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Abstract of Section I 

The crystal structure of ce.lcium chloride hexcllydre.te has been 

determined by means of Patterson syntheses encl stereochemice.l consideration 

of the atomic positions allowed by possible space groups. The uarameters 

were determined from peaks in the Patterson syntheses, which were well 

resolved. 

This determination confirms the conclusions of Jensen (7,3), who used 

a methoc1 of successive Fourier syntheses to arrive a.t the structure of the 

alkaline ee,rth hexahydre.tes rmcl to obtain approximate pe.rameters for 

strontium chloride hexahydrate, but did not refine these parameters. 

The results of this investig2-tion were as follows: 

Space group: D~-C321 

Unit cell: a= 7. 30 !., c = 3.95 !.; contains one molecule 
Ce.Cl 2 . 6H2 0. 

Atomic positions: Ca 1-".t l(a) 0 0 O; 

Cl at 2( cl) ½J z, % l -
:, z' z = 0.576 

OI at 3(e) X 0 o, 0 X 0, xx o, X 0.313 

OII at 3(f) X 0 ½, 0 l 
X "l:!', 

--1 
XX "l:!', X = - Q.213. 

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

observed intera.tornic distances. 



Abstract of Section II 

The structures of certain com~::,lexes of me t [' l h2.lides with 

hexamethylene tetra.mine, C6H12N4 , have been invest ig2.ted. 

The comJJouna_ SnC14 .LLC 6 H12F4 ::>.nd the isomor:ohous TiC14 .LLC 6 H12N4 h r ve 

sp;o,ce group C§v-R3m. The triply primitive hex8,gone..l unit cell h 2.s 

P.. == c == s.95 !. It cont a ins three hexr::l!lethylene tetramine molecules and. 

three chlorine a.toms. The center s of the hexe.methylene tetramines and of 

the chlorine s form h io inter:penet ro.ting rhor.1bohedr 2.l J.2.ttices, sep2.r2.tec1 

by half the rhombohec1_r;:,,l body cliegonal. The tin a toms :ere 1,robabl~, 

distributed r nndomly 2monf the ge,:?s between the 12.rger e.toms. 

l)hotog!'B,:ohs considerobl;s: d i ffe rent fron each other. The former h;:,.s Le..ue 

symri1etry D
2
h, a== 11. 86 !., b = 21.92 !., c 7.23 J. The lattice is 

1)rir:1itive. There is no glide :ol e.ne norn12 1 to ,€;, out :possibly im n 

glide normel to b ~ and. :9roba.bl y 2. b glide norm2l to C, 

A com)lex of hex2-raethylene tetre.mine wi t l1 SnC1 2 gave t:he s 2.me l'.)01,1der 

with r> few r,_dditionP.l lines. The forr:ml2.,s of the conplexes r re re:9orted 

The main fe,ctors determining the structures of these com-,)ounds seem 

to be ~,:, eking of the c..n ions ,,i t:1 hex2.me t ~1;ylene tetramine molecules 2nd 

interactions &'Dong the l etter P.S in crystP.ls of the pure con:rpound . 
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Introduction 

The crystal structure of calcium chloria.e hexahyd.rate and the other 

alkaline earth halide hex?hydrates we.s first investig2.tecl by Z. Herrmann 

(5). The structure chosen by hiL1 contained. very fle.t octahedral Ca(H2 0) 6 

groupings, almost plane hexs.gons, in which the water molecules are only 

1.g to 2.0 fi.._. ape.rt. The description in the Strukturbericht (4) terms 

this structure sehr unwahrscheinlich. 

It was decided to undertake a determirn:?,tion of the structure of 

calcium chloride hexahydra,te, since this conta,ins the lightest ions of 

the isomor:phous series of calcium, strontium, and barium chlorides, 

bromides, and iodides. Other thirags eq_ual, the J?Osi tions of the weakly 

sca,ttering WG.ter molecules should permit of most accurfl.te determina.tion 

when the other a toms present are the weakest scatterers possible. 

Only after this work had been in :progress for some time was another 

investigation of the structure discovered in the literature. Jensen (7) 

investiga ted strontium chloride hexahydre,te, using a method of successive 

Fourier projections to determine the s1)ace group and approximate parameters. 

He used the hea.vy-a.tom method to establish the signs of F in a few 

reflections from which he calcula.ted prelimina.ry Fourier projections. · 

Choosing likely pea..ks for a tomic positions, he calculated the signs of 

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

process until all the F's he_d been used. 
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Jensen's intensity da.t a were ootained fro11 crude a.ssignnents to six 

gra.cles of intensity from 11 strong11 to 11 ver;r we::;k. 11 He ma.de clw.rts, from 

" clD.ta given by Yu ~d :Beevers (13) for zinc bromate hexnhydrate, showing 

jF I' as a, function of sin -G for each of these gr&.des. Assuming the.t 

corrections for absorption, Lorentz and polarization factors, and 

temperature factors would be the same as for zinc bromate hexahydrate, 

he used these curves to find IFI values for his investigation. 

The structure a.rrived at by Jensen has a hexagonal unit cell 

containing one molecule SrC1 2 .6H2 0. The p,..xes are a= 7.940 .!., 

c = 4.108 .!. The spe.ce gr011p1 is D~--C321 with atomic :positions as 

follows: 

Sr in l(a.) 0 0 O; 

2 01 in (d) ¼ J z, j ½ z, z = o.42; 

OI in 3(e) x O 0, 0 x 0, xx 0, x = 0.33; 

OII in 3(f) x O ½, 0 x ½,xx½, x = - 0.24. 

++ In this structure each Sr ion is surrounded by nine water molecules, 

c, rather unusual configure,tion. In view of the novelty of the stru.cture 

it was thought desirable to continue my investigation in order to obtain 

independent confirmation oy methods as different as possible fron those 

used by Jensen. In addition, as Jensen says (8, pp. 71, 90), it we.s • 

desirable that his ::_)2.rarneter determinations oe consiclerably refined so 

that conclusions might be drawn a.s to the nature of oonding in the crystal. 

1 All symools for s:pa.ce groups and special positions correspond to the 
descri::_)tions in the Internationale T2,1Jellen (6). 
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Preua,ration of Sa..111ples 

Samples of calciu..rn chloride hexahydrate were =9re:pared by evaporation 

of water from a solution in a desiccator, but the method we.s inconveniently 

slow and tended to give a crust of solid on the surface rather than 

se:pa.r2,ted single cryst2,1s. It was found. more convenient to cool a solution 

ha,ving slightly nore than the stoichionetric r2,tio H2 0 : CaC12 = 6 : 1. 

Such a solution frequently reme.ined supercooled for 2, 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 ca.rbon dioxide. The best 

crystals were obtained if the container, with a seed crystal in the liquid, 

we,s :placed inside a Dewar vessel in the refrigerator I s freezing compertment. 

The difficulty in obtaining 12.rge single crysts,ls of pure m2.terial 

was strikingly different fron that experienced in the :Biology Department, 

where e. technical grade calciwn ci1loride solution in a ·b2.ttery jar with 

stirrer we.s used for humidity control. There the difficulty was that 

crystals formed immedi2,tely whenever the tem1)er2.ture. of the ba.th fell below 

the melting :9oint of the hexahydrate. They i·.rere regu.lar hexagonal prisms, 

often the length of 2. le2.d l)encil and u~p to twice that diameter. It is 

unfortunate that the material was not sufficiently 11ure for use in thi's 

investigation. 

Beca,use of the hygroscopic ne.ture of calcium chloricle hexe..hydra.te, 

any sample to oe used for long X-ray exposures must ·be 'l:!ell rirotected 

from the atmosphere. Thin-walled P-y-rex gla,ss ca1)illaries were used for 

this ::_)ur11ose. It vms very difficult to insert single crysta.ls ancl seal 
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the capillaries without access of moisture, especially if ft :particular 

orientation of the crystal was desired. Tb.is difficulty was eventually 

overcome by a technique of recrystallization within the sealed capillary. 

In the method finally used for prepa.ring single-crystal X-ray 

specimens, a sample of the solid compound was prepared by slow cooling in 

the refrigerator. The crystals were filtered by suction in an a:p:paratus 

which covers the solid with dry a.ir at all times. Then a few fragments 

were inserted in a capillary and it was sealed by means of a microburner 

as quickly as :possible. Any adhering liquid was centrifuged to the other 

end of the rather long ca:pilla.ry, and the section containing the solid 

was sealed off. 

The ma,terial 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 :passing to make the wire just noticeably warm to the fingers, was 

sufficient to melt the solid slowly. Melting was continued until almost 

all of the material, occupying perhaps 4 mm. in a 1/2 - 1nm. capillary, 

was liquid. Then removal of the heat source allowed the few remaining 

small crystals to grow and fill the tube. 

Remelting several times from opposite ends cansed all but a single 

crystal to disap:pear. This crystal could be observed as it grew, so that 

the ap:9roximate orientation could be determined. 



C-v 

There we,s considerable tena.ency for new crystals to form whenever a 

growing needle struck the capillary wall, especially if the room 

temperature wa s lower than about 24° C. 1 With the binocular microscope, 

however, it was easy to n?.lrn sure tha t only one cryst a l wa s finally 

present. This single crystal was cy lindrical, since it completely filled 

the c apillary. To correct X-ray intensities for a:osorp tion it is 

frea"uently desirable to make a cylindrical crystal in order to simplify 

the calculations; tll,is capillary technique is very useful for the purpose. 

The needles of calcium chloride hexa.hydra te grew about ten times as 

rapidly along the needle axis as they did perpendicule.r to it. This fact 

made it a simple matter to prepare e. crystal with the needle axis a long 

the cap illa ry tube, but very difficult to grow a needle per1,endicul2.r to 

the axis of the capillary. Attempts were made to crystallize a droplet 

at a sha r p right-angle bend in the c apillBry, but the needle axis tended 

to "bend" and follow the tube because new cryst allize.tion was initia ted 

whenever a needle struck the c apilla ry wall obliquely. Eventua,lly a fter 

many tricils a crystal wa s prepe,red with the needle axis nlmost perpendicular 

to the capill ary by mounting the tube vertically, melting away all but one 

small needle shorter thm1 the diameter of the tube, and shaking this crysta,l 

into the desired position before it grew too l a rge. 

1 The tendency of ca,lciwn choride hexahydrate to initia te new crystallization 
when a growing crystal strikes the ca:9illo,ry wall is simih•.r to the tendency 
for ice cryst als to form in different directions when one growing cryste.l 
strikes the surface or the conte.iner wall ( see Reference ( 3)). 
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Preparation of !-Ray Photographs 

The crystals of calcium chloride hexahydrate see.led in thin-wa.lled 

Pyrex capillaries vrere kept in a refrigerator exceiJt during X-ray 

exuosures. While photogralJhs were "being taken, the crystal w2,s kept cool 

oy a stream of chilled clry air. Compressed air fro m the la-boratory line, 

after passing through 2. filter and pressure reducer which regulated the 

pressure at 1/2 to 1 pound. per square inch, wa,s led t h rough three 24-inch 

glass drying towers containing technic2.l pot a ssium hydroxide flakes and 

one such tower conta,ining indic?,ting Drierite. The air, dried in this 

way to prevent clogging of the cold chamber, ·02.ssed through a. U-tube 

cooled with solid c2-rbon dioxide and then by me::ms of a vacuum-jack eted 

tuoe wa.s led into the X-ra.:'J' camera directly above the crystal. 

The differe!lce between room tem:Jera ture and the tempert<ture of the 

cryst a l was indic P.ted continuously by a. co:9:oer-const anta.n thermocouple, 

whose junction w2,s about 1 cm. aoove the crystal, connected to a. microam­

meter. The crystal tem·Jer2.ture varied over a ra .. nge of a.bout 5°-15° c. 

Cryst2,ls were oriented for oscilla tion and rot c"tion :9hotogr aphs by 

means of Laue photogra,phs. 

The oscill2,tion photographs were indexed by mea ns of 2, reciprocal 

lattice di2.gram e,nd a Ha rker ch2.rt showing actual film coordim.>.tes in 

centimeters (Figure 1). It was found most co!l.venient to use the He.rker 

chart as a transpa rency made from Oz 2.lid. sensitized foil, with a. separate 

'black-line print of the reci-orocal l a ttice diagr2,1:i. for e2c~1 la.yer line. 
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The va,lues of the lattice const[l.nts were determined. fron oscilla tion 

:photographs made with CuK°'- ra.di8.tion. I-:leasurer;1ents of the films were 

m2de on a. vim,ring box eouiu-oed with 2 , gh'.SS cursor sliding on a bra.ss 

sc2..le, read with e. vernier to .,.., -v • .L mn. 

For intensity estimations MoKo(. oscillation :photographs ·were :prepared 

lJy the multiple-film technique. The three films were interle2,vecl with 

0.001-inch copper sheets to increo.se the ratio between a.ensities of 

corresponding spots on successive films. In comix'ring spots on clifferent 

films of a set, the fil ,:1 fr.ctor (9, :p. 42) was t p,ken to be 4.o. 

The estimates of intensity were me.de for one set of films by assigning 

2,n erbi trary v2,lue to one strong s1Jot on the first film ancl correspona.ing 

vs.lues to corresponding spots on the succeeding films. This :,orovided a 

geometric series of intensities which w2.s extend.ea. by com}_)a.rison of the 

first 2nd l;:ist filns. Eventually a see.le of intensities covering the whole 

range was estf\Olished. The renaininc; spots were estimated by com~o2.rison 

with this scsle. The sc 2.les for different sets of films ,·:ere correla.ted by 

using as standards those spots which were eo_uive,lent, beca.use of symmetry 

or overlap)ing ro.nges of oscill8.tion, to reflections lJreviously estimated 

on ai.7.other set of films. 

The ooserved intensities were corrected for the "velocity factor"· oy 

use of a transp2.re:i.1t chart reproducea. from the :publication of Cox and 

Shaw ( 2). The remaining I>ortion of the reci:proc2,l Lorentz-poh:rization 

factor, de:pendent onl;y on the BraEg angle -G, is the ex:9ression 

( sin 2-G) / (1 + cos 2 2-G). Th e v.s,lue of this f1.1.,."1ction for e.s.ch reflection 
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Unit Cell r,nc1_ S-oa.ce Group -- -- -- ----- ---"-

The Laue symmetry of c a.lcium chloride hexal1ydr1'tte we.s fo1..mcl to be 

D
3

a.-3m• A rot ation photogre.ph about the three-fold axis with Cu.Kol 

ra.a.i a tion gave the length of the c 2.xis 2,s 3.9 !. The rot a.tion 

photograph was indexecl on a. hexa.gonal l a.ttice, with a = 7. 8 !. 

There were t\vO possiole choices for t':le direction of the a a.xis, 

lying at an 8.ngle of 30° from eB.ch other. The proper choice was made by 

t aking a rot 2,tion Jhotogr a~,h of a, crystal grown with the needle axis 

per~)enticule.r to the ca:piJ.le.ry tube, with one of the mirror -olanes 

vertical and t he t~cree-folcl ?.xis horizontal. The 12.yer-line specing 

corres-po nc_ecL to P. vertic;:,.l unit trce:r..s l2.tion of 13.5 .!., which is 7.343". 

Therefore the shortest £ axis is 7. 8 .!. end lies norm rc, l to the mirror 

phme a.ncl :p,o. r nllel to the t wo-f old a.xis. A well-exposed L2ue photogra:ph 

td;:en 2.long the t h ree-fold exis with a nil'.iL1UE1 wavelength of o.21~ !. w2,s 

indexed on this l attice rmd found. to contt>.in s1)ots corres:ponc..ing to 

wavelengt hs a.s low 2.s o. 23 .!. but none below the :oinimwn, 

The best values of t he l a ttice p~remeter, obtained from reflections 

a= 7.30 + 0.02 !. 

