STUDIES IN X—RAY CRYSTALLOGRAPHY
I. CALCIUM CHLORIDE HEXAHYDRATE

II. HEXAMETHYLEITE TETRAMINE COMPLEXES WITH METAL HALIDES

Thesls by

Fred D. Ordway, Jr.

In Partiel Fulfillment of the Recuirements
For the Degree of

Doctor of Philosoohy

California Institute of Technology
Pasadena, California

1948



Acknowledgements

It is 2 pleasure to express my gratitude for the
contributions of others to the work revorted here. In

particuler I wish to thank Professor J. H. Sturdivant

125

or nis friendly advice and encouragement, and for many
neloful discussions. Figures 3, 4, 7, a2nd & of Section
I were drawn for reproduction by Mrs. Virginia Berry.

re 2 some of the calculstions

g

In the prevnerestion of Fig
were done by Miss Lillian Casler, and Mrs. Maryellin
Reinecke made the drawing. The thesis wes typed by my

wife, Phyllise.



Abstracts



Abstract 2£ Section E

The crystal structure of calcium chloride hexahydrate has been
determined by means of Patterson syntheses end stereochemiczal consideration
of the atomic positions allowed by possible spece groups. The varameters
were determined from pesks in the Patterson syntheses, which were well
resolved.

This determination confirms the conclusions of Jensen (7,8), who used
2 method of successive Fourier syntheses to arrive a2t the structure of the
alkeline earth hexahydrates and to obtain epproximate persmeters for
strontium chloride hexehydrate, out did not refine these parameters.

The results of this investigation were as follows:

Space group: D§—0321

Unit cell: a = 7.30 &., ¢ = 3.95 &.; contains one molecule

Call,.0H,0.
Atonmic positions: Ca at 1(a) O O O;
Cl at 2(a) 34z, 837z, z=0.576
0; at 3(e) x 00, 0x 0, xx 0, x = 0313
11 2t 3(f) x 0%, 0x 3, xx3%, x=— 0.218.

The bonding within the crystal is discussed in the light of the

observed interatomic distances.



Abstract 2£ Sectionlzg

The structures of certain comvlexes of metsl hslides with
hexamethylene tetramine, CgH,y,N,, have been investigated.

The compound SnCl,.UCgHi,l, and the isomorvhous TiCl,.LCH, N, have
space group CgV—RBm. The trinly orimitive hexagonel unit cell hes
2 =c¢ = 8.95 B« It contains three hexcmethylene tetramine molecules and
three chlorine a2toms. The centers of the hexamethylene tetramines and of
the chlorines form two intervenetrating rhombohedral lattices, separated
by half the rhomboheldrzsl body disgonzl. The tin atoms are nrobsbly
distrivuted rendomly enongs the gans between the lerger atoms.

The comvnounds MnCl,.2CzH; 5, and MnBry.2CgH) M, give vowder
vhotozraohs considersbly different from each other. The former hes Leaue

symmetry D g = 11.8% K., B =21.52 R., ¢ = 7.83 &. [The lstbice is

2h’
primitive. There is no glide plane normel to 2z, but possibly en n
glide normel to b end provedly 2 b glide normel to gc.

A comnlex of hexeamethylene tetremine with SnCl, gave the seme powder
nattern es SnCl4.uCGH12ﬁ4. A comdound with SoCls gave the same pattern
with 2 few additional lines. The formulas of the complexes rre revorted
(7) to be SnCl,.2C.H; N, and SbCly«ZCHq 5N,

The main factors determining the structures of these compounds seem

to e »necking of the anions with hexemethylene tetramine molecules =nd

interactions among the letter a2s in crystels of the pure comvound.
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I. Calciunm Chloride Hexahydrate



Introduction

The crystal structure of calcium chloride hexahydrate and the other
2lkeline earth halide hexahydrates was first investigated by Z. Herrmann
(5). The structure chosen oy him contained very flat octahedrsal Ca(HZO)G

groupings, almost vplsne hexegons, in which the water molecules are only

1.8 to 2.0 B. apert. The description in the Strukturbericht (4) terms

this structure sehr unwahrscheinlich.

It was decided to underteke a determination of the structure of
calcium chloride hexahydrate, since this contains the lightest ions of
the isomorphous series of calcium, strontium, and barium chlorides,
bromides, and iodides. Other things ecual, the positions of the weakly
scattering water molecules should vermit of most accurate determination
when the other atoms present are the weakest scatterers possible.

Only after this work had been in vprogress for some time was another
investigation of the structure discovered in the literature. Jensen (7)
investigated strontium chloride hexahydrate, using a method of successive
Fourier projections to determine the space group and apvroximate parameters.
He used the heavy—atom method to establish the signs of F in a few
reflections from which he calculated preliminary Fourier projections.’
Choosing likely veasks for atomic positions, he calculated the signs of

more F's, used them in another Fourier projection, and repeated the

process until a2ll the P's had been used.



Jensen's intensity data were obtained from crude assignments to six
grades of intensity from "strong" to "very wesk." He made cherts, from'
data given by Yu and Beevers (13) for zinc bromate hexehydrate, showing

|F| as 2 function of sin & for each of these grades. Assuming that
corrections for absorption, Lorentz and polarization factors, and
temperature factors would be the seme as for zinc bromate hexahydrate,
he used these curves to find ]Eﬂ values for his investigation.

The structure arrived at by Jensen has a hexagonal unit cell
containing one molecule SrCl,«GH,0. The axes are a = 7.040 R.,

c = 4.108 &. The space group® is D§—0321 with atomic positions as
follows:

Sr in 1(2) 0 0 O;

20l in (d) ¥ &2, §3% 2z, z =0.42;

0y in 3(e) x 00, 0x 0, xx 0, x= 0.3%;

Oyq in 3(f) x 0%, 0x3, xx %, x=-— 0.24.

In this structure each Sr  ion is surrounded by nine water molecules,
e rather unusual configuration. In view of the novelty of the structure
it was thought desirable to continue my investigation in order to obtain
independent confirmation by methods as different as »ossible fronm those
used by Jensen. In addition, as Jensen says (8, po. 71, 90), it was
desirable that his paremeter determinations be considersbly refined so

£

that conclusions might be drawvn as to the nature of bonding in the crystal.

1 A1l symbols for space grouns and svecial positions correspond to the
descrivntions in the Internationale Tzbellen (6).




Prevnaration of Samples

Samnles of calecium chloride hexehydrate were vrepared dDy evaporation
of water frqm a solution in & desiccator, but the method was inconveniently
slow and tended to give & crust of solid on the surface rather than
gsevarated single crystaels. It was found more convenient to cool a solution
heving slightly more than the stoichiometric ratio H,0 : Call, =6 : 1.
Such a2 solution frequently remained suvercooled for a long time in a bottle
or sealed test tube in the refrigerator, but seed crystals could be formed
by touching the container to a piece of solid carbon dioxide. The Ddest
crystals were obteined if the container, with a seed crystal in the liquid,
was vlaced inside 2 Dewar vessel in the refrigerator's freezing compertment.

The difficulty in obtaining lerge single crystels of vpure meaterial
wes strikingly different from that experienced in the Biology Department,
where a technical grade calcium chloride solution in a battery jar with
stirrer was used for humidity control. There the difficulty was that
crystals formed immediately whenever the temverature of the bath fell bvelow
the melting voint of the hexshydrate. They were regular hexagonsl prisms,
often the length of a lead vencil and uo to twice that diameter. It is
unfortunate that the material was not sufficiently pure for use in this
investigation.

Because of the hygroscopic nature of calcium chloride hexshydrate,
any semnle to e used for long X—ray exposures must be well protected
from the atmosphere. Thin—walled Pyrex glass canillaries were used for

this purvose. It was very difficult to insert single crystals and seal



the capillaries without access of moisture, especially if a particuler
orientation of the crystal was desired. This difficulty was eventually
overcome by a technique of recrystallization within the sealed capillary.

In the method finally used for preparing single—crystal X—ray
specimens, a sample of the solid compound was prepared dy slow cooling in
the refrigerator. The crystals were filtered by suction in an apvaratus
which covers the solid with dry air at all times. Then a few fragments
were inserted in a capillary and it was sealed by means of a microburner
as gquickly as vossible. Any adhering liquid was centrifuged to the other
end of the rather long cepillery, and the section conteining the solid
was sealed off.

The meterizl now sealed in the capillary was recrystallized under a
binocular microscope. Very gentle warming from one end by means of the
finger, a seven—watt lamp, or (preferably) a "hot wire" tool with enough
current vassing to meke the wire just noticeably warm to the fingers, was
sufficient to melt the solid slowly. Melting was continued until almost
511 of the material, occupying verheps U4 mm. in a 1/2 — mm. cepillery,
was licguid. Then removal of the heat source allowed the few remaining
small crystals to grow and fill the tube.

Remelting several times from opposite ends caused all but a single

crystal to disspnear. This crystal could be observed as it grew, so that

the aporoximete orientation could be determined.



N

There was considerable tendency for new crystals to form whenever a
growing needle struck the capillary wall, esvecially if the room
temperature was lower than about 24° C.? With the binocular microscope,
however, it was easy to make sure that only one crystal was finally
present. This single crystal was cylindrical, since it completely filled
the capillary. To correct X—ray intensities for absorption it is
frequently desirable to meke 2 cylindrical crystal in order to simplify
the calculations; tpis capillary technique is very useful for the purpose.
The needles of calcium chloride hexahydrate grew about ten times as
rapidly a2long the needle axis as they did perpendicular to it. This fact
made it a simple metter to prepare a2 crystal with the needle axis along
the cepillary tube, but very difficult to grow a needle perpendicular to
the axis of the capillery. Attempts were made to crystallize a droplet
at a sharv right—angle bend in the capillary, but the needle axis tended
to "bend" and follow the tube because new crystallization was initiated
whenever a needle struck the cepillary wall obliguely. ZEventuslly after
many trials a crystal was prepared with the needle axis almost verpendicular
to the capillary by mounting the tube vertically, melting away all but one
small needle shorter than the diasmeter of the tube, and sheaking this crystal

into the desired vosition before it grew too large.

