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PART I.
STRUCTURE OF THE

CYCLOHEXAAMYLOSE-IODINE COKPLEX
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INTRODUCTION

The iodine addition products of the Schardinger cyclic dextrins,
because of their close analogy to the amylose-iodine complex, are of
considerable importance as an aid to a more complete understanding of the
physical and chemical properties of amylose and starch.

The concept of a helical configuration for starch has been useful in
explaining several properties of the high polymer. A complete knowledge of
the structure of a cycloamylose such as cyclohexaamylose (Schardinger's
xX~dextrin) would be of considerable value in the verification of the heli-
cal theory (1).

The location of the iodine atoms and the nature of the carbohydrate
molecule in the cyclohexaamylose-iodine complex (Schardinger's o-dextrin-
iodine complex) were reported by the author in a thesis submitted to the
graduate faculty at Iowa State College (2). A brief account of this work
is also found in the literature (3). On the basis of optical and x-ray
studies, the structure was described as a torus-like arrangement of six
cyclic glucoses, coaxial with and surrounding each iodine molecule. From
a measurement of scale models and consideration of the possible packing
arrangements, the approximate dimensions of the tori were determined.

Further studies here reported have been carried out to locate more
exactly the positions of carbon and oxygen atoms. Although no progress can '
be reported in this respect, additional and more striking evidence for the
cylindrical or torus-like nature of the carbohydrate molecule has been found.

The results of this study thus give additional support to the exist-

ence of the helical configuration of the amylose-iodiﬁe complex (1).

Rt



EXPERTMENTAL

Preparation of Isomorphous Complexes
An attempt was made to prepare crystals of cyclohexaamylose isomor=-
phous with the iodine complex. “‘he solvents used were 50 per cent solu-
tions of aqueous n-propanol, ethanol, methanol, and water. Crystals pre-
vared from the last two solvents tend to crack and become opaque when
removed from the mother vliquor. These crystals were coated with Canada
talsam diluted with xylene in order to prevent the loss of hydrzted sol-

vente.

Diffraction Data

Crystals from the above mentioned solvents were mounted with the z
axis normal to the X-ray beam. Ten-degree osciliation patterns were taken
for alignment using fi filtered CuKX radiation and a cylindrical camera
of 57.3 mm. diameter. A complete rotation pattern together with a zero-
layer Wieissenberg pattern were used to obtain the lattice constants. The
crystals obtained from n-propanol, ethanol, and methanol were most nearly
isomorphous with the iodine complex. In the case of the latter two, the
rate of loss of solvent appeared to vary with the crystals studied, so
that the cell dimensions may be somewhat variable. The valués obtained

are compared with those of the iodine complex.

Iodine complex n—propanol ethanol methanol
o ‘
a = 14.38% 0,058 ay = 1h.24% 0,08  a, = 14.318 a_ = 13.918
b, = 36,07+ 0.05 b, = 37.30%0.05 b, = 37.L6 b, = 36.83
¢, = 9.43%0.05 Co = 9.U3%¥0.05 ¢,z 9.13 Cy = 9.u7




The crystals possess orthorhombic symmetry; Welssenberg and pre-
cession patterns revealed all odd orders of the (h00), (OkO), and (00X)
reflections missing. The space group is Dzh-— P212121, requiring four

molecules per unit cell. OSpace group data are shown in Fig. l.

Intensity Data

Weissenberg films of (hk0) deta timed to give a film factor of two
were prepared from the methanol complex using Ni filtered CuK « radiaticn.
Precession films of (Okf{) data were obtained similarly using Zr filtered
lMoKex radiation., The films were developed simultaneously and the intensi-
ties estimated by visual comparison methods. Corrections for Lorentz and
polarization factors resulted in relative values of F2. No correction was
necessary for absorption., The F2 values of both the iodine and methanol
complexes were then placed on an absolute scale using the method of A. J. C.
Wilson (L4). A brief discussion of the method follows.

The expression for intensity is given by
I(hx{) =§§fo‘. fg exp 27i El(xpg ~%2) + k(Fa~Ts) + L2~ 25 )]

= ZK_f«Z +> ng £z exp Zvi[:h(x‘- X5) + Ky =V ) + ﬂ(zu-z,e)j
X+ B

By arranging the I(hk{) for all reflections in a given range of
sinze/,\z and provided that A/sing is small compared with interatomic dis-
tances, the exponential term in the above eéuation averages to a value of
gero. To a first approximation, T(hkg) =§f02< s Where F*e is the mean
vatue of the scattering factor in the range of: sinzG//\2 considered. The
factor needed to convert thé experimental intensity I! to I can be found
by dividing the reflections into groups covering the r;ange of s:i.nZG/A2 and

forming the values > fz /T (0k{). This value should be a linear function
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of s:i.nze/)\2 provided the temperature factor is of the form exp(-B sinze/,\z).
Undoubtedly, coincidences in projection must occur for the cyclohexaamylose,
tending to make the value of the correction factor too small, but since
these coincidences cannot be determined without a knowledge of carbon and
oxygen positions, the values of the correction factors are the best approxi-
mation that can be made to obtain the absolute scale. Wilson curves for

cyclohexaamylose are shown in Fig. 2.

Three-dimensional Patterson Projection
L complete three-dimensional Patterson projection involving approxi-
mately 800 independent terms was prepared on IBM using punched cards.
This involved the synthesis of sixteen sections at intervals of 2/60 along
the x-axis. From the two sections at 0/60 and 30/60 given by the series
H(%yz) = ).-:gogK(k,e) cos 2Tky cos 2T Az
where XK(k{) = 2 (—1)h Fz(hk»()
and
00 00
H(Oyz) = hZ%:K(kj) cos 27Ky cos 2wiz
where K(k{) = i Fz(hkl)

the iodine atoms were located: (Fig. 3)

x = «250 X, = 4250
¥y = 153 Y, = «095
Zl = GSOO 232 = 292

expressed as fractions of corresponding unit cell dimensions.
Application of Booth's back-correction method (5) resulted in the
following iodine positionss

X = «250 | X5 = «250
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Fig. 2 Wilson curves of the dextrin complexes for (0Okf) data.
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Zq = .500 Zp = 292

expressed as fractions of corresponding unit cell dimensions. The iodine-
iodine bond distance is 2.812.

From the sixteen Harker sections a plet was made for the section
(x,L2,2), (Fig. L). Unfortunately, the section must, of necessity, include
cylinders whose axes are normal to one another, (Fig. 5). But it still
gives striking confirmation of the torus-like or cylindrical arrangement
of the glucose units surrounding the iodine molecule. The dimensions of

the ring are in accord with those previously obtained by methods which are

independent of X-ray data.

Fourier Projections

Fourier precjections of the iodine complex onto the (001) and (100)
planes are shown in Fig. 6.

An electron density map of the carbon and oxygen atoms omto the (100)
plane was obtained on X-RAC. The phases and amplitudes were determined
from the knowledge of the iodine positions and the isomorphnous technigue.
This necessitated an absolute scale of structure factors. The agreement
between the F(Ok{) of the methanol complex and the F(OkA{} of the iodine
complex after subtracting off the iodine contributions is shown in
Table 1.

On this basis of comparison it appears safe to conclude that the
absolute scale factor is of a reasonable value.

