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CHAPTER I 

I NT ;:?ODUCTION 

Th e crystal structure of selenourea, SeC( NH
2

)
2

, has been 

studied by single crystal X-ray diffraction techniques at room 

0 temperature and -100 c. Through this work, we intended to gain 

in f ormation on the structure of the selenourea molecule, the 

packing of these simple molecules in the solid state, and as to 

the existence of N-H ••• se hydrogen bonds. The study was also 

concerned with the possibility of ferroelectricity in this 

molecular crystal. The struc ture found will be compared to those 

of the chemical analogues urea, OC( NH2 ) 2 , and thiourea , SC(IJH2) 2 , 

and to their crystal complexes with hydrocarbons, with particular 

reference to the packing and degree of hydrog en bonding in these 

structures. 

Selenourea was first pre-pared by Verneuil (1886 ) by 

rea ction of hydrogen selenide with an aqueous solution of cyanamide, 

but un t il rece l.'ltl y f ew vvorkers have made any consistent s tudy of 

its physical properties. There is not even agreement in the 

l 
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literature on the melting point, the usual criterion of purity 

for molecular solids . A number of reported values are :-

Re c r ystallisation From Mel ting Point (°C) Reference 

Wat e r 200 (dec . ) Verneuil (lCC G) 

Water 213 Backer & Bos (1943 ) 

Ethahol 210-211 ( de c.) Mautner (1956 ) 

Water 235 ( dec .) Hope (1964) 

The c rystnl struc tures of urea ( I-Iendric!::s , 1 920 ) and 

thiourea ( Wyckoff and Corey; 1932~ wore among the earliest of 
I 

n olecular compoun Gs to be solved . The urea struc ture , which has 
I 

sinc e b e en confirmed by both electron ( Lobachev and Vainshtcin , 

1961) and neutron diffraction (Worshau , Levy and Pe terson ~ 1957), 

contains two mole cules in n t etragonal unit cell of space g roup 

D,d_pTj:2m with a = 5 . 661~ , c = 1.] .• 712~. The structure is 

illus trated in Fi gure I-1. The oxyeen atom of each molecule is 

linked , by hydrogen bon ds of length 3 . 0~ , to two nitrogen a :toms 

on neighbouring molecu l es related by the Tj: axi s , and a lso to the 

two n itrogen atoms of the molecule related by the translations 

along this axis . This open framework of hydrogen bonds prevents 

o ther contacts between the urea molecules . The most recent 

X-ray studies are due to Sklar , Senko a nd Post ( 1961) and Caron 

and Donohue (1964). The former is o f peculiar relevance to the 
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Figure I-1 

The crystal structure of urea projected on (001). 
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present work , in being carried out at two temperatures , - 1LI{)°C 

Re c ent accurate X- ray determinations of the room temp-

erature s tructure of thiourea hav e been ca rried out by Kunchur 

and Truter (1958) , Zvonkova , Krivnov and Khvatk ina (1966) and 

Truter (196?) . The conc lus ions drawn are in agreement with an 

electron diffraction study by Dvoryank in a nd Vainshtein (1958) . 

The struc ture involves four mole cules in an orthorhombic cell , o f 

16 
space 8roup n2h - Pnma , and i s illustrated in Figure I - 2 . The thio-

urea molecule has a plane of symmetry passine t h rough t h e carbon 

and sulphur atoms , requiring the nit r ogen atoms to be equivalent . 

Th e nitrogen atoms are found to be co p l anar with the carbon and 

sulphur atoms~ although this is not required by the space group 

symmetry . 

Solomon (1957) reported that thiourea was ferroelectric at 

low temp eratures , and Goldsmith and White (1958) showed that this 

results f r om small rela t ive displac e ments of the mole cules as a 

whol e in a low t emperature p hase , stable b elow 169°K, of space g roup 

2 c
2

v- P2
1

ma , whe re th e asymmetric unit is doubled i n size. These 

displacements occur in either of t wo possible ways , wh ich result in 

diametric a lly o pposite directions f or t he residual dipole moment in 

this non-centrosymme t ri c structure . Since thes e displacements 

from the high tempera tur e structure are s ma ll, the two forms have 
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Figure ' I-2 

The crystal s tructure of thiourea proje c ted on (001). 
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only a small barrier to interconversion , which ca n be overcome 

by the application of an electric field of the correct polarity . 

Such an electric field will convert the crystal into the form with 

reversed moment; this phenomenon is called ferroel e ctric 

' switching '. Again this low temperature structure has been con-

firmed by electron diffraction (Dvoryankin and Vainshtein, 1961 ) 
~ 

wh ich in addition reveals the hyd rogen bonding characteristics . 

Kitaigorodskii (1961 , 1965) is of the opin i on that the 

determining fa ctor in the crystal structure of orr;anic componnds 

is steri c, that is , the inte r mole cu l ar i nte ractions c an be approx-

i mated as those arising from non- in tcrpenetrable molecules . This 

' hard molecule' model is in fact a go od approximation fro m the point 

of view of lattice energy , since int ermolecular f orces c a n be shown 

to be not significantly affected by crystal fields in mole cular 

crys tals. Some examples substantiating this will be presented in 

the Discuss ion . The minimum free energy of the crystal then a rises 

from the highest packing density, since t he l attice energy is 

determined by the number of intermolecular contacts giving rise 

to the non- dire ctional dispersion forces, commonly called van der 

Waals forces . ·,'Jhat Ki taig orodskii has done i s to derive a list of 

space groups which are likely to result in high packing density , 

through consideration of the effects of the various symmetry 

elements involved on a mole cule o f arbitrary shape. 

These predic tions are well borne out in practice. Dipolar 
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interactions have littl e effect on this scheme, since they appear 

only to single out one particular free energy minimum from several 

available on purely steri c g rounds. The same is usually true of 

hydrogen b onds , despite their dire ct ed nature and the fac t that 

they are found in practice t o be saturated , that is , all available 

groups N- H and 0-H are used in hydrogen bonding. However deviations 

f rom close-pack i ng , due . to th~ direc tional requirements o f strong 

hydrog en bonds, .· do · s om~ times occur; this i s well illustrated by 

comparing the structures of urea and thiourea. 