1 The tendency of caslcium choride hexahydrate to initiate new crystallization
when a growing crystal strikes the cavillery well is similer to the tendency
for ice crystals to form in different directions when one growing crystal
strikes the surface or the container wall (see Reference (3)).



Preparation of X~Ray Photogravhs

The crystals of calcium chloride hexashydrete sealed in thin—walled
Pyrex capillaries were kept in 2 refrigerator excent during X—ray
exposures. VWhile photogravhs were being taken, the crystal was kept cool
oy a stream of chilled dry air. Compressed =2ir from the leboratory line,
after passing through = filter and pressure reducer which regulated the
pressure at 1/2 to 1 pound per squere inch, was led through three 24—inch
glass drying towers containing technicel potassium hydroxide flakes and
one such tower containing indiceting Drierite. The air, dried in this
wey to prevent clogzinz of the cold chamber, vassed through a U~tube
cooled with solid carbon dioxide and then by means of a vacuum—jacketed
tube was led into the X—ray camera directly zbove the crystale.

The difference between room temperature and the temperature of the
crystal wes indicated continuously by 2 copoer—constentan thermocouple,
whose junction was about 1 cm. above the crystal, connected to e microam—
meter. The crystal temmerature varied over a range of about 5°-15° C.

Crystels were oriented for oscillation and rotation vhotogrevhs by
mneans of Laue ohotograohs.

The oscillation vhotogravhs were indexed by means of a reciprocai
lattice disgram and a Harker chert showingz actual film coordinstes in
centimeters (Fizure 1). It wes found most convenient to use the Harker
chart as a transparency made from Ozelid sensitized foil, with a separate

black—line nrint of the reciorocal lettice diagram for esch layer line.
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Figure 1. Harker chart for indexing rotation and oscillation photographs.
Reciprocal lattice scale is 1/ = 10 cme. Camera radius is 5 cme




The velues of the lattice constants were determined from oscillation
vhotographs made with CuK«K radiation. Heasurements of the filwms were
mede on o viewing box equipned with 2 glass cursor sliding on a brass
scale, reed with a vernier to C.1 nmm.

For intensity estimations MoK oscillation photogzravhs were nrepared
by the multiple—film technicue. The three films were interleaved with
0.001l—inch conner sheets to increase the ratio between densities of
corresponding spots oan successive films. In compering spots on different
films of a set, the filwm fector (9, v. LY2) was taken to be L.O.

The estimetes of intensity were mede for one set of films by assigning
en erbitrary velue to one strong spot on the first film and corresponding
velues to corresponding spots on the succeeding films. This orovided =
geometric series of intensities which was extended by comverison of the
first and leost films. ZEventually a2 scale of intensities covering the whole
range wes established. The remaining spots were estimated by comparison
with this scale. The scales for different sets of films were correlated by
using as stendards those svots which were eguivelent, beceuse of symmetry
or overlan»ing ronges of oscillation, to reflections wnreviously estimated
on another set of films.

The observed intensities were corrected for the "velocity factor" by
use of o transparent chart reproduced from the publication of Cox and
Shaw (2). The remaining vortion of the recivprocal Lorentz—polarization

factor, devendent only on the Bregg engle €, is the expression

LRl

h

(sin 28) / (1 + cos® 28). The velue of this function for each reflection
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Unit Cell and Svace Groupn

-

The Laue symmetry of calciwmn chloride hexahydrate was found to De
D2d4§m. A rotation photogravh =2bout the three—fold axis with CuKe

rediation geve the length of the ¢ exis as 3.9 &. The rotation
photogranph was indexed on a hexagonal lattice, with a = 7.8 8.

There were two possible choices for the direction of the 2 eaxis,

on engle of 30° from each other. The vrovner choice was made by

I__l
¥
l,.Ju
=
o
m
ot

teking a rotation »nhotogranh of e crystel grown with the needle axis
pernendicular to the capillery tube, with one of the mirror olanes
vertical and the three—fold axis horizontal. The layer—line specing

o

corresvonded to 2 vertical unit trensletion of 13.5 &., which is 7.84f3.
Therefore the shortest a eoxis is 7.& R. 2nd lies normel to the mirror
plene and varallel to the two—fold axis. A well-exvosed Laue photograph
teken eslong the three—fold exis with a nmirimum wevelength of 0.2l R. wes
indexed on this lattice and found to contain spots corresvonding to
wavelengths as lov as 0.28 £. but none below the minimum.
The vest values of the lattice varameter, obtained from reflections
at high angles, are
2 = T7+80 + 0.02 8.
c = 3.5 + 0.01 &.
The density revorted in "Internetionsl Critical Tables" (Vol. 3, ». U43)

is 1.72; this corresponds to 0.98 molecules CaCl,.5H,0 in the unit cell.

Thus the number may be taken as unity.



The Laue symmetry D requires that the true point group de

3d

C D,, or D,.. Since there is only one calcium atom per unit cell,
J

2v? 3d

no space groun need be considered which has no one—fold specizl

positions. This restriction eliminstes 211 but six space groups:
% —C3m1, DE~C321, D2.~C3m1, C- —C31m, D-0312, D
3V & ’ 3 =y 35. Sy 3V s | 3 ’

in neirs corresponding to the alternative choices of the a axis.

l = . .
3d—-C}lm- These are

The axes already chosen therefore allow only the first three svace

ZTOUDS.
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Atomic Positions

In 211 ceses, the calcium ion nmey ve nlaced 2%t the origin without
9 & L5
loss of generality. The sweciel vositions suitaeble for the chloride ions

are listed in Table 1.

Teble 1
Possible Positions of Chlorine in CaCl,.GH,0

Space Groun Positions

C, —C3ml 1(a) 0 0 2
o7 1(v) 3 £ =
Ue) 3 % -
pE-g321 2(c) 0025 00%
i 2() $ 52 8%
Dzdfcﬁhl 2(c) 00z; 007
- 2(a) ¥ 32 832

The ionic radii of Ca' ' and C1~ are 0.29 8. &nd 1.81 8. resvectively
(12, p. 346). One chloride ion therefore will fit within the height of
the unit cell, 3.95 R.; but it csnnot De placed at the same =x and y
coordinates as the calcium ion or the other chloride ion. Thisg
consideration rules out the three sets of nositions involving O 0 z.-
The chloride ions then must have =x y coordinates ¥4 and § 3%
resvectively. The =z coordinates may be indenendent if the space zroun

. 1 - . :
is V—CBml, or equal and opposite if the swvace group is one of the

O

other two.



The fact that there is insufficient space for another atom to fit
directly above or below the chloride ilons or the czlcium ion means thet
the only interatomic vectors with components 4 € z are Ca—Cl and C1-C1,

and 00 vectors whose effect should be neglizibvle. Therefore it was

vossible to determine the chloride vositions, excent for vossible ambiguity
due to lack of a center of symmetry, by celculating a Patterson synthesis
(10) along the line %+ # z. Such a three—dimensionel summation requires
velues of liﬂa for all observadble reflections. Accordingly, multivle—film
MoKl ogcillation photogrephs were made with the crystal which had been
oriented to rotate about an axis pervendicular to both 2z and ¢. Heving
the three—fold symmetry axis horizontel made it nossible to cover the
reciprocal lattice efficiently in all directions by means of a single
series of oscillationse.

All spots up to and including the eleventh layer line were indexed.
Their intensities were estinated and lEﬂa values calculated. No
correction was made for absorntion because the avsorntion coefficient of
calcium chloride hexshydraste is only 14.2. TFor = sample of this neture
with a diameter of 0.& mm. the sbsorwntion correction is a2t most only a few
nercent (6, Vol. 2, ». 584).

The relative IE‘F values on an arbitrary scale for the 229 forms

observed are listed in Appendix 1. TFrom these date the function

P(3 £ z) 2777@1’}@ P cos 2Tr(I—_:i-+-2—§-+Lz)

H X L



1L

vas calculated, by means of punched cords nrevered from Livson—Beevers

~

strios, at intervals of l/oO in 2. The resulting curve is shown in

2]
O

izure 3. Similer celculetions for the lines x 0 0 2nd x 0% were

o

)

2lso nmade, with the resulis shown in Figure U.

The interatonic vectors revresented by the synthesis along %-% 7
are two Ca~Cl and one Cl—Cl intersction. In this case the two tyves ere
indistinguisheble because Ca&+ end C1 have the seme number of electrons:
a repetition of the nrocedure for Sr012.6H20 would clearly distinguish
between them.

There are two »nealks in the function: one at z= 0.85% =and znother
2lmost exactly twice as high at 2z = 0.578. This sccurate 2:1 ratio in
height indicates thet the larger veak is due to very close coincidence
of two of the three vectors.

The smeller neak mey ve due to 2 Ca—Cl interaction or a C1-Cl

o~ 1

intercction. The three cholces of chlorine nositions which may be made

-

corresvonding to the ovserved Patterson function are showvn in Figure 5.

; . 1,
The first two arrangements correspond to svace group C v—C}ml

3

end one is an inversion, throusgh the origin, of the other. This tywe

of arrangement vlac

®
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O
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in the horigzontal vplane

of the calcivm ions znd the other =

!
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(6]
<!
e
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b

v helf-way between such
vlanese
: 1 . .-
If the sovece group is 03v703m1 there are two possible arrangements

for the six water molecules: two sets 3(d) XX 2; X2X 2; 2X X 2; Or

¥l
N
w
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4
o
N
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o
N
.

. - — —
one set 6(e) xy z; v, =, 2} y—=X, X, 2; ¥
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Figure 5. Positions of calcium and chloride ions and
corresponding Patterson peaks. Each X represents the
position of an atom; each cireéle, an interatomic vector.
The height of a veak is proportional to the number of
circles at that point. : '
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The six—fold position olaces 211 the oxygen atoms at the seme 2z, in 2
fairly reguler hexegon. Butbt there is no level at which such a2 grouving
can fit if we assume ven der Waals rodii of 1.0 &. for calecium, 1.8 &.
for chlorine, and 1.7 R. for water. Therefore this six—fold position may
be discarded.