By means of X~RAC it was possible to ma2ke use of the condition of

positiveness of the density function (6). The technigue as used on X=-RAC
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Fige 5 Projection onto the (100) plane.
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Observed and Calculated Structure Factors

Indices Fo Fe Tndices Fo Fe
(0xf) (054) |
1 0 +11
(00 L): 2 118 -160
2 30 ~2h 3 90 -108
L 36 -12 L 122 -11L
6 34 +100 5 0 ~68
6 0 +25
(01f)
1 102 $143 (064)
2 oL -106 0 L6 +67
3 10k +127 1 oL ~-121
L 6l =53 2 208 -198
5 0 -28 3 32 $122
6 0 -35 Lg 70 -109
101 4067
(024Q) 6 -
0 0 +2 ° &
1 30 +31 (074
2 96 ~119 ) 1) 62 +82
3 77 =77 2 62 -65
L 126 $+151 3 104 ~107
5 95 =30 L 0 +56
6 0 =31 2 0 +38
98 -l
(035! ) 202 196 ’
- 08
2 1L6 $211 ( g) 138 -k
3 55 -T2 1 52 +22
L 96 485 2 0 +6L
5 0 126 3 36 +L
6 0 =19 L 0 £48
5 0 ~25
(oLg) 6 60 ~10
0 gg +L6 ,
1 160 . $191 (098)
2 30 -48 1 12 +172
3 30 -75 2 0 +15
L 0 +1L 3 90 -129
5 0 +19 L 36 ~160
6 0 +65 5 0 -11
6 0 +68

i g e e o
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Table 1 (Contimed)

Indices Fo

Indices Fo F. F.
(0'100,() (O'l5°£) )
0 1,2 =127 1 32 451
1 172 -215 2 0 +63
2 36 -35 3 10 -132
3 92 -29 b 87 -65
g 58 -Sg 5 0 +66
0 + 6 8
6 0 =35 lh F169
(O e1be X )
(0s11eg) 0 185 +82
1 148 +l%8 1 32 +105
2 0 =0 2 208 +1l1
3 40 +105 3 72 +9
L 62 =97 L 0 +3k
5 89 +5L 5 0 -2
6 0 +7k 6 0 $16
(0°12+4)
0 16L 4138
1 1l Y11k
2 56 -56
3 L2 -16
L 0 -28
5 0 418
6 0 +62
(0°134)
1 9L 94
2 72 ~78
3 30 +3
L 155 -198
5 0 -38
6 0 495
(0°1Lef)
0 76 +67
1 99 =25
2 0 =LY
3 0 =29
L h -5k
5 0 -19
6 0 +39
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is to assume that the signs of high amplitudes are correctly determined
from the heavy atom parameters, and then to vary the signs of the remain-
ing structure factors, noting the effect on the background.

The application of these methods did not result in any useful infor-
mation (Fige 7). It was suggested that three-dimensional electron den-
sity maps be prepared, using the phases of the iodine atoms as controlling
the signs, but this was set aside in favor of the Fourier transform

method (7).

Fourier Transform

The initial attack of the problem involved an integration of the
structure factor expression for the space group P212121 over the limits
of a cylindrical shell. An expression was obtained involving the product
of two Bessel functions, but the equation for the transform of a cylinder
as derived by Wrinch (8) was simpler to evaluate. A brief review of the
Fourier transform and its application to distributions in continuous
space follows.

The transform of aﬁy group of atoms or molecules pictures the con-
tribution of that group to the total scattering power of the crystal, thus
vermitting the group to be treated as one unit. Obviously the complexity
of the problem is reduced by the decrease in the numbter of parameters,
Both Ewald and Patterson have shown that in a crystal structure, a trans-
form reduces to a weighted reciprocal lattice (9). This readily follows
if we consider the case of a single atom. The structure factor of the
atom referred to its center as origin, the atomic scattering factor, is

a function defined at every point of reciprocal space. If now each point

A et s e €
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is weighted with this function, a representation of the atom through-

out reciprocal space is obtained. This method is applicable to any spatial
pattern of atoms, as shown by Kaott (10). If the districution function is
periodic, its transform can be replaced by Fourier coefficients. From the
above definition of the structure factor, it is apparent that the coeffi-
cients are identical with Ewald's weighted reciprocal lattice.

We can thus visualize the representation of a distribution by its
structure factor as a mapping of the whole of reciprocal space with this
function. The map can then be sampled at the reciprocal lattice of any
crystal.

In the case of cyclohexaamylose, it is simplest to consider the dis-
tribution as a right circular cylindrical shell with a uniform smearing-
out of the electron density. ILet x, ¥, and z be referred to orthogonal

axes in real space. Using cylindrical coordinates

Xz cos ¢ y=rsing z =3
and in reciprocal space
X=Recos g Y=Rsin @ Z=14

the transform may be written thuss

@ A o0
W HdL) ff [rg(rgfz) exp 2 irR cos(g-B) exp 27 izZ. drdddz

-0 0 ©
0 Ir o

glrdz) = w f{fRT(REZ) exp =27 irR cos(g-3) exp -27izs dxd@dz
2 2 ©

where T represenfs the transform of the array and w is the weight. The
number of electrons in the distribution is w v and g is the electron
distribution function. If the array of atoms has an n-fold symmetry

axis and if g(rg@z) is independent of ¢, we may write

e g 5 - et 8 B At
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2f[rg(rz) exp Z/TlZZ{ F:os(?”ﬂ‘ rR cos(¢’—§)] dgfz drdz

"‘000

wT(RBZ)

277‘5}( rg(rz)d (27rrR) exp 2TizZ drdz

where J c)(u) is a Bessel function of zero order defined as

o~

;
M (w) ={ cos (ucosp)dp
6

Assuming a constant g, the transform of one cylinder may then be

expressed as
T(RBZ) = Z’Tffz rd (27TR) exp 27 ifz drdz

where r =V x + y and R=V h + k'2 For the two-dimensional case

(Okf) R = k* where kl = V2(k#{) and k" 32(kf). Iet 2427 (k+f)r = x5
then

x ; dx - 1 X = ry(AN 2T )
V2T (A} olx) Y= (kH) gw2 (kﬂ’)z{ xJo(x)ax

¥o = Tol(2AZ T(k+h))

In the limiting case, for k +f

1 STZO‘Z(rZ -rz) r.2 -2
1 o 1 o
2

8Te ox? - 2

The limiting value for the integral is 7.6 X lO"3 where the limits are
Xy = .267 and JL‘L = 1.13.

Since there are four molecules of the dextrin in the unit cell,
composed of iden"cical pairs orthogonal to one another (Fig. 5}, it is
necessary to displace these distributions %to & cormon origin. Since the
transform function is independent of the choice of 6rigin for the distri- .

bution, we may multiply each independent function by a modulating factor.
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Upon shifting the two-fold screw axes to the origin the modulating

factors become

cos 2w [k(0.372) +£(0.395)]
» = cos 2 [k(0.628) + £(0.605}]
My = cos 2T [k(0.872) + £(0.105]]
i) = cos 2w [k(0.128) +4 (0.895]

=

o

i

The expression for the total transform is

- : XKJl
T =20 + i) ﬁ— l sin 27 (" (.250), 817'2(1%: 7)2 ol¥) dx
+
o

Values of T for k + ,e from zero to ten were calculated. These were
compared with the signs and amplitudes of the structure factors obtaired
from the isomorphous methanol complex to evaluate the feasibility of the
transform approach. The integrels involving the product xJ o(x) were ob-
tained by use of Simpson's rule. The subdivisions were chosen on the

basis of least error in the maximum value of k ¢ ,(7 .

xa e e s o
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DISCUsSION

Density liaps

It is difficult to explain the failure of the electron density pro-
jections onto the (100) plane to give information concerning the more
exact location of the carbon and oxygen atoms. The agreement between the
experimental data from the two isomorphous compounds is at odds with the
results.