C = 3•95 + 0.01 !, 

The de21sity reported. in 11 Intern;:,.tion2.l Critic2l Table s 11 (Vol, ,3_, P• 43) 

is 1.72; this corresponds to 0.9s nolecules CaC1 2 ,6H2 0 in the U11it cell. 

Thus the number may be t e-1';:en as unity. 
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The Laue·symmetry D
3

d requires th2.t the true point group be 

c
3
v, D3' or D

3
d. Since there is only one calciurn atom per unit cell, 

no SlJACe group need be considerecl which has no one-fold speci2.l 

1Jositions. This restriction eliminP.tes e.11 but six space groups: 

in ~)2.irs corres:ponding to the ?-lterne.tive choices of the a 
~ 

The axes a lrea.dy chosen therefore allov-r only the first three s:pace 

groups. 
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Atomic Positions 

In all c 2ses, the calciUJ:1 ion r.12,y oe placed a.t the origin without 

los s of genera,li t y . The s·,)eci::>,l :9osi tions sui ta,ble for the chloride ions 

a.re listed in Table 1. 

Table 1 

Possi"'ole Positions of Chlorine in CaC12°6H20 

Spa,ce Group Positions 

1 l(a) 0 0 z C -C3m1 
3v l(b) l 2 z 

l(c) }Jz 
D

2
-c321 2(c) 0 0 z; 0 0 z 

3 2(d) t % z; * ¼ z 
3 - 2(c) 0 0 0 0 z D3d-03ml z; 

2(a.) ti z; Jtz 

The ionic rf'.dii of Ca++ a,nd Cl- are 0.99 ,!. a,nd 1-81 !. respectively 

(12, p . 346). One chloride ion therefore will fit within the height of 

the unit cell, 3.95 !. ; out it cannot oe ·olaced at t he sa.me x and y 

coordina,tes as the c:=dciwn ion or the other chloride ion. This 

consider2.tion rules out the three sets of positions involving 0 0 z. , 

The chloric1e ions then must have X y coordina tes l 2 and 2 l 
'"5 '"5 ~ '"5 

re s~)ec ti vely. The z coordinates nay be inde2:)eno.en t if the S}XtCe group 

is 
1 

c
3
v-C3nl, or equ2.l nnd opposite if the s1)ace group i s one of the 

other tvro. 
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The fact that there is insufficient sp2.ce for another 2-,tor1 to fit 

directly above or ·uelow the chloride ions or the c2,lcit.un ion means that 

the only interator:iic vectors with conponents ½ f z 2,re Ca-Cl 2,nci Cl-Cl, 

1:mcl 0-0 vectors ·whose effect shoulcL be negligible. Therefore it we.s 

uossible to determine the chloride :positions, except for :possible ambiguity 

clue to lack of 8, center of symmetry, by ca.lcul :::.ting a Pa.tterson synthesis 

(10) along the line ½ J z. Such a three-d.ime:1sione.l swnma tion requires 

v2,lues of IF 12 for all ooservable reflections. AccorcUngly, mul ti1)le-film 

MoKOC oscill2,tion photogra,phs were made with the cry stal which h2.d been 

oriented. to rot a te about an axis '.L)erpendicu.lar to botl,. a ~ c. Ht:wing 

the three-fold syrmnetry axis horizontal me.de it :::1ossiole to cover the 

reciproc2.l 18,ttice efficiently in all directions by means of a single 

series of oscilla tions. 

All spots up to and including the eleventh layer line were indexed. 

Their intensities were estimated end. IF 12 v2,lues calcule,tea.. No 

correction was m2..d.e for absor~1tion because the e.bsori)tion coefficient of 

calcium chloride hexahyd.r.~.te is only 14. 2. For 2, s;;unple of this nature 

v.rith a diameter of 0.8 L'.lli1• the absori)tion correction is 2.t most only a fev, 

percent (6, Vol. 2, p. 584). 

The relative IF 12 values on an arbi trs,ry scale for the 229 forms 

observed a.re listed in Appenclix 1. From these d2.ta the function 

P(½ ~ z) = J J JI~ 1
2 cos 2TT(; + 

2
~ + Lz) 

H K L 
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ims c2,lcul2,ted., b~r me2J1S of 1)1.mched c2.rds ::_we::_J2,red fro;..1 Li~9son-Beevers 

stri:9s, at inte1·v2ls of 1/60 in z. The resulting curve is sho,,m in 

Figure 3• SimiJ.o,r c2,lcule,tions for the lines x O O e.nd x O ½ 1-rere 

2,l so mr,de, with the results shown in Fi§,ure 4. 

The interatouic vecto1·s re1wesentecl by the synthesis 2,1011.g "! j z 

pre two Ca-Cl ond. one Cl-Cl interc.ction. In this Cl:',se the two t:-:,c::Jes 2.re 

++ -indistinguisheble because Ca 2nd Cl have the snne nurJ.ber of electrons; 

o, re-:Jetition of the procedure for SrC1 2 .6H2 O would cleP,rl;,r distb.guish 

'bet'l'rnen them. 

There 2,re t'v,ro 1Je2.ks in the function: one 2,t z= O.S53 rmd 2,nother 

o,lmost exo.ctly twice as high at z = 0.573. This accurde 2:1 ratio in 

height incLicates th2t the larger t>eel:: is due to ver:r close coincidence 

of two of the three vectors. 

The sm2,ller :9e2,k mo,y be a_ue to 2. C2,-Cl inter2,ction or a Cl-Cl 

inter2.ction. The three choices of chlorine ])osi tions Hhich r:1.ay be mMe 

corres::_oond.ing to the ooserved P2,tterson function o,re shown in Fi,gu.re 5• 

The first t'l'!O r-,,rrangements corres:pond to s:9ace g1·oup C~v-C3ml 

and one is an inversion, through the origin, of the other. This ty,)e 

of arra...'1.gement yl8.ces one chlorine ap::_Jroxit11:\tely in the horizontal plane 

of the calcium ions 2.nc7- the other a:;::i1Jroxinately h2.lf-w2.y between such 

If the s:02,ce group is there s.re two possiole ~-rrangements 

for the six w2.ter r.iolecules: two sets 3(d) xx z; x 2x z; 2x x z; or 

one set 6(e) x y z; y, x-y, z; y-x, x, z; y x z; x, x-y, z; y-x, y, Z• 
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Figure 3• Patterson synthesis P(½ j z) for calciwn 
chloride hexa.hydrate . 
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Figure 4. Patterson syntheses P( x O 0 ) (with high 
peal( at the origin) and P(x O ½) for calcium 
chloricle hexahyclrate• 
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Figure 5• Positions of calcium and. chloride ions end 
corresponding Patterson .pea.ks. Each X represents the 
position of an atom; each circle, an interatomic vector. 
The height of a pe~Jc is proportional to the number of 
circles at that point. -
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The six-fold. 11osi tion :911>,ces 0,ll the oxygen at oms 2t the s2ne z, in a, 

f1c.irly r egul r.r hexagon. :Sut there is no level 2,t which such 2, grou:9ing 

can fit if we assume V8J.1 der Wae.,ls nulii of 1.0 .R.. for calciUJ'.l, 1-8 E.. 

for chlorine, end 1.3 .R.. for ·v,.s,ter. Therefore tl'1is six-fold position rJay 

"be disca,rded. 

The three-fold. l)o si tion 1:ollows two tri2ngular grou:yings at different 

levels. One r:iember of e8,ch tri2.ngle must oe in a :position xx z ana_ 

thus in the l)lone cont2.ining the cr,,lciun 2nd the two chlorine 2toss 

corre s:ponc1- ing to the cliccgr ;:,.J:is in Figure 5. The r 8.dius of the water 

molecule defines the ninimur:1 size of the tri2...ri.gle and. requires t h2.t x 

oe positive or nege.,tive b;l e.t leas t 0.11. One suit able l)ositioE i n t his 

:plrn1e corres:pond.s to x = o. 11, z 2,bout ½, in the first di2.gr8,m of 

Figure 5; out the corres1)onding -oosition at x = -0.11, z 2,bout ½ is 

much too near the seconcl chlorine a tom. lTo other sui t2-ble ·oosi tion can 

be fou....'ld, and t he refore t his arr2J1ger.1ent of t~1.e . w2,ter r:!olecules is 

inrnossible. 

Thus, because of stereochemic2,l consider2..t ions, the as;;,r;Jinetric 

chlorine arrangement must be abr,,ndoned. 

The 2vl tern.:=ctive 2rra.ngement }1Uts both chlorines a t z about 

Stereochemica.l consider2,tions rule out :position 3(d) in s:pace grou:p 

2.s before. Position 6( e), f orming a :pltme group of six water 

11olecules, is 2,lso impossible beca,use of insufficient s:,Gace. 
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The s:pecfa.l positions 7ossi"ole in the remaining sp2.ce groups are 

2-s follows: 

? 
D3-e321: 3(e) x O O; 0 x O; xx O; 

'(f) 0 l. - - l ~J X °2• X X °2; 

6(g) x y z; z, x-y, z; y-x, ~, ~; 
y x z; •'-, y-x, z; x-y, y, z. 

D~a-C3ml: 3(e) ½ 0 O; 0 ½ O; ½ ½ O; 

3(f) ½ 0 ½; 0 ½ ½; ½ ½ ½; 0 X ½ 

6(g) x O O; Ox O; xx O; x O O; 0 x O; xx O; 

6(i) XX z; X 2x z; 2x X z; XX z; X 2x z; 2x X Z• 

To ootc1,in more inforL'1ation as to the "Josi tions of the w2.ter r.10lecules 

a. Patte1·soll lJrojection was c2.lcul0.ted from \F \2 values of the refJ.ections 

in the zone [120] perpend.iccll2,r to the :pl2.ne (010). The modifico.tion 

f1.mction 1/(1) 2 suggested o;y Pc1.tterson (10) ,._.,as a::_JlJlied in order to 

sl'l1c.r1Jen the i1eaks. A Jilot of this :projection is shown in Figure 6. As 

expected, it cont2,ins the Ca 2nd Cl -,Jed:s at x = 0 r:cna. ½, with less 

:::i1·oninent Ca-0 or Cl-0 1Jec11':s in 
. ,. oevween. A1Jparently the oxygens, like 

the c2,lciur.J. and chlorine atoDs, h2.ve z a1J:9roximately zero or one-half. 

The fa.ct the.t this :projection shows no maxima 2.t x = ¼ rules out 

positions 3(e) and 3(f) in spe,ce group Positions 6(g) 

2nd 6(h) are im1Jossiole ·oecr:mse they forn hex2,gons of water molecules 

all with the same z. 



0. 

0.2 

0 .1 

0 

0 

Figure 6~ Patterson :c'Jroj ect ion perpend. icule.r t o 
the plane (0 l 0) with modification f unction 1/(1) 2 .. 

Values of the contour l ines on an a.rbi trc.ry scale~ 
·-100 , -50, o, 50, J.00, ~ooj 300 , LLOO , 500 . 
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Two Ho,rker sections ,,.,ere c::,lcul,,tea., giving t he VB.lue s of the 

Patterson fu..."lction in :fllEnes x O z and. x ::r o. These are shown in 

Figures 7 ['l_ncl 8. There 2.re three ·,)e2.ks in t he f u.,_"lction P(x O z) 

corresponcling to c a lciwn-oxygen or chlorine-oxygen dist~mces: a l)eak 

2.t ( o. 3l~, 0, ½) which is elongr;:;,ted in the z direction: a, 

syrnr,1etric&.l l)e2Jc 2.t ( o. 218, 0, ½); 2.nd another symmetric2.l ,)eak at 

(0.313, 0, O). The ulot of P(x y 0) shows no C['olciu.-r::r- o:~ chlorine-­

oxygen r,e?lcs other th;m the one 2,t (0.313, O, O). 

The rerno,ining position 6(i) would 

require t h2.t oxygen 2-tor:is oe in vertic1:\l ::_)lanes cont a ininE; a c2.lcium 

2.nd its chlorine neighbors. The coordinate z woul d h e:ve to oe aoout 

½ to fit in one water riolecule in s uch e. l)Osi tion, 'out this would put 

the six r,1olecules at corners of en in11)ossibly small hexr-,gon. Thus 

D;-0321 must be the true space group . 

In D~-C321, ·oosition 6(g) with z about O or ,½ would a.go.in 

for11 2. 1,18,ne hex2:.gon of ox'Jgens 1?..nct nu.st therefore oe d isc2.rded. 

Positions 3( e) 2ncL 3(f), however, 2re ,)erni tted oy stereochemistry 

&10. 2.re not in conflict with the o·oserved Patterson peaks . 

All t he peaks il1 the fm1ctions P(:·: 0 z) 2nd P( x y 0) 2.re 

eX}_)lained. oy this choice of oxygen :,_)os i tions. I n :9articular, the 

symmetric 2.l o:.s~1E en J,e2.ks in the :;: 0 z section (Figure 7) a t z = 0 

211d ,½ are ass i gned to Ca-0 vectors. In the x y O section (Figure 3) 

the ::,ea.ks at x = o. 313 co1-res~)oncl to C2.-0. The rem[>..ining maxim2., 

vertic2,lly elo!1.g2.ted in Figure 7 rmcl corres:)one,in&;ly less intense in 

Figure 8, are Cl-0 peaks. 



0.2 

o-r-......... ...........,.""'---Ll~.&........IL.....-L---~..J...___,L---L...L...J.,----1.--L.....L_L-_L-_J 

0 0.1 0.3 

Figure 7~ Harker section P(x O z) for calci1J1n 
chlori,ie hexd1ydr [:',,te . 

We,lues of the contour lines 011 &'1 a roi t1·ary 
scs.l e : •=100 , ot 100 , 200 1 3oo i l.!.oo , 500 , 600 , 
1000 , 1500 ~ 2000, 2500 » 3000 , 3500 , 4000 . 

0.4 0.5 



0.2 0.3 

a,--► 

Figure s .. He.rke:r sect ion P(x y 0) for calciUJn 
chlor:i.d.e h exahyd.ra.te. 

Values of the cont our lines on 2 .n arbi tra.ry scal e : 
--25 , o, 25 , 50 , 75, J.00 , 125 , 150 , 200 , 400 , 600 , 
soo , 1000 , 1200 , 1400 , 1600. 

0.4 05 
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The ,)2-.rameters for chlorine anc'L oxygen mG,y "be determined from the 

maxima in the P2"tterson function plotted in Figu:r·es 3 and. 4. The r;10xiL12c 

in Figure 3, corresponding to z 2nd (1-2z) for chlorine, are at 0.573 

and o.s53. The two values of z are 0.578 and. 0.574. This difference 

is undouotedly due to the slight effect of the nt2.il 11 of eGch 1)e2.k in 

cl.is:912,cing the maximum of the other. The oest value for z w2s t2Jcen to 

"be 0.576. 

The two x par2.meters for the differe:1t t Y::)es of oxygen atoms we1·e 

te,ken. at the maxima : o. 218 2nd o. 313. In order to fit the two tri2,ng-u.l2.r 
/ 

groups of w2.ter molecules "between c2.lciur.'l 2.nd chloride ions it is necessary 

thB.t one of these :pare.meters ·oe negetive. Here age.in the choice is 

i :mrn2teri8.l oec2use the resulting structures differ only "by inversion 

through the origin. 

The structure of ca,lciurn ct1loride hex81iyo.r 2te may oe su.nrr;12.rizea. as 

follows: 

Sp2ce group: 

Unit cell: 

2 n
3
-0321 

a= 7.SO J., C = 3•95, 
r:1olecule CaC1 2 -6E2 0. 