With r egard to u rea , Kitaig o r o ds kii points out that the 

structure is relatively 'loose' compared wi t h the packing in most 

organic crystals , and attri butes this to the steric requirements 

o f the l a r ge number of hydro gen bonds involved . He als o shows that 

thiourea would suffer from further large losses in pack ing dens i ty 

if it assumed the urea s tructure; thus the structure f ound f or 

tbiou~ea is of lower symm etry, but higher pa ck i ng density, and is 

one of those theoretically predic ted by Ki taigoro dskii for the 

close-packing of organic molecules . 

Urea and thiourea f orm inclusion compounds with c ertain 

hydroc arbons . The struc ture of t he c rystalline compounds formed 

by u rea with straigh t-chain aliphatic hydrocarbons was elucidated 

by Smith (1952) . The space g roup is c6
1

2 or th e enantiomorphous 

c6
5

2 . The unit cell contains · six urea molecules, the lattice 
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cona t cn ts h eine a= 8 . 230(4)~ , *c = ll.005(5)i. The s e urea 

molecules form a ho n eyco mb s tructure by hydroecn bonding a mong 

the1 selves , leaving six- sided channels I'Jhich contain the hydro -

c u rbon moleculco . The pac cine density in thcoo cryo tnlo i s 

greater than for either conponent alone which is further evidence 

in favour of Yitaigorodskii's principles. 

A completely analagous pheno menon was also found f or 

thiourea; in this case the structure determination is due to Lenn~ 

(l954)o The basic structure has a similar honeycomb form , but the 

symm etry is reduced, the space group now being the rhombohedral 

R3c . The unit cell has the di tilensions a= 15.8i, c = 12.5)l, 

contains 18 mole cules of thiourea, and involves three six-sided 

channels, which are now larg e e nou gh to con tain cyclic hydro -

carbons suc h as cyclohexane. 

Recently three accurate crys tal structure determinations 

of substituted selenoureas have been completed, ph~nylhenzoyl -

selenourea (I) by Hope (1965), 2 - sel enouracil (II) by Tsernoglou 

(19 66) and 2 : 4 - diselenouracil (III) by Sh e f ter, James and Mautner 

(19 66). 

* Throughout this t h esis er~ors (standard deviations wh ere least 

squares is i nvolve d ) will he designate G by i n c l u d i ng the e rror in 

t h e fi ~ al digit ( s ) in parentheses , e . g . o 2 -,r C I ) o . u o -:.J- ~ ll l S equivalen t 

to 8 . 2302:0 . ooL:~ . 



I . 

,....NH /. Se 
CH 'c~ 
II I 
CH / NH 

' c 
II 
Se 

III. 

II. 

IV. 

All of th ese studies found t he selenourea moiety, save 

9 

p ossibly f or the hydrogen atoms, to have the plana r f orm found for 

th e other me mb ers of the series, with Se-C-Nand N-C-N angles near 

120° . Some interatomic dista nces foun d are listed in Ta ble I -lA. 

It will be shown below t ha t th ese are in k e eping with predictions 

based on t he o t her ana logues . 

Thes e t h ree studi es further produced all t h e c rystallo-

g raphi c evidence to date for hydrogen b onds N- H ••• se . The lengths . 

o f these hydrogen bonds a r e also listed in Table I - lA . For 

c ompounds II and III the interpretation is strengthened by the 

d etermination of the corresponding sulphur compou n ds , 2- t hiouracil 

(Tsernoglou , 1966) and 2 : 4-dith iouracil ( Shaft e r an d Mautn er , 1967) . 

For exampl e t h e N- H ••• s e d i s tance in 2 - th iou racil is 3 . 32~ , close 
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TABLE I-1 

Some bond lengths and angles in compounds related to selenourea . 

A. Substituted selenourcas . 

At oms . Distance (~). Compounds . 

C- Se 1.81 I 
1.84 II 

C-N 1.3~ I 
1.~-0 
1 . 34 II 
1.34 

N- H ••• se 3.83 I 
3 . 42 II 
3 .47 III 
3 .75 III 

B. Urea an d thiourea . 

C-X(~) e-N ( ~ ) X-C - N( 0
) N-C-N( 0

) Reference . 

X=O 1.262(3) 1.341(3) 120 . 9(2 ) 118 . 2 (2) Sklar,Scnko & Post (1961 ) 

1.276( 8 ) 1. 356 (7) 120 . 5 ( 6 ) 119.0(3) Caron and Dono.hue (1964) 

X=S 1.75 1.34 121 118 } Goldsmith and White (1959 ) 
1.73 1.34 121 118 

1.720(9) 1.3~(6) 120.5(5) 119.0(5) Trute r (1967) 
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to t he va lue of 3 . 30i fo und in trimethylenethiour~a ( Diaz a nd 

Truter, 1 9GL:. ). For a ll three compounds t wo mole cules a re lin -:ed 

a cross a centre o f symmetry by th ese hydrogen bonds , to form the _ 

e roup ing 

/ N - H ••• Se~ 
c~ / c 

Se ••• H - N 

•. 

The existen c e of similarly hydrogen bon ded dimers has been 

ded uced for 2-pyridse lenone (IV) in solution by Krack ov, Lee and 

Mautner (1965) on the basis of dipole moment and molecular we i gh t 

me asurements . 

The urea series XC( NH
2

)
2 

have been the s u bj ect of a large 

amount of i nterest , as far as a ccurate molecula r d i mensions are 

concerned , since the syste m appears t o exhibit electron i c de-

l ocalisation, whi c h increas e s the bond order of t h e C- N bonds and 

decre a ses the bond order of th e C- X bond . Th is de loca lisation 

als o lea ds to hydrogen positions coplanar with the r est of t h e 

molecule. Typi ca l bond lengths and angles f ound in t h is series 

are g iven in Table I -lB. 