The factor that might well obscure the finer detailing of the dextrin
structure may be the high degree of hydration. There are between twelve

and fourteen waters of hydration to each molecule of dextrin,

The Fourier Transform Technigque

The values of the structure factors obtained by this technigue fall
off much more rapidly than would be expected from the cylindrical trans-
forme 4 g(r,z) increasing to a maximum in the central regions of the
cylindrical shell and falling off to a minimum at the edges, such as a
Gaussian curve, might prove more favorable to the electron distribution
existing.

It would be well to consider the effect of varying the limits upon
the magnitudes and signs of the structure factors. The limits are by no
means well defined and at higher values of k ¢ {, the magnitudes and
signs of the structure factors are sensitive to the position of the
boundaries. |

In the transform approach, the water of hydration is not considered,

since it is believed that the water packs in holes between the tori. This

183 g i e o < g e
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might also account for the poor agreement obtained on the low order re-
flections.

Tt appears that the above facts should be taken into careful con-
sideration before the applicability of the transform technigue can be

rightly evaluated.

Further Studies

The study of both cyclic and linear dextrins suitable for crystal
structure analysis may prove profitable if continued. The ability of the
non-reducing dextrins to form crystalline complexes of many modifications
when reacted with iodine in the presence of iodide ion justifies a detailed
study of their crystal classes and unit cell sizes. Chemical and physical
studies of many of the complexes of cyclohexaamylose have been made by
French (11).

Hexaamylose and heptazmylose have been prepared from acid hydrolysis
of the corresponding cycloamyloses (12). Such compounds, particularly the
latter, should prove most valuable in establishing the physical configura-
tion of the starch chain. However, all attempts to crystallize these
compounds up to the present time have failed.

The hydrolysis of the ¥ ~dextrin (octaamylose) should proceed at a
greater rate than the « - and @ -dextrins and give fewer degradation prod-
ucts. Due to itg larger size and the fact that higher amyloses such as
decaamylose can be crystallized, it should not be unreasonable to expect
crystallization. In addition, there is evidence that dextrins containing

an even number of glucose units crystallize more readily (13).

T e e e e e oA 6o 53 58 mn i n g
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SUMMARY

Crystals of cyclohexaamylose from 50 per cent agueous propancl,
ethanol, and methanol are nearly isomorphous with the cyclchexaamylose-
icdine complex. The unit cells are orthorhombic with the space group

Dzh—-P212121 and contain four molecules.

The iodine parameters are X, = «250, ¥ = 150, 27 = .500, x, = .250,
Yo = 095, Zgy = 292 expressed as fractions of the corresponding unit
cell dimensions. The iodine molecules lie in the (100) plane at an angle
of hSo to the major axes. The iodine~iodine bond distance is 2.812.

A complete three-dimensional Patterson confirms the torus-like
arrangement of glucose units coaxial with and surrounding each iodine
molecule. The size of the torus is in agreement with dimensions obtained
by methods independent from X-ray techniques.

The Fourier transform technique is not successful in locating car-
bon and oxygen atoms.

The results of the three-dimensional analysis lend further support

to the existence of a helical configuration in the amylose-iodine complex.

Ay ¥ e oo et 4 3 i e
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INTRODUCTION

Studies of the chemical and physical behavior of the polyhalogen
compounds have resulted in many interesting observations for which satis-
factory answers are still being sought. Why is the ease of crystalli-
zation and the stability of the polyhalides a function of the size and
nature of the cation present? Do the polyhalides make use of the d-or-
bitals above the valence sheli in bonding, as do polyhalogens composed of
two or more different halogens? Are linear trihalides of only one halo-
gen unsymmetrical as reporied bj some investigators?

It is with the view to answering these questioné or verifying the
conclusions reached by others that the author has undertaken this study

to elucidate the physical configuration of tetramethylammonium ennea-

iodide,

g g ot i o
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REVIEW OF THE LITERATURE

Probably most prominent among the early workers in polyhalide chemis-
try was A. Geuther who prepared crystalline salts of the type MIp,_; with
n ranging in value from one to four (1h). Geuther made the inbteresting
observation that the stability of the polyiodides was a function of the
size of the cation present and that the higher species did not occur un-
less the cation was as large or larger than the tetramethylammonium ion.

Ludecke in conjunction with Geuther carried out optical studies on
several of the polyiodides. He reported crystals of N(GHB)hls to be mono-
clinic with axjal ratios 0.,9866 : 1 : 0.6553 and@ = 72° 20! (15). The
pleochroic properties of N(CH3)hI9 were also reported in the same paper.

Higher polyhalides cannot be prepared with lighter halogens whereas
polyhalogens IXp,_7 form higher members only when x is fluorine (1k).
When iodine is substituted for any one or more halogens, the stability
of the polyhalogen is increased. This stability appears to be a function
of the weight of the halogens present. The following order is observed
among the trihalides: I3~ 7> IBrp = > ICl, - > IBrCl ™ > Bry
I,Br = > I,0L = > BryCl = (16).

In the early 1900fs Dawson completed a study of iodide ions in solu~
tion and concluded that the 13 ~ and Ig ~ ions were the iower and upper
limits respectively of the polyhalides (17). The experimental evidence
also led him to propose the presence of IS = and I7 ~ ions in solution.
Evidence has also been found by Dodson for the presence of 13 ~ and X5 -

ions in solution where X mdy contdin as many as three different halogens

per ion (18). More recent work by Buckles and Popov using vltraviolet

R e Fa i e R




26

absorption of (CLH9)}NBrj in bromotrichloromethane indicates the exis-
tence of higher bromides in solution to be dubious (19).

Polyhalides IXQ_Z, where I constitutes the central atom of the iom,
have undergone x-ray structural studies by Wyckoff; but by far ﬁhe most
extensive work has been by Mooney on the compounds N(CHB)hI3, N(CHB)EICI2,
NHh101IBr, KiClh, and NHhI3 (20}« The bonding in all bubt the triiodide is
generally assumed to be covalent with the bond lengths closely approximat—
ing the sums of the covalent radii and the central iodine atom m2king use
of d-orbitals above the valence shell for bonding. In the IClE complex,
the central atom is in the center of a2 square of chlorine atoms. Since
two d-orbitals are available for ccmbination with s and p, hybridization
of the type sp3d2 can occur. The regular octahedron m2y be then formed
ty placing each of two unshared electron pairs of iodine above and below
the ICl) plane (21). Similarly, the configuration of linear ions, IXE,
can be interpreted as arising from sp3d hybridization by placing the two
halecgens 2t the apices of a2 trigonal bypyramid and the three unshared
electren pairs in the equatorial plzne (21).

However, the reported structure of the triiodide ion shows an asym-
metric linear ion with iodine distances of 2,82 and 30103, longer than
found in I (22). The investigation was made at a time when methods of
refinement were somewhat limited and some doubt was cast upon the accuracy
of the reported distances.

Because of fhe questionable accuracy of these I-I bonds, Hach and
Rundle carried out the structure determination of N(CH3)hI5 (23). Iodine-

iodine distances within one net were sufficiently different to justify

s o g e e iy st
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- o)
singling out V-shaped IS ions with iodine distances 2.93 and 3.1lA.
The vonding in the Is' ion differed from that found in Moonesy's IClhfo
The authors interpret the bonding without the use of d-orbitals above
the valence shell. The polyiodide ions arise as a result of interaction
of the icdide ion with highly polarizable 12 molecules, Resonance of
the various forms of the ions lend stebility to the structure. As the
cation becomes smaller, the resonating form with the negative charge
closest to the positive charge predominates resulting in a progressively
longer icdine-icdire bond. The resulting decrease in resonance stabiliza-
tion is offered as an explanation of why the higher polyiodides occur

only when the cation is large.
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EXPERTMENTAL

Preparation and Analysis

Crystals of the compound and analysis data were obtained by R. Hach
(2L). The crystals were prepared from an ethancl solution of tetramethyl-
ammonium iodide containing a two- or three~fcld excess of iodine., The
crystals possess a greenish-black metallic luster and on exposure to air
slowly lose iodine, which deposits on the surface.