The three—fold position 2llows two triensular grouvings at different
levels. One member of esch trienzle must be in & position x x z and
thus in the nlere conteining the calcium and the two chlorine atoms
corresponding to the diagrams in Figure 5. The radius of the water
molecule defines the minimum size of the triangle and requires thet x

be positive or negative by ot lea

[©)

t 0.11. One suiltable position in this
plene corresnonds to =x = 0.11, z about &%, in the first diegram of
Figure H; out the correswonding position at x =-0.11, z =about % is
much too near the second chlorine atom. o other suiteble position can
be found, and therefere this arrangement of the water molecules is
immossible.

Thus, because of stereochemicel considerations, the asymmetric
chlorine arrangement must be abandoned.

The alternative erreangement puts both chlorines at z e2bout 3.

Stereochemical considerations rule out position 3(d) in space group

1 5 oy - ; ;
Co_~C3ml =as vefore. Position 6(e), forming a dlene zroup of six water
v i

~

molecules, is 2lso impossible Ddecause of insufficient svace.



The sveciel vpositions mossible in the remaining space grouns are

2s follows:

DE—C}El: 2(e) x00; 0 x0; x x 0
3(f) x 0% %3
6(g) xv 2z 7, =V, 25 VX, X, 2
T X 25 X, VX, 25 XV, F, Z»

D2 ~C3ml: 3(e) & 0 0; 0 % O3

Nj
o
o

(£) 303 033 33H 0x3

6(g) x00; 0x0; xx0; x00; 0x 0; xx O
6(h) x 0% Ox% xx% x0% 0x3; xx3
6(i) x X 2; x 2% 2; PX X 2, X X 2; X 2X 2, 2X X Ze

To obtain more information as to the »ositions of the water molecules
2. Patterson nrojection was calculated from l£ﬂ2 values of the reflections
in the zone [120 ] nerpendiculer to the plene (010). The modification
function L/(EU2 suggcested by Patterson (10) was envlied in order t0

B B

sherven the neaks. A plot of this projection is shown in Figure 6. As

a

expected, it contains the Ca 2nd Cl mesks a2t x =0 2nd %, with less
proninent Ca—~0 or C1-0 »neslks in between. Anparently the oxygens, like
the calcium and chlorine atoms, have g anoroximately zero or one—-half.

~ ",

The fect thet this projection shows no mexima et =x = % rules out
vositions 3(e) and 3(f) in svece group Dg ~C3ml. Positions 6(g)

and 6(h) are impossible becesuse they fornm hexegons of water molecules

21l with the same Z.
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Two Herker sections were calculated, giving the values of the
Patterson function in vlsnes x 0 z and x y O. These are showa in

Figures 7 and 8. There are three vesks in the function P(x 0 z)

2

corresponding to calcium—oxygen or chlorine—oxygen distences: a peak
at (0.24, 0, &) which is elongated in the z direction: a
symmetricel vwesk at (0.218, 0, %); =nd another symmetrical nesk 2t
(0.213, 0, O). The vlot of P(x y 0) shows no calcium— or chlorine—
oxygen pesks other then the one 2t (0.313, 0, 0).

The remsining vosition 6(i) of space groud —C3ml  would

3@
require thet oxyzen atoms be in verticsl nlanes containing a celciunm
and its chlorine neighbors. The coordinate 2z would heve to be about

4 to fit in one water molecule in such a2 vosition, but this would put

the six molecules 2t corners of en imvossibly smell hexagon. Thus

U)

D_—C321 must be the true space group.

3
In D%—C}Zl, vosition 6(g) with z 2bout O or % would sgein

~

form o nlene hexagon of oxygens and must therefore be discarded.

<

oy

chel

i

Positions 3(e) . 3(£), however, ere vernmitted by stereochemistry
and ere not in conflict with the observed Patterson veaks.
All the veaks in the functions P(x 0 z) and P(x y 0) ere

explained by this choice of oxygen nositions. In varticuler, the

=0

[\]

symmetrical oxygen peaks in the x 0 z section (Fl‘ure 7) a
eand 5 are assigned £o Ca—0 vectors. In the x y O section (Figure &)
the peaks at =x = 0.7%713 corresnond to Ce—0. The remeining mexime,
vertically elongated in Figzure 7 and corresnondingly less intense in

Figure &, are C1-0 neaks
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The varameters for chlorine and oxygen may ve determined from the
mexime in the Patterson function plotted in Figures 3 and 4. The mexine
in Figure 3, correspvonding to 2z and (1-2z) for chlorine, are at 0.578
and 0.853. The two values of 2z are 0.578 and Q.574. This difference
is undoubtedly due to the slight effect of the "tail' of each peak in
lisvlacing the maximum of the other. The Dest value for =z was taken to
be 0.576.

The two x wvarameters for the different tyves of oxygen atoms were

L)

eken at the mexima: 0.218 end 0.31%. In order to fit the two trienguler

s

rouns of wabter molecules between calcium and chloride ions it is necessary

m

thet one of these paremeters ve negetive. Here agein the choice is
immeterisl Deceouse the resulting strucitures differ only oy inversion
through the origin.

The structure of calciwn chloride hexehydreste may ote summerized as

follows:

Unit cell: a = 7.80 &., ¢ = 3.95, contains one
g
molecule Call,.LE,O.

Atomic opositions: Ca 2t 1(a) 0 0 O;
Cl ot 2(d) 3%z, 837z, z=0.576
I t %(e) x 00, 0x 0, xx 0,
x = 0.313
O;p ot (f)x 03, 0x%, xx 3,

This is, in princinle, the senme structure as arrived at by Jeasen's
vrocess of successive Fourier nrojections. The larger number of data used

and the greater orecision with vhich the |FP's were calculated make it



probavle that the narameters listed here are much more accurate than

ct

Jensen's, which were given only to two significant fizures.

Further refinement of the parameters would require use of least
squares or Fourier syntheses of electron density. It is not believed
that the additional labor of such calculations for this non—centrosymmetric
structure would be justified, since the »nrobdlem is so ideally suited to

.

the use of Patterson syntheses. Greater accuracy in estimating the

naraneters may ve obtained from Pourier syntheses of electron density in
which 211 mexime are well resolved than from Petterson syntheses with
overlaphing maxima. In this case, however, the structure is simple and
he few Patterson oeairs hanven to be well separated. The error caused by
overlapning of peaks is probably not more than sbout +0.002 in 2z or
+ 0.001 in =x. The corresvonding errors in interatomic distances are

less then + 0.0l &., vhich is as low 2s can be exvected from eny treatment

of the data.



¢ 9. Stereoscopic drawing of the structure
of caleium chloride hexahydrates.
renresent chlorine; the small circis
s

nes ars drawn outlining the unit ning
the calcium ions to the water molecules they



Teble 3

Distance Method of Computation Calculated Observed
Value Distance

D(0-H—C1) = D(0-H-0)* — R(O 7) + R(C1)

= 2476 — 1.40 + 18l = 3.17 R. 3.16 R,
3416
352
D(Ca—0) = R(Ca™) + R(0TT)
= 0.99 £ 1.0 = 2.%9 Rs 2.4 8
2.61

1 QOvserved in ice; Reference (12), pe 301.

The six oxygens 2% 3.16 &. from each chlorine are joined to it by
hydrogen bonds comparadble to those in ice. he other three oxygens,
0.36 &. farther awey, are hydrogen—vonded to the chlorine atom directly
above or velow in an adjscent unit cell.

The three oxygens in the Dbasal nlane with each celcium are closely

4
g

packed around it, while the six oxygens shered with enother calcium ion
are 0.17 &. farther away. This difference agrees well with that

celculated (11) from the relation

/\ D =~ 0.50 (logyo g~ Logio ) = 0460 logyp 2 = 0.18 £.
where v 1is the valence and I 1is the number of positions among which
the bonding electrons resonate.
Jensen (8) considered the isomorphous structure of strontium
chloride hexahydrate from the viewvoint of electrostatic bonding and
noted thet the bond strengths might be divided emonsz the water molecules

in meny weys, all of which satisfy the rule of electrical neutrality.
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Since my determination of the parameters in calcium chloride
hexehydrate indicates thet each chlorine has six nearest oxygen neighbors,
it seems best to assizn each water molecule —i/6 charge from each of its
two chlorines, or —1/3 in all. Then each celcium ghould supply + 1/3 to
esch of three water molecules and + 1/6 to esch of six. The total is +2y
equal to the charge of the calcium lon.

The cherge which we might actually exnect to be transferred from
calcium to oxygen may ve calculated from the percentage of ionic character
in 2 Ca'" -0 bond. Making the usuel correction for the formal charge +2
gives the electronegetivity (12, wpp. 64—70) of cat s 1.4e  Thet of
oxyzen is 3.5; the difference is 2.1, corresponding to 67°/° ionic
character. Thus 2 consideration of the partial ionic cheracter of the
Ca++ --0 bond leads to exactly the same result as the simple idea of
electrostatic bonding:  ZEach celcium ion is essentially neutralized by the
contribution of 1/3 electron from its three nearest oxygen neighbors and
L/6 electron from its six next nearest neighbors.

As Jensen hos noted (7, p. 26), the two tynes of water molecules in
this structure differ in that one has a tetrahedral environment of two
positive and two negative ions while the other is near the center of =
triangle of one vositive and two negative ions. The angle C1-0-Cl for the
water molecules with tetrahedral coordination is 91.7°; that for the
water molecules with triangular coordination is 125.1°. In the free
water molecule the snzle H—O-H is 104E°. The fact thet this is lerser

then 90°, the 2ngle which would be expected for the most stable » Donds
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(12, ». 78), is attributed to mutusl repulsion of the hydrogens by their
slight positive cherges. In the crystal of calcium chloride hexshydrate
the presence of chloricde lons might be expected to neutralize this
vositive charge and allow the H-O-H angle to aporoach 90° more nearly.
It might élso e expected, however, that the 1/6 covalent bond with each
of two calcium ions would cause some tendency toward a tetrahedral s—p
hybrid configuration with H-O-H anzle 109° 28!'.

