-

tions wilith the cyclohexene ring in any other configuration.

Figure 21 shows the packing of the rings at the dihe-
drals of adjacent corrugated layers. Molecules E and F
are related to A and C respectively by the C glide in the
direction -c¢c/2. The distances for the packing vectors are
all sufficiently long and need no particular comment. The

glide reflection carrying E to A, when applied to A, leads
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to another molecule, not shown in RFigure 21, related to

E by the ¢ translation. This molecule would lie almost
behind F in the left hand figure, since 1t 1s derived from
F by the translation ¢ + a, and would overlap molecule A
in the projection of section A-A. The distances from.
atoms 2, 3, ete. of E to the various atoms of A have exact
counterparts in distances from 2, 3, ete. of 4 to the cor-

——

responding atoms of the molecule derived from E by the c

s

translation. We have only shown enough molecules here to

display uniquely all of the interatomic distances.

The reason for the single configuration of the cyclo-"
hexene ring is illustrated in Figure 21. The crystal
structure of DHC might have shown a statistical distribution
between the two possible puckered forms of the ring. Thét
is, atom 3 of molecule E might have been displaced to the
other side of the ring, were 1t not that the proximity'of
atoms 4, 5, 6, 16, and l7kof A prevent the ring from assum-

ing this configuration.

The lattice parameters a, ¢, and sy for the unit cell

of DHC are such that they form a pseudohexagonal lattice
0 o}
That is, a and ¢ are almost egqual, 8.145 A, and 8.465 A.
A0
respectively, with e, nearly 120°, namely 128~ 18.8!. This
means that each of the cyclohexene rings has six nearest
neighbdrs at the same y parameter that are almost symme tri-

cally disposed, as shown in Figure 16, page 96, Since
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these rings are packed together with those related by the
c glide plane we shall conslder this arrangement in more
detail. PFigure 22 shows a projection along -b of the
cyclohexene rings of two adjacent sections of the struc-
ture related by the ¢ glide plane at y = . The molecules
are drawn with van der Waals radiil and only the numbered
atoms, 2, 3, 4, 16, and 17, have been 11lustrated. The
six nearest neighbors around the molecule with the num-
bered atoms are obvious. The rings are oriented so that
thelr length lies along the X axis leaving four pockets
for the rings of the layer above. The arrangement of the
four molecules into these pockets is 1llustrated in the
right portion of Figure 22, The rings of the twb hexa-
gonal layers related by the c glid»pléhe‘are not superim-
posed in cubic or hexagonal closest packing but instead
the two layers are merged together to form a cenﬁered
hexagonal network. The atoms 2, 3, and 4 have nearly the
same y coordinate in both layers, and the compact array
which these groups’of atoms form is apparent in the right»
hand part of the figure. The methyl groups 16 and 17 are
oriented into the pockets between the groups of atoms of

this centered hexagonal network.

It is perhaps remarkable that the molecules of DHC
should turn out to form a structure in the way that they

do; the conjugated chains are placed back to back to elimi-
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nate the effect of the protruding methyl groups and form a

o]
compact laver 3.6 A. thick; the layers are ordered into

-t

n

an echelon with the closely packed chains arranged so
that there 18 room at the ends for the cyclohexene rings;
the rings from two echelons are merged end to end so that
the sections are bonded into z complete structure. After
the structure 1s solved 1t is easy to point out that the
chains are not shaped at all like the bulky cyclohexene
rings and space 1s more efficiently‘uSed if thé molécules
are placed side by side with the rings interwoven into the
spaces at the ends of the chalns and with each other. It
is only unfortunate that not enough 1s known aboﬁt the
configuration of molecules and the forces of bonding to
allow such predictions to be made in advance insteéd of

after the structure 1s solved.

A description of the bond lengths and bond angles of
the DHC molecule, shown in Figure 23, can best be included
in the following section of discussion and will accordingly

not be given here.



H. Discussion of the Structure

The dimensions and bond angles of the DHC molecule
are shown in Figure 23. As stated in a previous Section,
and as the following discussion will indicate, the stfucQ
ture of DHC 1is not well refined, but several features of
the intermolecular configuration deserve comment. The
teﬁ carbon~-carbon single bonds, including five in the cyclo-
hexene ring, range in length from 1.48 X. to 1.58 g. with
an average deviation of 0,025 25 from the Xpeétéd bond
length of 1.54 g. The bond lengths along the conjugated
chain may be compared with the theoretical values obtained
by a molecular orbital treatment of an infinite conjugated
chain (106). The observed and calculated distances and
the difference RO - RC are_listed on the folloWing page.
The average difference for the eleven tabulated interac—‘
tions is 0.031 X. The 9-8 and 8-7 distances are apparently
wrong, especially the 1.35 K. 9-8 single bond. If we
neglect the 9-8 and 8-7 bonds there is a significant trend
in the observed values as compared with the calculated;
namely, they are all longer. Short bond lengths may be a
typical result of quantum mechanical calculations on con-
Jugated systems since both butadiene and cyclooctatetraene
are also predicted to have shorter bond lengths than those

determined experimentally. For butadiene the calculated
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Inter- Bond Length

action Observed Calculated RO - RC
151-15 1.23 1.2u% 0.01
15-14 1.44 1.39 0.05
14-13 1.40 1.39 o.dl
13-12 1.42 1.40 0.02
12-11 1.41 1.38 0.03
11-10 1.45 1.41 0.04
10-9 1.41 ‘ 1.38 - 0.03
9-8 1.35 1.42 . -0.07
8-7 1.43 1.36 0.07
7-6 1.45 1.46* » ~0.01
6-5 1.36 1.36" 0.00

values are 1.345 E. and 1.432 g. (106), while the experi-
mental bond lengths are 1.360§. and 1.465 X‘ (115) re-
spectively. TFor cyclooctatetraene the calculated and
observed bond lengths are 1.400 g. (106) and 1.425 X.