The fi r st solid state study r e p orted for selenourea was 

t hat of Mi khailov, Lundin , Gabuda and Aleksandrov (1961) , who 

applied nuclea r magnetic re sonance t echni ques to p owde red s amples . 

They i nterpreted their results , on t he basis of a sin ilar nole cular 
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structure to thiourea , as indicating a distanc e of 1 . 75i between 

protons on the same ~m2 g r oup . This is similar t o urea and 

thiourea . They a l so f ound that th e re is intermitten t rotation o f 

0 
the mole cule about the C- Se axis at tempe r atures above 130 K, and , 

by consideration of the va riation of the second mo~ent wi th 

tempcrature i showed that the ba rrie r to the rotation is around 
•, 

6 kilocalories per mole , which can be compared ~ith values of 12 . 7 

k ilo calories per mole for ure a and 9 kilocalories per mole for 

thiourea , bo th determined by the same te chnique . It is unfortunate 

that there is no crystal data on t h e samples used by T1 i khailov et 

al . , in light of the subsequent reports by other workers of two 

separate c rystalline mo difications of selenourea . 

Dvoryankin and Ruchkin (1962 ) reported an initial ele c tron 

diffrac t i on study of s e lenourea . The crystals , prepared by re -

crystallisation from ethanol - wate r solutions , were found to belong 

t o the spad e group Pnma , with the latti c e c onstants here compared 

t o the h i gh temperatu re form of thiourea , which belongs t o th e same 

spac e group . 

Selenourea 

Thiourea 

a(i ) 

6. 48 

7, 65 

b(i ) 

8 . 75 

8 . 53 5. 52 

399 

z 

4 

This phase has n o t been confirmed by any of the subsequent 
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X-ray .. work. 

Preliminary accounts of the unit cell dimensions and 

contents of a sec ond mo dification ha ve been given by Kondrashev 

and Andreeva (1963) , Perez Rodriguez, Cubero and Lo pez -Castro 

(1964), and Hope (1965) , a ll using X-ray methods . Kondrashev and 

Andreeva studied single crystals grown from aqueous s~lution, 

and assigned them to one of the enantiomorphous pair of space 

groups P31 , P32 , on the basis of the systematic absences (00l,Lf3n ) 

found in the diffraction pattern . Perez Rodriguez et al. found the 

crystal to have the same space group , but noted that careful 

examination of the intensities is required to eliminate the higher 

symm etry poin t g roups n
3

, _c
3

v and n
3

d. Hope did not venture to 

assign a s pa ce group in his report. The unit cell contains 27 

mo lecules , and is very similar in dimensions t o those of the urea-

and thiourea- hydro carbon inclusion compounds whi c h contain 18 

XC(NH2 ) 2 molecules. The urea c ompound requires a transformation 

to a triply-primitive cell for comparison . 

Selenourea (Perez Rodriguez et al.) 

Thiourea/cyclohexane 

Urea/n-hexadecane 

a(~ ) c(~) 

15. 8 

14.3 

12.99 

12.5 

11.0 

This suggests t hat p erhaps 1 8 molecules per u nit cell are 
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i n vol ved i n a simi l ar h oney comb stru c t ur e , whi le t h e remain ing 

n ine are di s t r ibute d i n t h e chann e l s , thr ee to e a c h . Kondrashe v 

a n d And r eeva fu r t her re port tha t this is born out by t he hkO 

Pat ters on fun c t ion , whic h ill u s t rates t he posi t ion o f th e 18 

s e lenium a toms o f the h oney c omb struc t ure . 

Th e study r epor t ed here was co mm enc ed i n 1 962 . As the 

work des c r i b ed a bove b e came a va i l a bl e , it b e ca me c l e a r n o t onl y 

t hat the r e was , f or v a r ious reasons , a grea t deal o f i nteres t i n 

t h e c rys t a l structur e o f s e l e nou r e a , but t hat s o~e du pl i cat ion of 

e ffo r t mi c h t ensu e as a r e s ult. I n p a rti cular , Lo p ez-Castro (1965 ) 

c on f irmed h e r intent ion of carryi n g ou t a compl e t e r oom t emperature 

study . At t h is po i nt i t was de cide d t o c on du c t a p a r allel l ow 

0 
t emp erature s tructure de t e r mina t i on ; -100 C was c h o s en as a 

c onveni e n t temperatur e considering the a p para t us a va i l a ble. 

Th e rat i ona le for low t empe ra t ure c rys t a l s t ruc t ure 

determinat ion i s t he f ollowi ng . Th e d i f f r a c tion exp e r i ment does 

not re c o r d an at om in its e qu i librium p os ition , but a di s tri bution 

o f atoms d isplac ed from t heir equilibrium positions by t h e rmal 

motion • . I n f a c t the va r i atio n i n int e ns ity wi t h t emp erature f or 

t . . t . t 1 . 1 l t h f ... .,.2 B( s i n8/A)2 a mona om~c lS O r oplc crys a l nvo ve a e ac~or e 1 

1Nher e B = s-rf'}l- t a n d )J-2 
is t h e mean s quare displac ement o f t h e 

a tom from i t s equ i libr ium posi.t ion o Jl-2 
i n c reases with inc r easing 

t emperature, the vari at ion be i ng c l ose to linear exc e p t at ve r y 

low te mperatures (Lons dale a nd El Sayed , 1965) , a nd makes it mo r e 
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example , for c a rbon 

B 0 l 2 I L:-
• 

A
11

:
1 

( c1ec trons / Jt.::; ) - 21." L:- - 119 l - :JC 

The latter two v~ll.\es of :S correspond rcu6'hllf to '150°}( and 

300°K for< ma ny mol eculn.r compounds; thu~ we should ho:pe t~ c"bto.in 

more o.ccura&e o.toroi e posi tioV\S., and h~oce interatomic distu:oces'\ 

by " .factor of about c f:rom work at -1.00°C, 

Cruic:ksho.nk (1960) h i mseLf \'\Cls djscus5ed the accuracy 

requLr\td 11"1 l htens.'.ty measurement to 90.h" Sl.\Hici.ent acc~l'CACY in 

:l n1e:r.utomi c .d:Lsta.nc ,es, And .9t:resses the impor t ance of low 

t~peratu.~:"e Work) su15~esti-n5 thot all mole:cul a..r. er~sto.l wo:rK should 

be carr~• ed out ~t 100°.}( ( -173°C) o1· lo--J()}. 4 I n ac..1(li·cio~1 :~o t 10 

c,o_used by iJoth ::wlecHlar 1:i_'•r;J. t i on o.~1c'\ anhD.:!..' llOnicity in the lattice 

vi'orntj_o"1s , It is .1ifficnl t ~o co r.:cc ·c .:."oc:· t'1c.se offec tG ·::ithou t 