Samples were analyzed for iocdice by volatilizing free iodine at about
200°C. The average of three samplings was 16.53 per cent as compared to
the theoretical value of 16.53 per cent. The observed density obtained
using a pycnometer with mineral oil was 3.L7 gm/cc as ageinst 2 calculated

density of 3.51 gm/cc obtained from X-ray data.

Diffraction Data

& crystal of nearly rectangular cross section and edges of 0.015
and 0,030 cm* 10 per cent was inserted into 2 thin-wall glass capillary
(2L). X-ray data using CuKe radiation normal to the needle axis of the
crystal was obtained. Iattice level symmetry of Weissenberg photographs
placed the crystal in the monoclinic class. A primitive lattice was in-
dicated by reflections from all types of planes. The (hO!j reflections
were observed only when f = 2n. The (0k0) reflections were present only
when k T 2n. The space group was accordingly P2;/c.

Oscillation pictures about the nesdle aﬁs coupled with a zero level

Weissenberg pattern were used to obtain the lattice .constants and the 8
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angle. The values are as follows:

(o}
a = 13.164
b, = 15.10 B =136" 35
c, = 16.69

The inconvenience of working with such a large angle suggested a re-
selection of the a  and c, axes to give a g of 950 25'. The (hOf) reflec-
tions now appear only when h + £ = 2n, resulting in the space group P21/n.

The final latiice constants were obtazined from precession data. The

camera was calibrated by means of a calcite crystal. The lattice constants

are:
o
ao = 11.604
- o]
b, = 15.10 A =95 25
c, = 13.18

The space group contains L N(CHB)h;9/hnit cell. Symmetry operations of
the space group le/h are shown in Fig. 8.

Precession photographs timed to give a film factor of two were taken
about the needle axis using MoXX radiation. Data of the type (h04),
(0k gy, (nkO0), (hkh), and (bkh) were obtained. Thé intensities were ob-
tained by visual comparison methods and corrected for Lorentz and polariza-

2
tion factors to give relative F !'s.

Patterson Projections
Patterson projections utilizing (h0f), -(hk0), and (0Okf) precession
data were synthesized on IBM using punched cards. These are shown in Fig.

9, 10, and 1l.
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Fig. 8 Symmetry operations in the space group P21/n.

Point positions Structure factor

2: (2) (000, 333) ht+k+Q=2n
(b) (00%, 330) A =L cos 2w (hx + {z)cos 27rky
(¢) (030, 303) B=0

h+k+4f=2n41

Le (&) xyz; 4%, 57, 2483 &= -l sin 2 (hx + {z)sin 27ky

0

e . ! 1
XyZ5 2~Xy 27 2-Z. B
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Fig. 9 Patterson projection domn b.
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Fig. 10 Patterson projection down a .
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The projection onto the (010} plane indicated that all the iodine
atoms project into lines in the direction of aj - Coe Accordingly vector
maps were prepared from (hkh) and (hkh) precession data and are shown in

Fig. 12 and 13.

Fourier Projection

Using trial and error procedures and the restrictions placed upen the
possible interpretations of the (010) Patterson, Hach obtained the electron
density map shown in Fig. 1l.

A study by Hach of this Fourier synthesis suggested that three iodine
atoms coincided in projection at x = L2/60 and z = 10/60 of the respective
axial lengths (Fig. 14). It will be noted that the peaks are nicely de-
fined and that the electron densities are those expected for three atoms
in one peak and two in the remaining. In addition the peaks are elongated
in the direction of a, - o suggesting that the iodine atoms do not project
directly onto one another.

The reliability factor R = ZhFoi - ch” calculated for this

2 | Fol

interpretation was 0.29.

Determination of y Parameters
Hach then proceeded to make Fourier maps from eight trial structures
considered to be the only‘eight possible in an attempt to determine the ¥
parameters. Thése attempts failed to give any satisfactory results. The
failure to obtain agreement between observed and célculated structure fac~

Tors involving the y parameters led Hach to suggesﬁ that the (010) Fourier
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Fig. 12 Patterson projection down a, - Coe
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was in error, and that this would most readily be ascertained by a refine-
ment of the x and z parameters.

However, in the light of the fact that the intensity data for this
plane were of doubtful accuracy and because of the high degree of overlap,
this author felt that some method independent of refinement and trial and
error techniques should be soughte

A careful study of the eight possible trial structures was made by
superposing two-dimensional projections of the suggested models onto their
corresponding vector maps. It appeared that none of the combinations of
y parameters suggested in the eight structures was correct. However, the
analysis of the Fourier map onto (0l0) appeared compatible with the corres-
ponding Patterson projection with one major exception. The peaks occurring
at x = L4/60, z = L/60, x = 8/60, z = 13/60 did not possess the heights
dictated by the vectors arising from the presence of three atoms at x =
L2/60, z = 10/60 and two atoms at the remaining sites. The multiplici-
ties are such that both peaks should be of approximately equal heights

(Fige 9)e

Sharpened Patterson
Accordingly a sharpened Patterson onto (010) was prepared {Fige 15).
There are several methods for increasing the resolution of Patterson distri-
butions (25). As will be noted from the Patterson projections shown, the
maxima are rather diffuse resulting from the rapid diminution of the coef-
Ticients. If coefficients were chosen which did not decrease at all with

sinze, this would correspond physically to point atoms resulting in




Fig. 15 Sharpened Patterson onto the (010) plane.
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sharpened maxim2. AS a2 consequence, however, many false peaks would occur
due to termination of the series at a finite number of terms.

The use of a temperature factor is suggested as a means of reducing
the rate at which the coefficients diminish., Therefore, the relative val-
ues of the structure amplitudes squared were placed on an absolute scale
using the method of A. J. C. Wilson previously described. The presence of
a large number of atoms of the same scattering power occupying general
positions lends itself well to this statistical procedure. {ilson curves
are shown in Fig. 16.

Only three-fourths of the observed temperature factor was applied to
the observed intensities in order to lessen the effect of series termi-
nation. The results of the sharpened Patterson were to verify the con-

clusions reached by Hach, Fig. 15.

Inequalities

The main difficulty encountered in structural study is the fact that
measurements are made of |Fy ¢| rather than Fogqe The solution of the
phase problem has received considerable attention in recent years; and
prominent among the suggested solutions from the viewpoint of successful
application is the method of mathematical inequalities.

In order that the reader m2y better appreciate the application of
this techmique to the work here reported, a condensed review of the method
in its various modifications follows,

The first important and practical contrigution may be considered that

of Harker and Kasper (26). Their procedure gaihs in applicability through
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its introduction of unitary structure factors. These are calculated in a
manner similar to a method used for sharpening Patterscon distributions.

A reasonable approximation is the assumption that the atom scattering fac-

tors fj of the atoms in a crystal are related by the expression fj = ij,
where Zj is the atomic number of the jth atom and f is the unitary scai-
tering factor.
N N
If Z= Z,Zj s then 2 f. = Zf.
=1 Jj=1

Substitution of the expression for f.