(115) respectively. The average deviation for all twenty-

3

These values have been assumed by the author. Pauling
(96) has given a curve for calculating bond length as a fun-
tion of partial double-bond character, based on the values
of the pure single bond, the pure double bond, the 50% double
bond of benzene, and the 1/3 double bond of graphite. This
curve cannot be satisfactorily extrapolated to the triple
bond distance of 1.20 A., and the 1.24 XK. value for the 15-151
bond has been assumed. Quantum-mechanical calculations do
not apply to the 8-7-6-5 group since the atoms are not co-
planar. The distances have arbltrarily been assigned the
experimental values for butadicne (115). These experimental
values may not be a good choice, but we do not have distances
for an exactly similar structure, and bond lengths for other
compounds would be no more applicable to the present mole-
cule than those of butadiene.
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one bonds of DHC is 0.028 ﬁ, As stated 1n a previous sec-
tion the author does not believe that the atomic positions
are more accurate on the average than Q.O3 g., with a
“probable maximum error of 0.10 E. These limits are con-

sistent with the deviations found for the bond lengths.

Bond angles are, in general, more flexible than bond
1en9ths, and the angles found 1in Figure 23 are consistent
with the accuracy of the other parameters. The angles
along the chain may be compared with the theoreticaliy pre-
dicted value of 1250 16+ (82, 95). The four angles along
the chaln on the side of the methyl groups, neglecting
the 7-6-1 angle, have an average magnitude of 122.30. The
three similar angles on the opposite side of the planar
chain, neglecting the 8-7-6 angle,'average to 117.90. The
difference between these two values is significant and wi11 
almost certainly remaln after refinement of the structure.
It is partly due to the meshing of the methyl groups of'
two molecules, but the author believes that it is princi-
pally due to\the asymmetry of the two sides of the planar
chain of the molecule. Models show that the methyl groups
and the hydrogen atoms on the alternate carbon atoms are
somewhat crowded. This results in slight deviations from
planarity and causes an in-plane bending of the molecule.
The deviation from planarity is indicated in the A-A sec-

tion of Figure 18, page 100, by the fact that the methyl



groups 18, 19, and 20 are staggered slightly, especially

10 and 20. The in-plane bending is obvious from the values
of’ bond aﬁgles and is shown by the fact that the atoms 14,
12, 10, 8, and 6 do not project along a straight line in
Figure 23. The fact that the bond angle 8-7-6 1s not small
like the others on that side of the chain supports the view
that the bending is due to the molecular asymmetry. Methyl
group 16 is in contact with atoms 8 and 7, and this tends |
to counteract any influence that the groups 18, 17; and 19
would have in interacting with atom 7 to decrease the 8-7-6
angle. The average bond angle along the chain, including
the 8-7-6 angle, 1s 120.7 . This value is considerably
smaller than the 1250 16! predicted by theory. However,
the angle found for isobutene and for tetramethylethylene
15 124° 20' (96), the angle found in butadiene is 122°
(115), and that found for cyclooctatetraene is 120° (115);
these compounds all have bond angles less than the predicted
value, The 120.70 found for DHC must be considered within
the 1limits expected for a highly conjugated’moleoule, es-
pecially since benzene, which is forced by symmetry to have

120° bond angles, has such a large resonance energy.

The other angles of the molecule, with a few exceptions,

1
¥

are qulte acceptable. The 14-13-20 angle is less than th

o

12-13-20 angle, consistent with the unsymmetrical environ-

ment presented by atom 11 and the triple-bonded atom pair
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15,15!', The two angles 10-9-19 and 8-9-19 are almost
identical. The angles for the methyl groups 17 and 18 vary
from 103.3° to'112.6o, but the environments for the two
groups are by no means equivalent and the angular discre-
pancles are not extreme. It 1s difficult to predict the
angular configuration‘for the ecyclohexene ring with the
methyl groups 17, 18, and 16, and the carbon atom 7, es-
recially since no experimental data are avallable, even

for cyclohexene. The group of atoms 16, 5, 4, 6, 7, and

1 are expected to be planar because of the 5-6 double bond.
The angles around atom five and six total 359.70 and 359.80
respectively and this group of atoms are essentially plahar.
The two angles in the ring, 4-5-6 and 5-6-1 are both smaller
than the expected value of 1250 and both are less than the
16—546 and 7-6-5 angles as a result of the ring formation.
The other bond angles in fthe ring would be expected.to have
values between 1090 and 1200, but nearer to the iower value;

the average ig 112.70.

The entire molecule has dimensions and angles that
are consistent with experimental values and with theory,

considering the state of refinement.

In the final analysis a correct molecular structure
will explailn any unusual physical properties such as cleav-
age, optical absorption, density, melting point, etc., in

so far as these properties can be related to the molecular
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'or crystal structure; will have dimensions reasonably
consistent with our knowledge of structure derived from
experiment and theory; will make efficient use of space

in intermolecular bonding; and will account for the inten-
sities of the observeq X-ray reflections. ZEach of these
criteria for evaluatiﬁg a molecular structure willl be

considered briefly in the following paragraphs.

