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I, INTRODUCTIOR

The chemical industries have been making remarksble
technological advancements at an ever increasing rate.
These advencements have provided people with a steadily
lengthening life expectaney and have supplied them with a
tremendous number of products which make their living
saslier and more enjoyable. It has been largely throﬁgh an
understanding of the nature of matter by research personnel
that these meny technologlcal advancements of industry have
been possible.

In order to Insure the continuance of advancements a
more and more accurate understanding of matter is essential.
In man's comprehension of the nature of matter certainly of
prime importance is his understanding of the bonding in
chemical compounds. The work contalned here is an attempt
to further this understanding, in particular the under-
standing of the bonding in the polylodide compounds. Some
concepts of the nature of these bonds can be obtained from
an X-ray erystal strueture study, which is the nature of
the work contelned here, It il hoped that information
obtained will be of some help in man's attempt to aecquire

an integrated conception of the nature of matter.
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IX. POLYHALOGEN COMPOUNDS

A. Interhalogen Compounds

At least eleven Interhalogen compounds are known, They
may all be represented by Aﬁn with n 2z 1, 3, 5 or 7. In all
onses A is the heavier of the two halogens. In the only
compounds known with n larger than three, B 1s fluorine; also,
when n is one or three, the more stable compounds are those
with A and B nearly the same weight. This may be partly due
to steric effects; however, the nature of the A-~B bond must
have an impaﬁtant bearing.

About half of these compounds are gases at room temper-
sture while the remasining compounds have relatively low boil-
ing points. Several of these compounde have been studied by
electron diffraction. From the interatomic distances they
appear to have the lighter halogen covalently bonded to the
heavier central atom. The results of the electron diffrac-
tion studies are shown in Table 1. The value of TRy is the
sum of the covalent radll of the respective atoms as glven
by Pauling (1, p.179). The molecules of C1lF_ have the shape

3
of a trigonal pyramid with the F-0l-F angle of 86.5°.



Table 1
Resultes of Structure Study

sompound Bond Length > Rq(1,p.179) Reference
C1F Cl.F 1.63 £ 1.63 % (2)
Ic1 I-C1 2.32 2.34 (3)
GlFa Cl.F 1.69 1.63 (2)

B. Polyhalide Compounds

Polyhalide compounds of which tetramethylammonium
pentalodide and enneaslodide are examples have been known for
well over a hundred years (4). In solution there 1s evidence
for Xg, Xg (5), i; and i; (6) where X may contain as many as
three different halogens within one ion, Many cations have
been found to form well crystallized salts with these anions.
Compounds of the type ﬁxn withn z 3, 6, 7 and 9 are es~
peclelly numerous when X 1s exclusively iodine. A, Geuther
(7) has studied optically over fifty of these compounds,
There ere several compounds of the type mxi of which 0814 is
an example, These, however, are thought to be double salts
of the type 6515'6315‘

With any one anion the esse of crystallization and the
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stabllity of the solid salt depend largely upon the nsature

of the cation present, The larger the cation present the
more stable the salt; in fact, the higher polylodides crystal-
lize only if the cation is as large or larger than the tetraw
methylammonium cation. Polyhalide compounds with organic
bases are especially numerous. There are relatively few with
inorganic cations which are almost exelusively confined to
the alkall metals. Lithium apparently forms no polyhalide
compounds while sodium forms only solveted ones. Though
stebllity is closely connected with the slgze of the cation,
aymmetry seems to have an effect In the substituted smmoniums
(8). The order of stability is N(CHy),y NH,(CHg), >

iy (CHy) > NH(CHz) 5 > NH,.

It appeasrs that the stability of the polyhalides is a
funotion of the heaviest halogen present. Compounds with at
least one iodine are much more stable than those without 1t,
The stabillty of the trihelide ion seems to depend on two
additional feectors - the nearness of the weight of the two
lighter atoms to the heavier one and the nearness of the
welght of the lighter atoms to each other. The order of
stability is Iy >IBrg >I01; »IBr0l > Bry >IBr > 1,01 »
BroCl™ (e).

Polyhalide compounds are quite different from intere
halogen compounds, Higher members of AB, form only when A

is iodine and B 1s fluorine whereas higher members of axn



form only when X ls exclusively lodine. There may be somes
thing unique about the bonding in the high polylodides since
the corresponding interhalogen compounds do not form.

The results of X~ray diffraction studles of polfhaiide
compounds are listed in Table 2. The ocompounds Gals, KI
OsIBry, 0sIClg, OsClIBr and H(Gﬂg)4ls {14)(15)(18) have

received more or less complete structure studies but are

30

probably less accurate than the values listed 1In the table.

Table 2
Results of Structure Studles

Compound Bond Length Z Rié 1, Reference

| | p.179)

N(CHg) I61, I-C1  2.34 & 2,32 § (10)

HH, IC1Br I-01 2.38 2,32 (11)
I-Br 2.50 2.47

KICl, I-C1 2.34 2,32 (12)

NH, I, I-I 2.82 2,67 (13)
Iel 3.10 2,67

The polyhalides have generally been assumed to be
covalently bonded and the structural studies support this
with the exception of ammonium triiodide. The bond lengths

are qulte close to what one would expect for covalent bonds
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and the configuration is what one would expect. .

The electronic structure of xci; is probably téi f%::éi:
Jodine has two 5d electrons used for bonding. The direc-
tions of the bonds are those expected for apsd hybrid-
ized bonds, namely toward the corners of a trigonal bi-
pyramid, The configuration of ICl, is linear snd symmet-
ricals The three unshared electrons may be lnterpreted to
be in a plane (1, p.1ll1).

The IC1Br ion is linear and probably has the same elec=
tronie structure as ICL,.

The 101: fon is an example of spd® bonding, The bond
directions expected are to the corners of a regulasr octa-
hedron. Iodine is in the middle of & coplanar squars of
shlorine atoms. Apparently there are two pairs of unshared
electrons on opposite sides of iodine (1, p.lll).

The reported structure of 33413 is in general disagree-
ment wlth these interpretations. This structure determina-
tion was done relatively early in the development of X-ray
technique and many of the more precige modern methods were
not used., There is probably some reason for questioning
the accuracy of this determinatlion.

The reported trilodlde ion is unusual in two ways.

The ion is esymmetrical and 1t has unusually long lodine-
lodine distences. The work of West (18) in whieh

iodine was found to form chalns of atoms with a repeat
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distance of sbout 3.1 & in the starch~lodine addition com=-
pounds makes the long lodine~iocdine distance seem somewhat
more reasonable.

The structure determination of tetramethylammonium
pentalodide was undertaken in an attempt to explain the
anomalous reperted trilodide structure and to obtein a better
understanding of the 10din¢~ioﬁina interaction in polyiodide
compounds . It was also hoped that an explasnation could be
obtalned for some of the uncomnected facts listed above

concerning the chemistry of these compounds.
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II1I. STRUCTURE OF TETRAMETHYLAMMONIUM PENTAIODIDE

A, Preparation of the Compound

Tetramethylammonium pentaiodide can be prepared by
the additlion of lodine to tetramethylemmonium lodide in an
aleohol solution. A, Geuther (7) prepared this compound by
dissolving tetrame thylammonium iodlde and lodine in the
moler ratio of one to two resgpectively in boiling lodine-
aleohol solution whiech was previously saturated with iodine
at a lower temperature, The solution was then slowly cooled
to the lower temperature with the preciplitation of tetra-
methylammonium pentaiodide. It was found, however, that
better crystals were obtalned if an excess of iodine was
used. It was also found that the nabure of the crystals
chenged relatively slowly over 2 wide range of excesas lodine.

The best crystalline product was obtalned by adding e
two- to three«fold excess of iodine to tetramethylsmmonium
jodide in boiling aleohol whieh contained no additional
lodine, The solution was then cocled in twe concentric Dewar
flasks, The cuter flask conteined hot water and the flask of
aleohol solution., When placed in a room whose temperature
was 0° the aleohol solution requlred spproximately forty-eight
hours to drop to 5%, The mother liguor was decanted off the

erystals which were then shaken on filter paper untll most of



the mother liquor was absorbeds The crystals were then

stored in a sealed container.,

B. Identification of Tetramethylammonium FPentaiodide

Tetrame thylammonium pentalodide 1s an iodine c¢olored
erystalline compound which loses lodlne when exposed to air.
Within a half hour the crystals no longer reflect sufficilent
light to permit study by an optical goniometer. If placed
in a sealed container they remein shiny indefinitely. Analy~
8ls of samples of the compound by titrating the free iodine
with sodlum thlosulfate gave erratic and low results. This
was attributed to either the loss of lodine in handling the
samples or the incomplete removal of mother liquor from the
erystalline produect. The analyses of three samples were
69.76%, 67.,72% and 67.25% in comparison to a theoretical
value of 71,58%.