It might be exvected, furthermore, that the water molecules fornming
2 )3°/° covnlent bond with celcium would have considerable tendency to

use trisnguler s—p hyorid orbitals giving an angle H-O-H ecqual to 120°

av]

The experinental results do not »rovide a good test of these
predictions, since only the C1-0-Cl angles have Deen determined. The
chloride ions are rather lerge, and it seems probvadle thet the O-H-ClL
bond need not be exactly linear dbub may forn an engle of five or ten
degreess.

£

The pronounced vasal cleevege of calcium chloride hexehydrete is in

accord with the leyer—like structure with bonds in a horizontal direction

generally stronger than those directed more neerly parallel to the ¢

axis. The Cl—OII hydrogen vonds ore very nearly

bonds between Cl end OI go down from one unit cell to the next, up to the

worigontal. The hydrogen

third, dowvn egein to the fourth, and so on—salweys oscillating ebout a

horizontel nlane. The horizontel bonds fron OI to Ce are twice as strong

2g the OII—Ca.bonds inclined nmore toward the verticel directione.
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The bonding within e single unit cell is shown in the stereoscopic
drawvings of Figure 10.

Since the vertical bonds are in general considersbly wesker than the
horizontel, it might be expected that thermal vibrations would tend to
have lerger amplitudes in the vertical direction. The oeaks at the origin

a

and 7) are noticeably elongated in 2

o
v}

in the Patterson function (Figures

a

vertical direction as would De expected for snisotrovic thermsl vibrationse.



10. ©Stereoscopic drawing of bonds in
t cell of calcium chloride hexahydrates
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Appendix 1

Observed |F¥|2 Values for CeCl,.6H,0 on an Arbitrery Scale

HKL, 72 HKL, bas HKL, 77
001 29 081 37 160 0.4
002 120 083 1.8 TET 16.1
003 0.5 090 10.3 162 0.5
ool 3.k 092 343 163 4.8
005 1 ook 0.4 170 B
010 2l.7 0.10.0 0.4 171 0.2
011 7.0 0.10.1 0.7 172 1o
Q12 o6.8 0.10.2 0.8 173 0.7
o14 .6 183 0.5
020 3.5 101 49.9 182 1.2
021 86.5 103 12.2 184 0.6
022 Lo 105 0.5 101 1.6
023 4.2 110 TLelk 193 0.6
025 0.5 111 Lg.5 1.10.0 1.3
030 166 112 9.3 1.10,2 1.5
0731 3.6 113 2.6 1.11.1 Q.
032 32.5 11k 0.1

033 U7 11 1.6 201 15.9
035 B 120 T 1 202 7.8
0l GaT 121 27.1 20k k.5
ol 167 122 8.9 206 0.5
ol 22.% 123 0.8 21l 92.5
ol 6.2 12h 3.9 o710 5.1
050 2.1 126 Oult 213 16.0
051 L.7 130 5.l 215 0.9
05% 2.4 131 78.0 220 Lg.5
05k 0.k 133 134 221 1.6
056 e 175 0.6 P22 9.7
060 U, 7 140 63.1 223 0.5
062 11.3 141 8.3 ool 0.3
063 10 1o 13.4 225 1.0
071 L.6 1kl 0.1 gz 5.6
e 342 145 0.5 532 I.6
o7l 1.9 151. 1.0 o3l 3.2
080 5.0 152 7.2 oo L1e8
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thylene Tetramine Complexes

with Metal Halides
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Introduction

It has long been known that hexamethylene tetramine readily forms
molecular compounds. A long list of these is given in Beilstein
(3, ovs 308-17)e There are crystalline comvounds with inorganic 2nd
orgenic acids, with inorgsnic sa2lts both anhydrous end hydrated, with
meny orgenic compounds, =2nd with the halogens. The molecular pronortions
ere often complicated, »narticularly in the comvounds with hydrated salts.

One might expect that the molecule would have some tendency to form
comvlex cations rather like those formed by emmonie, using one of its
four equivalent, tetrzhedrzlly oriented tertisry amino grouns. Such
complexes are in fact oroduced; the reaction with silver ion, for instance,
has been thoroughly investigeted (11, 12).

Several investigators (18, 20, 21) have recognized, however, tha
the Werner coordination theory does not orovide a general correlation for
these hexemethylene tetremine complexes as it does for the ammoniates.
It would seem likely that the oroverties of eany hexemethylene tetramine
compound =nelogous to one of ammonie should ve consideredly affected by
the nresence of the other three nitrogen a2toms, =2nd thet steric hindrance
would prevent coordination of more than two molecules around one metal
atom. Thesé effects are evident in the great tendency of hexamethylene
tetranine to form solid comolexes. The voluminous microcrystalline
precionitates it produces in solutions of meny salts are often used in

gualitative microchemicel enalysis.



31

-

It was believed that a2 determination of the crystel siructure of one
of the hexomethylene tetramine comolexes would give valueble informetion
about their neture and reasons for thelr stebility. Even though the unit
cell of one of these comdlexes night contein many stoms 1t was thought
that the previous work on hexemethylene tetramine itself should ve of
creat assistence; the structure of the molecule has been thoroughly
investigeted both in the vevor (9, 24) and in the crystel (4, 6, &, 25, 29).

The lerge number of mown comdlexes mede the choice for a structure
deternination rather difficult. It was felt desireble that the structure
investigated be es simnle as »ossible, so as to faciliteste the determination,
and ve characteristic of the interactions ovetween salts and hexamethylene
tetramine molecules rather than of the thoroughly investigated interactions
vetween salts and weter of hydrestion.

The latter requirement dictated the choice of unhydreated hexemethylene
tetremine complexes with selts. The recuirement of a structure which
would fecilitaete X—ray crystallogrenhy indicated that the salts should
contein simple ions a2nd combine with hexemethylene tetramine in simple
orovortions. Preferably, too, the compnlex should vernit isomorvhous
substitution of ions with widely different atomic numbvers.

The substances chosen for investizetion on the basis of these
considerations vere comolexes with metellic helides. Those with the
tetrachlorides of tin end titanium were most'intensively investizeted;
those with mangenous chloride and bromide, stannous chloride, and entimonous

chloride were investigated in a »prelininary fashion.
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e et st

Compounds of hexamethylene tetramine with tetrahelides of tin and
titanium heve been described by Scagliasrini (19, 20) and by Duff end
Bills (7). The compounds nrevared by Sceglisrini were nrecivitated from
solutions in chloroform and oromoform, and all of his formuless for these
nrecinitetes contain one or more molecules of the solvent.

Duff and 3ills vrepeored ir anhydrous comnlexes by vrecloitatio

B

fronm solutions in =bsolufe alcohol. Their analyses of the »nrecinitates

were in good agreement with th

D
L)
(o]
H
2]
&
}—l
o]
42}

5 heo oo W
SAC14'%V6312L4
b2 S 1
Sn01202C6ﬂ12h4
SOC ~% JC(qlekA
SuClyg.6CH, o,
ZnC12-2C6H12H4
1C1l5.CgHaoliy
They stated that the first four cormounds "have t
structure."

This 1list includes a2ll the helides used in the wnresent investigetion
excent those of titenium and mengenese.

It seemed »rovable that the titanium tetrachloride couwplex would be
analogous to that of stennic chloride; but no »rediction couléd ve made
for mengenous halides.

Mengenous commounds of the following formules heve oeen renorted by

Barbieri and Calzoleri (1, 2):
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MnX,+2CgH, 51, - LOH 0 (X = a halogen)
I"III( 0104 ) 2 2 61{1 2114 . SHZO

b

hey found (2) that the anslogous comdlexes of iron, cobalt, =nd nickel
thiocyenates lost one molecule of hexemethylene tetramine when recrystelliged
fron water, out the manganous thiocysnate commlex did not. Some related
anhydrous commounds were renorted by Scagliarini and Terterini (21, 22)
2s deing precinitated from solutions in 95"/° alcohol:
CoCl,.CcHq i,
4 T3 T
I‘IlClzocéulgl.4
- n
CoBry.CgHy T,
M(SCH),.2CcH 1 Ng (= Fe, Mn, Co, Wi

.

These date made it appeer that the moleculsr ratio in 2 comnlex

ct

)

vetveen manganous halide and hexamethylene tetramine night be 1:1 or 1:2;

but a definite vrediction was impossibdle.
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Experimentel lethods

(A) Preverction of Samdles

The hexamethylene tetramine used in this investigrtion was Eastmen
White Lzoel grade.

The metal halides were all commercial c.n. enaydrous compounds excent
for stennous chloride, which wes the c.n. dilhydrete, end mengenous dronidee.
The latter wes prencred from c.p. menganous caroonate snc diluted c.v.
hydrooronic zcid; the solution, containinz e slight excess of acid, was
evavorated on & hot Dlate to yileld the tetrehydreste and this wos dried for
a2bout = week in en oven 2t 100° C.

The complexes were »Hredared oy »nrecinitetion from ebsolute ethenol or
fron acetone. In general a small emount of o dilute solution of the halide
ves edded to a solution of hexemethylene tetremine whose concentration was
5O°/° or nore of the seburation velue. This produced o wonentary white
orecinitete which could be redissolved by swirling the container. Adcditions
vere continued until 2 slight cloudiness wersisted, =2nd the solution wes
2llowed to stend. Usuelly within a few minutes fine needle—like crystals

§

dezgan to form. Occesionelly standing overni

Y
S D

zat or for several cays was
necessery. The emmearance of these vhenomens ond of the resulting crystels
vere the same with sosolute alcohol end ocetone.

The crystals nroduced with SnCl, and TiCl, were identical in s»pesrance,

but this appearance varied merkedly with the concentration and therefore

with the rate of crystellization. The first instentaneous »recinitate
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consisted of mnicrosconic »nlatelets, rhombic in shave, with an odbituse
anzle of zbout 120°. Crystels vhich zrew 2 little more slowly were

microsconlc needles. Those which formed more slowly still—in a few

4%

ninutes to 2 few hours——were larze needles un to a few tenths of

ew deys the

=N

millineter by ten millimeters. After standing for =

mixtures geve crystals which were rhombohedrs, not greatly elongated in

=6

o

any direction, with o maximum size of nerhans one—half nillimeter.