The molecules of DHC, containing only carbon and
hydrogen, must be bonded together in the cfystal by:van
der Waals interactions. Some electrostatic attraction may
be present as a contribution from resonance hybrids of
the long conjugated structure; however, the resulting net
charge on any atom should be very nearly zero and the
lonic structures cannot contribute a great deal to inter-
molecular forces. The melting point of DHC is not unusu-
ally high, 155—56O C., as compared with the valués of
150° C. and 178-80° C. for the mono-cis and all-trans
A-carotenes respectively (64). Similarly the density is
not out of line with those of related compounds, as shown
on the following page. The molecules of these compounds
are all conjugated and with the exception of methyl bixin
éll contaln rings and are hydrocarbong., The densities are
all about 10% higher than the values found for DHC and
p-carotene. Coronene has a density considerably higher

than the others shownj; this i1s consistent with the very
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Compound Density gm./bm.3
DHC (calculated -20° C.) 1.03
p-carotene (110) 1.00
diphenylbutadiene (107) 1.138
diphenylhexatriene (107) 1.139
diphenyloctatetfaene (107) 1.144
diphenyldecapentaene (107) 1.152
diphenyldodecahexaene (107) 1.135
diphenyltetradecaheptaene (107) 1.130
diphenyldiacetylene (121) 1.163
anthracene (122) 1.25
phenanthrene (122) 1.179
hexamethylbenzene {123) . 1.061
coronene (117) 1.377
methylbixin (108, 109) 1.10

efficient packing possible for molecules that are highly
symmetric. The low values of density for DHC and g-caro-
tene are probably due to the fact that the molecules are
rough in shape and cannot pack very efficiently; the
chains have protruding methyl groups and the puckered
cyclohexene rings have three methyls projecting in dif-
ferent directions. Methyl bixin has methyl groups along
the chain, while hexamethylbenzene has methyl groups all
around the ring; both of these substances have slightly

lower densities than the other compounds. The crystals of
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bHC are not particularly hard, nor do they exhibit any
marked tendency to cleave in a particular direction. The
structure suggests that the crystals might have a cleavage
plane either parallel to the thin flat plates, (010), or
between two of the corrugated layers of Figure 17,'pagé 98,
although no evidence ﬁas been found for either. The
general physical properties of DHC are not extreme and
almost any intermolecular arrangement, that is in other

respects satisfactory, must be considered acceptable.

The preceding section describes the intermolecular
vectors that are found in the crystals of DHC and péints
out several unigue features of the way in which the mole-
cules are ordered into a structure. The arrangement of
molecules requires the cyclohexene ring to be rotated
around the 7-6 single bond so that the plane of theAring
makes an angle of 390 with the conjugated chain; as a
consequence there is a loss in resonance energy for this
pond. It is likely that the 7-6 single bond is far enough
removed from the center of the strongly conjugated DHC
molecule so that rotation is possible in solution. Two
potential wells would be expected in the barrier for |
rotation about this bond, or more correctly thfee. Two are
cis around the 7-6 bond and one is the trans form; see
Figufe 14, page 82; atoms 8-7-6-5 of all three would be
nearly planar and conjugation would be preserved. The

trans form has the methyl groups 17 and 18 equally spaced
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about atom 8, while the cis forms, one of which is shown in
Figure 23, have atom 16 on the side of the molecule next to
atom 8 but displaced slightly above or below the plane of
the chain in order to increase the 8-16 distance. The
cis form is therefore slightly distorted from completé
planarity and might bg less stable than the trans configu-
ration. The trans form faces only one possible objection.
Models show that this arrangement requires a qulte close
fit between methyl groups 17 and 18 and atom 8. The in-
plane bending found for DHC would tend to mesh the ﬁwo
methyl groups even more tightly around atom 8; as a result
atom 2 would be forced into the plane of the cyclohexene
ring so that five atoms, 2, 1, 6, 5, and 4, would all be
essentially coplanar. This configuration would not dis-
tort very easily either for packing or to reduce strain

in the ring, since rotation around bonds 7-6 and 1-6 is
virtually impossible. Thus what the trans form gains in
resonance energy may in part be lost in strain in the ring
and in close intramolecular contacts. The effect of the
trans orientation on packing cannot be readily estimated
slnce such a structure 1s impossible forthe intermole-
cular arrangement found in DHC. The cis form of the
molecule, on the other hand, is free to rotate around the
1-6 bond and the cylohexene ring is probably strain free.
The cis form found in DHC is sufficiently far, 39°, from
planarity around the 7-6 bond so that there is almost no

conjugation, and under these circumstances the ring orienta-
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tion which occurs in the crystal is largely determined by
the intermolecular arrangement. The c¢is confilguration
found for the cyclohexene ring of DHC has resulted in a
loss ofbconjugation energy but we have gained a Strainﬂ
free ring, a less hindered molecule, and more efficient

packing.

The first part of this section discusses the mole-
cular dimensions and bond angles of 15,15'~dehydro-g-caro-
tene. These parameters are useful as criteria for éva1u~
ating a structure only when limits of error are presented,
and limits of error are not very meaningful unless the
structure is well refined. The bond lengths and angles
reported are acceptabie in view of the probable error in

atomic positions that has veen given,.

The crystals of DHC were examined under a polarizing
microscope and were found to be pleochroic and strongly
absorbing in one direction. The crystals were examined
with light incident only normal to the face (010); the
flat plates are too thin to view in other directlions. The
E vector for maximum absorption of plane polarized light
lies approximately along the direction [10I]. This absorp-
tion axis or that which lies along b must be the direction
of maximum polarizability for the crystals, Since the
structure has the molecules inclined only 270 to the ac

plane, the direction of high optical absorbance in the ac
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plane must be presumed to be the direction of maximum
polarizability. The E vector shown in the b axis projec-
tion of Figure 16, page 96, is drawn in the direction of
maximum.absorption. This figure shows that E lies in the
direction of the projgcted molecules and very close to

the projection of theldouble bonds, which are nearly paral-
lel to (010). The molecules related by the ¢ glide at

v = + would project exactly the same except that they
would be translated by c¢/2. The orientation of the mole-
cules as illustrated in Figure 16 certainly provide an

adequate explanation for the strong pleochroism and for

the direction of the strong absorbance.