3 into the structure factor expression

enables one to write
N
Uy = <‘i: nsexp 27ri(hxj + kyj + Rz3)
j=1
where Upiq = Fhkz /Zf (unitary structure factor) and ny = Zj/Z. By appli-
cation of Cauchy's inequality to the above expression and the assumption
of a center of symmetry, the following relation is derived
V-SSR
Uhke = = = 2Uznokeq °
Inequalities of the same general form are obtained on application of
other elements of symmetry. Thus for any space group a large number of
inequalities of increasing complexity may be derived.
One of the undesirable features of the above is the increasing com~
plexity of the expressions as symmetry elements are combined. The work
of Grison (27) has resulted in expressions more suiteble for experimental
application. From the most powerful inequality relation deduced by Harker
and Kasper, lUHi‘ UH" £ (1t Uge gt y(1X Ug—p:) where H and H' refer to

the indexes of the reflections, Grison derived the relationships shown in

Table 2.
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Table 2

Crison Relationships

Equations If -Conditions
A= (14 lUH+H,} 1+ \UH_H,]) E>BF Sy = Sy = Spm
B = (1t |Ugymi )= |Uppn])  ESE>FXD  Incompatible
C = (- [Ugem| )3t [Upemr])  EXCODF  SpSySpem =4+

D= (1~ U] )2 {Ug] ) ECOFXD SpSyiSy,pr =t and SESHiSpgr =—
E=( |ug] + [Ugl )2 E>F>CY  Incompatible

= ( [0g| - Jug )’ ESDIF  SpupiSpg =— or SpSySpm 4+
where |Ummi| D [Upep] E>F>D SppgtSy_pgr = —

The limitaetions of the method of inequalities have been published by

Hughes (28). A standard for evaluating the feasibility of the insqualities

approach is given by the root-mean-square value ¢ of the unitary structure

factors. The § value is defined b,;{

N N
0-2 = nj‘2 where . n: = f,./Zf.
j=1 J o 1 J

or, for a primitive unit cell containing N atoms of the same scattering
power, by the relations = 1/VN. d#ith decreasing 6 , a large fraction of
the amplitudes will have magnitudes too small to permit the determination
of their phases.

The work of Zachariasen, Ssyre, and Cochran (29), (30}, (31} was an

attempt to extend the method of inequalities to more complex structures

£ € g g e o o i e %
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involving lower & values, i.s., a sm2ll percentage of large unitary
structure factors. Along very different paths, these authors esnded up
with the same conclusion, namely the probable validity of the relation
SH+K = S-Sy, where S denotes the algebraic signs of three strong reflec-
tions. The method of Harker and Kasper assures the validity of this equa-
tion, provided the signs can be determined. Frequently, however, few such
equations can be obtained if few atoms add in phase. It has been shown by
Zachariasen that the method of inequalities as introduced by Harker and
Kesper will lead to 2 structure determination if 20 percent or more of

the structure factors satisfy the condition lUH\7>O.30. This implies a

0 >0.22. Therefore, one can only take recourse in a procedure which is
not necessarily, but probably, correct. This method is a very useful ana-
lytical tool which reduces to a problem of self-consistency with respect
to the relationships between signs. WWhen coupled with chemical intuition,

the dangers of such an analytical process are diminished.

Results of Inequalities
The methods of Grison were applied to (hOR) data. Since the contribu-

tion to scatiering is predominately of iodine, the unitary structure factor

can be written as

N fhkl
4 total of 59 out of 79 observed reflections were obtained. (Table 3). 4

Fourier projection (010) was synthesized on X~RAC. The results were almost
identical with the electron density map obtained by Hach.
Having established the validity of Hach's density map, it was decided

that this approach should be applied to other two-dimensional data to

e g



Unitary Factors and Signs

L5

Table 3

Indices U(h0R) Sign U(h04) Sign
(h00)
L .10 + 1 L1 +
8 .36 - 3 U7 +
5 15 -
(r01)
7 L6 - (L06)
5 .15 + T .22 -
3 .21 - [ .52 +
5 02)4 - E 037 -
7 .25 + 7 .35 +
9 A5 + 0 13 +
11 L0 - 2 3L -
(n02) (ho7)
10 L1 - 9 .38 -
g .2l + 7 029 -
3 -25 N 1 .65 +
L 37 +
2 .33 ¥ (n08)
2 02-1»}4 - 8- .39 +
h 019 + H th -
6 -33 - 0 066 bt
8 .12 +
(h09)
(h03) 7 .72 +
5 a5 + T .31 -
3 ‘71 - § 032 -
1 .25 -
5 It ¥ (h010)
7 A7 + g .75 -
I .36 -
(aCL) 2 .25 4
10 .60 +
B .15 + (n011)
E .21 + 1)- .LLO +
2' '3)4 . - ? 039 +
0 009 +
2 .13 + (h012)
8 '3‘1 + o o)-l-9 ‘*'
2 .38 +
(505) | ’
7 052 -
g ' 055 -
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obtain information on the y parameters. DBecause the atoms overlapped to

a2 lesser degree on the other planes, 2 lower & value was obtained. Due
to the corresponding decrease in the fraction of larger amplitudes, it
was necessary to apply the self-consistent technique previously mentioned.
This was done by plotiing the (0kf) and (hk0) reflections on a grid

{(Fige. 17), For convenience, only unitary factors of 0.25 were chosen.
Since the space group is centrosymmetric, the signs of two reflections may
be chosen at will, provided they are not independent of the choice of
origin. For example, the sign of an (0k0) reflection or an (0kK) reflec-
tion where k = 2n, £ = 2n could not be chosen arbitrarily. The origin

of the graph corresponds to a unitary structure factor of one with a
positive sign. The application of a self-consistent relationship between
signs consists of observing the signs of all vectors between reflections
related to the same chosen reflection. For example, if the sign of the
(023) reflection were positive, then all vectors where Ak = 2, A= 3
sheuld be positive. As more terms of lower magnitudes were introduced

upon the grid, some inconsistencies arose. The phases of these lower

amplitudes were determined by the predominence of one sign among the vectors,

A Fourier projection down 25 was prepared for approximately 27 re-
flections on X-RAC (Fig. 18). The phases of those weaker amplitudes which
were guestionable were determined through use of the positivity cri-
teria (6). Although the projection was originally misleading; the infor-
mation thereon ﬁogether with scalar model studies was instrumental in
solution of the final structure.

The application of inequalities to the (hk0) data did not result in

any useful information although a considerable degree of consistency was

PR
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Grid of the (Okj{) reflections.
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obtained between signs of the structure factors. Presumably a few signs
of some larger arplitudes were in error. As previously noted the method

does not assure the validity of the phases.

Refinement of the Parameters

The use of the synthetic Fourier with backshift corrections, although
used extensively for the refinement of parameters, is not well suited to
refinement when atcoms overlap in projection. The difference synthesis
technique developed by Cochran (32) and used by Finbak (33) is better
applied in this situation. The approach might be considered an. outgrowth
of Booth's stespest descents (3L) involving primarily the minimization of
the function R = Efw(lfkj-JFC\) with resoect to atomic coordinates, where
w is a weighting factor involving the error in the estimation of intensi-
ties., A plot of /%— /% is made assuming that the signs of the calculated
structure factors for the larger amplitudes are correct. After the syn-
vhesis 1s complete, the positions of the atoms are compared with those used
for calculating the structure factors. For example, if the atomic coordi-
nates were very much in error, a large negative or positive peak correspond-
ing to a too great or a too small electron density would cccur at that
point. For smaller errors the centers of the peaks would be shifted some-
what. Corrections to the parameters are made in the direction of greatest
initial slope. This procedure is repeated until the reliability factor R
is minimized.

The difference synthesis is said to be eguivelent to the normal
Fourier method plus the Booth correction or stated otherwise the rate of
convergence is approximately equal to that of least squares (35).