Liidecke (19) studied tetramethylammonium pentaiodide
opticelly and reported it to be monocelinic with.(3s 72° 20!
(or 107° 40') end axial ratlos of 0,9866:1:0.6553., By means
of X-rays tetramethylammonium pentalodide was found to be mono-
celinic with P’: 107° 50' and axial ratios 0.982:1:0.655. The
observed density of individual crystals determined by means of
floatation in a mixture of methyl lodide and me thylene iodide
was found to be between 2.98 and 3.04 g./ce., The csleculated
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density for 4H(Gﬁ$)415 per unit cell is 3.06.

C. Determination of the Structure

l+ Determination of the spece group

individual crystals of tetramethylammonium pentalodide
were sealed in a thin-walled glass caplllary. The crystal
class was determined by means of X-ray technique. The
orystals were found to posseass only a 2~fold axis of symmetry
end & mirror plasne perpendicular to 1t and were therefore
monoelinie, When indexed consistently with the monoelinie
convention

8, = 13.34 &

b, = 13.59 F: 107° s0!
= 8,90,

General reflsctions were observed only when h + k =« 2n
and (hO1) reflections were observed only when h and R = 2n.
These facts required the space group to be C2/¢ or the noncentro-
symmetries group, Ce. Since in many cases there ls no rellable
means for determining whether a crystal 1s centrosymmetric or
not, work was continued assuming the erystal to be centrosymmet-
ric, since work with this space group 1s the easler of the two.
In the courss of the structure determination no inconsist-

encles were found in this assumption, therefore the space
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group iz 02/e¢, The point positions in this space group are
listed in Table 3.

8. Collection of intensity data

A long erystal about 0.005 em. on a side was selected
and sealed in & thin~walled glass capillary. Multiple film
Welssenberg date were recorded about the 2-fold axis with
u Ko« radlation, The equator end seven layer lines were
photographed, The reflectlons on these films were visuslly
estimated and corrected with the sppropriate Lorentzepolar

ization corrections. Data of the type (Okl) were ugsed to

Teble 3
Point Positions in the C2/¢ Space Group

(000; #40)+

4: (a) 000; 00%

(b) 005 03}
(e) 4403 i3
(d) &k 430
(e) Oyi; Oyd

B: (f) xyz3 X T 23 X,7,3-%5 X,¥,h+2
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place (hOR), (h2l), (h4) and (h6R) on the seme arbitrary
scale since each set of data had been visually estimated
relative to the strongest reflection present in the fllm

set, Since no reflsctions were common to both (Ok{l) and
(hkR) data when k is 2n + 1, {1k date were used to scale
(h1R), (h3R), (h5R) end (h78). Finally, (hhR) data were used
to scale (Okg) and (1kR). In this manner the eight sets of
films taken about b, were put upon the same relative intenw

slty scale,

3. Projections

Patterson projections (20) were made down aj,, b, and ¢,
ﬁavér&l months were spent attempting to interpret these
projections. No sulteble interpretations were obtained;
consequently, it was concluded that H{x0z) (21) should be made,
This projection required the use of the three dimensional
date. |

The H(x0z) projection had only seven peaks in the entire
unit cell. This projection was studled in considerable de-
tall; however, still no suitable structure was obtained. The
general rellablility of all the data was questionaeble since it
contained only about eight orders of reflections and since so
many oross correlations were used to scale the three dimen-

sional data., The inaccurate date were evidenced by the fluctu-



13

ations of the background values in the H(x0z) projection. It
was finally decided to collect new dats with e larger orystal
of the order of 0.0l5 em., on an edge since the larger crystals
were known to show reflection of as high as twelve orders.

New data of the type (hk0), (hOR), (Okl) and (hhe) wes
recorded with a precesslon camera using Mo Ko rediation. The
pse of the shorter wave length Molybdenum radiation helped to
offset the higher absorption of the larger crystal. Since
the precsssion camera does not lend 1tself to multiple film
technique, the method of timed exposures was used. With this
method & serles of eight films were usuaslly taken starting with
about a ten minute exposure and doubling the length of each
successive exposure., The films were collected and developed
simultaneously as usual, With this lower fllm to film intenw
8ity ratlo, intensiitles could be estimated visuelly more
guickly and accurately. The intensitles on the four sets of
film were visually estimated and corrected with éircularly
symmetrical Lorentsz~polarization corrections factors, Over
three hundred independent reflections were recorded in these
four zones.

New Patterson projections were made with these new data.
The projections down L bo and ¢, are shown in Flgures 1,
2 and 3, After a period of study all Patterson projections
were interpreted roughly by means of the sets of parameters

listed under one in Table 4,
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U U U U

TAAN/SY I GANY/S\
IO E@ O @I
L6 0680 @6

Figure 1 Patterson projection down a
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a.

Flgure 2 Patterson projection down b,
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b © @ ¢

F\ F\
b.

Figure 3 Patterson projection down o
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There is one 4~fold set of atoms on the 2-fcld axis,
4(a), and two general 8-fold sets, 8(f)., The parameter
for the 4~fold set is listed under y, and the parametersof
the two general sets are listed under (xbyb&b) and (xcyo'o)‘

Table ¢

Refinements of Iodine Parameters

I Parameters 1
T 0.183 0,178 0.178 0.178
Xy 0.155 0.162 0.158 0.159
Yo 0.020 0.020 0.021 0.021
z, 04206 0.203 0.198 0,199
x, 0.192 0,190 0.188 0.189
y; 0,357 0,370 0.372 0.370
Zy 04320 0.320 0.322 0.322

4, Refinement of perameters

With parsmeters obtalned from the Pattersons, intensi-
ties were calculated and approximately thirty terms with une-
ambiguous signs were used to make electron density projJectiona

about 8y bo and Sy These projectionas wers plotted to scale
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and the centers of the peaks located by means of drawing
contour lines about the peaks. The new parameter values
obtained are listed in Table 4 under two.

With these refined parsmeters intensities wére again
caleulated and all the reflections were used to make new
electron density projections with the sign determined by
the intensity cslculations, These projlections are shown
in Figures 4, & and 8. The centers of the peaks were then
located by fitting Gaussion curves (22) to nine electron
denslity velues around the center of the peaks, Backshift
corrections obtalned from synthetic aieetron density projec~
tlons were spplied to these parsmeters. The resulting parae-
meters are listed under three in Table 4.

Again the intensitles were recsleulated using the back=-
shift corrected parameters and the slectron density projec~
tlons were checked to determine whether any error had been
made in the sign. Several srrors were observed for weaker
reflections, The weaker reflections whose signs had changed
were then used to make correcting projections. Twice the
electron denslty values obteined from these projections were
added to the second gel of electron denslty projeoctions and
the centers of the pesks were again locsted by fitting Gaussion
ourves to the electron denslty velues, The backshift correc-
tions were again applied., The resulting final parameters
are listed under four in Table 4, Observed and caloulated
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A

1o 308 B!
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e
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1

Figure 4 Electron density projection down a,
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Figure 5 Electron density projection down b,
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Figure 6 Electron density projection down o
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Fth‘made wlth the final parameters are tabulated in Table
5. 4An empirical tempersture factor of exp ~3.16(sin®/)) has
been applied to the celculated F's,

D, Description of the Structure

Figures 7, 8 and ¢ represent the structure of tetra-
methylammonium pentalodide. Figure 7 shows that the lodine
atoms generally lie In planes. The deviation from a plane
is nniy t 0.64 ﬁ. The planes are about 4.3 2 apart, With-
in one plane tha(ioﬁins atoms form square nets &s shown in
Figure 8, Within these nets Ig anions are separated from
the rest of the net by 3.55 e while the distances within
the ion are £2.93 and 3,14 %, The Ig enion is V-shaped with
an angle of 94° at the apex, The arms of the V are linear
within 4°,

Since the diffrsction of X-rays by crystals is due to
the electronsg and since less than 14 per cent of the electronsa
in tetramethylammonium pentalodide are contained in the large
positive ion essentlally no evidence for this ion 1s ever
observed in the electron denslity projectiona, There are,
however, large voids within the plsnes of the lodines which
must contain the positive ions, If the nitrogen of the
N(Gﬁgf; eation is placed in the 4-fold set on the 2-fold axis

with vy s 0.6458 the carbons may remain over 4.8 X away from
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Table B

indiges Fobad, Foaled. Indices Fohad. Foaled.
(ox ) 4 18 13
' 8 6 -]l
{00 () 6 - -l
2 87 ~87 7 15 16
4 19 17 8 - -3
6 15 16 9 10 -9
8 15 =16
10 12 5 {ost)
0 24 e8
{022.) 1 31 22
4] 27 30 2 13 »ld
1 8 wld 3 16 -13
2 24 «l9 4 11 «10
3 10 -l B - 0
4 - -l 6 17 21
8 19 26 7 . 0
6 13 12 8 14 -15
7 15 "l9
8 14 «l3 (0+10-4)
9 -~ 7 0 5 1
10 5 ] 1 11l -
2 7 -2
(047) 3 - 4
O 14 =11 4 - 4
1 4 4 5 —-— 1
2 - 2 6 - 3
S 7 5]
b 1l wld 0 - 10
6 Vi w9 1 22 28
7 9 2 2 - 4
a Sy v 0 5 15 -15
9 B -8 4 5 7
5 - 1
{o62) 6 6 -10
0 8l 47
1 66 60 (0°14+R)
2 41 36 0 7 -
3 23 “2d 1 20 is
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Table 5 (Continued)

Indices Fgopga, Fealed. Indices Fopga, Foaled.