A satisfactory test of a structure with observed
X-ray data requires an adequate explanation of the failure
of Wilson's statistics, suitable agreement of atomic inter-
actions with the three-dimensional Patterson which repre-
sents all of the data in composite form, as well as agree-
ment between observed and calculated structure factors.

The observed and calculated structure factors listed in

the appendix and the overall R factor of 25.7% voth indi-
cate a satisfactory structure. The R factor is really

a rather misleading quantity and a detailed consideration
of the agreement between individual observed and calculated
structure factors is more significant. This is especially

true of structures such as DHC, since large R factors are
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likely to occur wWith hypersymmetric molecules, as pointed
out by Rogers and Wilson (12l}), and by Douglas and Woolfson
(125). The R factors usually drop rapidly with refinement,
however, as exempllfied by the large decrease that followed
the three-dimensionala?ourier refinement of DHC. Further
rapid decreases in R will probably accompany the three-
dimensional least-squares refinements that will be'used in

the next stage of the structural analysis of DHC.

Wilson's statistical arguments are baéed on thé premise
that there are a large number of atoms of approximately
equal scattering power located randomly in the unit cell
(10, 11, 12). DHC has eighty carbon atoms in the unit
cell but they are by no means randomly distributed in
space; rather they are contalned in planes, and, what 1is
perhaps more important, there is a periodic occurrenée of
atoms every 1.2 to 1.3 X. along the mean direction of a
chain which extends for a total of 24 atoms if we include
three from each of the rings. A plot of the values of
sin2@/A? vs. I for the same groups of reflectlons used
in the application of Wilson's method (see Figure 9,
page 63) is shown in Figure 24. Each plotted value
represents the mean of one hundred reflections. The three
peaks of the curve are associated with the regions of
negative slope in the Wilson plot and occur at sinEG/'A2
values corresponding to spacings of 1.47 R., 1.22 K., and

1.13 K. Parry has shown a similar plot for the compound



- 126 -

3000 |-

2000

AVERAGE
RELATIVE
INTENSITY

1000

0 J | -

0.0 0.1 0.2

ol

2
A SIN28
PLOT OF AVERAGE RELATIVE INTENSITY VS. [ . ] FOR

TWO OVERLAPPING GROUPS OF REFLEGTIONS.
FIGURE 24.




- 127 -

uracil, which has a large peak at a singg value correspond-
ing to a spacing of 1.2 X. (126). He has explained his
results qualitativel& by pointing out that the structure
is essehtially a layer structure and that the atoms fall
onto a plane hexagonal net which has a Fourier transférm
with strong peaks cor;esponding to a spacing of 1.2 E. The
explanation given by Parry may be in part valid for DHC
since the.chain of atoms contains many parts of a bénzene
ring, or more properly of an anthracene or napthalacene
type structure. Four members of a six-membered ring
occur 8ix times in the half molecule, excluding the ring
itself. However, one 1s not a layer structure as 1is ﬁra—
cil, since there are two molecular planes intersecting at
an angle of 1560.* The more important factor here is
probébly the linearly periodic chain structure. Knott

has reported the molecular transforms of benzene, naptha—
lene, and of a planar aliphatic chain (127). All of these
structures give strong peaks 1in reciprocal space corres-
ponding to spacings of about 1.2 - 1.3 8., although the
transform of the aliphatic chain is not as easy te inter-
pret as are those of benzene and napthalene., There seems
to be ample Jjustification in the above arguments for the

occurrence of the strong peak at 1.22 R. However, one

*

Note that this 1s different from the angle at the
dihedral of two strips of the structure, 164°; this arises
because the molecules are rotated about their axes by 5°
in forming the strips, and are not completely coplanar.
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" must be a little skeptical of arguments based solely on

a molecular transform because this is not the only fac-
tor that must be considered in dealing with intensity
distributions. For example g-carotene probably gives a
transform much like that of DHC, yet the strongest |F|
obtained for g-carotene was only 84 electrons out of 592,
while DHC has a strongest |F| of 116 out of 588.* The
difference lies not so much in the molecular transform

of the two molecules as 1n the arrangement of the mole-
cules into a lattice; that is, in the sampling of thé
molecular transforms brought about by the packing of. the
molecules into a periodic structure. There appears

to be no obvious explanation for the peaks at 1.47 g,

and 1.13 X.; they are much less pronounced than the 1.22 X.
peak, however, and the hypersymmetry of the molecule could
well account for them. The molecules of DHC being cen-
tered and almost planar have approximately a two-fold
rotation axis, or a mirror plane not required by the space
group. Perhaps further study of the indices of the reflec-
tions in the reglons of sin® corresponding to these smaller .
peaks may give some clue as to what features of the struc-
ture cause them, although this information willl probably

not be of great value.