=,

tescribed:

n
[oh

As 2n exzmole the following tynicel orecinitation is
olute alcohol conteinine 0.0% ml. of stennic chloride
was noured into 5 ml. of absolute alconel 2lmost saturated with hexa—

methylene tetramine. A fine white »recinitete formed immediately, giving

the enpearence of milk. Five more milliliters of the hexemethylene
tetranine éolution were added and the vrecinitate redissolved. fter two
or three minuftes o voluminous colorless orecipitete formed, consisting of
needles and rosettes visible 2s such to the neked eye.

Considersbly larger crystels were »nroduced by the method of slow

. .

stannic chloride solution wes cerefully floated on

(2
P-
i
i
o
n
[N
Q
=
.
=
=
o
o
*_Jo
l,_l
-
n

top of the almost saturated hexemethylene tetramine solution in a

cylindrical severatory funnel 15 cm. high and 15 mm. in dismeter. When

-

the crystals were separated of

4

orecipitation at the interface had cesse

u

i)
An interesting ohenomenon observed in the emxveriments with stannic

chloride was the formetion of 2 yellow to dark drowvn color within a few

minutes after 2 fairly strong solution in acetone was nrenared. he

behavior with acetone is similar to that described by Whittaker (27, ». £0)
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um tetrachloride excent for a difference in color.
1 acetone end el

for wvane
halides Torm addition products wi

to the comnlexes which Pfeiffer (17) found to be formed with verious

The effect I observed wes readily reversible; when
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In this epparetus microsconic seed crystals of the manganous
bronide commlex grew larze enough for use as X—ray semdles in one dey.

The stannic chloride complex could not be recrystallized at a satisfactory
rate, nrobably because of its much lower solubility.

Samples of the compounds for prevaration of nowder protogreovhs were
ground in en agete mortar end sealed in thin—welled Pyrex cawnillaries
about 0.5 mme. in diameter.

The first single crystel used for X—ray vhotogrevhy, a long, thin
needle of the stannic chloride complex, wes inserted in a Pyrex capillary

"

vhich was then »nushed into a smell lumn of wex to seal out moisture. It

=N

wes found, however, thet although the compounds were readily solubdle in
water thelr crystals showed no tendency to bpecome sticity =2nd no chanzge in
diffrection vattern after long exvosure to the atmosonere. Thereafter
the crystals were simply mounted on glass fivers in the usual way with
Aquenite cleer lacquer. This delicate menivulation was done under a
binocular microscopne.

Two details of the mountingz technicque will be descrived fully Decause
they greatly facilitated orientation of the crystal.

The first is the flexible gzoniometer »in, which nermitted the crystel
to be tilted considersbly with respect to the goniometer head if the arc
motions of the latter otherwise were too limited to zive the desired
orientation.

This tyve of zoniometer »nin was similer to the "Christmes tree" oin

4

zlready in use, dut was desizned for adjustment in tilt only and not in
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transletion. The tilt adjustment reguires thet the gonlometer »in be cutb
dovn enough for fiexibility et only one »oint rather than two, end

herefore it requires much less overall length. The decrease in distance
required between the ton of the zoniometer head and the crystal is
imnortant for some of the epneratus, in which the renge of height adjustment
is short.

The flexible zoniometer »Hins were made of brass rod 1/8 ineh in

diemeter end 5/8 inch long. Two holes were drilled 1/16 inch from the
end, ot right anzles to the axis of the rod and to each other, with a
numoer 55 drill. Beglaning at 1/8 inch from the seme end a2 notch sbout l/S
inch wide with tavering sides wes cut on the lethe, leaving o cylindrical

neclt 0.0l inch i

3

diemeter =and almost 1/8 inch long. he tener wes to
orevent the undue stress concentration which wonld occur at 2 sharo
shoulder when this reck wes bent. The »ing were annesled and vnrovided with
2 four—inch length of hardened number 55 drill rod as a handle.

The second detail of technique is the use of "artificiel signels" for

reorientation of crystels. It hemoened thet some of the single crystals

used in this investizeticn could ve oriented ontically dut others g=

o]
b
o
s
o

reflections from the faces because they were covered by 2 glass cerillery
or & layer of vaseline, or Ddecause the crystal had becone etched. It vies
found extrenmely convenient in such cases to mount on the glass fiver, just
below the crystel, two onemillimeter soueres cut from & microscove cover

sline These two reflectors, at rizht angles, give brilliont signels in

the optical goniometer. If the anguler readings of the ertificial signels

o = o



are noted after a crystal has Deen oriented by means of Laue photogranhs,

~ o~

then the goniometer v»in can be removed from the goniometer

.
¥

read at any
time and set aside with the assurance thei the crystel can be returned to
ite orientation in 2 few ninntes whenever desired. In fact, even when

the character of the crystal faces vernits ooticsl orientetion it is more

or reorientation vecause they

}.J
=y
HO
o
e
ol
e
n
e
m
S
5
ot
[¢7]
th

convenient to use the ar

5

are bright enough to be cleariy distinguished even without darkening the
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(B) X-Rey Photographs

All Leue vhotograpvhs were teken with & crystal—-to—film distence of
five centimeters end with radistion vhose minirum wevelength was 0.24 K.
Photograpvhs for orientation were mede with intensifyinz screens. Long
exposures for gnomonic »nrojections were mede on Eastmen ifo—Screen film.
The projections were constructed oy means of the gnomonic ruler first
vrovosed by Hugzins (see Reference (28), ». 130). They were indexed end

ested for conflicts with the lower wevelength limit oy the granhicel

method origineted by Murdock (14).

The oscillation, rotation, and nowder ohotogravhs were teken on

o

Ho—Screen film in & camers of radius five centimeters with well—fi

®
el

CuK& or HoKe radistion. Oscillation and rotation vhotograpjhs were
indexed with the 2id of = Harker chert (Section I, Figure 1). Heasure—
ments of film coordinates were mede with o bress scale eguinped with a
trensparent cursor end vernler recding to C.1 mm., mounted on an
illuninated viewer. The wavelengths used in transletinz film distences

to lettice spacings were

Il

CuKay, = 1.5405 8.
Cuke, = 1.5443 8.
Cuko average) = 1.5418 K.
Photographs of the SnCl, complex intended for quantitetive intensity
estinetes were prenared by the multinle—Ffilnm method (5) with MoK&

tion; the three films were interlesved with 0.C0l—inch covnver foil.

H
0
Q.l
d‘

The film factor for this combinstion (1%, ». U42) wes teken as 4.0.
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The recinrocal lattice couléd be covered efficiently with only six
oscillation photozraphs because the axis of rotation was normel to the
three—fold axis of the crystal. These gix exposures will ve referred to
by their erbitrerily sssigned film numbers n running from 1 to 6.

The intensitie

L=

were estimated on each of the six sets of three

o

successive films with an indenendent scele. 1Ifo correction was necessery
for zbsorntion (10, ». 58l4), since the lonzest dimension of the crystal

was 0.3 mm. and its sbsorntion coefficient was only 12.4. The corrections
for Lorentz—volarization factor were determined from two charts as
descrived in Section I. When these had been applied, the intensity
estimates were converted to velues of Cnliwa, still with a different scele
Tactor Cn for each of the six sets of films. hen puncied cerds wvere
prenered, sbout 600 in number. Each cerd contained =2 Cnliﬂa value
together with its film number n end the indices of the form (i.e. the

syrmetry—equivelent HXL which has 211 indices nositive).

The cerds were sorted by film number end these six grouns were
seired in the 15 pnossible weys. Each neir of grouns was sorted by form
number HIKL and tebulated in that order. Thus for thrt vair of exjosures
211 cerds for the seme HKL were taouleted together. In this wey =21l
vossinle comperisons of CHIEWZ vaelues for the seme HEL in different’
exposures were sssembled. For each of the pairs of film nunmbers n;, 2,
(n, > n;) an averaze ratio of the scele fectors Cn /Cq wes computbed.

1 N

From these fifteen

was obtained by ave

ratios o set of five indenendent ratios Cl/C“(n 5 1)
rezing the fifteen, with weights nrovortional to the



number of COLXD?I‘J.SOI‘S eech 1‘GDI'eS8-*Je€L-

These ratios were used to obtain the velues of Cy IFB from 211 the

estinated intensities. All of the Cliﬁﬂz values for each form were

it

then listed together znd everszed to yileld the values of 13;b¢|2 for 137

. ~ s

indenendent reflections, on an erbitrary scele. The |T. _l figures were
corrected to an goproximate absolute scale by cormarison with the first

few sets of culCWT ted structure factors.

»

Structure factors were always calculnted for the prinitive rhombohedral

33 P

cell, since these differ from those for the hexegonel cell only by e factor

of three. The stonmic scattering factors used were those tabdulated in the
"Internctionsle Tebellen® (10, Vol. 2, m. 571). For the nitrozen atons

the neutral I factors were used, and for the methylene grouns the

gr
scattering factors were telten ecual to those for carvon plus the differenc

he factors for the oxide ion and for neutrel oxyse

Before the scattering factors were used in any celculations they were

mltiplied by the isotrooic tempernture factor found oy Shaffer (25) for

1

the hexemetlhylene tetramine crystal, exo r B (sin2? ©) Ax?7 with

B = 2.1 82, In o few coses »n additionsl temmernture foctor wes also used.

-

The celculations of Fourier syntheses were nede by mesns of the
nunched ceard esn2log of Lipson—Beevers strins (23).

The finel cdjustments of tempersture factor and scele factor were

cerried out Dby the method o
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the residuels | F _ |- 7 L The formation of normal eguations was

. (26, »n. 657).

2



H}

Althouzh no International Business Machines gooard was availsble a2t the
time for lesst squares calcu

s, it wes found convenient %o use the

"S-C—E" board since 211 the coefficients of the obDservetional ecuations

were posivive.
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(C) Other Experiments

Pyroelectric tests were attempted Dy heating the crystals, cooling

them on a gless nlate, and then sprinkling o nixture of nowdered sulfur

and red lead on them through 2 silk screen or placing o jer of megnesium
oxide smoke over them. No wositive test could be obtained by either of
these methods, even with o crystel of tourmeline 4 mm. in diameter end
13 mm. long.