Ato r:-: ic ~oosi tions: Ce, 2.t l(a) 0 
1 

cont2.ins one 

0 O; 
2 2 1 -Cl 2,t 2( d) :i :i z' :, :i z, z = 0.576 

OI 2,t 3(e) X 0 o, 0 X o, X X o, 
X -- 0.313 - -

OII at 3(f) X 0 1 0 X ½, X X 1 
-:;!, 

-:;! ' 
X - - 0.218 

This is, in :pril1ci:ole, the sane structure 2,s 2.r:l'.'ived. Rt oy Jensen's 

process of successive Fourier :projections . The 12.rger nm1oer of cletg used 

2nd the gre2.ter ·orecision 1-rith which the IFJ21 s were c2,lcule,tea. make it 
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-orobaole thst the ::_Jarameters listecl here are much more accur2,te tha.11. 

Jensen's, which v.,ere given only to t'l:ro significant figures. 

Further refinement of the parameters Houlcl require use of least 

sa,uares or Fourier syntheses of electron density. It is not "believed 

that ti1.e a,ddi tiorn,.l laoor of such calculations for this non-centrosymmetric 

structure would oe justified, since the :proolen is so ideall;y suited to 

the use of Patterson syntheses. Greater accur;_:,.c;y- in estim2.ting the 

2_,2.rameters m::cy oe oot2.ined fro:r:1 Fourier syl1tl'1eses of electron density in 

which e..11 m2.xime .. are well resolved than from Patterson syntheses with 

overla:;ning m2.Xima. In this c2se, hm·rever, the structure is sin1,le and 

the few Patterson l)eru:s h2-)yen to oe well separated.. The error caused by 

overl::tp ::_)ing of peaks is proba.bly not nore t h 2n 2,oout + 0.002 in z or 

+ 0.001 in x. The corresponding errors in interetomic distances are 

less tha.n + O. 01 JL, which is c.s low 2.s crm oe ex,)ected fror:1 eny treatment 

of the cl2.ta. 



:~"igu:re 9• Stereoscopic drawing of the structure 
of calcium chloride hexa.hyd.rate. "1'~1.0 large circles 
reJ)resent chlorine; the small circles , calcium. 
:ines are dra:.m outlining the unit c oll 2.nct j oining 
t wo of the calcium ions to the water i:1ol ecu.}. es they 
sha,re ~ 
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Taole 3 

Distance Method of Conputa.tion 

D( 0-H-Cl) = D( O-H-0) 1 - R( 0- -) + R( Cl-) 

Calculated 
Value 

= 2.76 - 1.40 + 1.s1 = 3.17 .!. 

D(Ca-0) = R(Ca++) + R(O _ __ ) 
= 0.99 + 1.40 

1 Ooserved in ice; Reference (12), P• 301. 

Ooserved 
DistRnce 

3.16 .!. 
3.16 
3.52 

The six oxygens a.t 3.16 !. from ea.ch ch lorine e,re joined to it oy 

hydrogen oo:1ds com~x>.,ra.ole to those i n ice. The other three oxygens, 

o. 36 !. farther 2.'.:ra.y, are hydrogen-ooncled to the c hlorine 2.tom directly 

a,oove or "below i n p.11 2.dj acent unit cell. 

The three oxygens in t he oasa,l ,)la..n.e with each c2.lcium c,re closely 

p2,cked e,round it, while the s i x oxygens sh2.recl with another calciu.Jn ion 

2-re 0.17 !. fo.rther 2J•T2,y. Th is difference 2"grees well with that 

calculated (11) fron the rela.tion 

w'.'.i.ere v is the valence 2.11d lT is the mn7.ber of :positions 2 .. 'Tlong which 

the "bonding electrons resona te. 

Jensen (S) considered t he isonorphous structure of strontium 

chloride hexahyclrate fron the viewpoint of electrosta tic oonding and 

noted tha t t he oond strengths mi ght "be divided emong t he water molecules 

i n ma,ny wc.,ys , all of wnich s~,tisfy the rule of electric2,l neutrality. 
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Since my determination of the para,1:2eters in ca.lciwn chloride 

hexa.hydrc:i.te indic2.tes tl-rn.t e:_:,.c~1 chlorine hP.s six nearest oxygen neighbors, 

it seems best to assign each ue.ter molecule -1/6 charge from e2.ch of its 

two chlorines, or -1/3 in all. Then each c21chvn should supply + 1/3 to 

e2.ch of three water molec~.11es and + 1/6 to ee.ch of six. The total is +2, 

equ2.l to the charge of the calcium ion. 

The chP..rge which we might <"-Ctua.lly er.9ect to be tr2....-risferred from 

calcium to oxygen i:my oe calculatecl from the percentsge of ionic character 

• C ++ -0' d in a a oon. M2king the usu::\l correction for the formal charge +2 

gives the electroneg2.tivity (12, :PP· 64-70) of Ca++ 2.s 1.l[. That of 

oxygen is 3.5; the difference is 2 ■ 1, corresponding to 67°/0 ionic 

chara.cter ■ Thus a consic1eration of the partia.l ionic ch2-.racter of the 

Ca++ -0 bond leads to exactly the sa='Tle result as the sim:9le idea of 

electrost2.tic bonding: Each ce.lcium ion is essentially neutrn.lized by the 

contribution of 1/3 electron fror.'l its three nea.rest oxygen neighbors and 

1/6 electron from its six next nearest neighbors ■ 

As Jensen ha.s noted (7, J)• 26), the two tY1)es of w2-.ter molecules in 

this structure differ in that one has a tetra...riedra.l environment of two 

positive 8.nd two negP,tive ions wl1ile the other is near the center of a 

trhmgle of one :9ositive and two negative ions ■ The a.ngle Cl-0-Cl for the 

·water molecules with tetnthed.ral coordination is 91. 7°; thc1.t for the 

water molecules with triang1.1le.r coordination is 125.1°. In the free 

water molecule the o.ngle H-0-H is 10~0
• The fact th2.t this is lc.rger 

th?..n 90°, the o,ngle which would be expected for the most sto.ble -o bonds 
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(12, J>• 7S), is 2-.ttributed to Lmtua,l re:pulsiori.. of the hyc1rogens by tl1eir 

slight positive ch2-rges. In the cr~rs t a l of Cc:.lciu.rn. chloride he::n,11.ydrate 

the :oresence of chloride ions might "be ex:oectecl to neutra.lize this 

:positive cha,rge 2.nd allow the H-0--H angle to approach 90° t10re ne P-.rly. 

It might also be ex:qected, however, · th2.t the 1/6 covalent bond with each 

of two calcium ions would c ause some tendency tova rd. 2, tetrahed.r~l s-p 

hybricl configuration with H-0-H angle 109° 28 1 • 

It might be exi)ectea_, furthernore, that tlce wa.ter molecules forn ing 

a 33° / 0 cova.lent bond. with c a.lciur.n would. h:we consid.er2.ble tend.ency to 

use trianguh,r s-p hyoricl orbi k i,lG giving an P.,n.gle H-0-H equal to 120°. 

The eX'..9erin ent~>.l results a_o not :9rovide a gooci_ te s t of t!'l.ese 

predictions, since only the 01-0-01 e.ngles h ave been determined. The 

chloride ions are rather 1 2,r ge, anc3- it seems probaole th2t the 0--H-Cl 

bond need not be ex2.ctly liner,,r but mt=:,;'{ for r.i an 2ngle of five or ten 

degrees. 

The pronounced oe,s 2,l cle t?va6e of c a lciun chloricle hexa..i-iydr2.te is in 

rec core. with the layer-like st ructure with boncls in a h orizontP.,l direction 

_generally . stronger than those directed Dore ne2.rly p2.r2,lleJ. to the c 

2.xis. The 01-0II h;y-cl rogen 'bonds 2re very nearly horizontal. Th e hydrogen 

bond s "b etween Cl e..nd OI go do,,m fron one un:i. t cell to the 2iext, up to the 

third, down 2.ge.in to the fourth, c.nd so on--2,h:2.ys osciJ.1 2.t ing: 2-oout a 

horizonte,l ~1lane. The horizont2.l bom.'Ls fro r:1 OI to Ca 2-.re twice 2s strong 

2s the OII-Ca bonds inclil;.ecl more towe,rc"\. the vertic2,l direction. 



The bonding within a, single unit cell is shown in the stereoscopic 

drawings of Figu.re 10. 

Since the vertic2.l oonds rtre in general consideraol;y- weaker th2.n the 

horizonta"l, it mi ght be expect eel tha.t thermal vi orations t,ould tencl to 

bwe l['J."ger 2.m11l i tudes in the vertical direction . The ·oeaks a.t the origin 

in the Petterson functio:r,. (Figures 6 a.ncl 7) are noticee..oly elongated i n a 

vertica,l direction e,s would oe exi)ectecl for a.n i sotroi)ic therw=,.l vior9.tions. 



Figure 10. Stereoscopic drawing of bonds in 
the unit cell of calcium chloride hexahydrate. 
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Appem1ix 1 

Observed i:B'l2 Values for 0201 2 • 6H2 0 on an Aroi tra,ry Scale 

HICT., IFl2 HKL IFl2 HKL IFl2 

001 2.9 081 3•7 160 o.4 
002 120 033 1.s 161 16.1 
003 o.6 090 10.3 162 0.5 
ooL~ 3.4 092 -i;. 7i 163 4. 8 
005 1.2 091-!- o.rf 170 6.6 

010 21.7 0.10.0 o.l+ J.71 0.2 
Oll 3.0 0.10.1 0.7 172 1.4 
012 26.s 0.10.2 o.i 173 0.7 
014 s.6 181 o.6 
020 3.6 101 l.1-9 ·9 lS2 1.2 

021 86.5 103 12.2 184 o.6 
022 4.2 105 o.~ 191 1.6 
023 1Lf. 2 110 71.4 193 o.6 
025 0.5 111 4s.5 1.10.0 1.3 
030 166 112 9·3 1.10.2 1.5 

031 3.6 ll3 2.6 1.11.1 o.4 
032 32.5 nL~ 0.1 
033 4. 7 115 1.6 201 15.9 
035 2.1 120 9.1 202 7.s 
o4o 9•7 121 27.1 204 4.5 

OL!-1 1.7 122 s.o 206 0.5 
042 22.g 123 o.s 211 92.5 
044 6.2 124 3•9 212 5.1 
050 3.1 126 o.4 213 16.0 
051 4.7 130 5.1 215 0.9 

053 3 .L~ 131 3s.o 220 49.5 
054 o.4 133 13.4 221 1.6 
056 0.2 1 ;:,- o.6 222 9.7 .,,'.) 

060 44.7 1L~o 63.1 223 0.5 
062 11.3 141 s.3 224 0.3 

063 1.0 142 13.4 225 1.0 
071 4.6 144 0.1 231 5.6 
072 3.2 145 0.5 232 L~. 6 
074 1.9 151 1.0 27i4 3.2 
080 5.0 1-,., 7.2 2tro J_. 8 '.J<... 
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HKL IFl2 HKL IF 12 HKL IFl2 

241 23 .7 351 7.6 503 0.7 
2~-2 o.s 353 4. 7 504 5. 3 
243 10.7 360 12.2 511 10.0 
250 13.l~ 362 l\. 6 513 )Jr • 4 
252 l+ .1 363 0.5 521 0.1 

260 0.9 371 1.5 522 3.g 
261 1.7 372 1. s 531 1.1 
262 1.7 374 0.7 532 2. 5 
264 o.6 3s1 2.4 534 1.4 
271 10.2 3s3 1.6 5ll1 3.2 

273 1.8 543 1.1 
280 3. 6 401 21 .4 550 10. 3 
232 0.7 402 0.1 551 0.2 

403 9. 2 552 4.5 
301 ~ 

,, 411 6.9 571 o.6 • 4 

302 32.3 412 11.3 
303 2.9 lal.f 0.2 602 12 .5 
304 0.7 415 0.7 603 0.7 
305 2 .lf 421 lf. 2 Gll 4.4 
311 7. 9 Lf22 6.5 612 Lf . 5 

312 12 . s lt24 3.5 614 3.0 
31i.} 6.4 lf 31 26 .2 621 9.g 
321 26 .6 433 12.5 622 2.2 
322 2.3 440 1 f . 1 623 4.7 
323 15.g Lf41 o.s 632 4.1 

330 l\3 . 2 ~-42 5.7 641 0.3 
331 3.s 450 1.0 642 2.9 
332 13.7 L~52 4.4 644 1.4 
333 3. s lf5Lf 2.6 65:i.. 2.3 
335 2.6 Lf61 4. 2 653 0.5 

3l~1 7.6 463 1.s 660 1. 2 
342 5. 0 Lf70 2.7 662 0. 2 
344 3.2 472 o.l+ 
- l.t.li 3.2 701 16.5 ) ' r 

350 0.2 502 11.~- 703 6.1 



2S 

HKL IFl2 HKL IFl2 IDCL IFl2 

711 0. 2 S02 1. 2 914 o.6 
712 2.1 804 0. 7 921 1. 1 
713 0. 5 Sll 2.0 931 1 . 5 
721 1.9 s13 1. 2 941 o. 6 
722 2.0 S22 1.4 

724 1. 2 s41 o. g 10. 0 . 1 1. 2 
731 6. s 10 . 0. 3 o.4 
743 3· ~ 902 l.} . O 
7 2 o. + 912 1.3 11 .1.1 0. 2 
761 o.4 913 0. 7 



II. Hex2.methylene Tetr2.mine Coo~;le:xes 

with Metal Halides 
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Introa_uction 

It has long "been k:n.01-m th2.t hexarnethylene tetramine rea.dily forms 

::iolecuh\r corrr2ouna.s. A long list of these is given in Beilstein 

( 3, y ~)• 308-17). There a re crysta.ll ine corn.i)ounds with inorganic and 

organic 8.cids, with inorganic s2.l ts "both ?~Ji.ydrous 2.nd hydrated, with 

many org1:mic compouncls, .?nd with the ha.logens. The molecul2.r :pro~ort ions 

::;re often con11lic2.ted, 9artic1J.la,rly in the compounds with ri_ydr~cted salts. 

One might expect that the mo lecule would have some tendency to form 

cor:19lex c2tions r ather like t h ose formed "by 2.mmonia, using one of its 

four ea_uivalent, tetr2,hedra1ly oriented terti2.ry a.'ll ino group s. Such 

complexes are in fa.ct ~)reduced; the reaction with s ilver ion, for instance, 

h2.s 'been thoroughly investigD.ted (11, 12). 

Se,rera l investiga tors (18 , 20, 21) have recognized, however, that 

the Werner coora_ina tion theory does not :provide e, general correla.tion for 

these hexamethylene tetrBmine com1)lexes as it does for the ammoni2,tes. 

It would seem likely that the :pro:)ert ies of any h exaJneth;y-lene tetra.mine 

corm,ound ?..m'logous to one of ammoni s. should "be considera.o ly affected 'by 

the ::,_,resence of the other three nitrogen 2.tor:1s , m.1cl the,t steric hindr2.J.1ce 

would :prevent coordination of r1ore th2,n two nolecule s ?.round one meta,1' 

atom. These effects a.re evident in the great tendency of hexamethylene 

tetranine to form solid com~olexes. The voluminous microcryste,lline 

:preci:,::ii t a.tes it proa_uces in solutions of mRny salts ::ere often us eel in 

qualit2,tiYe microcl1emic2.l 2.112..lysis. 
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It was believed thRt a determination of the crystal structure of one 

of the hexomethylene tetraJJine com-,,lexes would. give valua.ble inforrna.tion 

abo"'.J.t their n2ture rn1d reasons for their st2,bility. Even though the unit 

cell of one of these cornylexes r,1ight cont2,in many 2,tori1s it w1>.s thought 

that t~,.e :previous work on hexemethylene tetr?nine itself should. be of 

gre2.t assisti:,nce; the structure of t h e rriolecule rw.s been thoroughly 

investigeteo. both in the V8.~)or (9, 24) P.nd. irl the crystal (4, 6, 3, 25, 29). 