*The author believes that the value of 116 for a strong-
est reflection may in fact be low; the very strong reflec-
tions of DHC have been difficult to estimate and have large
deviations; reference to the appendix will show that the
calculated values for the strongest reflections are larger
than the observed by 26 to 28 electrons, without the inclu-
sion of hydrogens.
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Figure 25 shows the intramolecular interactions Irom
the planar portion of one molecule of DHC superimposed on
the section of the three-dimensional Patterson presented
in Figufe 11, page 7i. The degree of agreement is satis-
factory, not only in the principal peaks but in many of
the details of the Pafterson between the principal peaks.
For example the pattern of the interactions contained in
the elongated peak 4. It is the in-plane bending of the
molecule described in the first part of this sectlon that
brings about the agreement of the interactions and the
Patterson. That the row of peaks 3, 4, 5, **-lie on an
unbroken straight line results from the fact that the‘back—
pone of the molecule is curved; specifically from the fact
that the vectors between atoms 8 and 10, and between atoms
9 and 13 pass almost through the center of symmetry; see
Figure 23. Therefore the interactions between atoms 8-81,
8-10', 9-13', ete., which connect atoms across the step
due to the triple bond, lie along the molecular axis,
since the mean direction of vectors 8-10 and 9—i3 is roughly

that of the molecular chain.

In the previous paragraphs we have examined some of |
the criteria which can be used to evaluate a molecular
structure. We have founda that the dimensions of the mole-
cule are consistent with our knowledge of bond lengths

and angles; and that the molecules are arranged‘into an



'S’V 3d TVdIONIYd 3HL HONOHHL ONISSYd
‘NOSHIL1Vd TYNOISNIWIQ-334HL 3HL 40 NOILO3S MINS

-

4
(i
hS

~ =
Cammm

Figure 25.




- 131 -

acceptably packed structure. The orientation of the mole-
cules explains the observed dichroism and high optical
absorbance. The structure gives good agreement between
observed and calculated structure factors; it explainszthe
failure of Wilson's statistics; and its intramolecular
interaétions are in good agreement with all of the inten-
sity data as exemplified by the three—dimensional‘Paﬁterson.
The entire structure analyéis is satisfactory and needs
only further refinement to give bond lengths and angles

that will be useful in other work of this type.

In concluding the discussion of the crystal structure
determination of DHC we shall consider briefly some of the
trial and error methods used in the preliminary investiga-
tilon. In a sense the structure of DHC was really'solved
with a single zone of data, the hkh data. It was the
authort's intention, after the abandonment of trial andv
error methods described in Section B, to obtain the best
possible set of zero-layer Weilssenberg photographs around
the ¢ + a axis, using copper Ke X-radiation, long exposures,
and the lowest temperature possible, because 1t was felt
that a Solutién to the structure could be worked out with
'these data. The use of the intensiltles obtained in this
way, which would have bgen greater in number than the data
actually employed, would almost certainly have proved suc-

cessful, although the structure could not have been attacked
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with the assurance given by the three-dimensional FPatterson.
It is the author's conviction that the structure could have
been solved with zero-layer data around a, b, and c; this
is not to say completely refined, but at least to the/gx—
tent of a tenable trial structure. Certailn improvémeﬁts
would,vhowever, have been essential. First, the models
used, especially the wire frame type, must be flekible

so that bond lengths and aﬁgles canh be varied somewhat;
those used by the author were rigid. The wire frame models
need to be of sufficiently large scale so that measuring
errors are not too severe; about 1" per X. is felt ﬂo be
the minimum acceptable scale. Second, some gulck way‘mﬁst
be found to project the models onto a plane of interést.
Tbe method used by the author was projection by parallel
light. This is satisfactory if the light source is big
enough for models of a scale of 1" per R. Third, and )
most important,’a guick way must be avallable td deter-
mine the magnitUde of structure factors., The author cal~
culated F's by hand from explicit coordinates. This’is

too time consuming especially since most of the ﬁrial
structures will prove to be wrong. IBM equipment can be
-used for rapid calculation of structure factors but this
involves measurements of coordinates and the hand punching
of these data into cards. The best and quickest way is
with structure factor maps drawn to scale. If optical-

projections are used one simply needs to indicate atomic



cocordinates by crosseg on celluloid sheets. These sheetls
can then be superimposed over the scale-drawn structure
factor maps for quick estimates. Thils method 1s somewhat
analogous to the mapping refinement carried cut on the

DHC structure. It may be that these scale drawn strucﬁure
factor maps for the varlous projections of any space group
can be obtalned optically or electrconically by distortion
of orthogonal nets. Such maps prove very useful not only
in trial structure work but in refinement as well. :With

the advent of rapid computing equipment these trial and
error methods have largely been neglected. However, a
three~dimengional Patterson, even with the high powered
methods of superposition, does not necessarily glve a
structure. Expensive computing equilipment can perhaps be
cembined with relatively inexpensive trial and error methods
of solution and refilinement, without much loss of tTime and

with considerable economic and vedagogical gain.
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I. Appendix I--Structure-Factor Data

Table III. The observed and calculated structure factors
for 15,15'~dehydro~ﬁ—carocene. The asterisk, *, indicates
reflections for which F, has changed sign as a result of
refinement by the three-dimensional Fourler. The F, values
followed by the symbol #, are the estimated maximum pos-

gsible values for unobserved reflections.