2 5 5 4 7 -6
3 8 -8 2 28 -23
4 5 -6 g 82 75
& ] - 2 29 87
| 4 57 49
6 10 «5
(noQ) B8 13 -15
10 12 12
(00)Q)
2 87 «87 (804)
4 19 17 8 10 14
6 15 16 6 16 -26
8 15 «16 4 25 28
10 12 5 2 13 -11
| 0 16 -14
(200) 2 37 «52
10 7 -13 4 16 -6
8 21 29 8 6 «11
6 32 -39 _B 11 14
4 24 25 10 8 -9
2 10 4
] 26 -26 (10+0+4)
F 14 8 6 - 3
4 7 16 4 6 3
€ 15 «20 2 -— -9
8 8 12 Q 8 10
o 6 -d 2 14 -4
% 10 1
(404) I 10 -7
10 en 2 8 11 14
8 - 3 10 8 -l4
6 - &8
4 8 16 (12+0)
2 13 26 4 - -10
6 6 Q 15 18
4 4 5 2 31 -35
§ 21 -21 4 32 34
IE ?,2 5% 8 17 «17
10 2 -l - -16
(60.0) | i% ° °
60.0)
8 é «5 {1440+ A
6 10 11 2 10 «13
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Indices F, a. Foarea, Indlces F 4. Foaled.
0 - 1 iz 12 16
2 v 9 14 6 -9
g 12 ~10 16 - -1
6 -8
| {3k0)
(16+0+42) 1 4 4
[+] - 4 3 o2 89
Z 7 4 7 - N6
6 7 3 9 8 -9
11 4 -8
13 4 -6
(nko) 1 - 8
7 7 9
(0Kx0)
2 27 30 (4x0)
4 14 ~11 0 - -
6 51 47 2 46 -39
8 24 28 4 33 26
14 7 -4 10 -- -1
16 4 8 12 -- 5
16 4 6
{1x0)
1 23 28 (5%0)
3 16 9 1 5 4
5 47 43 3 20 13
" o, 1 5 45 36
9 8 -11 7 7 -15
11 13 18 9 15 ~16
13 — -2 11 16 22
17 - 1
(6%0)
{210) 0 a2 75
0 26 -26 2 24 16
2 40 wid 4 o~ 4
8 57 38 10 7 2
lg - 5 12 - 4



Table 5 (Continued)
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Indices Fop.a. Foaled. Indices Fopga, Foaled.
14 5 -5 11 5 10
{7%0) (12+1+0)

1 41 38 0 15 18

3 5 -6 2 7 8

5 11 18 4 13 8

7 21 7 6 8 11

9 o 0 8 hadad 2
11 - 3 10 4 3
13 — -5 12 4 3

(8k0) (13+k+0)

0 16 -14 1 14 19

2 10 -1l 3 - 10

4 10 16 5 - 5

8 6 [ Vi 8 11

8. 24 ~25 9 - 2
10 -- &

12 8 13 (14+k«0)
14 - wi3 0 - 1
2 . -2
(9K0) & .- °

1 13 ~9 6 Ll 4

3 27 32 8 -~ -7

5 9 -8

7 8 -4 {15+k+0)

9 8 -8 i 6 -6
11 - 2 3 5 ~6

5 e 1
(10+k+0) 7 - =5

0 8 10 9 4 -5

2 18 =21

4 26 28 {16+k+0)

6 - 2 0 bl 4
10 - -3 4 6 -2
12 - *2 6 - 6

(11+k+0)

1 - wd (bhﬁ)

3 - 1

5 8 12 {00 )

7 e 8 2 87 -87

9 6 -8 4 19 17
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Indices Fgpga, Foarea, Indlces  Fopgg,  Foalea.
6 15 16 6 13 -12
8 15 -16 7 — 1

10 12 5 8 7 5
9 - 7
(110) 10 - 0
10 - -t
2 5 8 (534)
% & 0 10 - 8
L 5 9 “"9
6 21 18 13 14
5 15 «22 11 13
% 37 B4 6 - 6
3 47 44 5 - 3
) 27 24 4 41 -31
1 40 »52 , 23 -27
0 23 28 76 i]
1 12 25 51 48
2 62 64 0 92 -89
5 - 0 1 35 -34
4 63 58 2 51 46
& - “,5 3 - *
6 25 -2 4 - -3
8 - 2 6 11 -15
] - a8 7 9 1l
10 5 8 8 11 9
9 - 4
( QEQ ) m - - -l
| 12 -2
7o =7 (442)
g 5 -8 3 - )
7 6 -8 8 7 4
6 21 23 7 .- 0
B 15 23 [} 23 -24
4 49 43 5 - 4
3 9 -16 48 40
% 81 49 ( 9 -14
, 42 «25 21 ~20
0 44 34 25 26
1 62 58 0 33 26
8 - 2 l 28 =30
3 47 *46 2 8l 63
4 9 13 3 22 24
5 1l 18 4 37 ~41
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Table 5 (Continued)

Indices F

obad, Faalad, indioes Fobsd. Fcalc&.
5 11 wl5 5 11 -12
6 9 14 6 - 1
7 i 7 7 -— 1
8 - 5 8 - - -
9 fadad m2 9 - i~ o
(852) {(714)
o ade 3 9 "?
: - 2 9 -]
7 11 12 g 15 16
% P -7 12 10
13 «21 15 «19
% 21 21 o -1
; o 11 - 4
% 50 35 1 21 «20
28 16 - 4] 21 7
4] 45 36 1 29 3%
1 265 «32 2 18 -24
2 12 16 3 22 -28
3 25 26 4 5 14
4 6 4 5 7 13
3 11 w12 6 e -2
6 1z 11 7 - -
7 " 1 8 e w5
8 7 &
9 - 0 (884)
— 6
(662) 5 0
g - 2 ’ - 1
- wl % 21 '12
) 11 12 - 12
5 -8 K 25 24
5 13 -21 1 - 16
4 21 20 0 24 25
% - il 1 - 5
: 29 -2 2 5 11
1 20 15 3 5 9
0 33 33 4 - 3
1 25 32 5 5 15
2 16 18 6 -~ 7
3 25 26 7 - i1
4 5 5
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Indlces Fopea, Foaled.

Indices

F

obsd, caled,
(99l)
-'? - “2 1 - o 1
§ - & 2 - "“4
5 14 13 3 4 7
] - mg 4 -~ "‘8
22 -26 5 ~ -7
Loy 3 6 - 1
15 25 7 - 4
0 8 o
1 5 -11 (12+12.4)
2 1z 9 3 ] -1l
K, i 3 i - -d
4 12 -8B 3 5 16
8 . 3 1 ] «12
'?! o 4 0 4 5
1 - 3
{10+10+{) 2 3 -6
7 7 9 k] - 3
ﬁ - ﬁ& 4 faded 4
B 5 «10 & - -3
3 - 3
3 .- 1 (13413+4)
% - 0 o o o
15 13 5 3
o‘ v ua g - 2
kA 16 -ld 1 4 -9
a . 5 0 - o “"4
3 11 9 1 - 10
4 -~ -l 2 - 3
5 - il 5 e 5
8 .- ml 4 - 1
7 - -3
(11211+R)
7 - 1
8 5 0
$ I K
3 9 10
% 11 ]
6 ]
o 5 10
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unit cell
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Figure 8 Arrangement of l1odine atoms in one net
running normal to c,
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Figure 9 Arrangement of one net with
respect to another
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lodines and still retain thelr tetrahedral econfiguration

about nitrogen.