:.a.s gone n:-_' ::;oc1eC: . .since i n practic e a very s :all r;rnpoT tion of 

c: . .'ystn1 c;·c:::ucture:-; a re detcrm:i.ned at 1o'.-J totnpc:cature:: 



CIIAPT:SR II 

EXPERHIENT AJ_, 

Gc ncr.::tl r e;:1arks . 

X- ray diffraction is by now a very well established 

technique for the dete r mination of the ato•iic arrangements 

in cryatalso The maj ority of expe: i~e~tal apparatus and 

t e chniques , and of the oretical result.s, used in t h i s study have 

been kn own f or several decades, a r e in worldwi de everyday usc , 

and are well described in ~ nu~be r o~ standard texts (Buerger, 

1942, 1960, Lipson and Coc hran, l967 , etc. ) I therefo re fee l it 

unnecessary to attempt a prolonged desc ription of such methods 

here, and prefer to limit more detailed description to techniques 

rrh ich are e ith er ne w or unus nal., 

The low t emperature apparatuso 

Th e low te1perature ~ark used ~tc Nonius We issen~erg 

c ame r a with loi"J ter1pera turc attachmcn·c. Th is .. . .r· 
COnSlS"C S OJ. an 

i21sulated tube, ·:;[l ich passes down 1 i t._in , and concentric .:ith, 

the layer line s creen to a position just short of the crystal ; 

17 
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CL controlled stren.m of cold ni troscn is pCLssecl ·c'1ron;:;h thi,s tu1Jc 

tllc O}!Cn end of the layer line s c reon o 'I'lw tetTperature ic 

nonitored lJy means of CL cop:pcr- constl)ntan thernor::onrle nt the end 

of clw tu~Jc nearest the crystal . 'I'o tHair..to. i n the filr:i at roo<i1 

temperature and to ~)revent frostinc, the tube is surcolL1dcd by a 

~e~tinc coil, and the layer line clit is scaled with cello)hnne 

ta~")c . ''Ji t:1 these p recautions the cooling of the a c ·cunl filn 

l1oldcr aoounted to only a few ~egrees , sufficient to cause con-

dcnsation only on the r:lO:>t ~1u:·:1icl days. Tl1e cold nitror:;en ct· ear,l 

is produced in our ~p)ur~tus by boiling liquid nitroccn by means 

of clectricnl hent~nso Tc~pc~aturcc in ~he ranee - l50°C to roo~ 

tenpcratur c c~n be rea~ily ac~iev ed and mCLintained with thio 

apparatcG, altl1ou~h the lo~ost tempe.·atures need careful monitori ng 

and a proCigal expenditure of liquid nitro~en . 

~he deter~ination ·of lattice ~ara~cters . 

On cr~rstallisation fran water , sclenourca for;;w t:c'ic;onal 

:p:r-:i.sc.1s , t he }Jro<Jinen t forr.1s beLlS { 001}, {ooi} and {100} o The 

identity of the l ast naMed prisn faces was found ~y X- ray 

diffra ction, wtich c....lso syr:netry 

~o ~he cnuntiouorphous pnir of space 

c~ · · .)J.. 

No Sl)ace .::;roup nit .h these extincJc3.o:·::; 

Si:~ce the 

n:; "l1U -· ./1 u. 



in the centrosymmetric point c;roup c
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The Bragg equation 
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(II-1) 

re l ates the spacing d, 1 " between n c-.. 
succesive p l anes of Mi ller 

indices hk! in t~e crys tal latticeo We can therefore, knowinc; 

the wavelength of the radiatio~ ~sed, ~easure the dimens ions of 

the unit cell. 

The lattice parameters of selenourea were measured at 

20°C by superimposing the diffraction pattern of a sinc;le crystal 

of rutile (the tetrac;onal modification of Ti0
2

) on an hOt 

;.'/eissenberg photor;raph for selenourea, in both cases using CoKot 

* radiationo The lattice parameters of rutile have been accurately 

determined as a = 4o5929(5)~, c = 2.9591(3)~ by Cromer and 

* The x - radiations used in this study, with their wavelencths, as 

listed in International Tables for X-ray Crystallography, and 

corresponding KB filters, were 

Radiation <X, 0{:!. Filter 

CoKOC 1.73392 l. 79278 Fe 

CuKO< L5L:-05l l. 5Lr43.3 Ni 

!·1 oKO< 0. 709.26 0.713543 Zr 
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Herrington (1955). These values were used to correct the 

celenourea measurements for camera radius and film shrinkage; 

the rutile me.::tsuremen ts were all cons is tent with an effective 

cru11era radius of 2.848 em. The corrected values of the an~les, 

8, for l? hO~ reflections were used to determine the lattice 

paraneters by lc.::tst squares , usinG tho v.::tlnef: of Perez RodriGuez 

ct a.l. as n sta:rting point, and the FORTRAN proGram DESLS 

(RobcrtGon,l966) on the I.B.ti . 7040 computer, which was ucld for 

all computatio~s . The observed angles arc tabulated (Table II-lA), 

tor;etha:r nith those calcul;::;.·::;,')cl ;r0i:1 tho lattice paranc t ers found 

Trwse vnl'..les cor:ccc·ool:cl to c:. unit cell ~Ihose voluae is 

21:"7103 
0 _) 1\. .. If ~o assume that the cell contains 27 8olecules of the 

foroula SeC(E:2 ) 2 , (formula ~eicht l 23.0l ),thcn the individual 

o3 
L~cle cula:: volume i s 97 . 1-:-i\. 9 <..'.~lC~ th e cc.lculated density is 2.09,. 