=0 h & |7, | w7, |A B
0 2 3.38 7.22 3.84
Iy 9.36 -1.02 8.34

6 30.72 24,96 5.76

8 35.72 -38.15 2.43

10 5.69 4,51 1.18

0 12 11.75 -6.89 4,86
14 29,30 -22.,27 7.03

16 48,36 46,68 1.68

18 12,19 -6.62 5.57

20 3.36%# -3.57 0.21

0 22 25,21 23.01 2.20
24 2,81 -3.66 0.85

26 22,92 292,56 0.36

1 0 83.85 -88.10 L. o5
1 15.02 10.98 L, oh*

2 45,03 60.99 14,96

3 53.03 57.24 h.21

4 55,11 62, 7 .04

1 5 62.30 70,44 8.14
6 62.30 57.34 4,96

7 7 .49 -7.68 0.19

8 35.20 -29.36 5. 84

9 28.32 -29.,7€ 1.4k

1 10 34, 42 19.66 14,76
11 21,51 -12.10 9.L1

12 6.69 -6.22 0.47

13 6£.29 -3.31 ? 98
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K EN 7, |A Pl
15 11.62 -9.07 2.55
16 6.16 -2.03 4,13
17 13.5 -12.61 0.97
18 7.26 ~7.94 0.68
16 17.98 -10.07 7.91
20 7.06 -6.38 0.68
21 £.53 -5.15 1.38
2P 4,63 2.76 1.87
23 5.51 7.72 2.21
ol 9.39 -10.34 0.95
25 28.21 -29.80 1.59
26 22,49 21.88 0.61
27 2. 024 0.53 1,492

0 2.93 1.41 1.50%

1 17.567 ~0.53 8.14

2 3. 07# 1.16 ».88

3 18,11 -9.26 8.,85%

4 21.80 -12.94 8.86

5 30.42 28,13 2.29

€ 56 -0.81 6.75

7 Ly, 58 46,87 2.29

8 26.35 29,27 2.92

Q 21,34 24,20 2.86
10 25,16 22,16 2.00
11 10.48 -11.45 0.97
12 4,514 -1.36 2.15
13 4, 657 -6.02 1.37
14 20.15 -17.49 2.656
15 14,54 ~9.77 4,77
16 L, 964 -0.04 .oz
17 0,49 ~-7.6U 1.85
18 L, gl 1.51 3.43
16 L, 8l -0.62 L, pox
20 12.61 11.32 1.30
£al L Ll 3.05 1.39
o0 13.0% 7.65 5,40
23 22,499 24,19 1.20
24 13.72 12,37 1.35
25 6.55 10.38 3.83
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7| ) |A P
17.01 -7.99 9.02
1€.23 10.6¢ 5.54
18.05 -11.216 £.86%
25,12 15.18 8.04
25.22 27.07 1.85
31.23 -21.56 G.67
19.09 -11.59 7.50

7.88 4.6 2,92
14,94 -0.18 5.76
11.96 8.10 3.8¢6%
30.61 30.41 0.20
29,03 30.13 0.20
11.62 5.86 5.76

9.61 10.29 0.68
10.77 8.73 2.04
10.94 10.66 0.28

5.57 -12.26 5,69

5.91 -2.15 3.76%

8.79 12,10 3.31

5.65 -2.26 3.39

9,72 10.94 1.22
13.67 -1C.0h 3.63
10.34 -5.81 L.53
10.38 12.56 2.18

6.79 5.70 1.09%

6.17 9.90 3.73
20.26 ol 64 4,38

8.50 -0.08 8.Lox
11.86 -5.92 5. 9L
24,24 18.78 5.46

7.78 10.70 2.92

5.34 -3.20 2.14
23.21 25.27 2.06

8.35 16.82 8.47
16,24 -15,.82 3.42

7.67 -9.92 2.25

7.36 7.77 0.41

5.27 -4.85 0.42
£2.33 18.62 3.71
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J. Appendix II--IBM Calculations

IBM equipment was used throughout the two-dimensional
refinement described in Section E, page 77, and some of
the technliqgues used 1in these calculations will be outlined
below since they can be generally applied. Most of these
procedures have been extended by the author to three-
dimensional work wilthout appreciable change. We shall
describe an operation that involves the calculation of
structure factors, the calculation of the normal equations
of a least-squares reflnement, and the calculation of -

parameters for an iteration of this process.

In all, three separate decks of cards are used, the
D deck, the A deck, and the 8 deck. The D deck contains
atem serial numbers and atomic parameters, one card for
each of the twenty atoms of the asymmetric unit. The A,
or detail deck, contains indices of all reflections and
atom numbers, one card per atom per reflection. The &, or
sum deck, has one card per reflection with the appropriate
indices. The detaill cards contain, in addition to indices
and atom numbers, the product (wt.)%(8rfc)[exp(—38in2@/ag)]
for use 1n least-squares calculations. The S deck contains
F_, fc[exp(~Bsin29/22)], and (wt. z for use in calculating
structure factors and in least-sqguares procedures. The 8

and D deck ccntain y punches for picking up appropriate
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Selectors for read-in, read-out, calculate, and punch
operations. Both the S cards and the A cards contain a vy
punch for reflections with k + X even for selecting %he
appropriate trigonometric functions and making the proper
negative multiplications, The A deck, the S deck, and the
D deck aliso contain sultable code punches to indicate the

stage of reflnement in operation.