E. Errvors
| Z?ﬂyobad.l - m%alchl
The R factor, R ¢ Zflgobsd.l » 15 often

used to show quantitatively how closely caleculated end obe
served structure factors agree. In this structure determine
ation R » 0,18, 0,24, 0.21 and 0,20 for all (OkA), (hOR),
(hkO) and (hhl) observed reflections respectively.

The values of R, however, have no corresponding inter-
pretation in stendard errors and since bond distences are of
interest in this structure, a study was made to determine the
aﬁe&raey‘of the reported bond distances. Booth {23) has

shown that the values of

Ry = S ([Fobsa.l - IFealgd.l)g

| E Flpsa,)
corresponds to r.m.s. errors. For this structure 233 =
0,036 « 0,040 for the varlous two dimensional data when all
reflections sre included, The r.m.s. errors in the positions
of the atoms corresponding to these oBg values are 0,03 to
0.04 &,

The method of Crulckshank (24) which gives standard

errors (0} results in 0§, =z 0.04, UFy =z 0.06 and 0§, =
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0.04 X. By this method the standard errors in bond dia-
tances arelZ x 0,04 z 0.06 1.

Since the primary question is whether the reported
dlstances of 3.14 and 2,93 % are really different, the R
value was recaleulated for (hkO) data with these distances
made equal., The wvalue was found to rise from 0,21 to 0,28
vhen thie was done., The dlstances were msde equal by moving
only the middle iodine atom in the arms of the V-shaped
Xé lon, Bince the plane of this ifon is normal to Coe the
{hk0) data should be most sensitive to this change,

The sbove faets indlcate that the errors in this struce
ture determination are sufficiently small that 1t is rea-
gonable to conelude that the reported distance of 2,93 and
3.14 % are actually different.
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IV. BSTRUCTURE OF TETRAMETHYLAMMONIUM ENNEAIODIDE

A, Preparation of the Compound

Tetreamethylammonium ennealodide was prepared in a
manner similar to that used for the preparation of tetra-
methylammonium pentalodide. A two~ or three-fold excess
of iodine to tetramethylemmonium lodide was dissolved in
& minimum amount of boiling aleochol by the slow addition
of alecohol, Before solution was complete 8 second liquid
phase was observed near the bolling point of alcohol. Alco=-
hol was added until the second liquild phase disappeared., The
golution was then allowed to cool slowly and tetramsthyl-
smmonium ennealodide sepsrsted, The mother liquor was then
decanted off and the orystals were shaken on filter paper
until most of the remaining mother liquor was absorbed.

The erystals were then stored in a sealed container,

B, Identification of the Compound

The color of teiramethylammonium ennealodide is very dark
green, almost black. When exposed to air, lodine is slowly
lost, Analyses of semples of thls compound prepared in the
manner described were erratic and low. A sample of this

compound was prepared in the usual manner except the crystal-
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line product was crushed between fllter papers to obtain
more complete absorption of the mother liquor. When these
samples were analyzed for tetramethylammonium iodide by
volatilizing the free lodine at about 200° the results

were 16,54%, 16.56% and 16.50% as compared to the theoretical
velue of 16.53%.

Single crystals were observed to sink in methylene
iodide which indicated their densities were larger than 3,32
ge/cc. A sample of the crystals was observed to have a
density of 3.47 g./cc. when determined with a pycnometer
using mineral oil. The caleulated density for 4N(ca3)4xg
per unit cell 1is 3,51 g./cc.

GCe Determination of the Stmoture

1. Determination of the space group

Tetramethylammonium ennealodide was found to be mono-
eliniec, HReflections of the type (hkl) were present in all
orders while (hOAl) reflections appeared only with R = 2n.
The (0k0) reflections appeared only when k = n. These
sbsences required the space group to be uniquely Pel/é.
When indexed in this menner 3z 136° 35', Since this large
monoclinic angle 12 somewhat inconvenient to work with, the

&, and o, axes were rechosen to give (3 z 95%° 251, Vhen this

was done (hOL) reflections appear only when h + % @ 2n. 4ll
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other types of absences remeined unchanged., The spsace
group with this cholce of axes is P2;/n. These two space
groups, Fﬁl/é and Pal/h, are equivalent involving only a
reselection of the a, and ¢, axes. The point position and
pertinent information for the space group P2;/n is listed
under Filgure 10,

2. Collection of intensity date

From a preliminery look at the complexlty of this
problem it appeared thet there would be twenty-seven parse
meters needed to locate the thirty-six lodine atoms in the
unit cell. With a problem sas complex as this it 1s qulte
unlikely that the complete structure could be obtalned from
two dimensional work, It was therefore declided at the be~
ginning of the problem that complete three dimensional data
would be obtained immediately without even a preliminary look
at the two dimenslional Pattersons. Great care was taken to
obtain 8 single crystal of sufflclient size in order to obtain
reflections of high orders and yet small enough to have rea=-
sonable absorption. Many crystals selected were found to be
twinned. About thirty crystals were examined by X-rays be-~
fore one was selected. The (hOL) Weissenberg photograph was
generally taken In examining the crystals slince the twinning
appeared there, A long erystal with nearly rectangular cross

sections and edges of 0.015 and 0,030 cm., = 10% was selected,
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Figure 10 Symmetry operatlons in the space group P2¢/n
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This erystal was mounted in a thin walled glass capillary.
The direction of the 2«f0ld sorew axls was parallel to the
long axis of the erystal,

With a Welssenberg camera intensity data were recorded
for the equator and ten layers about the 2-.fold screw axis,
The films were taken by means of tlmed exposure and con-
gentric film technigue. Careful line-up plectures were talken
for the squator and for the higher layers., The equiineclie
nation Welssenberg angle, 4, and the layer line shleld
settings, s, were carefully recorded for each layer. An
additional correctlion of centering the crystal in the beam
had to be made for sech layer. This was done by placing a
gorle on the ocrystal's horizontal centering screw and marking
the eppropriate centered positlons for each layer. It was
then poasible to go from one layer line to another without
taking 1ina~up‘piﬁtures or making minor corrections.

Timed exposure series were btaken starting with about
& three miﬁute photograph on each of the eleven levels,

The exposure timﬁ‘Wéﬁ governed by the time taken for the
£ilm holder to make one traversal and return, which was
slightly over three minutes., The films were coded with

an identifying punch mark and were retained for later
development, The single complete traversal photographs were
followed by series of two, four and elght traversals.

It was declded that longer exposures would be made with
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voncentric films sinoce the weaker reflectlons would be
jundged on these darker films and therefore the greater film
to film attenuation factor of concentric films would affect
only the Judging aceuracy of the weaker, less significant
reflectionz, A serles of photographs using four concentric
films was then made with the exposure time of 45 hours and
19 minutes. This exposure time was such that the fourth
concentric film recelved the equivalent of time required for
sixteen complete traversals of the film holder assuming 27
per cent attenuatlon on each of the first three films,

The films were developed in two groups. The first four
series were developed together and the sets of four concentric
films were developed together, Both groups were developed
with fresh developer.

This technique of recording the layers made 1t possible
to estimate all the reflectlonsz in comparison to & few
reference reflections, No sealing factors were needed be=-
tween the various layers. The flilm to film attenuation
factor was low for the weaker fllms which permitted accurate
estimations of the important stronger reflections, The film
to film attenuation faotor for the eight films taken on each
layer is 2, 2, 2, 2, 3.7, 3.7, 3.7 starting with the weakest
£ilm,

The intensities on the (hO]) set of films were esti-

mated visually and corrected with the appropriate Lorentze
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A pélariaation ¢orrections. It wes apparent from the appeare
ance of the film that there was a large absorption correc-
tion needed, An snalytic expression for this correction is
very difficult to obtain for a rectangular crystal and may
also be inacourate since 1t would be based upon a crystal
which possessed no flaws, The tetramethylammonium ennea-
iodide crystals were often found to contain visible flaws.
An empriesl absorption correction was therefore made by
csomparison of corrected intensities from the precession

end Welasenberg cameras., With the precession camera (hOQ)
data was obtained with Mo K« radiation and with a smaller
crystal., These data were visually estimated twice and then
averaged and corrected. The precession (h0)) data were then
compared with the Welssenberg (h0j) data to obtain the
correcting factors. These absorpbtion corrections were plote
ted on a grid which could be superimposed upon the Welssen-
berg films. All the Weissenberg layers were corrected by
these same empirical sbsorption corrections.