The only method tried which gave any definite results was the liguid
air test. A crystel wes tied 2t the end of & fine silk threed obbtained

ey

thread and using only one %o

£

by unraveling ordinery silk three fivers at

2 time. Dangling at the end of this threed, the crystal was divned under

(&)

the surfece of liguid alr in a Dewar fleslz. Vhen cooled to the temmerature
of the liguid air, it was slowly lifted above the surface, with the fiber
suoported ot = noint on the axis of the Dewar flask. Pyroelectric crystals
showed o noticeable tendency to lean to the walls of the vessel and stick
there, both just after immersion and after withdrewel from the liguid.

The tourmaline crystal, in addition to exhititing this behevior, collected

e thiclt hairy coat of ice crystals at its ends, resemblir

around a2 var maegnet. Crystals of vnotassium iodide and soéium chloride
geve no effect.

Determinations of density were made by either the nHycnometer method
or the flotation method. In the former nrocedure the licuid used to f£ill

e}

the l-mle Dycnometer wes benzene or toluene. The licuid used in the



u5

flotation method was a mixture of high—-volling ligroin or carbon

a

tetrachloride a2nd

o,

4

ethylene dibromide. The final

ct
(O]

t

4+ Fal
STS 1

for eguilibrium

e few furns in.z

were sneeded oy & a hand centrifuge.
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Results and Discussion

(A) SnCl, and TiCl, Complexes

It was found that the crystals of verying shepes formed by different

4

solutions of the tetrahslide and hexemethylene tetremine gove the seme
powder nattern end identical Laue photogravohs. Furthermore, it wes fouad
thet the vowder ohotogravhs (Figure 1), Laue vhotogrephs, and rotation

Dhotogzravhs sbout the needle sxis (Fizure 2) obtained from the complexes

of both tetrehalides were 2lso identicel. Thereafter only the siructure

'_J
.
|_J-
3
f¢)
o
e
Fy
H-
o
o)
5
)
[©)
ot
oy
)
o+

of the stannic chloride complex was studied in detei
the two compounds were isomorvhous; and crystels of
were used interchangeably.

As 2 check on the formula SnCl,.MC.H,,N, given by Duff and 3ills (7),
anelyses were obteined from the Smith—Emery Company on a batch of the
stennic chloride compound precipitated from acetone and a2ir—dried. Their
results were Sn = 13.09°/,, Ol = 15-60fk°, N = 23.30%/g. The values
celculated for the molecular restio 1:4 are Sn = 14.U5°/,, C1 = 17.27%/,,
W= 27.29°/°. The enalyses give just the theoretical ratio Sn:Cl and a
slightly higher retio Sn:ll then the theory. The results are nearly
those which would be expected for a preparation of SnCl,.UCH, T,
contaeining 9.6°/° inert meteriesl such =s water or acetone. The results
vere accepted es agreeing with Duff end Bills' formula.

A semmle of the titenium tetrachloride coumlex wes submitted to the
microchemicael laboratory of this Institute for cerbdon end hydrogen

determinetions. The results were C = U1.2°/,, H = 7.5°/,, comvered with
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B Powder photogranhs of complexes TEClé.Uva?le‘Té
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theoreticel velues C = 38.1°/,, H = 6.4°/,. Since it is well—known that
accurate microcombustion analyses sre often difficult for unusuel comwounds,
these results were concluded to ve in reasoneable agreement.

The fact that these analyses sre in sporoximete agreement with the
formule end the results of the X—ray enalysis are also in sgreement leaves
little doubt that the comvosition of crystels of both the tin end titenium
comounds is MClg.UCHy N, -

Laune photogravhs showed thet the X—roy symmetry was DBd—gh; A
oyroelectric test wes made by the licuid air nethod described above. On
being pulled sbove the surface, the crystesl showed the characteristic
syretions of o charged body end a considerable tendency to sticlkk to the
wvells of the Dewar flesk. It was concluded to be vpyroelectric, and
therefore to lack a center of symmetry. The actuel point group of the
structure then must e D3—32 or 036-3m.

The layer line spacing in the rotation photogranh sbout the three—fold
exis showed the hexesgonal ¢ exis length to be 8.9 8. It was found thet
the reflections could be indexed on a hexagonal lattice with a = 8.9 A.
The indices of the reflections obvserved sugzested that they might vossibly
conform to the extinction rule for rhombohedral centering, H—-XK + L or
H—-X -1 elweys equel to =n integer divisible by three.

The hexagonal 2 axis 8.9 &. in length wes defined as the vector
verallel to the incident beam vhen the Laue pattern of Pigure 3 is cbteined,

&

with the observer looking i

"

1 the seme direction a2s the vean.

+
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Heavily exposed Lzue ohotograohs were oprevared with the bean slong
he ¢ axis snd with incressinz snzles of inclinestion up to 8°. Vhen

£

indexed on these =2xes they showed no reflections in conflict with the
chosen unit cell, 2nd also no reflections not obeying the rule

H—-X - 1L = 3%n, elthough 107 first—order reflections were observed in

the nost asymmetric vhotozrenh. It wes therefore concluded thet the true
unit cell wes the rhoubohedrsl one with

=3(-2-20+¢),

(22 + 20+ o),

= (—- A, T °
G =H=a+ 1 + el

il

and

The indices HEL referred to the axes 2, b, ¢ of the triply

~

vrimitive hexegonel unit were reteined in 211 caleculations.

Sets of oscillation »nhotogradhs about the 2 axis of 801, B0 T 2T,

were teken with Cuk« and MoK radiation, t

All of these were indexed; the CuK® photozranhs, having spots near the

ecge of the film, were used for a finasl determinetion of the lattice

constants, while the MoKX oscilletions were used for intensity estimatese
The lattice constants were celeculeted by a lesst squsres reduction

of 19 measurements on 10 non—equivaleant reflections. The best values were

=D = 895 + 0.01 &.

c = 8095 _-t 0.01 R.

&
|
(&)
I

The axisl retio c/a is unity within exverimentsl error. This corresponds
to a rhombohedral ongle ® = 97.2°,

The density of SnCl,.UC.H,, N, wes Getermined with the following results:

o



i

fine powder, flotation method—1.68, 1.69 g./cm.>;

fine powder, vycnometer method—1.52;

lerger needles, flotation method—1.l2.
Since lerze crystals might be expected to contein volds =2nd inclusions
more freguently, the last velue wes discerded and the meen teken to De
1+65.

The number of molecules ver hexagonal unit cell corresoonding to this
density is 0.752; that is, esch rhombohedrsl unit contains 0.2Z51 molecules.
The fect thet this number is so nesr to one—querter made it seem nrobedle
thet there was rendommess in the structure, with esch unit cell containing
on the average one molecule of hexemethylene tetramine, one chlorine atom,
and one—querter of e tin =tom.

o evidence of suverlsttice formation wass ever noticed in this
investigetion. In view of the stebility of hexamethylene tetremine crystals

and the fect that these comnlexes decompose rether then sudlinme, it seems

unlikely that any heat treetment will produce 2 more ordered structure.

I

It is remotely wnossible, however, that different conditions of formation—

such es precinitation over a2 period of nonths—nicht favor en ordered
structure with 2 lerzer unit cell.
In soite of the additional complications introduced by randormess in

the structure, it was decided to meke use of the intensity datr to find out

2s much zs vpossible =2bout the compound.
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1

The space groups™ isomorpvhous with point groups D?~32 and CBV—Bm

and vased on a rhombohedrel lattice are

D%4R32,

5
%

and CZ —R3%c.

V—RB n,

The third of these requires that reflections HOL end OKL Dbe absent
except when L 1s even. A considerable number of observed reflections
did not obey this rule, and the svece group szaRBC accordingly wes
discarded.

The only special vositions which recuire only three atoms in the

hexagonal unit are the following:

7

for DI-E32: 3(2) 00 0; 3(0) 00 %;
for Cgv—REm: 3(a) 0 0 z.

These x y z coordinates and those in the following discussion are
fractiong of the hexagonal unit cell edges. In 2ll cases the complete
set of »ositions is to be obtained by adding to the coordinstes listed

the translations (00 0; 3 2%; 23 3).

&

The symmetry reculred =% easch of these svecial positions is thet of

the isomorphous point groun—>D.—32 or CBV—Bm' If 2 hexemethylene

.

tetramine molecule is to be wlaced in one of these specizl vpositions, its
symmetry must be 2% lensst as great as required by the svece groun. Since
the free hexamethylene tetramine molecule has »oint group Tdfﬂ3m it hes

no two—fold exis normsl to a three-fold axis snd cannot provide the

1 In 211 discussions of space groups =nd special vositions the terminology
of the "Internationsle Tedbellen" (10) is used.
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symmetry DB—BE. On the other hand, the alternstive voint group sz—jm
is a sub—group of T,. These considerations made it appecr likely that

“d

the true spoce group was SVfREm.

%3
A Hzrker section 2long one of the mirror nlanes in Patterson space
was calculated in an attemdt to gein informestion on the reletion between

the heavy atoms and the hexsmethylene tetramine molecules.