The use of these decks in a typical calculation pro-
ceeds as follows. Parameters are hand punched intd the
D deck., The A cards are sorted on atom number and collated
with the D deck with the coordinate cards in front. The
merged decks are passed through the 604 and suitable argu-
ments for the trigonometric functions are calculated. The

structure factors for DHC are of the form,

20
v a2 sinl . ., Sin
Flhkg) = heolexp(-Bsin Q/k?)]zz:cos £w(hxi +1z5) cos}gﬁ<kyi)
|

sin for k + 1 odd
cos for k + 1 even

The arguments fcr use In the sine-cosine boards available

*
must be of the form, 4(hxz) , where (hx) has been reduced
to a positive number less than one as follows,

if hx +fz = n.abec if ky = -n.abe

.x.
0.abe (hx) = 1-0.abe

il

(nx)”
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The operaticn with the 604 consisis of reading the para-
meters from the D card which is in front of all detail
cards for this atom, and then calculating the arguments
of the form 1ndicated for each of the A cards. The D
deck is punch suppressed in these operations, The D
cards are removed by hand or by sorting. The A cards are
then passed through the 504 for calculation of sines and
cosines for both arguments at once.* The detall cards
are then sorted in order of indices and collated with the
S deck with the S cards following the detaill cards of the
same index. The merged cards are run through the 604 and
the product of either sin-sin or cos-cos 1s made and fhe
sum carried for each detail card. When an S card is read

1 -
several things occur. First, F,, (wt.)?, and ch[exp(~Bsin£9/
22)]‘a?e read and calculate selectors are picked up. The
calculate time of the S card is used to calculate Pos AR,
and AF(ws.)%, with F_ being glven the sign of F_ 1in cal-
culating AF.%* The merged S and D decks are fed in reverse

*It 1s convenlent here to work the cards in blocks, fcr
instance those with even or cdd k¥ + . Then one block is
sorted in order of index before calculation of sines and
cosines and while the other group is being run through the

604,

*%Efficient use of storage space through punch selec-
tors is necessary here. In some cases two passes through
the 604 may be required, if for instance there are more
than two or three kinds of atoms in the structure.
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order, through the reproducer, and AF(wt.)% 1s transferred
by gang punching from the sum or S cards to the correspond-
ing detall or A deck. The sum cards are then sorted from
Tthe detail deck and the A cards are sorted on atom number.
The A and the D decks are merged, with the D cards follow-
ing the corresponding detail cards. These merged decks

are then passed through the 604, and the coefficients of
the normal equations are calculated by summing dver the
detall cards; these coefficlents are then punched into

the parameter or D deck. For two-dimensional least-sguares
calculations the Xy - V4 cross term may be retained or
neglected as seems desiravle. For three-dimensional Work
all off diagonal terms are usually neglected except the

Xi - Zi term of monoclinic crystals. The D cardslare then
Sdrtéd from the A deck and correction terms for the para-
meters are calculated, and new parameter cards are prepared
from the D deck. Note that this operation leaves the A
déck in proper order for the recalculation of the argu-
ments of the trigonometric functions and the next step of

a cyclic process of successive least-squares evaluations.

The S deck containing both FO, FC and AR 1s used for
balculating R factors, and for tabulation of these values,
The procedure outlined above is particularly useful in
large calculations. There 1s just enough space in the de-

tail cards to allow two complete structure-factor calcu-
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lations and least-sguares reductions. In a large operation
this is of considerable importance, since 500 reflections
reguire, in the case of DHC, 10,000 cards in the detail

deck.

In order to facilitate the calculation of the two-
dimensional Fourlers used in the refinement described in
Section E, a special deck of master cards was used, which
we shall call the M-D (Master-Detail) deck. The M-D cards
are simply detall cards for a normal M card summatibn over
¥y In 120ths, except that no signs are included for the
observed structure factors. The M-D cards are prepared

in a straightforward but fairly lengthy operation that re-
gulres the use of all of the M deck, including the alter-
nates, since the summation 1s in 120ths. The M-D deck is

then sorted in correct order for the summation over Ve

In the calculation of a two-dimensional Foufier the
M-D caras are'reproduced to give a set of detail cards,
the B deck. The B deck is then collated with the § or sum
deck, which ccntains the FC values for a particular trial
structure, With the S cards in front of the corresponding
B cards.A The merged decks are run through the reproducer

and the signs of the calculated structure factors are

transferred from the S deck to the B deck in a gang vunch

*For this procedure the S deck must contaln not only
the normal indices but also the special ones required for
the M card system, since the detall cards do not have the
normal indices.
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operation. The S cards are sorted from the B deck, and
the B cards are then collated with control cards, while
ir the same operation the alternate detaill cards are re-
moved. The B cards are then ready for the summation over

Vs

The M-D cards are reproduced and the above procedure
repeated for each different comdbination of structure-
factor signs for which a Fouriler is desired. This method
saved considerable time in the refinement of the projected
structure of DHC. A complete two-dimensional Fourier
could be run in about three hours using the M-D system as

outlined.
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iv

PROFPOSITIONS



1. The presence or absence of pyroelectric behavior
is often of considerable dimportance in the determination
of crystal space groups., It is suggested that measure-
ments of hydrostatic piezoelectricity might provide a more
quantiﬁative indication of the symmetry properties of

crystals than the methods usually used for this pdrpose.

2. It 1s proposed that a sultable electrohic device
can be constructed to synthesize the visual curves used
in electron diffraction structural work. It would be pos-
sible tQ use frequency and amplitude factors obtainedm
either from Fourier integral transforms of visual curves
or from proposed trial structures. The effects of small
vériétions in interatomic distances would be quickly and
easily observed. (Maxwell R,SI, 11, 47-54, 1940;‘Shimuzé

AAA

et al, RSL 21, 779, 1950; Pepinsky, JAPP 18, 601, 1947.)