After estimating (hOQ), (h1l2) and (h2Y) 1t eppeared
that, even with the empirical asbsorption correction, an error
of the order of half the observed intenslity may still be
present in the estimated intensitles. DBecause of this large
error, it was decided to make the Fatterson projection about

the prinelple axes using precession data.
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3. Patterson projestions and interpretation

Intensity data of the type (h0A), (hk0), (Okl), (hkh)
and (bkh) were obtained with the precession camera and Mo K«
rediation. These were visually estimated and corrected with
¢lroularly symmetrical Lorentz-polarization corrections.
Petbterson pro jections were made with these data., They are
shown in Figures 11, 12, 13, 14 and 15.

After the Patterson projectlons were made, a preliminary
examination indicated that the projection onto (010) might
poasibly be interpreted without additional information. This
projection indicates all lodine stoms must projJect into lines
running in the direction of a, + ¢,. These lines must be
spaced approximately 3 X,apart. The next most significant
observation from this Patterson is that there must be a large
number of atoms approximately (ajse.)/4 apart in each line
asince the largest peak present, except for the origin, is at
Xz ¢and 2 ¢ 4. These two restrictions above permit only
& few possible major structures. There are only two poassible
sets of lineg upon which atoms may be placed and still maine-
taln the 3 K gseparation., A large percentage of the atoms
mist be placed within any one line in one of only two manners
such thet there is a large number of atoms (a;-6,)/4 spart
as one goes up the line of atoms. It must be true that many
atoms are positioned such that their projection upon (010)

colncldes for there are far less individual peaks in this
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Figure 11 Patterson projecticn upon
(010)
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Figure 13 Patterson projection down &,
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projection than the 1260 separste posslble peaks.

Several possible arrangements of atoms in lines spaced
3 X apart were postulated., Intensities were calculated for
about thirty of the strongest observed reflections in the
{hoQ) data., Observed reflections whose csloulated inten=
slties were large were used to make trial electron density
projections with the signs determined by the cslculated
intensities, Beven of these projections were made with
different errangements of the atoms., Appsrently none of
these were correct as evidenced by the poorly defined peaks
and in some cases the complete absence of peaks where atoms
had been postulated. Several conclusions were rcsched after
the seven projections were studled together, There were two
reglons, x z 33/60, z = 5/60 and x z 42/60, z z 10/60, which
always hed a peak of some type whether atoms had been élaced
there or not in the postulated trial structure. When this
was notliced a8 trial structure was postulated with atoms
at these two sites and also at x = 5/60, z = 10/60 and
X s 10/60, 2 = 5/60, The electron density projections of
thlis triael structure had nicely defined peaks close to where
the atoms had been postulsted and alsgo there were almost no
axtraneous peeks. A refinement of this trisl structure was
made using forty-six reflections with unambiguous signs as
determined by caloulated Intensitles from parameters obm

tained from the first trial electron density projections.
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The resulting projection hed very nicely defined peaks and
appeared to be the correct interpretation of the Patterson.
Parsmeters were then obtained from this projection and the
R correlation factor was calculated and found to be 0.32,.
This velue was obtained by placing two atoms at the center
of three of the four different peaks and three atoms at the
center of the fourth peak. The peaks were elongated in the
direction of (agre,) which indicated the atoms did not pro-
jeet exactly upon each other,

A new set of parameters were then taken by spreading
out the several atoms projecting into esch pesk by approxie
mately one-sixtieth, When the (hOl) reflsctions were cal-
culated with these parameters R was 0.20, An addltionsl
refinement was then possible wlth these caloulated Ilntensi-
ties, This refinement contained sixty-seven of the seventy
elght possible reflectlions sppearing in (hOl) data. The
peak helghts on this projections, Figure 16, are almost
exactly the proper helght for three abtoms in one peak and
two in the remaining. An additional R value has not been
determined with parameters obtained from thls projection.
Presumably the value would drop somewhere below 0.28. The
x and z parameters obtained by fitting a parabola to the

electron denslty velues around the peaks are
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Xy =z 0,070 Y1s Tg z, = 0.189
%y z 0.220 Y50 Vg Zg = 0,044
Xy = 0.559 Ve Vg By 2 0.068
%4 = 0.667 Vs Tge Jg Zg = 0.194 .

The ¥y are values of the y parameters which must be asso-

ciated with the % and 2z values but are stlll unknown.

4., Discussion of Y parameters

At the present state of this problem it seems reason-
able to assume that the interpretation of the Fatierson
projection onto (010) is correct since R is quite low.

Given x and z parameters it should be possible to determine
the remaining y parameters with two dimensional data and
thus interpret the complete structure of the compound.

Several observations about the y parameters can be
nade from & study of the Patterson projections shown in
Pigures 12, 13, 14 and 15, One observation is that the
iodine atoms lie in planes running normel to b, and 10/60 b,
apart since all the peaks on the Pattersons fall on y values
of 0, 10/60 by, 20/60 b, ete.

There are two sets of values which y parameters may
have and produce planes of atoms 10/60 be spart. These
values are y; = O, 10/60, 20/60, 30/60, 40/60, 50/60 or
yy = 5/60, 15/60, 25/60, 35/60, 45/60 end 55/60., These are
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the only possible gsets of y parameters which will maintain
planes of atoms 10/60 bc apart since the point positions of
921/h gensrate}atwms at y5 ¥y, %+y, and ~y. Probably all

¥y parameters are in one set or all are in the other set since
there is no inﬁiaaiiaa on any projection of a peak with y =
5/60 by

The (032), (230) and the (232) reflections are the
strongest reflections present in the (0k{), (hkO) and (hkh)
dats respectively., In all three of these cases the struc-
ture faotor for these reflections inveolve the products of
the trigonometric sine functions., The ainzwsyi is common
to all these products. If the first set of y parsmeters
listed above are chosen, ain3ﬂ3y1 is always zero, whereas
if the second set 1s chosen sin2n3y; is elways = 1, Since
the strongest reflections involve the product of ainaﬂayi
it must have a large value, therefore y, must be 5/60, 15/60,
25/60, 35/60, 45/60 or 55/60.

The electron denslity projection upon (010), Figure 16,
indicates there are many atoms whose projection coincide.
This means that on Patterson projections down a line normsl
to b, there should be peaks upon the bo axis whieh involve
the spacing of the atoms In the b, direction. From a study
of the Patterson projection down 85C g0 Figure 13; e,
Filgure 14; and down 8y, Figure 16, one can conclude that

the separations in the b, direction of atoms with similar
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x's and z's is 20/60 b, or 40/60 b,s since there are peaks
only at these values on the b, axis,

The sbove conclusions require the ¥y values to be one
of six, 5/60, 15/60, etc. and that if one of these values
is assigned to an atom with given x and z values then the
¥y parameter of the other atom with the same x and z values
must be either 20/60 or 40/860 larger. Alsc in the particular
case of x4 8nd 2z, 1f Yy is chosen for one atom the two other
atoms with Xy and 2y must have y parameter values of Vg =
Yy + 20/60 and yg = Ty + 40/60,

In the electron density projection upon (010), Figure
16, the distance from the pesk of Xy Zg to the pesk of

x4 %, 1a only 2 2. This means thet if Vg oF Vg have the

aamaﬁvalua as y?; ya or yg then there 1s an lodine~iodine
distance of 2 & which is impossible since the iodine-iodine
distance in free iodine is 2.67 8. The value of s and s
must then be different from the value of Vg Ty and Yoo

The distance from the peak at x, 8y, to xp %, in the
electron density projection onto (010) is about 2,8 2, while
the distence from %oy %, peak to sny other peak 1is 3.5 R or
larger, It is reasonable to assume that all (except possibly
one) lodine atoms are bonded to other iodine atoms by bonds
of length 2.9 = 0.2 £, This means that lodine with x; and
%, are probebly bonded to others with x, and sg. If this 1s

true then ¥y 295 and o = T4
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With the ebove restrictions on the values of y there
are only eight different structures that can be made with
the varlous pemmitted y values, If Ty is chosen equal to
8/60 then y, must be 25/60 and ¥g must be 45/60. One other
cholice of Vgs Tg oF Ty can be made but 1t is ldentlcal
invelving only a shift of the origin from the center of
symmetry at {000) to (040). The eight different structures
arise from two poseible cholces of the ¥y values associated

zg and xﬁ 53' thus glving 23 different

wlth each of Xy Bq0 X
structures. \
The values of v, s 5/60, 15/80, ete, are certalnly not
exact. By the shape of the pesks on the various Patterson
projections 1t saaﬁh reaaongbla that the y values may be of
the order of 2/60 b, from these ideslized velues. It should
be pamaibla to postulabe a trial structure and make electron
density projections and thus refine y values, Approximately
twenty of these trlal structures were postulated and pro-
Jections were made, however, no useable results were obtalned.
Since the method of making electron density projections
from trial structures falled to give results, it was thought
that the calculation of R correlation faectors for the eight
possible trials might be useful in determining which of the
eight possible rough structures ls closest to the true struc-

ture. The R correlation factors were caloculated for these

eight strmuctures using twenty~five (hkh) reflections., Figure
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17 shows the values of R for eaech trlal structure plotted
with various scaled observed struecture factors. The para-
meters used for each trial structure are llsted in Table 6.
Two fairly closely related structures, T5 and Tq, give an
appreciably lower R value than the other six, Probably one
of these two structures 1s a fair approximation of the true
gbructure; however, from the value of R = ,475 1t appears
that the approximation is not very close to the true strue~-
ture, The rough structures seem to be so far from the true
structure that the technique of making projections from trial
structures does not lead to a refinement, A trial structure
mast be postulated which more closely resembles the true
structure in order to procesd with further refinement, The
Patterson projections glve little or no help in this connec-
tion., Since three dimensional projections had not been made
it was thought posslbly new information would be obtained in
this manner.