The l2rge number of known com) lexes m2.de the choice for 2. structure 

determin2t ion r8,ther difficult. It ,•ms felt d.esirc,.ble th2.t t:0.e structure 

investig2,t ed ·oe as si□},le as ~~)ossible, so 2. s to f2,cilit f• te the determinr:i.tion, 

and. be char2cteristic of t he inter2.ctions -oet,,,.een salts a.nd hexamethylene 

tetra.mine molecules r2,ther th2,n of the thoroug~:.ly investigated intera.ctions 

between s2.lts an.cl water of hydr2tion. 

The l a tter requireme!lt dictated the choice o: un..,"iydrz,ted hex2.methylene 

tetra!:1 ine cor:1:plexes with s~,l t s. The reouirenent of a. structure wh ich 

,'ould £8.cilit c:.te X-r2.y cr;yst a llogre.phy indicated tlrnt t >.e s 2lts should. 

cont 2in sinple ions 2nd corJ'oine with hexrunet::iylene tetraJnine in siu::,le 

:pro~)ortions. Preferably, too, the con-r9lex should })er mi t isomor:ohous 

substitutio~1 of ions with widely differer..t ator,1ic nmfoers. 

The substances c~1osen for investig2 tion on the b;:isis of these 

consid.erotions ,-,ere cor:rnlexes ,-,ith metPllic h8lides. Those with the 

tetrac:1lorides of tin end. tit 0J1.ium were most intensivel;y- inYestig2ted.; 

those with ma.."lg211ous chloride and brouide, sta:"11ous chloride, and. 2.ntimonous 

chloride were investig2.ted in 2. :prelinin2.ry f2,shion. 
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Li ter2,ture 

Comp ounds of hexenethylene tetnunine with t etr2bp,l ides of tin end. 

ti t ani nm h:-o_:ve been c1escr ib ed by Sce,glia.rini ( 19, 20 ) e,nc1 oy Duff e.nd 

Bills (7). Th0 c onJJound.s ) re~x >.red. by Sc 2.glic).rin i vere :c_Jreci) it 2.ted from 

solu tions i n chloroform r:mcl -bror:ioform, 2.n('. 2.ll of h i s forr,ml:·, s for these 

p reci? it ates contain one or more mo lecules of the solvent . 

Duff and :Bills ~)re:c'.l2.rect t he ir 2.nhyc.rous c o::il)l exe s .. oy ~)reciqi tP.tion 

fron sol,1tions i r,_ aosolute c..l cohol. Their 2.m:>.lyses of the 9reci:c1 it 2,tes 

,,ere i n g ood 2.greenent ,ri th t h e for;:iul a s 

SnC14 .l.~C 6Hl 2H4 

SnC1 2 .2C6H121T4 

SbC13 .3C 6H121T4 

SoC15 .6C6H121T4 

ZnC1 2 ,2C6H12H4 

:BiC13 . C6H121T4 

They ste,t ed. th2.t the first four cor.,iJoU:::.d s 11 h2-,ve t:i.e s 2.ne . cr;yst2.lline 

structure. 11 

This list i ncludes o.11 tl1e h elides usecl i t,. t he ~wesent investige.tion 

It see!:led ::_Jr oo2-.ole th,o.t the t i tc.n i w71 t et r a c}J.loricle c or'.lJJlex ,·101__,ld be 

an2.lo{;00.s to th2.t of ste,nnic chloric1-e; but :co -, r ediction cou l c. o e m2.cie 

f or m2J.1ge.no'.1s l1alides . 

M2.11g2..nous cor.1i, o,md.s of the follovrinf~ for;:iul 2.s heve oeen 1'e] orted by 

:Baroieri and Ca l::ole.1·i (1, 2) : 
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MnX
2

• 2C
6

H121T
4

' , 10H20 

Mn(SCN) 2 ,2C6H1 21T4 .4H20 

Mn(N03 ) 2.2C6H1 2N4 ,105:2 0 

Mn(Cl04 ) 2 .2C5H1 21T4 °8H20 

They found ( 2) th2t the 2 .. n a.logous com:qlexes of iron , cob0l t, 2nd nickel 

thiocy,,n2.tes lost one :molecule of hex2J":1etr,_ylene tetra.mine uhen recryst2.llized 

froL1 w2.ter, ·out t h e r:ianganous t ~1iocy.?.na te corn~)lex did !lot. Some rele.ted 

oILriyclrous cora)o·,mds were re:?orted oy Sc c.gliarini ancl T2rt2.rini ( 21, 22) 

2s oeinf; preci) i t:::.tecl fro;-;i solutions in 95°/ 0 a lco~1.ol: 

CoC1 2.C6H12H4 

HiC1 2°C6H12lT4 

Co3r2 .C 6H12tT4 

IvI (SCN) 2 ,2C5H12N4 (M = Ji'e, Hn, Co, l-Ji) 

These cl2.t2. r:12-cle it C.)pec.r th2t the uolecul2.r ro.tio in 2 cor:r,)lex 

"between ;,1nng,:mous halic1.e ?.2:cl ~rnxa:-:1eth~rlene tetraL1ine ;:.1 i ght oe 1:1 or 1:2; 

out a. definite :.'.)rediction w2.s inpossiole. 



The hexemet~:.ylene tetrar.1ine usecl i:J. tllis i~--rre st i {;r·.t ion 

for sti:1,m1o"l1s cl1loride, 1,rhich '.-r2 s the c.l)· a.ihydr2te, enct m2nf;2nous oroni cle . 

The l atter we s pre~2red fro□ c.p . Danganous c2r'bone te rn~ diluted c. , . 

hy6-rooro:1ic 2.cicl; the solution, contP-ining 2 slight excess of 2.cic., ,.-12 .. s 

eva·Gor2ted. on c'. hot )l~ite to y ielc':. the tet1·2hyc3-r:=.te e.nd. t~1i s w;:-s d.1·ied for 

;.),oout c=. week i n 211 o,.ren 2.t 100° C. 

fro:-:1 2cetone . I n gener2.l a. sme.11 .?r:10,::.nt of £>, dilute solution of the halide 

\·.r2.s c,d.cled. to 8 . solutio11 of hext1met~1ylene tetrf1.J~! ine ~-~:-11ose c oncentration ,-.ra.s 

50°/ 0 or n ore of t11e s2t'.1rD.tio:, v2lcl8 • This :produced r:-, r:: or:::.entery ,'.'l1i te 

~J::.·ec i 1Jit 2t e ,,,hich could oe red.issolvec. oy S\drline; the container. Ad.rl itions 

1-rere continued u.."ltil 2. sl i g:ht clo11diness :,Jersistecl, :,, n c1 the solution ,·:2.s 

2,llov.red to ste.nd. Usu2.lJ.y wi thirc 2. fev1 rilinutes fine needle-lil::e crystal s 

'began to fon, . 0cc2,sio112.lly st andinf; overnight or for sever2,l f.2.ys ·w2.s 

11ecesse.ry. The £>.:J:Je2,ra..11ce of these :9i1.e!10r:1e:12. enc. of t~1e resc:.lting cry'st2,ls 

were the s a1e Hi tn. c:·osolute 2.lco:wl .?ncl cceto:1e . 

out thiG a,:~)er:.rance veried n::,.r}:edly- wi t:1 the co~:.centr2.tion and. t~"lerefore 

' ' i t:1. the r2.te of cryst2.lliza.tio~1 . The first instant 2.,1e ous ~,reci~Ji t:::.te 
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2 ,n 6le of 2,bout 120°. Cryst21s which grew 2 little ::lore slowly were 

microsco;?ic needles, Tl'1ose w?lic':l forrnecl :oore slowl~, still-in a few 

r.1inutes to 2, few hours-'were l2rge :neectles ,rn to a feu tenths of 2, 

milli:::ieter oy ten "1illi11eters. After standing for 2 few da;irs the 

mixtures g2:ve cryst2,ls ,,.r~'1.ich ue:::e r}co:obohed.r2., not gre2.tl2° eloc.1g2,tecl in 

2ny direction, with 2, m2,xi:!lrn:1 size of )erha.·,)s one-h2lf r.,illL:1ete1·, 

As 2n exmT::ile the following ty:1ic:2.l ~)reciOJitcetion is d.escrioecl .. : 

One nillili te1· of aosolu .. te olcohol contPining o. 03 ml. of sta.nnic chloride 

w2s ~)oured into 5 ml. of 2-osoJ.ute 2lco?lol 2,l::1ost sr>.turatecl with hexa,-

meth;,rle:.".e tetrami:1.e. A fine ,·thi te CJreciJit::,.te for:ned h 1medi2.,tel:r, giving 

t21e 2:_Ype2.r2.r .. ce of r:1ilk, Five r:1ore milliliters of the hexarnethylene 

tetramine solutioii. we1·e add .. ed P.11.d the :9reci:)it2.te redissolved. After two 

or three 1:1hmtes e. volw:ii~1ous colorless ~)reci1)i t2.te forned, co:.J.sisting of 

roeedles n.::d. rosettes visiole es such to the no.ked eye. 

Consider2bly 12.rger cryst2.ls were -qroducecl 'by t~1e nethocl of sloF 

c1-iffusicn. The clih:te stmmic chlorid .. e solutio!l Wc's carefull;y floated on 

to:o of the al1:1ost s2ture.tec1 hexamethylene tetrcJ:iir.e solution in a 

cylindric01 se::._)2,r2tory fu...>1nel 15 cn. hig:h 211_d 15 mm. in dianetcr. 'When 

~1reci:,it2tion 2,t the interf2.ce hacJ .. ce2scc'c the cr;y-stcels were sep2r2.ted off. 

An interesting :9henor:1enon ooserYed .. in the e:-:·)eriments with stannic 

chloride was the formation of a yellow to dark orown color within a few 

1'linutes 2,fter 2, f2.irl;y strong solution in e.cetone w2.s :9re:92,red, The 

oeh;,,vior with o.cetori_e is simil2r to thn.t descrioed OJ- WhittBker (27, p. 60) 



for v:m2.clium tetrachloride except for a difference in color. These 

h2.licles )ro'o2.ol;t forr.1 e.cldi tion :oroctucts ,-.ri th 1ccetone 2.nd. 2lcoh ol rel2,ted 

to the coi::)lexos which Pfeiffer ( 17) founc7. to 'oe formed with verious 

'oera;;;oyl cor.1riow1cls. The effect I o·b servec. i·r2.s ree,dily reversible; when 

tl:e "orovn solution came in con t act with the solu tio~1 of h ex;::.nethy lene 

tetr2.nine it s color clise.:9::;:ie2,red. 2.no. t?le :1.ex2.r1othylene tetr2...m ine co:nplex 

~orecii, it 2tecl ins t entaneously. 

The :9reci:9i tat ion of the other co:-:r~)lexes w~: s c erried out in a 

sLJilar manner to th2.t o.escri"::Jed for st.s,!"..::.ic chloricLe. The only other 

ones for which conditions ,-rere v 2.ried. in an 2.tteLTyt to obtain large sins;le 

cryst2,ls were the r:12ng2,1,.ous h2.l ide c o::rpounds . V2.rying the conditions 

greatly affected the size of the cr;;.rstc1s - "-OUu cl.icl not :~2.rt icul2rly alter 

the sha-oe. It was fou.ncl :9ossible to grow well-d.evelo:ped crystals of 

sui t2,ble size by recrysta,llization from acetone, 

The ap:9e.r 2,tus used. w2.s ;;, ar.12.ll Erle~,meyer fl.s.sk sePlecl into 2. circu it, 

roug}1ly sq_ua.re in s11a""9e, r:12,de of gl r:i .. ss tuOi11g t:le SPLie dier.1eter r:\s t!ie 

r-.eclc of the fl <'.. sk. The ai:rp2or2.t1J.s w2s filled. with solvent, the :powder was 

2.c1cled., ancl a sm2ll electric he2.ter ·olr:,,ced under the flask. Convection 

c2.rriecl the lio_uid from the 2,owder l a.yer u:_:i the nec:c of the flrc.sk, over in 

the horizont 2.l side a,r:1, c1ot.'11 the thin'l. sid.e of t!le squ2.:r-e where s eed • 

cryst21 s 2-clhered to the ·wa lls r,:nd the tuoe 1:12.s w2,ter jacketecl, :=md. oeck 

over into the side of the fl a s k a t the botto:1. The cooling effect of the 

v,P.ter jacket rmcl 2bsence of constrictions il1 the circuit ma.d.e tlrn flov,r 
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In this 2.ppar2,tus microscopic seed cryste,ls of the manganous 

brorn icle coTI:::,lex g1·ew lP-r ge enough for use 2.s X-ray s 2m)les in one day. 

The stannic chloride complex could not ·oe r ecrystallized c1t a satisfactor;r 

rc~t e, :9rob2,bly oec2,use of its much lower solubility. 

S2.rr1:9les of tlrn co1:r9ounc3.s for pre:92.r at ion of :9owder :photogr2,:9hs were 

grouncl in a1 2_,g2te nort a r 2,ncl see,lecl in t h in-wn.lled. Py rex ca~) ill2.ries 

aoout o. 5 mm . in diameter. 

The first sint.;le cryst2,l used for X-r2y photogr aphy , a long, thin 

needle of the st2.,imic chloride cor,r9lex, ·w2,s inserted in a Pyrex ci:-,::9ill2,ry 

which w2s then ::;mshed into a. sme,11 lm'l~) of vrn.x to se21 out noisture. It 

w2.s founa., however, that 2.lthough the com~)o1mds v'ere readily soluble in 

1-,2.ter their cryst2.ls showed no tencl.ency to oeco:::i.e st icky :o.nd no che-11ge in 

diffre,ction 1)2,ttern 2.fter long ex1)osure to the atmos1)here. There 2,fter 

the crystals uere sim1)ly mounted on glass fioers in the usunl w2.'Jr with 

Aq_u2,ni te clee.r l a c quer. This delic2,te m2,ni1Julation w2.s done under a 

oinocular microscope. 

T·wo c1et2ils of the mountins techn i que will oe descrioecl fully oecm1se 

they grec.tly :facilita,tecl orientdio::--c of the crys t G.l. 

The f i:::st is the fl exible go11ior:ieter pb. , which ~)en1i tted the cryst1J.l 

to oe tilted cons iders.bly with resnect to the gonior:1eter h ee.a. if the 2.rc 

motions of the l a tter otherwise were too limited to ~ive the desired 

orientation . 

This t:,r9e of goniot10te:i:- :p in w2s simil2r to the "Christm2.s tree" pin 

2.lreacly in use, out w2s desi~ned. for odjustment in tilt only encl 1;.ot in 
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tr2...J.rn le,tion. The tilt 2,c1justment requires thc>,t the gonion et er ::)in o e cut 

dovm enough for flexioili t~, et only one :Joint ro,ther t hsn t wo , 2nd 

therefore it re quires uuch less overall length , The d.ecrec.,se in dist2nce 

required betueen the toi) of the goniometer hend [:l1d the crystal is 

im,)ort rmt foT sor:1e of the 2.l)l)e,r2,tus, ire which tl1e r e,nge of height adjustment 

is short. 