Literature values arc 2.06, 2.09 (Kondrashcv and Andreeva), and 

2.1 (Pe::ez Rodriguez et al.). Since the space group P31 contains 

only 3- fold pos itions we have further reason to rule out other 

~oss ibilities,. Thus ue have n ine crystallocraph ically distinct 

ctolecules in the unit cell. 

If the diffraction pattcrnc at tv10 te; tpcratUl'CS of a 

sir:.5le crystal a:cc supcrLtposed on one f~ 1n, and provided the 

structure and orientation are preserve: in coing frou one 

-~c!.lperature to the o·~·.c~·, it is po.s s i blc ~o clctcrr,t ine with a very 
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TAI3J_JE II - 1. 

Obse rv ed and calcu l ated di f fru. c tion a:1::;les j_n the 

lattice parnmc tcr dctcrt;li natio !'l.s fo r r.oclcnourca . 

hk.e 

300 
003 
303 
6oo 
006 
G03 
306 
307 
900 
009 
So? 
903 

3, 311LJ. 
6 , 6 ,11 
1,1,15 

990 
991 

2 , 2 ,15 
5 , 5 ,13 
7,7,10 

993 
888 
99~-

~( Obs .) dccrce2 . 

11.72 
11.92 
16. 83 
23o96 
zL: .• 1:-1:. 
.27 .10 
27.1:-0 
31. 1:·9 
37 u50 
38. 2·4-
39~05 
39 • 9L:. 

D. Lo~ tenpcrature. 

o . l:-8 
0.5 ~ 
o.l;3 
0.70 
o.G5 
o.5[; 
0 .70 
o.68 
o.t};o 
o.[l.o 
0. 90 

(*) In order of i~creas ing SQ 

8( Calc.) dcgraoo. 

1L70 
11.91 
1G~f.2 
;~3 . <)~-
21:-. 39 
27 . 08 
27 . )9 
31.51 
37 • L~<) 
38 . 27 
3') .01+ 
::;.9 . S9 

A.:;( Calc.) c~c;--:;:r·cc .s . 

0 . 1:-') 
) . 56 

0 • .51 
0 . 70 
0 .71 
0.57 
o . r.5 
0 .71 
0 . 79 
0 . 82 
0 . 9LJ-
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high degree of accuracy t he change s in lattice pa r ameters over 

the tempera ture range in quest i on . This aris es be c au~e this 

relative measurement of t he Br agg a ngle no t onl y automatically 

cor re c ts for the effe c ts of f ilm shrinkage a nd camera radius 

mentioned above , but also, since the s ame crystal is used 

throughout, for errors resulting from crys tal eccentr icity a nd 

abs orption . 

This technique was appl i ed to selenourea , using the 

No nius ;·veis s cnber g camera . The crys tal was oriented s o that the 

hh~ r eciproca l lattice zone was recorded , and exposures were 

t aken a t 20°C and -100° C using CuKOC r ad iation with the camer a 

displaced s lightly laterally be twe en exposures . The re l a tive 

s pac i ng of t he oc1 , oc2 doubl e t s at both tempe r a t ures wer e measured 

f or 11 r e f lections , and t h es e wer e us ed t o determine the cha nge in 

l at t i c e pa r ameters a gain using t he DESLS progr am . 'l1hese were 

found to be o . o84 ( l )i in a and o .057 (l ) i in ~' corres ponding t o 

coef ficie nts of thermal expans i on averaged over th i s temper ature 

range of ()( 
a 

L 6 - 6 0 = ~ X 10 / C and 0( . c 
Si nce the 

changes a re known much more a ccurately than t he paramoters 

thems elves , ·we can s ay that th e unit cell di mensi ons at - 100°C 

are ~ = 15.201(5 )i, ~ = l 2. 950(5 )i, The obs erved and ca lcula t e d 

changes in angle , averaged f or each double t, a re tabulat ed i n 

Table II-lB . 
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All intensity ~atn Dcrc ncasurc~ by phato~rGp~ic 

toc~l'1LJUCs , usinG .single c rystal cano:-c·ns 1Jnscd on tho 

'.'.'oicson'..Jere; ( 1921!.) or Bucr1_;c r preco~·:.sion (19lt.1!.) n:otions. 

The .!ensured i ntensitie s crere assi~ncd stnndnrd deviations 

assu,.~:i..ng a constant rclati.ve error of 20% , or an orl' Or equal to 

t!:c ninir.1ur:1 ohccrvnble intensity on t:1at particular rsct of fil'lG , 

·:;h ichcver ·:r.;-:..G r;ro:.·~cr.. These ."; t<:.mdnrd doviat :Lons •.Jere l~c Lor u:-Jed 

1\.G C.l 

vuriations in F . , Hnd 
:::Ln 

of 

··n·o -rn:ls ·:::-:ILPC (';Jei.ssenberg) m1d P~T~LPC (preccc.:si on) \T:.'ii:tcn in 

tiliG la~Jor~1tory " All data nero f i nall y converted ·co c·crnctu.re 

factors with onch l ayer scaled inde pend ently. 

\ll other dD.b:1 c ollected ot ::oom tcn~-:JCj~Qi;urc 

ae:·c found to be u~clcss ror i nt ensity mcuJurc 1ent becnuao o~ the 
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<Uescribed in the Discussion. 

The hO~data were collected on the Supper Weissenberg 

camera, using Cu-K~radiation, and the multiple film technique 

(Robertson, 1943) with Ilford Ilfex X-ray film (transmission for 

CuK~ . radiation 1/2.7). Since the crystal used was extremely small 

(less than l0-7c.c.) no absorption correction was made to this data. 