Difference syntheses of the series

A g o e s
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D= p-p = é;i.(FO - Fc) cos 2 (hx+ky+{z)

were synthesized for both (0kf) and (hk0) deta (Fig. 19 and 20). Suc-
cessive meps were made and the reliability factor R determined after each
correction to the parameters. These refinements were carried out until
the change in R was negligible. In addition the parameters obtained from
these two planes were used to calculate R factors for (hOf) and (hkh) data.
The final values of the parameters are listzd in Table L. The R factors
for observed (h0f), (0kf), (hkQ), and (hkh) data are, respectively, 0.17,
0.18, 0.17 and 0.16. The agreement between calculated and observed struc~
ture factors are shown in Table 5. Fourier maps for (0k{) and (hkO) data

were synthesized from the final parameters and are shown in Fig. 21 and 22.

g



N —?

Fig. 19 Difference synthesis of (Okf) data.
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Table L

Parameters of the Jodine Atoms

.C58
08l
.880
L1116
.318
.L.00
<08l
a729
oli55

0Ll
2190
2586
169
53k
2061
+690
. 710
665




Observed and Calculated Structure Factors

Tndices Fy Fe Indices Fo Fe
(hk0)
(0kx0)
2 140 +1L6 2 11
L 152 -151 3 L .02
6 235 1 2 +3
é 61 =76 5 10 412
L4 20 -1k 8 39 +29
. 9 32 +4
(lxg) . ) 10 36 ~13
t2 11 6 -
. 1 7 7 %0
172 -158 (Lk0)
6 58 ~69 0 L9 56
7 33 +35 1 70 -65
8 53 +hl > 8 -43
4 8¢ 7 3 123 128
10 0 +C L 62 -55
11 1k 6 c 1 3
12 20 +35 3 1L l
13 Q -1 7 1L +7
9 32 +39
(2k8) 8 e 10 51 +33
' = 11
., 1 = -
=2 k0
3 309 -2?9 (5 1) 93 43%
L 7L =73 2 127 +100
5 135 =127 3 69 +5'2
7 T2 -59 5 82 -82
8 Q =3 6 62 -73
9 68 35 7 0 ~26
10 0 t22 8 17 ~56
11 28 +40 9 26 ~LL
12 1L +1C 10 6 -8
(3k0) 11 0 +6
0 il
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Table 5 (Continued)
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Indices Fo Fg Indices Fo Fe
1 0 *3 (10x0)
2 o1 =33 0 10 -13
3 23 =32 1 0 ¥7
g 69 +76 2 0 -l
0 0 3 Lo +38
6 35 +hl: M 27 2L
g hg -'3 2 7 45
- 10 -17
9 40 +4s9 {
10 27 -33 Ok
11 7 +2k (oot) (Oe7)
' 2 30 -38
(7x0) L 37 +11
1 73 =70 6 L5 +57
2 1L -1k 8 150 -1L0
? 22 -gg 10 22 +13
i 7 - 12 1L -1l
5 53 +39
6 1 +1; (014)
7 0 - 2 76 +87
8 41 +51 3 Ll 31
9 10 -19 N 0 +9
5 79 +57
(8x0) . 6 87 +76
0 99 -89 7 85 +6l
1 0 ¥1 8 gl +73
2 0 +9 9 0 =12
3 L9 +59 10 0 -10
b 0 +6 11 35 -22
5 0 +9 12 0 +11
6 §5 +3i 13 0 -3
7 3 -2k -
] 2 3 1L il 7
(020) -
(9x0) 0 140 +116
1 1k -3 1 0 -5
2 n +72 2 0 =19
3 10 +1 128 +108
I 1 +19 i 66 -£0
5 30 +36 5 1L +2L
6 1 +10 6 76 ¥52
7 0 -5 7 0 42
8 28 =21 8 L3 -46




Table 5 (Continued)
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Indices ¥y Fo Indices: Fo Fo
9 26 +30 8 30 2l
10 0 -8 9 0 =10
11 0 +1 10 1L -25
12 1L +10
13 1 +10 (06.0) '
0 209 -206
(034) 1 0 +2
1 37 ¥23 2 109 $+92
2 268 +227 3 L5 +33
3 il -50 N 0 -10
L 198 -181 5 0 ~2
5 6Ly -50 6 1 -22
6 172 $161 7 74 +71
7 0 0 8 77 +78
8 1L 17 9 50 431
9 0 -16 10 28 -20
10 0 -18
11 20 415 (07¢)
12 0 $12 1 31 -5
13 0 +11 2 39 +35
1l 20 22 3 0 -15
L 36 +35
(oLg) g 0 -5
g 143 -1 6 0 0
22 +21 7 1L 9
2 L6 -61 8 1L .‘;,
3 13 -20 9 20 -9
L I #25 10 25 +1L
5 L3 -35
6 L5 32 (08¢)
7 22 -13 0 1,8 -5k
8 58 +b5 1 72 +69
10 0 4 : ; =
= 3 0 -5
12 1 -7 5 1, -9
6 -5
(050) ) [ 5
1 167 +1L0 8 0 $12
2 127 $122 9 0 7
3 0 -10 10 ,
0 + 0
6 0 5 P 76 -81
7 72 -5k 2 69
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Table 5 (Continued)

. Indices Fs Fo Indices Fo Fo
3 0 ~25 (0e1e0)
L 0 +25 ) 0 { 1l =10
5 26 22 1 32 -3k
6 61 ~61 2 1l =13
7 0 +2 1 -10
8 ik ' +6 > b
9 28 +22 ho
10 28 ) [000) (50f)
2 20 -25
{0-10-4) L 32 +3k
0 27 +25 6 Lo +51
1 0 11 8 121 ~113
2 0 -2 10 10 +12
13 hi +2§>
i 1 i (Tog
5 1l -15 1) 120 ~116
6 28 -17 3 Lo +37
7 0 =8 5 118 #121
8 20 <18 7 1 41l
7 0 -1 9 0 -17
(Ce11-0) 10
1 20 18 ( ‘30_) 5 13
2 20 22 3 120 -116
3 33 3L 5 20 -30
.2y i3
2 -21
2 2 i 9 0 +16
(20f)
(0-12.f) 2 155 +170
0 1k +18 L 136 ~128
1 0 +9 6 105 #1213
3 1(13, -16 10 o -1
E g +_1_§ 12 32 +37
6 0 +12 (20f )
0 30 -36
(0-113 4} . 2 522 -168
< 0 - 4 Ls +73
2 1L +16 6 100 ~100
TR B B
- 10 )
5 0 o 35 +43
6 20 45
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Table 5 (Contimed)

58

Indices Fs Fe Indices Fo Fo
(304)
1 U +15 (o)
3 285 -293 2 6l 448
5 0 -19 L 36 +35
7 0 +10 6 102 +86
9 50 ~0) 8 17 +16
11 39 +37 10 0 +13
(304) (604)
1 92 -87 0 28 ~27
3 17 418 2 86 21
5 150 ¥166 L 10 -37
7 1l ~16 6 30 -31
9 25 ¥L0 8 1L +21
(Log) (704)
2 138 +125 1 101 -111
b 61 +70 3 0 $12
6 91 +79 5 8g -7
8 L1 -15 7 37 -L3
10 L3 32 g 67 450
12 0 0
(704)
(LOR) 1 57 +55
0 33 +37 3 33 +46
2 72 +98 5 0 -9
4 25 -12 7 10 +25
6 27 i 9 0 0
8 o c
10 © =7 (Bof)
2 Lo Shk
(504) N 1l +2
1 51 60 6 26 ~35
3 L6 +65 8 33 +32
5 133 ~116
7 117 9L (8o)
9 39 -32 0 65 -58
11 33 -28 2 22 2L
L l ~29
(504) 6 0 *
3 137 +16l
5 36 -39 (504)
7 0 -1 1 10 $22
7 0 -1 3 0 17
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Table 5 (Continued)