The f lexiole go,1i oneter ) ins were nP.,de of ora,ss rod. 1/S i nch in 

diP~TJeter e,nd 5/s i nch long . Two l,,_ol es ,·.cere drilJ.ed 1/16 inc::1 fro ,:: the 

encl , c t right :-u1!=_;les to t}10 <"-Xi s of the rocl. an o_ to e2ch other, vith a 

numoer 55 <3-rill. Beginnins 2..t 1/S inch fror:; the s2.me encl 2. no tcn ebout 1/8 

neck o.ol.~ inch in dh.>JJeter 2.11d 2.l raost 1/s inch long . The t £>:,)er W2S to 

:9revent the 1i..'1c1,_11e stre ss coi1c entra t i on which ;:oulc1 occur at p , s ~12.r:9 

shoulcler whe:,. thi s neck wr,s bent. The Di n s ,-,ere 2.nner,1ed 2,no_ l)rovic1ed with 

n • h 1 t' n ' , , ' 55 , • 1 7 2 1 our-inc, eng .:l or n.2rccenecL nunoer CLTJ. ~ 

The seconc'_ d.et a il of techni que is the u se of 11 2,rt ifici2J_ si gne,lsH f or 

reorient 2,tio1c of cr;rst2,ls , It l'le,:;.))e~1ecl t~,r·.t sor:::e of t he sin0;le crJst2,l s 

used i n t h is investi g;,:, tion could oe orientec1 oi)tic ;:,,ll~r out other s g2,ve no 

reflections from the f nc es oec 2-use they were covered oy 2. gl ;,.ss CRl:Jill.?ry 

or :_:,_ 12,yer of vaseline, or oec£>,use the cryst ;,,l h 2d o eco,:2e etched . It wr..s 

fou.'1.c.. extrenel~, conven i ent i n suc::1 c 2.r,e s to r:1olmt on the ,=;l n,ss fi-oer , just 

oelov: the crysto,l , t u o one-nillinet e r so_uc,:c-es cut fron 2- n icrosc o·oe cover 

s li}) • These two reflectors, p_t right 8...'1.f.;le s , g i ve orillio.nt sign£>,ls in 

the optice,l gonioneter . If the s ngul cr re2ding s of the 2,rtifici a l signa ls 
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f'Te noted 2,fter a crystal has been oriented o~r means of Laue :9hotogra.1)hs, 

then the gonioneter ,)in cen oe rer,10vecl f:cor:1 the goniometer hesd 2.t c:my 

tine eml set 2side with tl1e pssurnnce the,t the cryst2.l c2.n oe returned to 

In fo,ct, eve~1 when 

the ch2.r2cter of the crysto.l f2ces ·oermi ts o:9tic.sl orie:::1t2tion it is more 

convenient to use the 2.rtifici2.l sign2.ls for reorientation oecrmse they 

are bright enough to ·ce cle2.rl;y distinguishecL even without d2.rkening the 

room. 



(B) ~-P.ay Photograuhs 

All Lcme p:hotogra:phs were taken with a cryste.,1-to--film dista.nce of 

five centimeters 2.nd with rftd.Ls,tion 1-·.'hose mininum wavelength wes O. 24 .!. 

Photogra.i)hs for orientPtion ,-,ere me.cle with intensifying screens. Long 

exposures for gnoL"lonic l)rojections were me.de on E2,stm2..11 :To-Screen filu. 

The l)rojections were constructed. by meens of the gnomonic ruler first 

J?ro·:)osecl. by Huggins ( see Reference ( 28), ::9. 130). They were indexed. end 

testea. for conflicts with t::.1e lower w2-velength limit oy the gra:.ohical 

method originated. by Murd.ock (14). 

The oscillestion, rot2,tion, 2-,ncl powder photogra\)hs were teken on 

Ho-Screen film in a cen1era of r2.dius five centimeters wit:1 welJ.-fil tered 

Cu.KOl or l ioF..oc radi2.tion. Oscillation and. rote.tion ~ohotog:rc.:)hs Here 

ina_exed with the da. of c: , Hr.:.rker che.rt (Section I, Figure 1). Hessure-

ments of film coordin2.tes were r:12.d.e with 2.. br2.ss sc2.le equiy})ed vrith a 

transparent ctirsor 2-rni vernier reeding to 0.1 mm., mounted on fU1 

illunina.tec:. viffh'er. The wevelengths useci in tnmsle tin~ film distrmces 

to lattice spacings were 

Cu.K~l = 1.5405 !. 

Cu.K~2 = 1.5443 !. 

CuKec,(aver2..ge) = 1.5418 !. 

Photogra,phs of the SnC14 cosplex intencled for qurmtitative intensity 

estir:ictes were }_)re::_)&red oy the mul ti)le-filu method. (5) vi t::-i MoKOC 

radi8.tion; the three filn s were interleeved. with o. 001-inch co~)~)er foil. 

Th ,,:,•1 -"' .L n +' 0 1 
• t• (J.-, LL"J) e .L1 r2 .Lf'..Ct,Ol' :;:or v1112, cor2 01n2. ion ), ::_-;. •'- wa s teken 2s 4.o. 
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The reciprocal l a ttice coult b e cove red efficiently with only s i x 

oscillatio!l photographs oeca.use the axi s of ro t2.t i on w2.s 1~or!!lal to the 

three-fold. axis of the crys t::cl. These six ex:posures ,-:ill oe referrec1 to 

oy their 2.r'o i tr2,ril;r c>ss i gned f ilm nurnoers n ru.Ening from. l to 6. 

The intens ities were estirn=d;ec1 on each of the six sets of t h r ee 

successive fi J_n s v'i t~1 :m inde::1e11clent sc 2l e . lTo correction w2.s nece s s r .r y 

f or r,:,osor-:)tion (10, :?· 58Y-) , since the lon-gest di::1ens i on o:t' t11e crysta.l 

w2s 0 .3 rm:1 . c>n~'- it s reso r ption coef fic i e:1t w:cs or1l~,r 1 2 . l.t . The co:crections 

f or Lorent z- ::_)olP,riz 2.tion fector v.•e1·e detcr:'lined fr on t 'l",o c~rn,rt s 2.s 

clescrioecl fr. Section I. When these }wcl "been cot})pl ied. , t he i ntens ity 

estimc1.tes were c onverted to v2,lues of Cn IF 12 , still with a diff erent sc2.l e 

factor C for e.sch of the six set s of filns . Tl1.eE ~)unc>ed. c;c,.r ds u ere n 

E2,ch c 2r:.'_ co1c.t;:,.ined a C \F \2 v21ue 
n 

toget:i:ier wit:1 it s filu mmoer n :me".. the inclices of tlrn forn (~-~- the 

syr.une try-equivr>.le:1t EKL which h:rn 2,ll indices ~Josi tive) . 

The ca·d.s were sorted_ "by f ilu numb er 2.ncL these six grou)s •,.·ere 

)&ired i n the 15 sor t ed b~r form 

co:TJ2,risons of v2,lucs for the sFne HKL i n diffe rent • 

ex-,)osures were e.ssemol ecl . For e2,ch o:: the -02irs of filn :-:.1Jn"'oe rs n1 , n 2 

(n2 > n1 ) 2.n ave r2.ge r2,tio of t he SCP.le f2ctors 

Frm.1 these fifteen r .s.tio s P set of f ive irn:'l_e:7e2:c'cent r2.t ios 
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m.,nber of cor:p2.risons ee.ch re:presented.. 

These ratios were used to o'ot2,in the vP.J.ues of C1 !F !2 fro11 2.11 the 

estiE12,ted L1tensities. All of the C1 JF 12 values f or e2,ch form 1,-,ere 

then listed. toget:t.er o.:1d. 2.ve:rr,gecL to yield the 'rn.lues of IF, 12 for 137 oos 

ind.e,)_enclent reflections , Oll c.n 2.r'oitrar-;1/ sc2,le. T}Acc jF, I fi"'.,J.res 1t,ere 
• O :)S -

corrected to an ap1wo:ci:n12-te 2.bsolute sc2-le by cor:1:-_)arison 1,!ith the first 

fe• .. , sets of cc:,lculated structure f2,ctors. 

Struct1.u·e f2.ctors were 2.h,~;:,rs c 2.lc~llr-'.tecl for tl1e })ri :::1i ti ve rhomooheo.ral 

cell, since these differ fro;':l those for tl:.e h ex2,gorw,l cell orrly oy a, factor 

of three. 'I1he ri,tonic sc2.tteril:; fr>.ctors used. were those taou l1c,ted i n the 

11 Intern::.tionrle T?oellen11 (10, Vol. 2 , ) • 571). For the nitrogen a.tons 

the neutr2,,l N fo.ctors 1,,ere used, ?nd for the E1et}1ylene f;rou:9s the 

scattering f2-ctors vere t2}::e:: eo_u2.l to those for car"oo:1 plus the difference 

betvreen the factors for the oxicle ion 2-ncL for neutre.l oxygen, 

Before the sc1:1,tter in6 fe,ctors Fere used i n m1y CPlc11.l2.tions tl1ey were 

nulti1Jliecl_ by the isotro ~Jic ter:i;)erD.ture f2..ctor fo1J.nd. oy Shc,ffer (25) for 

e:cp [- B ( sin2 -G) />..2] with 

In 2, few c2.so s r,n 2-clc.itio:121 tem~Jer r,.ture f2.ctor ,,,2s 2.lso usecl. 

The c2.lculc.tions of Fourier s;,rntheses we1'e 1:12.de by I'lef':::1s of the 

:pU11.ched. c2,ro. 2l12,lo,.:; of Lipson-Beever s stri~)s ( 23). 

The fim--1 r-djustments of ten:-,:ie r r> ture f2.ctor 8 .110. sc2.le f2,ctor were 

c c.rr ied out by the metl1.oc_ of lee.st sq1.w.res L: sue:;. a 1,.'<'-:/ c,s to mininize 

t he re sic.u2,ls IF 1-1 F 1. obs ca.le The forr.12-tion of nornal equ2.tions '\·T2,s 

done by tho ~)u.nchecl-cc..rd nethoct cLescri oed. oy Shaffer, et e,l. (26, ~J • 657). 



Al though no Intermi,tion2,l Business M2oc~1ines l)lugoo::>.rd. w2,s avail2ble 2t the 

tine f or l e2.st squ2.res calcule.tions, it ·vt:s found co2'lve11ient to use the 

ns-C-E" board since all the coefficients of t~e oose1vctio1,.2.l ec'.u2,tions 

1-•1ere :posit i ve . 



(C) ~~ EJC'Jerirnents 

P-Jroelectric tests \•rere e.ttemgtecl oy her::,ting the cryst2 .. ls, cooling 

ther.1 on t;. gl2,ss :?late, and. then s:prinkling 2. nixture of l)Owdered sulfur 

o.ml red leP,d on them through ~1, silk screen or l)l3,cing o,. j.s,r of mP,gnesium 

oxide snoke over them. No positive test could be ooteined by eit~er of 

t}rnse meth ods , even with o. cryst2.l of tourr.12.line 4 mo. in cliar:1eter 22.1cL 

13 rffi71 . long. 

The only methocl tried wl1ich g2,ve 8,ny clefini te results we.s the liquid 

sir test. A cryst2,l ":!P S tied. P.t the end. of 2. f ine silk three.cl obt.:1ined 

oy unrce,veling ordin2.ry silk thre2,d 2.ncl using only one to t :1ree fibers at 

2, time. Da."lgling at the encl o: tl1is threed, the cryst2.l w2,s cli}r }ed under 

the surfgce of liquicl_ cdr in a De,·rn,r f l 2.s1::. When coolecl to the temperature 

of the liquicl air , it slowly liftecl 2,oove the surface, 1,d tll +~ ,,. .• ., 
vne ::ioer 

s1x_;portecl 2.t 2, -,)o int on the 2xis of the Dew2,r :fl2sk. P-Jroelectric crystals 

shovecl [;,, noticeo.ble tend_ency to leP.:p to the w2.,lls of the vessel 2nd sticl: 

there , 'bot::~ just 2-.fter ir:1Dersiol1 Pncl 2fter wi thclr2.H2,l fron the liquid .• 

The tou:c:02-line cr;ys t2.l, in 8-ddi tion to exhi-o i ting this behe:vior, collected 

2, thick hairy co2t of ice cryst ;:,,ls at its e:::ids, resenbling iro:1 filings 

around. 2. be.r ,:w,gnet . Crysto.ls of -oot2,sshun ioc.ide 2nd. soc.iu.n chloride 

,;2,ve no effect. 

Determin,c,,tions of cler:s i t y ,-,ere ::1P.de by either t :1e ~)ycnometer metl1od 

ot' t~rn flot2.tion r:1et:1od . I n the f orne:c -,}roceo.ure t~;.e lio_uid used to fill 

the 1- nl • :9ycn0Deter w2-s oenzene or toh.1.ene. The lio
0
uicl used in the 
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flot11tion method wa.s a nixture of high-coiling ligroin or c2.roon 

tetr2chloride 2,ncL ethylene di'oronide, The final tests for equilioriwn 

1-rnre s:)eeded by 2, fe;, turi-1.s in r?. honcl centrifuge. 



l.1.6 

Results and Discussion 

It wi' s fou..'1d that the crystals of v1c:rying sha.:pes formed oy different 

solutions of the tetr2.h 2.lide and hexamethylene tetnC?,mine gave the s2De 

powder :9;:,,ttern. 2.nd identic2.l Laue :photogra::;:ihs. Furthermore, it u2s found. 

th2t the powder :0~1otogr2,phs (Figure 1), Laue ,)h otogra,phs, e,nd rot2t ion 

:,;ihotogrp·/:--1s about tl1e needle axis (Figure 2) obtained fro11 the complexes 

of ·ooth tetr2.h2licles were P-lso i c1entic21 . There2fter only the structure 

of the stannic ch lorid e con:)lex was st·,1.cliea. in a.et 2il, in confirience tha t 

the two cor.1:p ouD.cls were isor:1or~Jhous; 2 .116. cryst 2.ls of the vr,.rious sb-1:;ie s 

were used. interchangeaoly . 

an2lyses were obta.ined from the Smith-Emery Company on a oatch of the 

st?,m,.ic chlorici_e compounct precipitated from a.cetone and air-dried. Their 

results were Sn= 13.09¼, Cl = 15.60¼, liT = 23.30¼. The values 

c2lculP.ted for t he molecular ratio 1:4 2,re Sn= 14.45¼, Cl= 17.27¼, 

,T - ?7 090/ f ; - '- • L 0• The 2.nalyses give just the theoretical ratio Sn: Cl and 8 . 

slightly higher ratio Sn:H the,n the theory. The results are ne2rl;1 

cont e.ining 9.6°/0 inert meterio,l such :cs v2.ter Oi' a.cetone. The results 

were o.ccffpted 2.s agreeing with Duff ~met :Bills' formula. 

A sen~Jle of the tit ani1im tetrP,c>..lorid.e co;.,-)lex w2s suOL1itted. to the 

:::iicrochemicol laboratory of this Ins ti tnte for c2,ro on 2ncl. hya_rogen 

c_eterr:1in2tions. The res0..1lts were C = 41.3¼, H = 7.6¼, corm)ared with 



(A) 

(B) 

Figure 1- Powder photogn1,~)hs of complexes B014 . l.JC6H1 2 N4 

t8ken with Cu.KOC. r a.d i ation. (A) Sn014 . 1.JC 6 H12N4 ; 

(B) Ti014 .~C6 H12N4. 



(A) 

(:B) 

Figure 2 . Rotation :9hotogra.::_:,hs about the three-fold 
2.xis taken with Cu.I{O'.. radiation. (A) SnC14 .l.LC 6 H1 2 H4 ; 

(B) T i C14 .4C 6 H1 2H4 • 



theoretical vl:llues C = 38 .L!-¼, H = 6.l-1°/0 • Since it is well-kno"m that 

accurc·.te microco!noustion an21yses ere often difficult for unusuc1.l com:oound.s, 

these results viere co:1cluded. to oe in reasona~ole rtgreernent . 