The nirror nlenes are loci of points x x z; therefore the desired

P(x x z) =:;-

The result of this calculation is shown in Figure 4. There ore

function was

!FHKL P cos 2m [(H - K)x + sz.

il ingl
S gl

=

peaks neer the origin such as would be expected from the interatonic

vectors within & hexemethylene tetramine molecule. If this molecule is

2

assuned to lie with & three—fold axis 2long the ¢ axis en

=

with one of
its mirror planes parallel to the »nlane of the section, then one nitrogen
is on the ¢ axis. It cen be teken at the origin with no loss in
generality. Xxtending upwerd from this nitrogen are the vectors to three
adjecent cerbons; one of these vectors lies in the vlane narallel to the
section. The corresvonding peek in the Patterson function should appear
in Figure 4 2bove the orizin either to the right or to the left. It

does in fact appear to the left. This defines the orientstion of the
molecules in the crystel as that correspondinz to this choice and not the
other a2lternative, vhich would differ by 2 30° rotation of the molecule

about the ¢ axis.
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The other importent feature of Figure U is the set of mexime centered
2t the point 0 O %. These ere just the pezks which would be expected if
2 heavy etom were =2lso on the ¢ exis, half-wzy Detween the centers of
the hexamethylene tetremine molecules. If 2 nitrozen aton is placed at
C 00 as before, with the rest of the hexemethylene tetramine molecule
extending uoward, then the heavy ztom must be nlaced to corresvond with one
of the heavy stom—nitrogen nesks—that is, either at 0 0O % or et 00 %.
The molecule of hexamethylene tetremine, however, extends a2lmost u» to

3; therefore the heavy stom must lie at 0 0 .

gz =
The rendom nature of the structure mekes it difficult to decide
wnether the heavy etom is the one chlorine atom or the one—querter tin aton
present in the average rhombohedr~1 unit cell. At first the hypothesis was
tested thet molecules of stennic chloride were »resent in the crystel, in
spite of the greet conflict between recuired interatomic distences »nd
nown ven der Weals radii which this entailed. It was postuleted thet
stennic chloride molecules ere randomly distrivuted smong the unit cells in
one or more positions so that the aversze flfills the symmetry recuirements
of the sonsce group. If the molecule were sssumed to be evvroximetely
tetrahedral it might be nlaced with its three—fold a2xis along the ¢ eaxis.
But this would recuire a chlorine atom 2nd the tin atom to fit vetween the
hexeamethylene tetramine molecules 2long the ¢ axis in a spvace which is
small even for the chlorine atom alone. Celculstions of |F|'s were mede
for several models of this tyne for a grouo of ten reflections with low
values'of (sin ) /A, end it wes decided thrt no good ezreement could be

obteined in this way.



A slizghtly more reasoneble veclking of SnCl, molecules among those of
2 3 kS 2 4 £

hexanethylene tetranmine was with the two—fold axis aooroximetely zlong the

¢ exis. This would »robsbly divide the aversge of one chlorine atom per

4

- . \ 4
rhombohedral unit smong 12 or 24 »Hositions, so thrnt the effect of the

chlorine would not be much greater then thet of hydrogen in nmost structure

-

determinations on orgenic comvounds, and night well be negligible.

L set of F's was calculeted sssuming the »nresence of one—quarter of

2 tin atom at O O % and a hexemethylene tetramine molecule as describved,
with 2 nitrozen 2tom at 0O O 0. The non—centrosymmetric structure geve
comnlex P's in general. The odserved values of the modulus ‘Fl vere

then used with the celculeted phese angles to comoute the function

£

e
>~ / FHOL exo [}-Eﬂi (Hx + Lz):

e —

H L

corresponding to a »Hrojection of all the electron density in the unit cell,

iz

)

2
I

in a direction perallel to the zone rO 1 61 onto a »nlane.
The result of this celculetion is shown in Figure 5, plotted to
renresent the »nrojection on 2 nlene normal to the zone rO 1 Ow. Aside

from e glight horizontel elongation of the heavy atom pesk there seems %o

1

e no effect ascrivsble to atoms other then those assumed in the calculation.

Other Fourier syntheses were nede with siniler results. A vart—cell
orojection and Fourier sections slong the nlanes x 0 z 2nd x x z showed
only the hexamethylene telranmine molecule and the heavy atom.

In an attemnt to nredict the most likely orientation of a stannic

chloride molecule in this structure, a diagrem of the vean der VWesls redii

— ”

(16, ». 189) in the.plane x x z weas drawn s shown in Fizure

ON

« There

seemed no reason for a tin =2%cm to essume the nosition ascribed to 1t
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chlorine sbom would fit fairly well in just

but it beceme apparent thet =
2z & chloride ion
angles

nhase

6]

that plsce.
A new set of structure factors wes calculated assumin
instead of the one—guerter tin atom. From their

at 00 %
2né the observed !FI velues & summetion

B(x X z) =ZZZ FHKL exp ]:-— omi (Hx — Kx + Lz)]

HX L
No veaks

®
was calculaeted corresponding to the electron density alonz one of
The result is shown in Fisure 7.

of reflections

mirror planes in the structure.
reoresenting the tin etoms are visible.

e tin atom 2t C 0 &

which

number
vhotogrenhs from both t

]

he

(=2

A finel test of the structure with one—querter of

oL

calculeting structure factors for

wes nade by

about equel intensities on rotation
The retios of corresponding vairs o
the naked eye.

eonear with
titenium commounds.
inzuishsble with

tin end the
on the two photogrenhs are indistin

intensities

Since the corresponding reflections occur at the seme noint on the film all
ere the seme, and & sztisfactory model

the tin and titanium compounds.

corrections necessery to obtein |[FJ2

ratios for both
The two rotation

Figure 2.
t corresvonding

=)
x <

mist yield similar |F[2
The reflections chosen are shown in

ve appnroximetely the seme total
The soots zre

<

vhotogranhs h
soots, but the two crystals were of different sheves

-
& o

numbered for comparison with Teble 1, in which ere listed the calculeted

|FR  values.
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Teble 1

PP Velues for MCl,.uCcH, W, with One—Quarter
of a Metal Atom 2t 0 0 £

Spot  HEL  [FJP 7P |72
o, Calcd. Calecd. OQbserved
(sn) (Ti) (Sn)

20 16 0.6 20
051 73 , 4s
33 12 25
23 57 27
L 35 50
3.5 17 2.9

NI 5 W
=g
OMWA
o
[6) N3S]

.,

The discrepencies celculeoted for the titenium compound ere obviously
too lsrze to have been overlooxed.
The structure with one chlorine 2tom at 0 O % wes therefore concluded

-
L

to be the true one. It exnleins immedirtely the formules MCL,.MCoHy ol
and the isomorvhisn of comnlexes of two metels so fer epert in the neriodice
teble as tin and titenium. Furthermore, this structure provides sn economy

of vpostuletes, since it recuires only the sssumotion thet the tin stom is

. Otherwvise 211 four of the chlorines must be assuned

The wneclzinz of the atoms in this structure szgrees reasonsbly well with

1
5 = o o

N

o .o . . il
the Ymown van der Wasls radii, as showvn in Figure o. There

o
}_h
02
423
Lo
o]
Q
o
H’
o
R

the stennic ion nesr & chlorine atom in eny of the four channels shown 2t

~

and left, olizhtly s2bove end velow. In the crystal there are

N

twelve of these chennels cround esch chlorine. It seems likely thet the

3

hree which aore equivalent to the one showmn at uvvner rizht ere somewhet

<k



favored, since they allow the tin %o be vplaced 2t = distance eporoximeting
the sum of the covalent radli from two nitrogens aé wvell as one of the two
chlorines.

In nrincinle this structure is simply a modification of the structure
of hexamethylene tetramine itself, which hes & molecule at each point of 2
body—centered cubic lattice. The axes of the primitive rhombohedron are
the vectors from the molecule 2t & cube center to those at three tetrahedreally

releted corners. The rhombohedral angle 109.5° corresponds to & hexagonal

axial ratio c/a = 0.61. The modification of the hexamethylene tetramine

structure consists in reducing the rhombohedrzl engle to 97.2° and increasing
the reatio c/a to 1.00. The space made aveilable at the center of the
rhcombohedron is occupied by a chlorine atom.

The distence between hexamethylene tetramine molecules nearest to esch
other in the distorted structure is 5.95 8., changed only slightly from
the originel 6.08 8. It is evident that the hexamethylene tetramine
molecules tend to compress the chlorine 2tom in a vertical direction, from

the noticeable overleppinz of van der Weels redii indiceted in Figure 6.

It seenms probabdble thet these compounds are sonmevhet similar to the
clathrate comoounds of hydroguinone investigeted by Palin snd Powell (15)
in being held together mainly oy the hydrogen—vonded frameworlk of larze
orzenic molecules. Quite »ossibly the molecular ratio is varisble, with
1:4 Ybeing the meximum vrovortion of tetrachloride molecules.

Some further ceslculations were made to check the possibility of a

andomn orientaticr

e
=

of hexemethylene tetramine molecules. It was thought
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possivle thet one in four, sey, of these might be turned upnside dowm; such
an inversion through the center of the molecule would dring two nitrogens
closer together snd nossibly provide o more sultesble environment for the
tin atoms. Calculated |F| velues ere shown in Teble 2 for models with
none, one—quarter, end one—half of the molecules inverted, together with
observed [EW‘S heving their scele factor adjusted for the test it to the
non—random model. The reflections listed are most of the ones on which
the chenge had much effect; therefore this scale factor should be suiteable

for 211 three models.

Table 2

Comperison of |Fl|'s for SnCly . UCEHy oM, with Partly Inverted

Hexeamethylene Tetramine liolecules

¢

HKL |F| Ccalca., |®| Celca., |F | Calca., |7 |
None l/ﬁ 1/2 Observed
Inverted Inverted Inverted
030 8eT L.g 2.2 g3
202 g3 6.l 6.6 6ol
006 5+5 7.0 1.0 749
035 363 22 1.7 7.8
olg BeT 1.} 0.7 2.6
072 3.5 i Q.l by
104 9ul Ueg 0.6 9s7
1ko 6.6 5.7 5e3% 5.2
502 Y5 246 1.0 5.0
128 P2 0.2 0.2 3.0
25110 Tadh 1.0 0.7 7.0
712 8+5 I OeT 10.2
Lzl 7.9 0 0.2 7.6
uhg 1x7 0.9 0.7 o8
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These figures leave little doubt that helf the hexamethylene tetramine
molecules cannot ve inverted. It ie rather nmore difficult to decide a2bout
the inversion of one—-quarter of the nmolecules; tut 2 comvarison for
reflections 030, OU4g, 104, 128, 312, and 502 indicates that this model is

-

also unsatisfactory.

it

i

The best fit of calculated 1FI'S to the exverimentel date is shown
by the commlete list of structure factors in Avnvendix 1. The C-N bonds
in hexemethylene tetramine were assumed to De tetrahedrel in 211
celeuletionse A C-I bond length of 1.U5 B. was used orizinaslly, but the
early Fourier sections indicated 1.UE R. to e somewhst more suitsble. The

latter value wes used thereafter. All the structure factors were calculated

wvith the chlorine at 2z = %. The last Fourier section seemed to indicate

4

N

that O.
the geometrical centers of the hexemetiylene tetramine molecules. Further
refinement of the perameter ves judged not vorth while.