Indices F o Fc Indices Fo Feo

5 0 +16 2 218 -206

7 32 =30 3 268 +274

L 63 +77
(904) 5 0 419

1 25 451 6 211 +261

3 0 -8 7 93 ~70

5 0 -2 8 39 +h

— 9 28 -18
(I5+0-4) 10 A -3
2 39 -3 11 10 11
L 50 $52
6 0 -1 (3k3)
0 33 418
(100°4) 1 52 +68
0 10 -11 5 0 0
2 0 -9 3 13 4168
—_ N 89 -90
(I1.0-4) 5 17 ¥27
1 0 +2 6 10 -18
7 22 -18
{11.0.4) 8 L1 +37
1 33 +22 9 68 -81
10 33 429
(hkh)

(0k0) . (Lkk)

L 159 -151 0 30 -15

6 238 -235 1 137 ~12L

8 &l -76 2 6 +70
10 32 . %30 3 58 -72

i 36 +5
(k1) 5 26 ~L0

2 0 +10 6 0 =20

3 212 -172 7 10 +L

h 118 +118 3 15 -7

5 L2 -52 9 33 +25

6 7L -65 10 22 -13

7 115 $129

8 0 +5 (5k5)

3 - +40 0 L5 —L7
10 22 =29 1 o) -9
11 20 +11 2 0 0

3 i -65

(2k2) L 0 +15
0 23k -235 5 6L, -73

1 28 +27 6 6l +70

s g g e
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Table 5 (Continued)

Indices

Fe

"~

ON
By

D=~ OULE“W D - O ON
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O \0 o~

| —

$2
+10
$22
-22
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DISCUSSION

Description of the Structure

The structure of N(CHB)hI9 is shown in Figs. 23, 2L, 25, and 26.
The enneaiodide structure consists of alternately, nets of icdine mole-
cules packed with the cation and nets of pentaicdide ions. Avparently
two iodine molecules and‘a pentaiodide ion account for the nine iodine
atoms of the molecular formula, However, thé refinsment orocess has not
eliminated alternate interpretations in 1light of hepta- or emneaiodide ions.

Fig. 2L is a projection of one IE~ net down the a,-c, axes. These

iodine atoms lie essentially in planes with 2 departure from planarity of

o
~only £ 0.204. The planes containing the 15 ions are separated by a dis~

tance of approximately 9.22. The separation of IS— ions within one plane
is shown in Fig. 2. The pentaiodide is V-shaped with an angle of 86.50
at the apex. The arms of the V are linear within aporoximately 7T degrees,
The lodine-iodine bond distances are 3.1?2 and 2.903 in ore arm and 2.9l§
and 3.2&3 in the other.

In Fig. 25, the projection of the I2 molecules onto the net shown in
Fig. 2L suggests a honeycomb arrangement of iodine molecules. The dotted
circles represent iodine molecules approximately normal to and behind the
plane of anions while the solid circles represent iodine molecules in front
of the plane of anions. The icdine atom of the 12 molecule directly behind
the terminal atom of the pentaiodide ion (labeled 3 according to the parame-
ters given in Table L) is at a distance of 3.h3§. However, the distance o
the nearest iodine atom of the I2 molecule in front of_the plane is 3.2&3.

It is very doubtful that this latter distance is significant since there




Fige 23 Structure of N(CH .
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2}y Projection of IS' net down the a, - ¢ axis.
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molecules down a5 ~ Cye
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is no apparent reason for this stronger interaction. In addition, the

0
iodine~-iodine bond distance in the molzcule is only 2.467A. Due to the
polarizability of the I2 molecule, a longer bond length would be expected.

The I, molecule concerned is one in which difficulty has arisen in resolu-~

2
tion of the atoms. Refinement of hkh data should be carried out before
any conclusions concerning this short interaction can be made.

It is interestiﬁg that the IS_ ions are not so well defined as in
Hach and Rundle's structure. In Fig. 25, the distance between the terminal
atoms 3 and 5 of the itwo pentaiodide ions is only 3.&92 so that one might
consider the ion to be I10=. If the interactions of atom 3 with the 12

molecules is considered, the structure may be descriked as I, and I, or
3 7 )

Ilh- and two 12.
The honeycomb %rrangement of the iodine molecules is further shown
in Fig., 27. Since the electron density of the cation constitutes only 9
percent of the total, no evidence for this ion would be expected in the
Fourier projections. There are, however, large voids within the honeycomb
arrangement wWnich will readily accomodate the large vositive ions. In
addition, the occurrence of diffuse positive regions on all difference
syntheses, which arise in the region of the voids, encourages this interpre-
tation. If the cation is placed in 2 four-fold set with the nitrogen atom
at x = 367, y = .331, and z = .38L, the carbon atoms rémain over h.lﬁ
from the iodine atoms, assuming the ideal angles of the tetrahedral con~
figuration.
A glance a2t Fig, 25 will show that if the positive cation is placed
in the center of the honeycombs, the charge is closer to atom 5 than to

atom 3. Yet the negative charge apparently is not centered upon 5 but

YR g i g VTR R AR



Fig. 27 Arrangement of iodine molecules.
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rather on 3. This is difficult to explain bub the possitility may exist
that the methyl groups are so positioned as to shield the effect of the

cation on atom 5.

Errors

From the magnitudes of the R factors obtained, it is reasonable to
believe that the intérpretation given to this structure is correct., How-
ever, the magnitudes of the discrepancy factors have no bearing on the
accuracy of the reported bond distances., The degree of accuracy in bond
distances is zsssenticl to the problem if any significance is to be
attached tc the present interpretation.

Since the atoms in this structure are essentially all of equal weight
and in general positions, the method of Booth for evaluating the standard

error should be most satisfactory (36). Booth has shown that nB, =

- 2
jEK\FO\ \Fcl) s Where n is equal to the number of dimensions in the
S (Fo)?

summation, corresponds to the r.m.s. error. When the uncbserved or zero

reflections are included for the various two-dimensional data, 2R2 = 0Ll

to .072, corresponding to an r.m.s. error of about .0l to .O?go

Conclusions
Explanation of the nature of the bonding in the enneaiodide structure
does not reqpire_the use of d-orbitals above the valence shell as used in
IClZ' and IClh-. The bond distances are considerably longer than would
be expected for hybrid bonds involving the d—orbitaio There can be little

doubt that the distances in the pentaiodide ion of this structure are

PR AEE )
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appreciably greater than in 12, and, in addition, that two different dis-
tances occur, just as was observed in 13" and Ig' ions.

At this point it would be well to compare the pentaiodide ion of
this structure with that reported by Hach and Rundle. In the latter the
bonding between the end two iodine atoms of each arm of the V was observed
to be stronger than the bonding between the apex iodine and the adjacent
atoms, suggesting that two iodine molecules interacted with an jodide ion

to form a weak covalent bond. This picture was extended to the linear I

3
ion reported by Mooney. The unusual bond lengths obtained in the I, and

3
I5- ions were attributed to resonance between the usual covalent iodine-
lodine bond and a longer interaction, The nature of the longer bond was
ascribed to ion-induced dipole interaction arising from the polarizatility
of the iodine molecule,

These authors applied a simple molecular orkital argument to the I3"
ion to show that resonance of the two forms I *¢°**I -~ I and I - IeeeeI"
was reasonable without the use of d-orbitals. In the case éf IB-’ four
electrons and three iodine p-orbitals were considered. By assuming that
the Coulombic integrals and the exchange integrals for a2djacent atoms were
equal, the authors obtained & resonance energy of 0.6284 .