The f;:,,ct that these analyses a.re in 2,p:n·oxima,te agreement with the 

for,c1ule. a.ncl the results of the X-ray rmalysis are also in a.greement ler:wes 

little douot tha.t the com1)osi tion of crystals of both the tin 2n( ti t2.nium 

Le,ue photogra:phs showed thc't the X-ro.y $ymmetry we.s A 

pyroelect1·ic test wi>.s made by the li quid 2-.ir nethod described aoove. On 

being ~Jul led_ aoove the surfa.ce, the cr~rstrd showed the chi>.ra.cteristic 

gyr2tions of a chs.rged body and a considerable tendency to stick to the 

walls of the Dewar flask. It was concluded to be pyroelectric, and 

therefore to l ack 2. center of symmetry. The actue.l :point grou:9 of the 

structure t}1en must be or 

The layer line spacing in the rota.tion })hotogra:ph aoout tl1e three-fold. 

axis showed. the hex2.gonal C ~ axis length to oe s.9 1.. It wa.s found. th2.t 

the reflections could. oe indexed on a hexagone.l lc:.ttice witl1 a= s .9 !. 

The ind_ices of the reflections observed sug;;ested. th2.t they nigllt :~)ossioly 

conforiu to the extinctio1;. rule ::'or r h orn-ooheclr2.l centering, H - K + L or 

H - K - L 2.lways eque.l to "'"7. integer <.Uvisiole oy three. 

The hexagonal axis 3.9 !. in length wa.s a_efined 2.s the vector 

l)c',ra.llel to the i ncident oernJ uhen the Le.ue 3)?.tterr: of Figure 3 is oote.ined, 

wi tl'. the observer lookin,\s in the SP.De direction P.s t~ie ·:Jean. 



Figure 3. Laue pattern defining the ~ exis i n SnC14 .l1-C 6 H1 :,iN4 • 

The X-re.y oeaLl ,·ras d.irected a long +f:: when t~1.is :9a.ttern 
\·w.s produced; the s i de of the f ilm shown was toward the 
crystal. The c e.xis i s vertice.1-
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He::wily- e:;c,.9osed kn.1.e :photogr2..:ohs .,_,,ere ·ore1JRred. ,-vi th the oea.n 2.long 

the c ~,,Xi s 2nd wit~-::. incre2.sing :cngles of inclin2,tion '.J,lJ to S0
• When 

indexed on these 2xes they showecl no reflections in conflict wit ~1 the 

chosen un.i t cell, 2nc1 8l s o no reflections not ooeying the rule 

H - K - 1 = 3n, 2.l though 107 first-order reflections were observed in 

the nost a.sy1riJ:1etric :photogr2..:ph. It w.'° S therefore coi:.cluded tlvt t h e true 

unit cell w.s.s t h e rhoL<10 ohedr 21 one with 

and 

Zr = ½(- a - 2E_ + £) ' 

b = ~(2a + b + c) -r ~ ,_ - - , 
£r = ½(- £; + o + £). 

The indices HKL referred, to the 2.xes Q, 2,, £ of the triply 

urLT1itive hex2.gon2l unit were ret2.ined in 2-.ll c2.lc1.1l 2.tions. 

Sets of oscill2-tior. ::.Jhotogr2.)hs f,D O\ct the 

were tclrnn ·with Cu.Ka( and MoK<t rad.iation, the l2tte:r on :;1ulti)le fih1S. 

All of the se were indexed; the Cu.Koc :?hotog-ra::_Jhs, h:wing spots neF.r the 

ec~ge of the film, ,·,ere used. for 2 fin2.l deter:min2tion of the 12.ttice 

constants, v.,hile the MoK<X oscillotions were used for intensity e stirw.tes. 

The 12.ttice constants Fere c ro.lc'..1.l:c•.tect by 2 . le:".st soue.res recluction 

of 19 me2.surements OE 10 non-equiv2.lent reflecti ons. The oest values were 

a=b g.95 + 0.01 !. 

The axiel r 2tio c/a is unity ,-rithin exueri uentel error. This corresponds 

to Cc rhor:1boheo.rd ong;le 0£ = 97. 2°. 

The density of SnC14 .4C6H12lT4 w2s determined. with the follouing results: 



fine powder, flot2.tion method-1. 63 , 1.69 g ./cm . .3; 

fine p owder, :pycnometer method-1. 62; 

l a r ger needles, flot a tion metl1od-1.L!-2. 

Since l ;:,.rge cryst2.ls mi ght ·oe expected to cont ?.in voic1.s 2,110. inclus ions 

Dore frequentl~r , the l c0.st v2,.lue wr-.s d isco.rctecl 8ncl. the mer.m t Plrnn to be 

1.65. 

The nwnber oi ' r:1olecules :j er hex2.gonal unit cell corres:~)Onding to t h is 

de11sity is 0.752; that i s , e 2.ch r homoohedr2l unit cont:c\i ns 0.251 molecules. 

The f eet th2.t this numoer is s o ne2r to one-qu2.rte!' m2.de it seem 1wob2ble 

th.c t t he re u2.s r andomness in the structure, wi t :1 e 2,c ~1. unit cell cont c;1 ining 

on the 2.ver2ge one molecule of hex2methylene tetr2.mine, one chlorine 2.tom, 

end one-q:,.i:: rter of e. ti21 2,tom. 

lfo evid.ence of su":)erl 2ttice fornatioi,. w2s ever :1oticecl in this 

i nvest i g~· tion. In vieF of the st2.'oilit~0 of hexf-\methylene tetr2mine crystals 

2nd the fa.ct t h2.t t :ie se c orT,lexes decor:::pose r ::- t::i.er th2.n su·oline, it seems 

i.mlikely th2.t 8.ny heet tre r.t11ent will :produce 2. ;:iore ordered structure. 

It i s remotel~r :possible, however, th2t different conditions of forma tion--

such 2 s -preci:,it 2,t ion over a :periocl of r.1onths-misht favor 2n ordered 

structure with 2. l 2rger unit cell. 

In s:p i te of the nddi tiona.l complic2.tions introduced by rfmdomness in 

the structure, it was d.ecid.ed. to make use of t'0.e i:citensi ty d2t2 to find out 

2 .s much ""-s possi-ble 2oout t he corrr?ound. 
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The space groups1 isomorphous with point groups 

a.net based on a rhor:ibohedr3,l l a ttice 2,re 

and 

D -32 
3 

C -3m 
3v 

The third of these requires thot reflections HOL 2nd. OKL be 2'osent 

except 'When L is even. A considerable nuniber of observed reflections 

did not obey this rule, and the su2ce group 06 -R~c 3v _., accordingly w2.s 

The only s:peci2,l positions which reouire only three a,toms in the 

hexccgonal unit o,re the following: 

for D;-R32: 3(a) 0 0 O; 3(b) 0 0 ½; 
for c5v-R3m: 3(a) O Oz. 

These x y z coordin2,tes and. those in the following discussion a,re 

fractions of the hexc>gon2l unit cell ea_ges. In all c2ses the cor:rplete 

set of ,)ositions is to be o'otained by adding to the coordin2tes listec_ 

the translP..tions ( 0 0 O; ½ j j; j ½ ,½). 

The symmetry recmirect 2t e~.ch of these suecial positions is th2t of 

the isomorphous point grou?--D~-32 or If 2, hex21nethylene 
--' 

tetramine molecule is to oe ·)la,ced in one of these special -~)ositions, 'its 

symmetry must be 2,t le2st 2.s great p,,s required oy the spr-,ce group. Since 

the free hex2methylene tetra:mine molecule has )Oint group Td-43m it has 

no two-fold axis normal to a three-fold axis r>nd cam1ot provide the 

1 In all discussions of s:pa,ce groups and speci2.l :positions the terminology 
of the "Intern.8tionale T2.bellen 11 (10) is used. 
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On the other hand., the alternetive J;ioint group C -3m 3v 
is a suo-grou:9 of T" • Cl. 

These consid.erotions ms.de it appe::T likely th2t 

the true s-o::,ce group vrns C~v-R3m. 

A H2 . .rker section 2,long one of the rairror ~olanes in Patterson space 

was ca.lcu.lated in 2.n 2.ttempt to grdn inform2.tion on the relP.tion oetween 

the heavy Patoms P.ncL the hex2-r:1eth;'{lene tetrar:1ine molec·o.les-

The nirror -012-nes are loci of l)Oint s x x z; therefore the desired 

function WB.s 

P(x x z) ~))) I FHKL 12 cos 2TT [(H - K)x + Lz]. 

H K L 

The result of this c a lculation is shown in Figure 4. There 2,re 

peaks ne2r the origin such P.s would oe eXT)ectea. from the inters.tonic 

vectors i•!i thin o. hexa1nethylene tetr1;,mine molecule. If this molecule is 

assur.'led to lie with 2. three-fold axis 2.long the C 
~ 

a.xis 2nd. with one of 

its mirror :pl2nes pa.r2.llel to the ::_:il;:me of the section, then one nitrogen 

is on the £ axis. It can oe t2_'«:en B.t the origi11. with no loss in 

ge11.er2li ty. Extel1a.ing w_)w2rd fror.1 this nitrogen are the vectors to three 

2.dj 2.ce1'lt c::,roons; one of these vectors lies in the ;olcme parallel to the 

section. The corres~)onding :9e2k in the Patterson function should 2-:ppe2-r 

in Figure 4 2.bove the origin either to the right or to the left. It 

does in fa.ct appea.r to the left. This defines the orientc:tion of the 

molecules in the crystal 2s th2.t corres:9oncling to this ch oice al1c. not the 

other alternative, erhich woula. cliffer by 2. 30° rot2.tion of the i:1o lec'-.1le 

about the £ axis. 
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The other import2-nt feature of Figure l~ is the set of maxim2 centered. 

a.t the point O O i• These ere just the 1Je2ks which would oe expected if 

e. l:.eevy 2tom were 2.lso on the C ~ axis, h2..lf-we.y between the centers of 

the hexamethylene tetr2mine t1olecules. If 2- ni trosen 2.to,1 is placed et 

0 0 0 as before, ,,Ji th the rest of the hex2.methylene tetn:1.mine molecule 

extending u:;iwerd., then the heev;,/ etom must oe plecea_ to co:rTes:yond with one 

of the he:wy 2tom-nitrogen -)eeks-thnt is, either 2-t O O ½ or et O O j. 

The molecule of hexemethylene tetramine, however, extends 1:'.lmost u-o to 

z = ,½; therefore the heavy Ptom must lie ::it O O ~. 

The r:mdom nature of the structure me.kes it difficult to decide 

whether the heevy 2tom is the one chlorine P.tom or the one-qu2rter tin atom 

1Jresent in the p_vere.ge rhombohedr .'0 1 unit cell, At first the h;ypothesis wes 

testea_ th2-t :molecules of st2.nnic c:!1.loride ,,,ere ~)resent in the cryst2,l, in 

spite of the gre2t conflict between required interatomic distances end 

known v2.n a.er Wa.als radii which this ent2iled, It w2-s postuh,ted th2t 

st2nnic chloride molecules ere r2no.o r:1ly distrioutecl 2-mong the unit cells in 

one or more positions so th2-t the 2-.ver2t,:e f 1J_lfills the symmetry recmirements 

of the sp2.ce gr01..11J, If the molecule were 2-ssuI:1ed to be 2~;~Jroxim2-tely 

tetr2hedr2-.l it might be :,l2cea_ v.rit}1 its three-fold 2-.xis 2-long; the c axis, 

But this would reo_uire 2. chlorine etoIJ 8ncl the tin etor,1 to fit oetween the 

hex2.methylene tetr8.mine molecules e.lo~1g the C ~ axis in P.. sp2.ce which is 

sr:1all even for the chlorine ato::1 ~\lone. C2lcul2tions of IF 1
1 s were made 

for several models of this ty )e for p, grou:9 of ten reflections wi tl1 low 

vc1.lues of ( sin -G) /'l,., P-n6. it w2s a_ecided t'.v' t no good Pf'reen,ent could. be 

obt2ined in this wa.y. 
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A slightly more reasonable ~J2.c~dn:; of SnC14 molecules nmong those of 

hex2i1eth;;/lene tetrnnine w2.s with the two-fold 2xis ~\99roxim,0 tel~✓- 2.long the 

£ 2,xis. This woulcL Jrobi0 bly divide the avero5e of one chlorine 2.tofil :per 

rhombohedrcd U-1'11. t :c,.rnong 12 or 24 9osi t ions, so thr:t the effect of the 

chlorine would. not be much gren.ter tJ:12.n th:-t of hycLro,:;en in most structure 

deterr;iin?..tions on org::rnic co:'1CJo,md_s, 2.nc. r.1ight v'ell -oe negligi"'ole. 

A set of F 1 s was calculn.tecl asslming the ~Jresence of one-qu2.rter of 

2. tin 2.tor:1 o.t O O ~ and 2. hexcnet~:rlene tetr2..,,':line rnolec1).le as described, 

,·ri th 2, ni troge:n 2tom nt O O 0, The !10n-centrosymnetric structure g2ve 

com~Jlex F 1 s in ,?:_;ener2.l, The o"Jserved values of the ,'.1odulus !El were 

then use c,_ ,d tl1 the c~dc~.,_i:, tecl ph2.se angles to co:TYJ_te the fu~:.ction 

3. (x z) = )_) FHOL exp [-· 2ni (Hx + Lz)] 

H L 

corres:oond.ing to a ::_Jrojection of P11 the electron density in the unit cell, 

in 1c, direction p2.r2.llel to the :::one [o l oJ, onto a :;ilc:,ne, 

The result of this c2lcul2.tio:1 is shown in Figure 5, plotted to 

re_present the projection on 2.. ·ol::me normc11 to the zone [o 1 o]. Asicle 

fron 2 slight horizont2.l elongrttiorl of t::ie '1e1c,v;;r 2. to ::n p e2k there seems to 

be 110 effect 2.scrib2,ble to 2.tom::i other then those e,ssu.med. in the calcul2.tion. 

Other Fourier s;irntheses were m2.de with sLJilP.r results. A ~)2.rt-c.elJ. 

~)rojection 2.nc't Fouriel' sectior..s 8,lo:1g tn.e ·012,nes x O z 8no_ x x z showed. 

only the hexc11nethylene tetr2mine molecule 2ncL the he::wy c>.tom. 

In p,n 2ttea9t to :9redict the most likely orientetion of 2, sta..>U1ic 

cl1loride molecule in this structure, a cli2.grc>.ll1 of the v211 der Wa.2.ls rad.ii 

(16, 1,. 189) in the .:912.ne xx z w2s c.rawn 2s sho,.m in Figu1°e 6. There 

s eemed. no re2.son for a tin 2 ,tc,:'. to 2.ssume the ,)osition 2.scrioec. to it; 
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"but it became apparent th2.t 2 chlorine 2.tom would. fit fairly vrell in just 

th2.t pl2.ce. 

A new set of structure f.?cto:c-s i•!RS c2lcul2.tea. 8.SsU!".ling g c}1lorid.e ion 

at O O ~ instegd of the one-q_u2rter tin 2.to:m. ]from their -,)has e 2ngles 

2"1c.. t~1e obse1·ved IF I values 2 sUJmn2.tion 

]1) (xi z) =))) FHKL exp [- 2Tri (Hx - Kx + Lz)] 

HK L 

was calculated corresponding to the electron density along one of the 

mirror planes in the structure. The result is sho\m in Figure 7. No l)eaks 

representing the tin atoms are visible. 

A fin2l test of the structure with one-qu2.rter of o tin 2tom at O O i 

w;~s r1Pde b;r calculPting structure fpctors for 2 number of reflections which 

2p:Jesr with about eo.u2.l intensities on rotl'ltion ~)hotogr2.·9hs from both the 

tin 2nd. the titllnium comJounds. The r2tios of corres)onding :92irs of 

intensitie2. on the tvo :_ohotogr2)hs 2.re incUstinguishP"'ole with the naked e;ye. 