The final a2djustment of scale fector and tempersture factor wes made

by lesst squeres cs described above.

The totzl isotronic temperature foctor finelly arrived at wes

wes 0«¢153%.

6L would be a somevwhat better velue; this is exnctly helf—wey between
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Powder photogranhs with CuXo&t radiztion were mede from the two

a D)

orecinitates. The patterns are shown in Figure 8. They exhibit many
similerities but are not identicel; this is the result to be expected if
the vacking in the crystal is dependent mainly on the relative sizes of

N

hexemethylene tetramine end the halide ion.

b

single crystal of MnCl,.2CH,; N, was mounted with its needle axis

-

vertical, and Laue photogravhs were taken. The Laue symmetry was found

to oe Doh—mmm. Crystal axes were chosen corresponding to the Laue

vhotogranhs obtained vhen the axes were parsllel to the beam. The Laue

#

patterns with a and 1 respectively varallel to the beam while ¢ 1

n

vertical are shown in Figure 9.

A set of four 2U4° oscillation vhotographs about the ¢ axis was
mede with CuK« radiation. The leyer—line specing gave the length of the
¢ axis as T7.23 2. It was found that 211 the reflections on these
oscilletion photogranhs could ve indexed with axes =2 = 11.86 &.,

o = 21.02 &.

The two symmetric Laue vhotographs with the beam along z and D
shown in Figure 9 were indexed on this lattice by means of 2 gnomonic
vrojection. Ilo reflections were found which contradicted the assumed
unit cell. The numbers of symmetry—indevendent reflections found to Ue

o~

definitely first—order were 25 and 12, resvectively. All these zre

repested four times on each nhotogranh by the symmetry operations.

4

The density of this compound wes determined dy the pycnometer method

with benzene os the liouid displaced. The resulting valiue, 1.55 g./cm.z,



ure %. Powder vhotographs of mangenous halide coms:
en with CuK® radiation. (A) MnClpe2CgH, 5l ;

WA T ~ g3 T
H,’L:BTQO ;106.“.1 2‘;4_,_1_ °
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corresnonds to 4.3 molecules MnCl,.2C0.Hy 517, mer unit cell. A redeterminetion

this fizure would be desirabdle, Dut 1t seems nrovable that the true value

&

@]
h

four.

e
“

he Laue whotozrezohs contained some reflections with an odd value of
esch of the following quantities: (H+K); (K +1); (H+1); (H+XK + L)
Therefore the orthorhombic lattice must be simnle and not centered.

Indexing of the oscilletion vhotogremhs about ¢ gave reflections of

the following tynes:
O0KIL: X odd; L odd; (X + L) odd;
HOL; Hodd; L odd;
HX 0: H odd; (H + X) odd.
Thus the mirror »nlane normal to 2 rmust be an ordinery mirror nlane,

-

1f any, end not 2 glide plane. Tormal to Db there may e a2 mirror plane

or an n glide »lene; normel to ¢ may de & mirror plane or a b glide

Dlene.

lIn the zone H K O a total of 133 reflections were indexed, and 2ll
were Found to have X even. This seems to establish the presence of the
b glide normal to ¢. So few reflections in the zone H O L were
available that the presence of the n glide plane must ve considered only
arovedble, subject to further confirmetion.

-

o definite stoatement cen be made, at this esrly stege in the

ct

structure determination, zbout the proveble aerrengement of molecules in

the crystal.
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(C) Other Complexes

~ - - . \ -
The structure found for the commounds SnCl,.UCHy M, and TiCl, .tCgHq pliy
seens to be determined meinly by the pnacking of chlorine and hexomethylene
tetramine; this indicates that other chlorides might give similer

-+

nrecivitates, or even vrecinitates whose X—ray diffraction patterns were
cormnletely indistinguishable. In this connection the observetion of Duff
end Bills (7) is of interest, that the complexes with SnCl,, SnCl,, SbCls,

and SboClg 21l form crystals of similar svppearance.

4.
As a tes

ct
O
[
ct
N
=)
[0}
15
O
w
1]
ks
O
l_J .
-
}_J .
ct
et
~
ct
£
+
8]
ot

these »Hrecinitates might be

isomorphous the compounds with SnCl, and SbCls were orevered. The stannous

o

hloride used was the dihydrate; the antimonous chloride was noninally

enhydrous, odut it had been »nartl;” used some time before and there wes &

=]

layer of liquid over the solid SbClz. This wes drained off as well as
vossible vefore the solid wes used.

The nowder »photogranhs of the two precinitates obtained with CuKoL
redietion ere shown in Figure 10. Comparison with those of the SnlCl, and
TiCl, compounds in Figure 1 reveals thet the SnCl, compound gives exactly
the sezue oattern. Furthermore, the SoCly comwound produced e pattern
wvnich is essentizlly the seme except that o number of additional lines are
vresent; o few of them are quite stronge This mey indicote thet the Svlls

compound has 2 superstructure imvosed on the basic structure of the other

three, redresenting a reguler distribution of the metal atoms insteod of

the rendom distribution found in the other three comdouwndse



(&)

ire 10. Powder photographs of hexamethylene tetramine
mplexes: (4) with SnCl,; (B) with SvClse.
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Conclusion

The most imvortant factors governing the structures of the
hexamethylene tetramine comwlexes seem to ve nacking of the anions enmong
the hezemethylene tetramine molecules and the wealz hydrogzen dbornding
between these molecules It i1s desireble that other compounds of this
tyoe be investigated. The crystel investigated should nreferably have no
atoms in random wmositions, in order that the complete structure con De
ascertained.

In addition to structure determinations it would ve desirable to
investigate the ecuili e involved in nrecinitation of these comvounds
and to find out the range of compositions over which the structure is
stable. Such investigations will require much careful experimental work,
tecause the preparation of sizable samples and the verformance of accurate

anzlyses of these materials are difficult.
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Provositions



1. (&) A useful way to compere comdlex ions which differ only in
the nuclersr cherze of the centrel aton is to »lot corresponiing
intermiclesr c15u°“ce% azeinst the reciwnrocel of this nuclenr cherze.
ey be expected.

(B) T“e:e is & Hre 't need for accurate determinstions of the
structures of the common arnions

2o Cons ¥ 1s now being exvended in aild
comnercially ol ¥ ls of cuertz by ayérothermel n
Experinents 1 30 made with slow I rolysis of
wvhich gives conbtrollable arecinitetion of silice without
temperatures end nressures.

ol

Z. The method of least scuares should De used in fitting ¢
P ma 1
Schomneker—Stevenson eouation to observed interstonic distances (3, W).

L. (A) In caleunlating interatonic

distances for X—ray snd electron
liffrsction 1 nvesni* tions, 2 pronosed (5) « wre Tumetion
r = (22 + 22 + ¢2)2 would not hel»n with the is the
celeulation of rectenguler coordinates =2, D, 0%
orthogonal coordinates. An innerently simmler comoube: Ge un of
resistance networlks would be very useful Tor = forniing thiese matbtrix
maltinlicntions.

e of such e computer would nele ert:c‘el* easy the Dreoeration
S

o7 pe" ive or stereoscopic c”"'"ngs of crystel structure

5. It would ve to investizate the structure of the cubile

ice crystals formed eneat w frozexn water, whose freezing —Hoint
£ anww, drons to —72° C. (7 It mey De thet the revested dreszidovn of
100 destroys metesteble six—merdered "boat" ringss of wveter
Ten I nel wertzite structure, snd the
ST ecd.

Y i
oo The interpretation of cer

0
feciliteted by the shernening effect o:
< ) witih tis method should be extence

e early work
a2tion of the

tendc ¥ 8l i b
convenient technigues now oveilsble (9).
. nstrunent for detection of gravitationasl anoms Lies

i g could be nede by use of g vertieal tude containing
a geos th o near itg i 11 in density
Detween o7 votton U by en interferomefer or an
zbsorntion nhotometer, whose 1 nerts could bte wernanently sesled in

the tuve. mhi? device showld Je W“:“e insexnsitive to accelersation excent
in the vertical direction.
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8. (A) A simnle, sencitive detector of wmyroelectricity or
iezoelectricity could bpe made Dy atteching 2 suitable crystal holder to
ol neter.

(B) The liquid 2ir test for nyroelectricity is not a safe indication
either of absence or of vnresence of a center of symnetry. It is to ve
expected thet rotationsl trensitions which remove the centrel symmetry
will occur in meny crystals on such great coolinge.

(C) A sensitive Giebe—Scheibe spnarstus with o wider frequency renge
than that of Stokes (10) should be constructed as a permenent addition to
the equinment of These Leborctories.

D1l
a

9« The number of symbols availeble for use in methematical exvpressions

mach too smell. The use of Russien (11) or Jemscnese letters has the
their complete wnfeniliarity. I nronose that vronounceazble

es be introduced, nede of a consonant followed by & vowele.
One universal rule then glves the »nronunciation of any such »nzir. In
orinting, the use of logotynes conteininz both letters or of uvver——cease
consonants followed by lower—cese vowels would meke these synmbols o2t least
as convenlent as others.

10. (A) The Fourier synthesis using (F_ —F ) instead of (F_ ) as
sugzrested by Booth (12) has the edventaze, is addition to those hd
mentions, of reducing the effects of finite termination of the series.

(B) Booth's rule thet the chenge in each atomic vosition e made
nrovortional to the gradient in the (P - 1) synunegls is valid only if

a2ll the chenges are smaller thon 02 —70.3 £, The greatest adventage of
this synthesis, however, should sccrue when the chenzes required are much
grecter.

1l1. A good way to keen one's style clee
short tine each dey in which no words are us
syll.
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wve nore than one
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