The intensity measurements for the hkO zone used a somewhat larger 

crystal, yet still small enough to avoid twinning effects. This 

time the precession camera was used, along with MoK~ radiation,for 

-1 
w~ich the absorption factor for selenourea is lOOcm. • On the 

precession camera timed exposures were used rather than the 

multiple film technique. Approximate absorption corrections were 

applied to this data by ~ssum:t~g the c~yst~l · to be .-·~ sphere of 

radius 0.02cm.~ = 2) and interpolating between the values in the 

-~- table in International Tables for X-ray Crystallography . 

For the hh~ data a larger crystal could be used, since for 

this projection the twinning does not interfere. This allowed the 

use of the integrating precession camera (Nordman, Patterson, Weldon 

and Supper, 1955), .· and the measurement of the intensities with a 

Leeds and Northrup Gl microdensitometer. The crystal used was a 

thin plate, oriented so that the surface of the plate was parallel 

to the filmo Again a series of time d exposures were truten. No 

absorption correction was applied to this data. 

The low temperature data were all taken on the Nonius 



·· .,o,nctl'Y ( Buerg er 1 911-2 ) . 'rl1'"' c;; ·y ·· Lals n~;c:d were <tll p l :J . ;c of 

vo 1.ume 1 - c:s than 5 X l0- 7c . c ., .s inc e it had beP.n fo und (]11" ing th e 

.·oo •1 t r:t;1po r a ture F:tudy th A t c :·:-r:.talc of v olume l0-5c . c . or r; rcater 

rJ~.:: re .L C(] Ue n Lly twinned . Tl!e [' ·1nll crystals Jilad e t h e c;q)o:mre 

·.;i me equired f or in te r ra ted ph oto: · :~o.;1hs i n conveniently long , 

cons i der ing the te mpe a ture had to be monitored at aboH t honrly 

i nt ervals , and t he duration o f a 25 litre can of liquid ni t ro~cn 

was 10 - 12 hours . As it wo.r:; , the low temp era tu:re s tudy ,-ms 

ac complished entirely by no n- in te ~ ated multiple fi lrn expooure s , 

and e x~Josure times of 10 - L' honr- s we re 1Jarely a d e quat e . "'he 

:1· ·.ens i ons of t he crystals uGcd (l eng th and mean wid th) and the 

l ay erG colle c ted with each are list ed in Table II - 2 . 

It was found conv enien t t o i nd ex the h , h+n ,t data on th e 

r~ ·i s of th e orthohexagona l cell , and t o compu t e the absorpti on , 

Lo_ en tz a nd polar isa t ion co r 1~e c tions in th i s f o rm , be fore tra ns -

form i ng t o th e p r imitive c ell . 

The data we r e co rrec ted for abs orption by as r.:: u r1 inr; tha.t the 

crys t als we re cylinder s ( hk n data ) o r rectangular pris ms (hn~ and 

h ,h+n ,£ da ta ) o f t he dimensions stated , and i gno r ing ed~e effe c t s . 

In this approxima tio n th e path l eng t h to and from any point in t he 
" . 

c r ystal f or a r ef l e c tion of r ad ial co-o rdina te r ( whi ch equal s 

* ~h is co-ord ina te system and nome n clat ur e is that des c ribed i n 

Bue rger ( 1942 ). 



Layer 

Indices 

· hkO 

hkl 

hk2 

hk3 

hOl 

. hl-t 

h2.C. 

hht 

h , h+l,-2 

h , h+2 , .e 

Tot al 

t 

I 
I 

TABLE II-2. 

Details of the layer line data used in t he low temperature study. 

Crystal Dimensions (cm.Xl03) number of Reflections Weighted R 

Length Diame ter Observed Unobserved Total Factor on Merging . 

15 3 107 57 164 0 . 178 

20 4 85 243 328 0.209 

20 2 97 231 328 o.o88 

20 2 129 97 226 0 . 128 

18 5 143 275 418 0 . 171 

. 18 5 146 532 678 0.208 

18 5 34o 151 491 0.160 

20 4 130 100 230 0 .171 
-
20 4 289 149 438 0.167 

20 4 336 113 449 0 .157 

1802 1948 3750 0 . 159 
1\) 
0'\ 
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2 sin 9 for zero layer) and angular co-ordinate~' measured at 

equi-inclination angle v, is simply sec 1.1 times the path length 

for the zero level reflection of co-ordinates J and ~. The 

cylindrical absorption corrections were interpolated from the 

values given in International Tables for X-ray Crystalloeraphy, 

using)4R sec, where appropriate. The correction for the 

rectangular prism was made using the Albrecht (1939) method, 

programmed on the I.B.M. 704o computer. The program computed for 

each reflection the attenuation of the beam diffracted by 100 

points (distributed on a . regular 10 X 10 grid) within the crystal, 

and corrected the observed intensity by multiplying by the inverse 

of the mean attenuation. 

The solution of the structure • 

The intensity of diffraction for any particular reflectioh, 

wtth which we can associate the reciprocal lattice point !t for 

which ·the momentum transfer on scattering is given by the Laue 

equation 

k -k = 2lf_H -o-
(II-2) 

i~ proportional .to the square of the structure factor FH. The 

structure factor is related to the electron density pat a point 
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r within the unit cell by the expression 

Yp( ) . 21T 1.H. :rod = r e - - r - - ( II-3) 

If we assume t he electron density to be composed of N spherica lly 

symmetric atoms, and 9 ignoring temperature effects for the moment, 

we have 

(II-4) 

where f. is called the atomic scattering f actor. The structure 
J 

factor and the electron density are the Fourier transforms of each 

other, that is we can evaluate the electron density, knowing the 

FH's, as the Fourier series 

D(_r) = 1) F e -2Tt"iR.r 
I Vy H --

(II-5) 

If we do not know the phases of the complex quantities FH' 

we can construct another series, the Patterson function 

P(u) 1 \F F • -21TiH.u = V~ H H e --

f f 2TriH.(~_-r.) 
e - ~ -J 

j k . 
-21TiH • .u 

e -- (II-6) 
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2 
This function then contains N peaks , of magnitude fjfk ' 

located at r.-rk from the origin. If we can interpret the 
- J -

Patterson in terms of such a vector se t ( Buerger ,l959 ) we have 

a solution for the crystal structure . We can then refine the 

parameters in our model t o improve the agreement between our 

observed and calculated structure factors . 