Since the corresponding reflections occur 2.t the s2rne -cJoint on the film all 

corrections necess2.ry to oote.in IF 12 are the same, anc_ e s2tisf2.ctory model 

must yield simil8r IF 12 ratios for both the tin and titanium com-oounds. 

The reflections chosen 1:\re shov1n in Figure 2. The two rotBtion 

photogra)hs h2ve a:)proxim::tely tne s2me tot2.l blackeninf P t corresponding 

spots, but the two crysta.ls wel'e of different sha.,)es. The S)ots 2re 

nu.moered for compa,risor1 with T2.ble 1, in which are listed the ca.lec1-leted 
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Table 1 

IFl2 V 1 .,_. irc1 11 C H u 't'- 0 -Q; t a, ues .,_ or i•1 4 •• G" 12~"4 wi n ne •uar er 

of a Met21 A tom at 0 0 2 
"5 

1 
2 

3 
4 
5 
6 

HKL 

220 
051 
511 

)+31 
161 
351 

IF 1
2 

Calcd.. 
(Sn) 

16 
73 
3s 
23 
64 
3.5 

IFl2 

C2,lcd. 
(Ti) 

o.6 
25 
12 

57 
35 
17 

IFl2 

Ooserved 
(Sn) 

20 
~-6 
25 

27 
50 

The o.isc1·ep2ncies c2.1c,.1.l:-' ted :fo:c the tit2ni'.1.L, co;-:r80c1..~d 2re ooviousl~r 

too lrrce to hr,ve oeen overloo:ceo .. 

The structure with one chlorine 2tom l"t O O j w2s therefore concluded 

2nd the iscn::or:p~1isr.1 of C'.Ynlexes of two EletPls so frr 2l)rrt in tl1e ::::ieriodic 

t 2'ole 2s tire 2!1d. tit,0 ciiu,·;1 . furt1.1ernore, this stn1ct,_1re ~)roYio.e s r-n ec -:mor:1y 

-of postul2tes, since it re quires only the assu ~p tion th2t the tin c to□ is 

rencloTJi.2,'" distriouted.. Otherwise :ell four of the chlorines r:1ust oe 2.ssm:ied. 

to be distriouted at r 2ndos. 

The ::_) 2,cl:in0: of the 2.to:,1s in this structure 2,grees re2son2bl~, ',Jell vrit:h 

the }::nown van cler Wa,31s ra.clii, PS shown in Figu:te 6. There is s ·o2"ce for 

the st::mnic ion ne 2r 2. c~1lorine 2,.ton i n 21\7 of t~1c four chNiEels s~1own 2 .t 

its right 1~11cl J.eft, sl i g11tl;v r>oove encl belo,-r. In the cryst2l t}1.ere Pre 

t welve of these ch2nnels oro-o..nc'!. e cch chlorine. It seer1s lil::el:r t h2 t the 

th:cee which ,0 r-e eo_uivc".lent to the one s~1_ ,y,m 2.,t u 0ner rirc;ht are so;:1ewha.t 



f2,vored, since they s,llow the tin to be pls.cec3_ 2.t a dist:::,nce 2,p:,;iroximating 

the sum of the cov2,lent radii from tv10 nitrogens as well e,s one of the two 

chlorines, 

In princi~)le this structure is si;,1ply a modific2.tion of the structure 

of hexaraethylene tetra.mine itself, which ho_s a molecule at each point of a, 

body-centered cubic le.ttice, The axes of the primitive rhombohedron a.re 

the vectors from the molecule at 2 cuoe center to those at three tetrahedr8.lly 

rel2,ted corners, The rhombohedral 1mgle 109.5° corresponds to a hex3gonal 

axial ratio c/a 0,61, The :ooc_ific2tion of the hexamethylene tetre,,'Tline 

structure consists i:: reducing the rho1,1oohedrr:.l ongle to 97. 2° anct increasing 

the ratio c/ a to 1, 00, The space made ;::-.vaila'ble 2.t the center of the 

rhomoohedron is occu1)iecl by 2. c':1.lorine atom, 

The a.istance 'between hex2.methylene tetraDine r:1.olecules nearest to ea,ch 

other in the d.istortect structure is 5.9G JL, chi:mged only slightly from 

the origimil 6,08 A. It is evident the,t the hexarnet:--1;i.0 lene tetramine 

molecules tend to compress tree chlorine 2toI:1 in 2, vertica.l direction, from 

the noticeable overl2-:pping of van der Wa.a_ls re.clii ind.icetec1 in Fig;ure 6. 

It seems probe.ale th2t these conoouncls are sone1rrh2.t sin ile.r to the 

clethrate corrrJounds of hydroquinone investig.?.ted by Palin 2nd Powell (15) 

in being held. together ma.inl;;r o;;,c the hydrogen-o ona.ec1 fr2.mev.rork of l2r2:e 

organic molec'_,les, Q.uite yossibly the molecul2r ra.tio is VP,rieble, ·with 

1:4 being the rn2-xir:iur.1 pro:oortion of tetrsc~,.loride .::i.olecules, 

Some further cs.lculPtions werP- mad.e to check the possibility of a 

ra.nc.on orient:cti :-m of hex2meth~rlene tetrP.,::ine molec ,_11es, It w:-,.s t h ought 
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:possible that one in four, se,y , of these might be turned u:o side do,..m; such 

2n inversion through the center of the molecule woulcl arine: tiro nitrogens 

closer together 8nd possialy provide 2, more sui ta.ale environment for the 

tin atoms. Calcul;:-,tecl IF J ve,lues 2..re sl1own in Te.ale 2 for mod.els with 

none , one-quarter, encl one-h2.lf of the molecules inverted., together with 

oaserved JF J1 s ha.ving their scale f actor :c:.d.justed for the ·oest fit to the 

non-rancloB moclel. The reflections listed 2.re most of the ones on wl1ich 

the change ha.d much effect; therefore this scale factor should be sui tP"ble 

for all three models. 

Taole 2 

Compa.rison of IF l's for SnC14 • 4C6 H1 2 1J4 with Partly Inverted 

Hexametl1ylene Te t r2.mine lfolecules 

HKL IF I Oded., IF I Ce.led., IF I Calcd., IFI 
None 1/4 1/2 Ooservea. 

Inverted Inverted Inverted 

030 .g .7 4.s 2.2 g.3 
202 3.3 6.4 6.6 6.4 
006 5.5 3 .0 1.0 7.9 
036 3•3 2. 2 1.7 3.s 
oLfg 2.7 1-~- 0.7 2.6 

072 3.5 1.s a.Lt Lt.4 
104 9.4 ~--9 o.6 9.7 
1Lto 6.6 5.7 5., 5.2 
502 4.5 2.6 1 -~ 5.0 
128 ? " ·- . C: 0.2 0. 2 3.0 

2.1.10 1 .4 1.0 0.7 3.0 
312 g.5 4.1 0.7 10.2 
47i4 3·9 2.1 0.2 3.6 
4~-6 1.7 0.9 0.7 2.g 



These figures lee.ve little cloubt tha.t h2.lf the hexrmeth;s,rlene tetrGmine 

molecules carL.'1.0t be inverted. It is n 1.ther r~ore o.iffic'il t to d.ecic1e r:>.bout 

the inversion of one-q_uo.rter of t}1e molecules; but 2. comi)arison for 

1•eflections 030, oL~s, 104, 128, 312, ancl 502 inc1ic2.tes th[:'..t this mod.el is 

2.l so 1.U1s2.t i sf2.ctory. 

The best fit of c2lcul2.ted 'IF I's to the ex:)eriment2.l data. is shown 

by the cozinlete list of structure factors in A-,),)ec1el.ix 1, The C-rJ bonds 

in hexc:,1nethylene tetn,.mine were 2sm.uned to be tetrebed.r to l in 2.11 

c2lcul 2.tions, A C-lT bond. length of 1.l.\5 Jt. was used. orig-inally, but the 

earl;y Fourier sections in.dic n.ted. 1.lrn !, to oe somewh::-,,t more sui t2ole. The 

latter va.lue i,as usecL tl-1ereafter, All the structure factors ,·:ere c2.lc1.:latec1. 

wit:h t::1e c}1lorine 2.t z = j. The lest Fourier section see,:ied. to ind.iu-,,t e 

th2t 0,664 1.·:oulc. oe a soi:1e•.-:l:.c= .. t better v r.lue; thir. is ex[\.ctl;,r h2.lf-w2,y oetween 

the geoL1etrice.l centers of t:-:e hezamet:...~~rlene tetrenine molecules, Further 

refinement of the parameter ir2.s ,juc7-g;ed ;1ot Forth wl'lile, 

The fim\,l 2djustrrnnt of scale f2.ctor and. te"1~oer2.t0.re fa.ctor w2 s nade 

oy lee.st sq,.12.res cs described e.oove, 

The totE,.l isotro·)ic ter:1~Jer2..ture fr,,ctor fi11e.lly E',rrived 2.t w:_o,s 

The fin2l value of the ex~ression 

L i ( I Foos I - I F cc=-,,lc I ) I 

f ! Foos I 
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Powder l)hotographs with CuK«. radia,tion were made fro r;i the t wo 

:9reci:9it Rtes. The patterns are shown in Figure $. They eY.llibit Dc'\.ny 

sisilecri tie s but are not identice,l; this is the result to be ex-l,ected if 

the 2_:)f',cking in the crystal is dep endent mainly on the rele,tive sizes of 

h exBJI1e t hylene tetrai"!line and the halide ion. 

verticGl, and Laue photognl .. phs were taken. The kme symmetry was found. 

to be D;::,, -mrnm. Crystal axes were chosen corresponding to the Laue _n 

photogra::_:,hs obta.ined ,·rhe:1 t he 2.xes were l)::>.ra.llel to the oeaJn. The Laue 

p::>.tterns with a ~ b respectively ·o<'! r2.llel to the bea.rn w:1.ile C is 

vert ic2.l 2-.re s h ov:m. in Fit.,-ure 9 • 

A set of four 24° oscilla tion '.~)hotographs about the c axis was 

m2de with CuK«: radiation. The 18,yer-line s:92.cing g:we the le!lgth of the 

£ ax i s e.s 7. 23 !. It was found that a.11 the reflections on these 

oscilll.".tion photogra:9hs could be indexed with axes a = 11. 86 !. , 

The two synimetric Laue photogra1)hs with the bea.m [l.long ,e a.nd o 

shown in Figure 9 were indexed on this lattice by means of 2, gno r:10nic 

J;>rojecti on. Ho reflections v;ere found ,·.rhich contra.dieted the a.ss1.mecl 

uni t cell. The numbers of synunetry-indff~lena.ent reflections found to oe 

c:tefinitely f' irst-ora.er were 25 and 12, res:9ectively. All these 2.re 

repe 2ted four tis es on ea.ch :photogr a)h "oy the s;y-nmetry 01)er2.tions. 

The dens ity of this com1)ou..11d. vms deternined oy the :pycnometer nethod. 

with benzene e s t h e liou id displaced. The resulting value, 1.55 g./cm. 3 , 



(A) 

(B) 

Figure s. Powe.er 1_)hotogr2.9hs of manganous hal ide com:9lexes 
taken with CuKOC. radiation. (A) MnC1

2 

• 2C5H1
2

:rT
4

; 

(B) JvlnJ3r 2 .2C6H12N4• 



(A) 

(B) 

1!1 irnre 9• Lnue yhotof;rai)hs of MnC1 2 , 2C 6H12H4 , .,ith _£ vertical. 
(A) a a long ·bec,m ; (B) "b a long bean , 



61 

corres:,:.ioncls to 4. 3 nolecules MnC1 2 • 2C 6H121'I4 per unit cell. A recLetermine.tion 

of t :1.is f i gu.re would oe desir8ble, out it seems :;,roo2.ble that the true value 

is four. 

The Laue :ohot ogr2,:9hs conte.ined some reflections with en ocld v2.lue of 

e s.ch of the following oLua.ntities: (H + K); (K + L); (H + L); (H + K + L). 

Therefore the orthorhomoic 12.ttice must be sim:)le a.nd not centered. 

Indexing of the oscill2.tion :ohotogr a~)hs 2-bout £ g£we reflections of 

the follovint; ty-9es: 

0 K L: K odd; L ocld; (K + L) odd; 

H O L; H odd; L odd; 

HK 0: Hodd; (H + K) odd. 

Thus the mirror pl2.ne normal to a must oe 2.11 orclirn=i,ry mirror :912='1.e , 

i f an;,· , encl not 2. glide ·ola.ne. lTormn.l to b there nay oe 2. mirror plane 

or s.n n glide :)lane; normal to c may oe a. mirror plane or a b glide 

In the zone H K O a tot2,l of 133 reflections were indexed, end e.11 

were found to h 2.ve K even. This seems to establish the presence of the 

b glide norrJal to c. So few reflections in the zone R O L were 

av!'dlable that the :presence of the n glide pla,ne must -oe considered only 

l)roba.ole, subject to further confirm2.tion. 

lfo c1efinite st2.tenent c2.n 'be m;=.i,de, 8-t this er:rly sta.ge i n the 

structure deterrJina,tion , r.oout the :probs.ole 2rr1mgement of molecules in 

t he crystal. 
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(0) Other Complexes 

seems to "be determined mainly by the l)acking of chlorine 2nd hex~methylene 

tetrcnine; this inclicates that other chlorides might give similP.r 

1n·eci1)i tP.tes, or even l)recipi tat es whose X-ray diffraction :pe"tterns vere 

cor:,)letely indisting,uishaole. In this connection the observe.tion of D~lff 

e"nd. :Bills (7) is of interest, tho.t the cornl)lexes uith SnC14 , SnC1 2 , SoC13 , 

As a test of the 1)ossioi1it;1 tlw,t these :)recic;>it2.tes Di0ht oe 

isouorphous the cou)ound.s ui th SnC1 2 2.ncl S'oCl::, were pre:92.::.·ea.. The stannous 

c~1.loride used w2.s the cUhyclrate; the anti:-:1onous chloride ,-ms noninally 

e.n.:.'1.yd.rous, out it h2.d been 1)ertl: ' used some time before and there w2.s 2, 

layer of liquid over the solid SbCl3 • This wes drained off as well as 

possible before the solid was used. 

The ,)owcLer :photogra:9hs of the t,vo l)reci:::;i tn.tes obte,ined with CuJ(Ol 

rad.i2.tion 2.:ce shown in Figure 10. Cor:rp2.rison with those of the S11014 p.Jlo. 

TiC14 corJ~)Ol.L."-lcls in FigLlre l revea,ls tl1c\,t tl1e SnC1 2 cor1:001.111d gives ex~ctly 

the s2ne ·02.ttern. Fu.rther11ore, the SbC13 co1wom1c. produced. a :p2,tteri1 

uhich is essentially the s2me exce1Jt th2"t a numoer of e.cld.itional lines 2.re 

:9rese11t; the S0013 

co:T90U210. h:::·.s 2. sw,erst:ructure inposea. on the basic structure oc: the other 

three, 1·e:)rG '.o<c:0.tin6 a regulc'.r distrioution of tJJ.e 1:iet2.l <',tons instenit of 

the r8nctor.1 0.istrio~.1tio1: found in the ot~1er three cor:r,0,1.::.c'cs. 



(A) 

(B) 

]'igu.re 10. Powder pho togn:,:phs of hexcunethylene tetra.mine 
cor:iplexes: (A) with SnC1 2 ; (:S) with S"'oC13 ° 



Conclusion 

The nost in:portant fe,ctors governing the structures of the 

hexaI'.lethylene tetr2,,rnine corn:9lexes seem to "oe :92-cl:ing of the m1ions among 

the he:x:2,r!!ethylene tetramine nolecules and the we2Je: hyclrogen bonding 

between these molecules. It is desiraole thr:.t other co:,r;ounds of this 

ty-_pe oe imrestigatecl.. Tl1e cryst2.l investigatec1. should :preferaoly h2.ve no 

e.toms in randm:i ·_?osi tions, in order that the com1;lete structure crm be 

2,scertained. 