By extending the resonance picture to the pentaiodide ion with the

contributing forms as follows:

N, SN

P —
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the authors were able to explain many of the questions which arise con-
cerning the chemical behavior of the polyiodides. Each arm of the penta-
iodide ion mey be likened to the linear I, ion. If a p-orbitel of I~

3
is used in each arm of the IS-, the expected bond angle at the apex is
90o and the 15' ion should be planar. The V shaped ion was observcd ©o
have an apex angle of 9&00'. The arms were linear within L degrees and
the departure from plénarity was only 0.122‘

In the case of isolated I3- ions, contribution of each form in
equal amounts will lead to a symmetric siructure possessing tne maximum
degree of resonance energy. Since the IB- ion of lMooney is asymmetric,
the explanation must lie in the fact that the cation lies nezrer one end
of the triiodide than the other, increasing the contribution of the reso-
nance form with the negative charge nearer the cation.

As a result of the above, the zuthors were further led to suggest
that as the cation in a polylodide is made smaller, thus concentrating the
positive charge, the resonating form with the negative charge closest to
the positive charge will be dominant., If a sufficiently small cation could
be obtained, a point would be reached where resonance stabilization would
ve very small. This explanstion would account for ithe observation thei
sm2l1l cations do not form polyiodides.

No significance can be attached to the variations in Bond lengths
observed between the two arms of the penteiodide ion in the enneaiodide
structure since these variations are less then the megnitude of error.

It is interesting to note that the IS_ ion iﬁ the enneziodide structure
does not have equal bond distances between the apex iodine and adjacent

2toms as observed in the IS ion of Hachk and Rundle.

Clreogy g o
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There is no reason to expect that both pentaiocdide ions should be
identical. The pentaiodide ions reported by Hach interact in pairs such
as to accomodate the large positive ions, (Fig. 28). This packing arrange-
ment allows the resonzting negative charges to remain close to the positive
charge and provides egual contribution of each resonating form.

The positive ion in the enneaiodide is not contaired within voids
formed by IS— ions buf rather in the voids formed by I5 molecules whose
molecular axes are directed approximately norm2l to the planes of penta-
iodide ions {Fig. 23).

&n unequal field about the apex and arms of the V would certainly
result in an unequal contribution of each reson2ting form. Hewever, the
author at this time is unable to explain the significance cf the experi-
mental bond lengths on the basis of the caticn location. The contraction
of the apex angle from 91..0° to 86.5° and the interlocking of the IS' ions
within the net as shown in Fig, 2L is not surprising since this is what one
might expect if the cation were made progressively larger or if more iodine
molecules were added. The pentaiodide ion of Hach and Rundle must possess
a larger apex angle to_accomodate the large vpositive charge without dis-
tortion of the normal tetrahedral configuration of the cation.

A further study of this enneaiodide structure shows that the inter-
action of iodine molescules with I in the pentaiodide is weéker than in
the I5~ ion of Hach and Rundle, The difference in bond length is &pproxi-
mately 0.09§.greater in the enneaiodide. This may be explained by the
fact that the location of the cation and theAI2 molecules is such as to
increase the deviation of the 15_ ions from planarity as evidenced by

the experimental results. This increased departure from planarity may
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Fig. 28 Structure of N(CH3)) Iz (after Hach and Rundle}.
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account for the weaker interaction of the iodine molecules witn I-.

In the structure of iodine each atom has a2 nearest neighbor at 2.622,
which is the distance observed for the 12 molecules in the enneaiodide
structure. One would expect slightly longer bond distances because of
the highly polarizable nature of 12. Because of the error involved it
is not unlikely that these lengths are indeed longer but there is noc rea-
son to expect bond lengths of the order of magnitude found in IS_ ionse.

The separation of the iodine atoms in adjacent IS— ions contained
within essentially the same plane varies from 3.&9& to h.BE. These dis-
tances occur in the structure of iodine. However, the distance of h,BE
is found as a layer separation in the iodine structure. In both struc-
tures the short van der Waals distance within the plane can be attributed
to the strong interactions of the iodines due to the high polarizability

in the direction of the bonds.

Suggestions for Further Study

The preceding discussion was not meant to constitute a2 complete sub-
stantiation of the views arrived at by the authors of the pentaiodide
structure. Surely additional refinement by some other method such as
least squares or by the more recent method of Cruickshank's (37) would be
extremely valuable. Synthetic Fourier refinement making use of (hkn) data
might be most helpful. This author failed to note the advantages of re-
finement on tﬁis plane and is just now carrying out this refinement. One
mi ght expect better bond lengths from the (hO{) data but this is question-

a2ble due to the large degree of overlap in this plane.
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Spectrophotometric analysis of crystals of the polyiodide series
may prove useful provided a suitable method can be found.for preparing
the crystals for analysis. Preparation of thin films of the compounds
has been suggested but it is doubtful if they would be sufficiently
transparent due to tendency of the higher polyiodides to deposit molecu-
lar I, on the surﬁaces.

It would be most interesting to carry out a structure determination
for the heptaiodide ion. This ion does not crystallize with the tetra-
methylammonium ion but does form with the trimethylphenylarmonium cation.
It is quite possible that the heptaiodide ion consists of an 12 molecule
and a pentaiodide ion. If the cation should occupy one of the positions
of 12 in the enneaiodide structure, some similarity should exist between

these two pentaiodide ions.
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SUMMARY

Crystals of N(CHB)hI9 are dark green monoclinic needles approximately
rectanzular in shape. The observed density is 3.47 gm/cc versus a calcu-
lated density of 3.51 gm/cc for a unit cell of hN(CHBBhI9.

The lattice constants are a, = 11.60%, b, = 15.108, and ¢ = 13.188.
The angle @ = 95°25'. The space group is P2, /n.

The iodine parameters expressed as fractioﬁs of the corresponding
unit-cell dimensions are as follows: Xy = .211, ¥y = .058, Z; = .OL1;

X, = 2076, ¥, = L08L, Z, = .190; X3 = +0L6, T3 = .800, Z3 = 5865 X) =
.086, T = A6, Z), = .189; X = O, Ty = .318, Zg = o523l Xé = .2L9,
Ty = 1100, Zg = L061; X? = ,181, Y7 = QOSh,-Z7 = .690; Xg = 191, ¥g =

2729, Zg = 07105 X = =150, Ty = o155, Z 665,

g =

Fourier synthesis of four planes of data and refinement cf the data
indicate that the enneaiodide structure consists of iodine molecules packed
with the cation and a pentaiodide ion. The structure might be best de-
scribed as a honeycomb arrangement of 12 molecules whose voids accomodate
the positive ions which in turn separafe planes of V shaped negative penta—'
iodide ions, |

The bonding within the arms of the V shaped anions is quite different
from that found in polyhalogens which contain two or more different halo-
gens. Interpretation ¢f the bonding does not reguire the use of d-orbitals
above the valence shell. The bonding may be interpreted by means of a
resonance picture as in the previously repcortad pentaiodide structure but

the significance of the reported btond distances is still not clear.

The weaker interaction of the I2 molecules with I~ in the planes of the
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IS" net 1s attributed to the greater deviation from planarity of the
anions 2s compared to the pentaiodide of Hach and Rundle.
The structure provides no evidence for believing that either the

heptaiodide or enneaiodide constitutes the upper limits of the polyiodides,

e e 4 TR
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