' 
When we apply this technique t o selenourea , we find that 

we can ignore interactions other than Se-Se,., ·So that .we have 272 

vectors to locate and identify. We can reduce this number by 

i gnoring origin peaks j=k, taldng ac count of the centre of symmetry 

(~r-r. must exist as well as r.-~r) and the 3-fold axis to 117 
--... -J - J - .r.. 

distinct peaks . Even then, this is a problem somewhat beyond the 

brute force approach. 

However , a marked pattern of more intense reflections was 

noted on t he films corresponding to the indices - h+k = 3n. In 

t he hO.e zone , for example , t he ratio of the mos t intense r efle ctions 

of each class, r
003

;r
103

, is about 9. For the hkO zone it is even 

higher . This implies a marked pseudosymmetry, a hexagonal subcell 

of dimensions one third of the true cell, having the same c-axis 

an~ the orientation shown in Figure II-1. This rotation about c 

involves the . transformation matrix 

-1/3 
2/ 3 

0 ~ l ( II-7) ' 



I 
) 

I 

a,L---------~--~--------------------

Figure II-1 

The relationship in orientation a nd dimens ion s between 
thap~~ll pseudo-cell and t he true unit c ell. 
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. . 
where T is here quoted in the form with determinant 1/3, 

corresponding to the 3-fold decrease in cell volume. ·The transpose 

of the invers e matrix is 

This governs the corresponding reciprocal lattice transformation~ 

so that we have the relationships 

A= Ta X= Rx 

B = Rb H = Th 

where a,b,x, and h are the real axes, reciprocal axes, real space 

co-ordinates and reciprocal space co-ordinates respectively for 

the superlattice, and their uppe r case equivalents th e corresponding 

sublattice . quantities. 

Further, the layers hkO, hkl and hk2 (although the latter 

two were not used for intensity measurements) showed a further 

pattern of intense spots, as well as the rule described above. 

These correspond to 

-H+K+L = 3n 

where HKL are the indices in terms of the small cell. 
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This implies that within the subcell there is an approx-

imate rhombohedral centering, that is, there are equivalent atoms 

at the points (o,o,o), (2/3,1/3,1/3) and (1/3,2/3,2/3) in terms of 

the subcell. Applying 

these become (o,o,o), (1/3,0,1/3) and (2/3,0,2/3). 

Taken together with the translations corresponding to the 

subcell, we have the nine approximately equivalent positions 

( o, o, 0) 

(2/3,1/3,0) 

(1/3,2/3,0) 

( 1/3 t 0 t 1/3) 

( o, 1/3,1/3) 

(2/3,1/3,1/3) 

(2/3, o, 2/3) 

(1/3,1/3,2/3) 

( o, 2/3,2/3) 

We can refine this approach still further, by attempting to 

solve the Patterson function within the small cell~ This approach 

is justified in the following way. We assume that the superlattice 

involves a set of small displacements from an ideal sublattice 

structure . We then have, f or an M-fold increase in 'the unit cell 

N M 
~ ~ f 21l'iH.(r.+6.0 +6 1 ) 
L- ~ .e - -J -J~ -~ 
j=l .t:l J 

where !j is the average position in the ideal cell of atom j, and 
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!j.a. is its di splacement from this position in the subcell.l., which 

we always ass ume s mall, and ~.Q, is the vector from the origin to 

t he origin of subcellL, that is, it is a sublattice translation. 

For subla t t ic e r eflections, we have 

F ~ ~H f 21TiH.or. . 21TiH., .,. 
H = £... .e - -J .e - -Jc. 

j =l 1 J 

. 41r2 . 2 
(1+2'TT~H.6. 4-2' {H.6.a).-•• ) 

- -J-. • - -J4o 

2 2 (l-21f' (H.cS.,.) ) 
- -J4o 

(II-9) . 

This implies that using the sublattice r eflections , we can construct 

a Patters on function which we can attempt to solve for the ideal 

structure, since this approximates, especially for small H 

To illustrate what sort of approximation this is, I shall introduce 

a spec i al case, where only a doubling of the unit cell is involved. 

f 21riH.rj 
e --j 

cos 21T(H.cS.) 
- -J 



For the superl o t tice r efl ections , we have 

F LN Ll1 f 21T i!! . C_::. +At>)(J - 2 ""'" ' ' I c - 11.1f 2 ( 'I ' )2 ) 'rr = .e J .... . 1- ,, :L r .o .· o ~ ; . o . o • •• 
J - - J"- ~- . - - .) ~ j=l -e =l 

Fo~ th e s p e cia l c a s e above 

F ~f 2 Tr iH . r . { 2 1T iH .& . -2 1T' iH .o ·f 
H = L- . e - -J e - - J - e - - J 

. 1 J J= 

6TJ 
2 

. f 2 1T iH . r . = l .e - -J 
J 

J 

sin 21f (H .cS .) 
- - J 

( JI - 10 ) 

r:o i, , if •e construct a Patter;::;on u Gi nr, onl:r the .c; n pr:: rl :-t ~ l.i.. c e 

P ( U ) 
' :""" -~ ~ * - 2 1T i H. u --L.!! •• e --- v n !r!! 

--' _\ """" ~ ~ {;)':) ~4.,. 2( 1' t' )( Tf { ).!:' ·f "'2 "iT i~ . (::_, , -i-~ , -_:: .-6.f) 
L_L_ L_ L,_ '' t . o . . oQ1 J. . - k" 1. u . J 

V ~ j =1 1<::-= l =1 m-=1 - -J.e - - 1\::Jn J " 

e-2 1T iH . u ( I I - 11 ) 

\"lll ich can be i n terpreted as ,.., f1mction wi th features at t :H' 
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magnitudes are proportional to (H . f. S.8 ) (H . fk&km) - where the bar 
- J-J~ - -

represents an average over H· The features on t he normal Patterson 

at these points are of magnitude fjfk' s o we can now fi9d the value 

of (H.f. 6 . ft )(H.fk&km ) . This gives us the sign of the displacements 
- J-J.... - -

of atoms j t and km relative to each other , from which we may hope 

to solve the superlattice structure. By the way, the height of 

the origin peak here will be 

that is, proportional to the weighted mean square displacement of 

all the atoms from the average structure. 