Visual estimation of the data recorded about b, with
the Vielssenberg camera was completed and two three dimen-
sional projections were made. These were the H{x0z) and
H(x#z), The date from which these projections were made
sre quite insccurate since the absorption errors are large.
The projections, however, do give some information concern-
ing the two postulated trial structures which give low R

factors. From H(x0z) it appears that T5 1s probably nearest
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FIRST POINT IS R FOR 0.75-:: R FOR 25
T ¢ 11t |88 (HKH) REFLECTIONS
FOURTH = "omw '30-F A

FIFTH womom [ 40-F

Figure 17 R for 25 (hkh) reflections
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the true structure., The observed structure factors ob-
tained from the Welssenberg camera together with those

obtained from the precession camers are listed in Table 8,

D. Buggested Methods of Solution

It is difflcult to understand exagctly why it has been
impossible to obtain sccurate y parameters. The reason must
neceasarily be elther an error has been made and the present
deseription of the structure is Incorrect or the present
ﬂaaaription‘ia correot but still sufficiently far from the
true structure that refinement has been impossible. In
attempting to proceed further with this structure deter-
mination it is suggested that the entire work so far com-
pleted should be examined for errors,

If an error has been made 1t seems most likely that it
would be in the electron denasity projection upon (010).

This should therefore be very carefully examined. A suggested
method for testing whether or not this projection is correct
is to proceed with the refinement of the x and z parameters, )
The next step in this refinement is the recalculation of
intensities from the paremeters obtalned from the latest
projection upon (010), Figure 16. A new projection upon

(010) should then be made adding as many new terms as

posslble, The procedure should be repeated until the mini-
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mum R value is obtained. If the R factor does not drop

$0 0.20«0,25 for the final refinement then the electron
density projection upon (010) may contain an error, A

new interpretation of the Patterson down b, should then be
sought. The present interpretation must necessarily be
correct or be closely similar to the correct interpretation
since the R value of 0.28 1s slready qulte low,

If the electron density projection upon (010) is found
to be correct and if no other errors are found which suggest
methods of attaclk, one must assume that the present des-
eription of the structure 1ls essentlially correct but still
too lnaccurate to permit refinement. If this is the case the
approximately twenty electron density projections of trial
structures could be re-examined to see if any suggested
directions of refinement have been overlooked. If no new
information is obtained from the triasl strmucture technique
then a new method of refinement must be found. One refine-
ment technique which could be applied is a veriation treat-
ment of y parameters simller to that performed on the eight
trial struectures. For example this refinement could be made
by using minor shifts of the y parameters from those given in
Table 6 for Ty and T,. If one of these structures is near
the real structure then this variation treatment may meke R
drop sufficiently such that projection technique could be

used to complete the refinement.
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Table 7

Observed Struoture Factors Squered

we ‘ B8 2
Indices ?abad, Indices Fmbad. Indices Fobsd.
Welssenberg data 7 11 % g
(LoX) (n04)
«10 25 (ho8)
(hoo) -8 2 -10 2
2 4 b 13 -8 11
4 11 wd 45 -6 3
6 8 -2 184 -4 17
8 42 ) 10 w2 ]
2 24 0 146
(n01) _ 4 6 2 0
-7 102 6 0 4 0
wb 26 8 21 6 2
w 2
-1 - {nos) (ho9)
1 0 «' 78 -7 48
3 84 -5 177 -5 15
B 8l “d ] -3 25
7 33 -l 2280 -l 0
9 4 3 4 1 1)
11 11 3 224 3 6
) 13
(hog) {h*0+10)

«10 15 (nho6) -8 19
-8 16 ) 4 -8 0
-6 41 6 104 -4 18
i 240 - 110 0 0

0 5 0 16 2 12
2 492 2 100
4 B2 4 7 {(h+0-11)

é 74 6 9 B 11
8 4 8 0 -3 15
10 3

(no3) (h*0+12)

w5 21 (no7) - 2
-3 810 «9 10 -8 0
1 16 -7 14 -6 7

i 143 -5 137 - 0
S 3 -3 4] - 10
] 186 -l 2
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Table 7 {Continued)
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: 2 @ 2
Indices Fobsdw Indices Fobsd, Indices Fobad.
2 4] 3 1 -3 l
3 18 4 5 -2 4
4 B 0 4
6 15 (91.0) l 10
v 7 =11 2 2 38
11 1 =10 5 3 60
-8 6 4 6
(61f) -6 3 8 2
wléd 3 -5 13 9 14
w12 1 -3 2 10 49
-1l 1 2 12
«30 1 5 4 (320
] 7 6 4 -9 24
-7 é -7 23
-8 42 (10+1)) -8 11
-5 s b 3 -8 6
1 22 -3 19
2 5 -2 12
3 9 (022 0 21
4 7 3 3 2 28
5 26 4 23 4 5
7 bR 5 2 6 23
9 4 8 3 9 1l
10 1 8 21 12 1l
9 7
(719) (420)
wd 2 (12) -8 31
-d g B 5 ' 1l
- 16 -l 196 B 6
-l 5 i 100 wd e
0 50 2 115 -3 7
1 32 3 48 -2 11
2 11 4 B4 -l 35
B e 5 11 0 16
6 2 6 30 1 11
8 3 7 29 2 1]
< 4 11 7 3 3
4 51
(81.0) (22.0 5 4
-8 12 -t 10 6 7
-7 7 8 26 7 12
«8 9 -5 76 8 17
-3 18 -4 26 11 4



Table 7 (Continued)
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Indices Fﬁbad. Indices Fﬁbad‘ Indlces ngad.
{521) 1 18 -6 47
N 4 2 13 -5 87

-8 4 3 4 -4 92
B 4 4 7 -3 69
-7 1L 5 15 1 110
wB 4 8 2 3 179
i 53 4 7
-3 19 (82) 6 6
-2 84 B 9 9 22
wl 58 -5 11 10 8
0 65 -3 16
2 12 wl 3 (232%)
3 21 3 7 -8 a7
4 5 4 2 B 261
6 23 5 7 -5 33
7 8 -4 140
8 3 (922) -2 1
-8 37 -l 2
(8218) -4 13 0 375
12 6 -3 3 1 17
11 2 -2 7 2 558
-10 6 -1 4 3 62
-9 2 0 19 4 41
- ) i 2 8 3
T 14 3 5 9 3
5 18 4 3 10 2
- 1
-1 39 (10+224) (33 4)
0 13 -10 4 -2 10
1 16 wl B - 44
2 8 2 5 -7 13
3 51 -6 15
4 7 (12+2+3) 4 -5 62
6 4 -3 28
7 1 -2 9
9 1 (032) -l 120
2 490 1 80
(724) 3 17 2 20
«ll 3 4 318 3 17
-8 7 5 27 5 10
b 12 8 188 6 4
-5 3 7 1
-3 10 (1323) 8 4
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Table 7 (Continued)
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2 , 2 2
Indices Fabad. Indices Foba&. Indices Fobsd.
2 8 0 18 {(25R)
3 71 2 7 :) 16
4 15 3 5 - 14
5 24 4 5 -6 25
6 2 6 5 -5 12
8 1 7 4 -3 26
9 4 8 1 -2 1
9 5 -l 8
(44 ) 0 49
-8 19 (742) 1 10
5 2 -5 13 4 is
-5 2 -3 3 6 19
-d 1 2 20 7 39
-l 59 0 21
«1 2 3 15 (351)
0 11 4 1 -7 3
1 27 8 3 -5 48
2 3 - 19
3 84 (842) -2 35
4 10 «5 2 -l &
5 1 -4 14 2 1
6 24 3 1 3 1
7 4 5 7 4 57
8 4 5 1
11 4 (0sR) 8 7
1 39 7 2
(54 1) 2 78 8 1
- 15 4 4
-7 3 7 28 (45%)
-2 10 8 9 - 18
»l & -l 5
0 3 {152) -5 2
2 4 -8 25 -4 13
3 4 -7 38 -3 44
8 8 3 43 1 47
i 4 -2 13 2 39
8 5 0 13 3 23
1 2 4 3
(64)) 4 46 5 7
- 3 5 40 6 6
-7 15 & 22 8 1
-2 14 ~ 9 2