In ada.ition to structu::.·e deteruine,tions it uould oe desiraole to 

investignte the eo_uilibri2. involved in l)recil)i t2tion of these com~JOQ"r'lds 

and to find out the re,nge of conposi tions over which the structure is 

staole. Such investig2,tions will requi:ce much c2,reful experir.'.lentnl Hork, 

oecause the 1)rep2T2.tio:.1 of siz2.ble s2.rnples ,'.encl the perfor1:1ance of 2,ccurate 

2.nalyses of these mnteri2sls rcre difficult. 
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Appendix 1 

Structure F2°ctors for S11014 .1.tc6H1 2H4 

HKL !Fl !Fl HKL !Fl IF! 
Calcd. Oos. Calcd. O"bs. 

003 21.1 24.5 119 3.5 1.(. 3 
006 5.5 7.9 1.1.12 1.3 2.6 
009 2.0 4.s 122 s.1.l s.1 
012 r 23.i:, 21.6 125 5.8 5.3 
015 15.s 1s.1 128 2.2 3.0 

013 3.6 l.j.. 8 131 11.l+ 9.s 
0.1.11 1.6 3.4 134 6.5 5.3 

021 3.7 L[. 3 137 7.5 7.s 
0'24 6.1 5.8 1.3.10 2.6 2.8 
027 7.0 7.2 140 6.6 5.2 

0.2.10 2.s 3.6 1Ll3 6.2 5.6 
030 g.7 s.3 146 2.5 2.6 
033 s.2 6.3 11.(9 3.2 4.2 
036 3.3 3.s 1.4.12 2.5 3.0 
039 4.6 6.3 l ~., 4.3 3.7 '.)~ 

0.3.12 3.3 5.0 155 3.1 3.1 
042 6.s 5.9 15s 1.9 2.6 
045 6.7 6.3 161 7.2 6.6 
o4s 2.7 2.6 164 4.3 7; ,, .., . ...,. 
051 s.2 6.3 173 4.7 4. 5 .. 
054 2.9 4.5 176 5.9 ,,. r 

O • •J 

057 Lf. 8 4.8 202 s .3 6.l+ 
063 6.1 5.g 205 3.9 3.4 
066 6.6 6.s 208 4. Cl 5.7 
072 3.5 4.~- 2.0.11 2.5 3.6 

OSl r r r 211 1s.7 19.2 b•3 O•O 
oSl.l 3.6 3·3 214 9·a 9.3 
101 1s.1 16.5 2.1.10 1. 3.0 
104 9.4 9•7 220 4.s 4.2 
107 5.2 6.2 223 10.0 s.5 

1.0.10 ? ~ 3.7 226 s.6 7.2 C-. '.) 

110 30.2 21-1-. 3 229 3.6 4.s 
113 1Lt. 14.2 2.2.12 1.6 3.6 
116 6.o 6.o 232 7.2 6-~-
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ma, !F l !Fl HKL IF I IFI 
Calcd . Obs . Calc o. . Obs . 

235 5.7 5. s l.t37 2.9 3. s 241.[ 3.5 3.3 4.3.10 1-3 3.7 247 3.7 4.8 440 12 .5 12 .0 250 10 .1 7.9 Li43 r:: 4 4. s .) . 253 6.4 5. 0 41.~6 1.7 2 . s 

256 3.7 3.0 452 3.7 2. 6 271 4.4 2. g 455 3.5 3.0 303 14.1+ 14. 1 461 2 .1 2 . 0 306 15.2 15 .1 464 1.9 2 . 0 
309 4.o 4.s 502 ~- -5 5. 0 
312 3.5 10 . 2 508 3.1 3. s 315 2.5 2.s 511 6.2 l.1 .. 7 
31s 4.9 5.5 514 4.4 4.1 3.1.11 2. s 4.3 517 2.2 2.2 321 s. 3 6.2 523 5.3 4.4 
321.~ 5.5 l.: .. 6 532 5.1 l.!. l.!. 

' . ' 330 16 .0 15 . s 535 5.2 5.3 333 7.6 5. s 553 2 - ~- 1.9 336 2.9 1.6 603 4.7 3.4 342 7.4 G.7 606 7 ,, u '-' .) • '+ ; • c,;_ 

345 -, r 7.3 609 2.5 3.6 I • 0 

351 1 . 0 1.G 612 4.1 3·i 354 2.3 2 . l.f 615 3.6 3. f lfOl 19 .9 20 . 7 630 L~ . 2 2.6 1.~04 10.3 9.5 633 3.7 3.5 
407 3.0 4.7 636 2. s 3.0 413 9.3 9.1 651 3.1 2. s 416 9.9 9.3 701 5.0 l.~ . 2 410 2. g l.~ . 2 701.[ 3.7 2. s -'-7 
1-1-22 6.1 ~-7 707 4.9 L~ . 6 

425 l.t .9 4.6 713 2.7 2. s L~2S 2 . 3 3.6 731 4.7 3.s 47- 3.5 L~ . g 734 2.4 2 . 0 .Jl. 
Lt7.4 3.9 3.6 7L:-6 3.5 l.[ . s '.) 

811 2.7 2 . 0 



Pro:positions 



1. (A) A useful wr_:,,,y to co,:::)2.:cc co:,,~:Jlex ions whic:.c d.iffer onl~, i:1 
tl1e ::.1uclei::.1 ... c:"'-ti~rse of tJ.1e ce:.1tral 2..to:.-1 is to ~)lot cor::·es=._0011f.:.i:rrg 
i1'lter:1...,~1.cle 2r d.istR:.~ces 2g2✓i::.1st t11e reci~~Jrocri1 of t:·:is :~:ucle::.r c~10..r ,s;·e . 
L line21· rel2.tions•.i:i.) ,:l~'-~- oe ex:9ectec .. 

(B) There is s gre2t ~eec ~or accur~te deter=in2tions of ~1e 
st:ct1_ct1.1res of tl1e cor:rr.1011 e.1~io11s. 

2. Oonsicler;:,.ole effort is llOI·.! oeill£'. e;coenc1.eo_ iE 2.tterxnts to )re1)2re 
corr.,erciP.ll;;r use~ole cr:rsto.ls of o_u,rtz o;;r :.-:i.;y-6.rotl2.en,c.l ;·;1et:.1oc'..s (1, 2). 
Ex-oeriuents s:lo\1lcl 2.lso oe :,w6.e with slou l1:rc.roJ.;-,,·sis of et:1;'/J. ort:.1osilic2,te, 
Fhich gives con.trolJ.p,oJ.e :}recLii tc.tio:1 of silic2. without use of :_;_ ip;l~ 
t er:r:Jcrri,t-:1.re s 012.cl ·'.):ces s:ire s. 

3• T~1e 1.1etl:oc1 OJ~ leP.st sq1..12✓res s~~ol1lcl Oe u_scd in fi tti11g tl:e 
Sc'::o~::oker-St evens on ea:.cc,tion to oo servecl inter2to:.1ic cU st2.~~c es ( 3, 1~). 

(A) Tn C"'1c· 0 l"tJ·,•r• i··1te·~-~-'-o,·i'c r'ict•n °c"'c \ --.!. c .. _,_, !_.:._c.. . ... .!.:_; .!.. , ~- L 'J \,; , .l J__...,i c .. __ e-;;.:, 

Cli' ·f'o··.,.,,,ctioo0 i i1vest1· ~•r,tj 0""' ·• -J"o-,)osec (r:;) ,•n°l o:c· '- __ _._v, _;_ .,_ b'-·· - J..i.i.J ) C ,. ~..L _;_ • ../ c,.:..1.c__,, .... ~-::, 

r = (2.2 + o2 + c 2 )2 would. not :1e1) ,,.,it11 the n2.jor 

fol'"· X-rct:f ~--J.1Cl. electro:~ 
co ~~~)uter for t~rn i\1.nctio:::i. 
c~1ore, 't_._,~-~ic}:.. is t~;.e 

c 2.lcul2 ti 0~1 of rect 2.:lG'1.l2r co orc:.i:12,t es 
o~t~:ogoi-~0.l coorc:i:;.c,tes. A:1 i:rL1ere:·2.t2.~.-

2 , , o, c.nC.. c fr :'J :j sets of :2.on.-
siIT1le:r co:·x:)l)vtc:~ :·.:~:,cLc ll~J of 

·- -
res is t2.JJ c e net1·1or~::s -r:.•01...1lC. Q 8 .. v.,.e1..,:r 1.1sef.,_1.l for ~)erforr:1i11g t.~~e se r.1r\ti-· i:c 
r1~1l t i·,Jl ic :.-:,t io~s. 

-(B· ~ He, . -" c, c'.~ ,, C ---, t ,. ,.,~-,-1, ""'-" I Vue OJ. 0lJ. "- c, 0,,l.:_,U e ... , ,·J -c. C . • ,C,~,e 

of Ders~ective or stereosco~ic drrwin~s of 
.:- , .. ~-n. (,-) 

me~~OQ OI DOUQ C. 

ext~e~ely easy t~e urenar ~t ion 
cr~.rst<.l str1.1ct11res O;y7 tl1e 

5. It woulcl oe i11te1,estLli:~ to ir-svestig2.te t~1e stricture of t :;::e cuoic 
ice cr;yste.ls for:c1ec. i n re:Jer\ted.l ;:.' froze:·: Fc,.ter, ,-r:.:.ose :!:'reezi:l[; ::mint 
cr2.c:.'.,2.ll~1 c.ro;Js to -72° C. ( 7) It no:1 be t:1;:,.t the re~)e2.ted orer:-:clm-.'n of 
orcli11.2,,r~-- ice d.estro:rs r.18t2,ste."'ole six-:Je::.10erec~ it ooc..t 11 ri~1.;;s of ,,._,.P.ter 
1-:.olec·r1.les t.r>_icl:. te~~~c1 to £01--:~1 t}ie l1exc.sor1r.l ,_,_ri:;.rtzite struct·ire, 0 .!1i:.:: t> .. 2., t 

t~·:e c~_:Qic s--1~:c,le:"i te st:c··:_"_ct;.;_~ .. e for:-.-is i:1sterJ:l. 

6. TlJ.e L1te:cc_:Jret2,tion of C!:".rote:1oia. 2.osor-,)tio:.l S)CCtl'2. ::,2.:: be 
f2.cili tc.ted. 0;/ t~1e sl:1..e,r ~:'_)e~1i:1(~: effect of lo·h, te~~1})er2 .. tl1-res. T}-i.e earl:;'" \·.7'oI·l :: 

(S) ·v•it:.l t:·:is net'wc. shO'.ll(' oe extented. o;y s:: ste:.,2.tic 8.::_'.)Jlice.tio~, of frse 
convenient tec:":.nic)'cleS :::.o,' cv2.ilc.ble (9) . 

7. A se::::.si tive instru:.1e1ct for cletectio~;_ of grr:o.vi t3tio:12.l 21:co:;:alies 
or c1-oter~J i11e:'cio:~ of g;_ cou_lC~ -oe 2e,cle G~.- 1.1.s c of 2. -~:-ert icP .. l t:)_~)e co:-it2-,i:1ine; 
c. 2~[1~~ t}1.e1~r.!ost?.tec'._ 1:e2.r its criticr.l ~Joi:nt. Tl1e O.i±~ferer1ce in clo:r2.sit:r 
Oet·wee:.7... t~:_e to:J r?::.:c";_ Gotto:_: "1·.ror:_lcl ()e r.Jec1.s1.,1.rcc~. O:t 2.r.. i:1tcrfeI'o:::ete:c or 2.:1 
8,0sor~Jtior_ ~;~·:..oto::retcr , \.f:1ose o:Jticc:l ~:_1<1--ts co\1Jt i:;e ~~e:r·:.Jc.~e:.:t1;;7 s.ec:.l ed i11 
the t 10e, T~is device shoult ~e ouite inse~sitive to accelerntion exceJt 
in t~e vertical firection. 
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s. (A) A sim:::ile, se:.1citive detector of :,_·wroelectricity or 
::_)iezoelectricity could oe r:wne oy 2tt2,ch ins 2. suit::1.o le cryst2.l ~-:older to 
2. uFI no ter. 

- (B) The liquid. 2.ir test for J);;troelectrici t z,- is not 2, sr-Se indic a.tion 
either of aosence or of :presence of c1. center of symDetr y . It is to oe 
ex-_pectecl tho.t rot;::, . .tiorn:,,l tr2nsi tions 1-ihich remove tl1e cent:rr>.l syr.1netry 
u il l occUT L1 r:12.n:,r cryst2.ls on such grc2,t cooling. 

( C) A sensitive Gieoe-Scheioe 2,:;i::x, .. r2.tus with 2 . wi der frequency r2nge 
th2 .. n tha t of Stokes (10) shoul,J. .. oe const:cuctecL 2s a ~per;:ie,nent aclclition to 
the equi})i:wnt of These Lao or2.t0Ties. 

9• The nuno er of syr::iools 2.vail:oole for t:.se in n2.tller:i2tic2.l ex;_oressions 
is r,1uch too small . The use of Russfr.n (11) or J2,:_)c,ne se l e tters h2.s the 
clis2,clve..1'lt2,Ge of their cor.1:}lete m1f2x,1ili8.rit~r. I ~)ro:)ose th2.t :pronounceaole 
En;:lish s~rll2.oles oe introcLcced, ::12.cle of a conso::1::0,nt followed. ·oy 2, VO\'!el. 
One univers2.l r ule the:1 s i ves the :::i1·0~1m1c i P.tio:1 of r:;r,_y such 2.)2.ir. I n 
2_wint inr; , tho use of logot~r:':)es cont 2.inin:::_; ·bot l1 letters or of u:9::_)er-c2.s e 
conso:ic.::1.ts follm·.red oy lover-c2.se vm-:els 1.-rnulcl uake the se s;:rr:io ols 2 t lep,st 
2.s c onveni en t 2.s others. 

10. (A) The Fourier synthesis us i ng (Ji' - F ) inste 1:'.d of (F ) [',S 

s1ig,o;es tec1-. oy :Booth (12) has t}1e 2.clv['.ntc:.ge, iii acld.i'.tion to t:1ose !1~ 
r:1ent ions, of reduci::ig tL1e effects of finite ter:Jin2 .. tio:1. of the series. 

(B) 300th I s 1·ule t~et t ho c~1c.1v:;e in e2,c~1 o.tonic )Osi t i on oe r:wde 
')ro1, ortion,-.l to the gr rcJ.i e:1t in ti.0.c (F. - F ) synthesis i s v2,licl onl;y if 
-11- t' ' ""' "'17 " t' ,,,, 0 ') - 00 3 ', m, ,,.,, ., + t "', ""'t"' · f 2, l'.LO Ci'..2.IlE;OS , ,,_ 8 ST'.lc , __ e.,_ 11,..... • •- • ••• .L18 s - e,.,.,es c.UVc ..... ,.-{,8 0 
tl1is synt!1esis , ~1oweYer , s~1oulcl 2.ccrue ;,rhe1l the ch2.n;;es rea_uired 2,re m1ch 
g:re2.ter. 

11. A good w2,y to l:ee::_) one I s style cle2r 2ml ter se i s to ;i ick 2. 

short tine e2.c:1 cl2.~0 in 1:rhic~1 no vorcls 2.re usecc '.-T:1i c:1 :12.ve :::01·e th2.11 o:.1e 
syn. 
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