3. The following projects for structural analysis are
proposed:

a) Structural investigation of the compounds disil-.
oxane, hexamethyldisiloxane and hexachlorodisiloxane
might provide some worthwhile data on the bond angle Si-0-Si
in the siloxanes. This value geems to be somewhat in doubt

with reported values in the range 125-160 degress. (Flory
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et al, JACS T4, 3364) A value of 150° is reported for this

angle in low crystobalite. (Nilewenkamp Zeit.Kr. 92, 82,

1935 and 96, 454, 1937) Work on some of the cyclic siloxanes
. nAn

indicates a value of 130°. (Aggarwal and Bauer, J Ch Ph %ﬁ,

42, 1951; Harker, Acta Cryst. 1, 34, 1948) Dipole calcu-
1ationé with several assumptions give a value of 1600.
(Saver and Mead, JACS 68, 1794, 1946) On the basis of
steric repulsion between methyl groups alone I would favor
a value of about 1500 for the hexamethyl and hexachloro-
compounds ., The disiloxane could conceivably have any value
in the above range. The bond angle 1s doubtless fairiy
flexible because of the high ionic bond character but\a
study of the above simple compounds would perhaps provide
a better answer to the problem. |

b) Schomaker, Sheehan and Hedberg have reported a
planar structure for the heavy atoms in the compound (SiH3)3N.

Electron diffraction studies of similar compoundé such as
(SiHB)ENCHB, SiHSN(CHS)g, (Si(ChB)B)gNH, (Si(CH3)3)2NCH3,
(CHB)ESi(NHCHSé? (SiCHB)gNH)3 and (Si(CH3)2NH)4 mighﬁ give
further information concerning the Si-N bond and the effects
of steric repulsion on the N-Si-N bond angle.

¢) Sulfur analogs of a few of the siloxanes have been
prepared by the action of silver sulfide on the alkyl-
chlorosilanes (Nat. %éé« 685, 1950). The compound hexa-

methylthiosiloxane prepared in this way should be compared.

with 1its oxygen counterpart in light of the difference in
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structure found for SiO2 and 8182. The bond angle Si-S-Si
found in SiSp could hardly be expected to prevail in this
cbmpound and a value of about 125Omight be reasonable,
The bond length would probably remain about the same

2.14 B, (Str. Ber. Vol.’éf 286)

d) Gem dithiols have recently been prepared for the
first time by the action of HES on aldehydes and ketones
at high pressure (§§g§_zﬁ, 3982, 1952). At least three
of the compoundé reported methyldithiol, aa-propanedithiol,
and 1,l-propanedithiol should be quite sulitable for electron
diffraction work. Perhaps these structures wculd provide
some - additional support for the rather large discrepancy
(8°) in the bond angle S-C-8 found in thioformaldehyde

(106.5) and trithioacetaldehyde (114.5). (Acta Cryst. 3,
NSy

46§7é, 1950) The increase no doubt due in large measure
to steric interaction which would be largely absent in the
methyl compound and present in the other two comboumds.

e) The structure reported (Thesis of Dr. Marsh) for
1,4-diselenane indicates an Se-C bond distance of 2,01 X.
and an angle C~Se-C of 98.6 degrees. Steric repulsgion be-
tween‘selenium atoms 1s suggested as a possible eXplanation
for the long Se-C distance. This report represénts the
first data for a single bond of this type and further work

might prove of some significance. Similar repulsion effects

would be expected in the liguid compounds selenocyclobutane,



selenocyclopentane and selenocyclohexane. The crystalline
compound 2,5-diselenospiro-lt-heptane should also provide

an interesting project for structural analysis., It is iso-
morphous with the sulfur analog and it might be possible

to make use of heavy atom technigues in the determihation
of the étrucﬁure. The crystals are monoclinic however

and unless the selenium (sulfur) atoms are in Special‘posi_

tiong the heavy atom method would be of limited value.

(J_Ch Soc. 1929, 1096; 1929, 2197; 1930, 1496; Rec. T R Ch.
i nAANN AANAN AAAAA

56, 492, 1937)
Ay

4. The methods used to prepare the thilosiloxanes of
3¢ should be applied to a dichlorosilane and its mixtures
with silicon tetrachloride in an effort to prepare termi-

nated compounds involving the linkages found in SiSE; For

example
CHy S _-CHs CHy __ ~S~ _ 5 -CH;
//,S;\ //81 81 //bl\\ 51 .
CH S SCH, CHg S S SCH,
) - 2

5. € may be possible to prepare the phosphorous
analogs of some of the silazines by one of the following

reactions, Such compounds are as yet unreported.



- 206 -

R 8icl+ R PH ——= R S8iPR
3 2 3 2

S'm i ’d ] )
RS icl+ %EPI\.—> RBSlPhg

2R_81C1 4+ RPK_—> (R_Si) PR
> 2 3 2

6; Some further insight into the structure of con-
Jugated linear systems could be obtained from a sﬁudy of
the compounds shown on the following pages.b These mole-
cules have both trans and cis forms, and some of the latter
are cls about single as well as double bonds. The spectral
study of these controlled isomers should be helpful in
agsigning structures to some of the isomeric carotenes

and related substances,.

. A modification of the 'M' cards used in Fourier
and Patterson summations would make operations with them

easier, safer, and in the long run more reliable.

8. Three changes and additions to the 'M!' card pro-

cedure as outlined by R. A. Pasternak are advocated.

9. The principle of operation and some details of
design are proposed for a simple electro-mechanical machine

for evaluating bond lengths and bond angles.
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10. Some effort should be directed toward the design
and-development of a suitable printer that will eliminate
the hand plotting of Fourler and Patterson data as obtalned
f rom présent day computlng equipmenc. Rough design Spsci—
fications are proposed along with some suggestion as to

details of construction.

"11. It has been reported (private communication to
the author) that the coefficient of friction between fibrous
cellulose and solid HQO 18 inversely proportional to the’
force applied normal to the surface, and varies inversely
with the size of the crystaliites of the solid water. An
extensive experimental Investigation of this postulaﬁe

Seems advisable.