8 A o1 8
4 4 ot 4 2 g
g ¢ 8 9 ¢ ¥
¢ 2 22 ¥ 2 g
g 0 Lt € 91 8=
g ¢- 0s A (Ygs)
v La <14 0
b " 9 T T L
(ro9) 3 g= g 9
23 gw T e
12 g ™or = T 4
8 4 9 g= ¥ ¢
21 ¢ 83 9= L g
¢ 2 91 L= g T
ov T 12 6= o1 0
et 0 (ros) 1T T
61 T~ 83 g~
1< g~ 62 8 6T 9=
L P 81 9 4 L=
9 g=- T2 e (rsL)
6 9= 31 e
¢y L= 3 g ¥ 9
(r99) ¢ 1 T g
L 0 Tt ¢
at e 83 g=- ¥T T
i 2 9% g ¥ T
gt T 9T 9= 6 g
9T 9= LT - 08 g~
(rov) (rot) 9 g«
(¥a9)
2 L 61 6
gt 9 ¢e 8 9 e
A« g 83 L 9 2
L ¥ 8 ¢ ¥ T
T g 28 2 23 )
9 g (r90) 8 g-
Te - T L=
¢ g T (g+8+0T) g g~
L3 ¢ LT 6=
¥ g= 1 ¥ (yeg)
8t ot~ T ¢
(r9¢) (rae) z 414
[ . ] -y
peaZa  seorpur PRAE  seotpur PPA%  weoypur

(ponuiguep) 4 oA™Yl



L 24 ¢ ¥
(vet) ¥ ¢
T 2
€ = 8T L 8 1
3 g- ee o g T~
LS g~ ev 1 4 =
9 6= {r 80) 1T Qe
(r8¥) 8 g=
| 2 o=
‘Ic 2 2 {8L6) (rag)
T ° q (vL8) 9 ¥
8T ¥ o S
13 ¢ a8 8 12 0
Py o ee 2 81 1
91 g ot 0 ¥ P
9 £= ¥ G- (rua)
¥t P 81 g=
2 g= (ri9) ¢ ¥
(y 8¢) 08 1
9 4 18 G-
I 8 2 9 140 g-
4 8 ¥ e L L=
1 L L 3 (Yat)
34 ¥ ¥ T
6 2 1€ Q) T ¥
T 2 LT 2 Tt 3
o1 T ¥ g g 1
ag 1= 9 L= (Yu0)
2 o= {rL8)
3 gw
¥T 9 g 6 2 {v98)
8 L= T L
8 g~ 1 ¥ 8 g
(y 83) T g é g
13 4 B 8 g*
9 L 2 g (/98)
8T 9 ¢ L 2
o1 Q g g T 9
L ¥ (r %) 2 g
oT 2 L )
¢ 0 2 8 ¥ g
801 g= 8 9 oT 6=
4 g~ 3T ¢ () 9d)
[ ] » [ ]
psqu 800TpUY ng& seoTpur ‘ng& ge0TpuT

L9

(ponugauop) 4 @199l



Teble 7 (Continued)

68

. ) i , 2
indises F@bsﬁ.v Indices obsd, Indices Fobsd.
2 5 (19.4) (89 1)
3 28 8 13 0 5
-4 18 3 4
(5890) -3 7
-8 6 0 12 {792)
-5 B 3 3
-4 5 5 8
-3 2 6 5 (0+100)
-2 4 , 3 g
-1 4 (29.4) 4 4
0 4 -3 5 6 12
4 1 -2 2
6 1 -l 5 (1.100)
9 1 0 17 1 2
| 2 8 2 2
(684) 3 12 3 11
«9 3 4 4
-8 5 {304)
-7 3 5 20 (2+101)
mﬁ a “'4 14 - 3
-5 8 . 1 2 1
B 8 -2 1 5 3
wl 5 “1 5
g 1 0 2 (3°10/)
3 4 2 7 -8 2
4 6 3 28 0 7
6 1 6 5 3 4
8 i 5 2
(497)
{78 1) -7 7 (4+100)
-6 13. ""é 1 "'6 3
0 5 -3 7 0 10
2 2 wl 6 1 2
4 2 0 3
7 1 2 8
4 6
; 5 3
(09/)
1 35 (59 0
2 49 -l 4
8 5 1 4
6 14 4 4
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Table 7 {(Continued)

70

: 2 2 2
Indices Fabadﬁ Indices Fabs&, Indices Fobad.
(hko) (4x0) (8k0)
| , 0 24 0 96
{ox0) 1 49 3 24
2 196 2 46 8 6
4 232 3 150 7 11
6 565 4 38
8 45 5 2 (9x0)
10 10 6 2 1 2
14 4 7 2 2 56
' 8 8 4 g
{(1k0) 9 10 5 9
0 - 10 26 6 2
5 2985 11 2 8 8
6 34
7 11 {6k0) {10k+0)
8 28 1 96 3 16
g 58 2 162 4 7
11 2 3 48
12 4 4 15
14 8 5 &7 (hkh)
6 38 \
{2%0) 8 22 (ox0)
0 23 9 4 2 -
1 %0 12 5 4 400
2 31 & 890
3 954 {6x0) 8 62
4 56 0 i 10 16
8 18 2 26
8 118 3 4 (1x1)
7 46 4 48 0 -
9 46 8 12 1 -
11 8 7 20 2 0
ie 2 9 10 5 708
10 7 4 218
(3k0) 11 3 ] 28
1 15 8 78
2 130 (7k0) 7 208
4 5 1 5% 9 2
8 35 2 8 10 8
8 19 3 2 11 &
9 10 4 55
10 18 5 36 (2x2)
11 45 7 2 0 860
8 17 1 13



Table 7 (Continued)

71

2 ‘ 2 : 2
Indlces Fabud, Indices Fabsa‘ Indices Fobad.
3 1128 3 2 5 12
4 62 4 14 7 2
6 los 5 14 9 2
7 137

g §3 IoE (5%5) ’

) 0 4
10 4 ( ) 1 6
i1 2 (0K0) 6 2

2 42 -
(3k3) 4 48 (6k6)
0 18 6 124 0 29
1 4€ 8 6 1 30
3 322 10 1 3 8
4 122 7 18
5 5 (1xT) |
6 e 0 75 (767)
7 8 - 0 2
8 27 2 32 3 28
9 72 5 1 5 8
10 18 6 1 -
(8kB)

(4k4) {2k2) 0 4
0 14 0 330 1 4
1 294 2 19
2 68 3 2
3 54 5 1
4 20 6 2
5 11 9 1
7 2 11 2
8 a2 _

9 18 (3k3)
10 8 0 375
1 47

(Bk5) 2 22
0 52 3 49
3 27 4 20
5 64 8 71
6 64 7 18
9 6 8 7

10 9 2
{4k

(6ks6) 0 B
0 30 2 21
2 8 3 8
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¥. DISCUSSION

From a study of the lodine~lodine distances in tetra-
methylasmmonium pentalodide, Figure 8, one notes that groups
of five lodine atoms may be separated out from other groups
by .56 & while the distances within one group are only
2,93 and 3,14 B, It seems reasonable to think of these
groups of five atoms as the penteiodide anion, The nature
of the bonds in this V-ghaped anion is certainly quite
different from the apaﬁg bonds observed In the coplanar
square IC1l,. The bonding of the apex lodine must also be
different from the sp°d bonding observed in ICL,, for the
bond distances are 0.37 larger than those expected for
this type bonding.

The unequal spacing in the arms of the pentalodide
anion suggeststhat the bonding between the end two lodine
atoms 1s stronger than the bonding between the apex lodine
and the adjecent atoms. This leads one to think of the
pentalcdide anlon as being made of two lodine molecules
bonded more or less weakly to an iodide ion., It may also
be noted that the linear, asymmetric trilcodide anion re-
ported by Mooney mey be considered to be one lodine mole-
cule similarly bonded te an lodide ion,

When the nature of an unusual chemicsl bond 1s found

to ba‘inbenmediate between the nature of two ordinary bonds
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then this unusual bond can often be described as a rescnance
betwesn the two ordinary bonds. The exceptionally long
icdine~iodine bond, 3.1 K, found in eammonium trilodide
and thls pentalodlide structure might reasonebly be con-
sidered to be & resonance beitween the ordinary covalent
lodine~iodine bond and some longer interaction. The nature
of the longer bond is probably ion~induced dipole inter-
action since the lodine molecule ig gquite polarizable due
to its large size and to the faect that the electrons are
not extremely tightly held in iodine.

The trilodide anlon can be pictorially represented by
& rescnance hybrid of the following structures

I¢otI—1 &— I—I.4:1 ,

In order to show that 1t is reasonable to think of a re-
sonance of this type, one can show by molecular orbital
treatment (17) that resonance stabillization is expected.
Four electrons must ve placed in two molecular orbltals.
Three molecular orbltals are formed from linear combinations
of the atomic orbiitals of each lodine. These atomlc orbltals
can be considered to be the p-orbitals of the valence shell,
If the Coulombic integrals sre assumed to be equal and if
exchange intagrala,(3, for adjacent atoms are assumed equal
the resonance stablilization for the resonating structure 1is
2(J2 - 1) ﬂ over that of either individual contributing

structures. Thls value 1s only a rough approximation of
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the resonance energy of the trilodide anion in smmonium
trilodide slnce the anion is not symmetrical and the
Coulombic integrals are probably not equal, It does,
however, indlcate that resonance of this type is reasonable.
These 1deas of resonance may be extended to the penta-
lodide anlon., 7Three contributing atructures cen be drawn
NN /I"i N4
“I° — T \I.‘
The iodine~lodine bonds on the ends of the arms of the V
contaln two-thirds covalent character while the other bonds
contaln only one-third., This should lead to unequal length
bonds, as are observed, assuming equal contribution of each
form. In the case of the triiodlde anion, equal contri-
bution from both contributing forms should lead to & linear,
symmetrical anion, If, however, the electrostatic fleld 1s
different at opposite ends of the linear ion, one would ex-
pect unequal contributionsfrom the two forms thus leading to
a linear but asymmetrical ion, This 1s belleved to be the
case In ammonlum trijodide. An unequal fileld sbout the apex
and ends of the armes of the pentalodide anion could also
change the contribution of the various forms thus affecting
the bond lengths.
Ag 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
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dominant. The iodide-~lodine bond length will then get pro-
gressively larger and eventually a suffilciently small cation
will be reached so that there 1s insufficlent resonance
sbablllzaetion to make the structure stable, This 1s offered
as an explanation for the fact that small catiousdo not fom
polyiodlides,

The structure of lodine is 2 layer structure gimilar
in some resgpects to the pentaliodide structure. Xach lodine
atom has a nearest nelghbor at 2,67 K snd two second nearest
neighbors at 3.54 X. The separation of the pentalodide anlons
is 3.55 ﬁ. The iayer separatlion in both structures is about
4,3 ﬁ, The expected van der Waals iodine-iodine distance
(1, p.189) is 4.3 Z,

In both structures the 3.55 & distances are within the
plane of the lodine bonding. Appsrently these short van der
Waals distances are due to the strong interaction of iodines
in a plane because of the high polarizabllity in the direc-
tion of the bonds.

Though no direct evidence has ever been obtalned con-
corning the poslitlon of the tetramethylammonium catlion, its
position is greatly restricted by the symnetry of the space
group and the positicns of the lodine atows. When the
nitrogen is plsced upon the 2-~fold axis the methyl groups
may be positioned in such a menner as to take advantage of
the nonplanarity of the lodine nets in order to obtaln maxi-

mum room, Indeed, the nonplanarity is thought to be due to
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the movement of the arms of the Ve~shaped pentalodide anion
into the space between methyl groups. Though the iodine-
carbon distances are 4.2 & or larger, free rotation of the
methyl group about the 2~fo0ld axis 1s unllkely since there
would then be no immediately obvious reason for this parti-
cular type of nonplanerity observed.

It would be interesting to gsee what the structure of
the pentalodlde anlon is with other cations present., With
a catlon slightly smaller than the tetramethylemmonium
cation the nets of lodine stoms may become coplanar., With
an appreciably smaller catlon the pentalodide does not
form. PFProbably no new structures would be found as one
decreases the glze of the catlon from the slze of tetra-
methylammonium cation, However, if the cations were made
progressively larger, eventually & point would be resched
at which the holes in the present anlon packing were too small
o contain the cation and then certalnly s new packing would
be found. Probably the pentalodide anion would remain V-
shaped since resonating negatlive charges can remain close
to a positive charge inside the V. There seems to be no
apparent reascn why & linear anion could not form since a
molecular orbital treatment indicates resonance sgtabili-
zation would be present. The central atom would make use
of only one p-orbital in a linear conflguration, unlike the

apex lodine in the V-ghaped configuration which uses two
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different p~orbltals, These two cases are certainly
different, however they both seem posasible. It 1s, however,
not possible to have a resonance of the type described above
with & Veshaped trilodide anion or with a Wegsheped penta-
lodide anion.

From the work sc far completed upon the ennealodide
structure, little can be sald with certalnty concerning
the structure, There 1s no informstion obtained so far,
however, which makes a resonating structure impossible.
In fact the present electron density projection seems to
support the ldea of iodine molecules interacting with iodide
ions, However, there are some indications that the inter-
asctlon may be weaker, The interpretation of the sheet of
iodine molecules packed parallel t¢ each other with their
axis in the a ~c, direction leada one to suggest that the
ennealodide structure may be a solid solution type struc-
ture in whioch lodine molecules have packed with the cation
and possibly some typs pentalodide anion. The peak separa~-
tione, however, are not sufficient to rule out a distance
of as low as 3.1 & from these lodine molecules to an ilodide |
ion.

There are several configurastions which the enneaiodide
anlon could concelvably have, Since the pentalodide anion
uses two different p~orbitals in its resonance one might

expect the heptalodide anion to have the configurstion of



78

an lodide at the origin of a set ol Carteslan coordinates
with three lodine molecules on the positive axes with their
axes aligned with the Cartesian coordinates. If the use

of separate p-orbitsls were required the h&ptaiodiaé would
be the largest polyiodidertc form. Since the enneaiodlde
forms, some other bonding explanation 1s necessary. It

1s difficult to understand why the IZl and 1.,

not form 1f the same p~orbltals may be used on opposite

ions do

sldes of the 1odide ilon. Paecking conasilderations may be
ﬂufficiant te prevent formatlion of the solld, however,
these higher lons are not found in solution. One could

hybridize apz

bonds for the fodide ion and thus make Ig the
upper limit of the polyiodides., If this is postulated 1t

is difficult to explain why the pentalodlde has a 90° angle,
and also the indlcetions are a tetrahedral ennealodlde 1is
impossible from the work so far completed in the ennealodide
structure determination,

Though little can be sald with certainty only a few
possible structures for enneaiodide seem reasgsonable. A
structure with iodine molecules packed with the catlon and
a triiodide or pentalodide anion seems qulte possible from
the present status of the structure determination. Another
possible arrangement is that of an X~-shaped ion with one

arm removed and made normal to the paper., This would use

all the pe~orbitals at least once snd one of them twice.
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The heptalodide does not crystallize with the tetra-
methylammonium cation; however, it does form with the
trimethylphenylammonium cation, This is difficult to
understand since the stability is a funoction of symmetry
of the catlon. One possible explanation may be that
coineidently the packing is such that no tetramethyl-
ammonium hepta&m&iﬂa‘fevms while the tetramethylemmonium
ennealodide and the trimethylphenylammonium heptaiodide
may be lsomorphic with the phenyl group occupying one of

the posltions occupled by I3 in the enneaiodide structure,
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VI. SUMMARY

The bonding in polylodides is quite different from the
bonding in polyhalogen compounds whilch contain two or more
different halogens. The bonding in the polylodides is
Interpreted without the use of d-orbitals above the valence
shell. The bonding mey be thought of as an interaction of
lodine molecules with an 1odide ion., Resonance of the
various forms of the lons leads to stebllization. The slze
of the cation and the pscking in the erystal affect the
contribution of the various resonating forms and thus the
length of the bonds., The decresse of the resonance stabilie
zatlion when the cation iz small is offered as an explanation
for vhy the stablility of polyiodides 1s a function of the
size of the cation present and why higher polylodides form
only with large catlons,
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