The interpretation of the Patterson function for structures 

involving superlattices, using the two sets of reflections 

independently, has been suggested by Buerger (1959 ). His anal ysis , 

however, is unsuitable for the present case, since. it is in terms 

of a 'complement structurew which consists of electron density 

added to the substructure. Hac_kay (1953) was the first to dis cuss 

superstructures in terms of displacements from an average structure; 

he found that the ratio between the average intensities of the two 

classes of reflections is given, for equal atoms, 
I • 



or assuming random displacem~nts 

• where & is the root mean square displacement, d the magnitude of 

the reciprocal lattice vector H. This is equivalent to t he result 

above for the height of the origin peak. This analysis allowed 

Mackay to calculate the maenitude of the displacements involved in 

the structure of ca
3

(Po4)2 , where M is 2. 

The ' M=2 ' problem was carried further by Sakurai (1958), 

who introduced what he called the P dd and P fun ctions, which o even 

are the partial Patterson functions described above. The inter-

pretation of these functions by Sakurai (1965) for the triclinic 

modification of . quinhydrone Cc6H4(oH) 2 ,c6H4o2 ) is close -to that 

above , although more qualitative. 

The extens ion of the structure factor express ions and 

application of the subcell Patte r s on function to the ' M=3' case 

has been discussed by Stephens (1967). 

The hkO and hh~ Patterson project~ons and th e hO~ partial 

(h=O mod 3 and h;lO mod 3) Patterson projections were constructed 

using the room te~perature data • . These calculations were performed, 

as were all subsequent Fourier series, using the FORTRAN language 

computer program MACFOU, written by the author. This program 

foll ows several of the suggestions of Rollett (1964) as to a versatile ... 



1\ 
\' .. 
! 

Figure II-2 . 

A __ 2 

2 0 

fJ.~ . 
2'L._ ___ ___:=:::::::__ ____ =:::::==::::__----~===~ 

The Patterson fun ction of selenourea projected on (001) . 



basic Fourier program. These are the use of the Be evers and 

Lipson (1934) product form of the series and table look-up of 

trigonometric functions, variable grid sizes up to 1/120 of the 

unit cell edge, the po~sible choice of s l ant plane projections 

and sections, and applicability to all symmetries. Thi s last 

requirement is satisfied by the generation of symmetry related 

reflections, together with their phase, according to the Waser 

(1955) formula, 

(II-13) 

for a spa ce group element consisting of a point operation R and 

a translational component t. 

The solution of the hkO Patterson (Figure II-2) is 

particularly simple in retrospect, although initial attempts to 

conform. to the model suggested by Kondrashev and Andreeva caused 

difficulties in determining the positions of the nine selenium 

atoms within the channels. In fact this projection conta ins nine 

almost identical regions, each the vector map of an equilateral 

triangle, with no .other major features. This can be interprete d 

as nine such tria~gular groups of selenium atoms, e qually s paced 

in this projection. For steric reasons each member of the group 

of three must be nea~ to c/3 away from the others; this together 

with the pseudo-symmetry mentioned above yields a pproximate 

' 
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Figure II - 3 . The Patterson function of selenourea projected 

on ( l lO) . 'I'he nur.'lber of Se - Se vectors contributing to each 

peak are illustrated . In parentheses are the corre'S}Jonding 

values based on the assumed tripled structure . 
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positions for all selenium atoms . The deviations from this rhombo-

hedral model of the structure were subsequently found to be nowhere 

greater than otie ~ngstrom , and their nature was a major problem in 

the structure determination . 

The next sta~e was the s olution, within the subcell, of the 

hh~ (equivalent to HOL , Figure II-3) and partial hO~ (h=O mod 3, 

HHL, Figure II-4) Patterson projections. Compatible solutions for 

these were f ound assuming a near rhombohedral cell containin~ nine 

s elenium a toms , and the origin for this s tructure was chos en so 

t hat the two-fold axis it contained passed through that orir,in . 

The atruct~re then belonged to the apace group P3112 (full cell, 

P3
1

21 sub cell), and for some time refinement was carried out on 

this basis . 

Structure factors were calculated for the room tenperature 

data with -h+k=O mod 3. The scattering factors used throughout 

wer e tak en f~om International Ta bles for X-ray Crystallogr aphy, 

and were those of Freeman and Watson (1961) for selenium and Hoerni 

and Ibers (1951) for carbon and nitro~en. The calculated structure 
i cf> 

factors , IF le c , . used to compute the corresponding electron c . 

density_ and difference el ectron density 

(II-14) 

syntheses. The carbon and nitrogen atoms were assigned positions 
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based on peaks found on these maps. Least squares refinement of 

the pos i tional parameters of this model, using the program MACLS 

written by J.s.stephens, gave an unweighted R factor of about 0.2. 

The structure deduced at this stage contained s piral chains of 

selenourea molecules similar to those in the urea and thiourea 

hydrocarbon adducts. 

The displacements giving rise to the true structure were 

determined in the following manner. The partial hOt Patterson 

(h/0 mod 3, Figure II-5) was examined and the prominent pattern of 

peaks on it were interpreted as ar.ising from chains displaced as 

units (the 'within chain vectors are positive peaks) from their 

average positions, and in opposite directions to their subcell 

related chains (since the ·vectors between such chains correspond 

to minima). One subcell chain type only can be involved, since 

vectors between different chain types do not fall on features of · 

this map. The vectors involved are illustrated in Figure II-5. 

The particula r chain involved and the extent of its 

displacement was found by scrutiny of the xXZ electron density 

projection at this stage. The magnitudes of the electron density 

for the three independent selenium atoms on this ·map were 116 , 100 

and 100 electrons .. per square ~ngstrom, , where. t he. latter two were 

related by the assumed 2-fold axis. A further pair of unexplained 

peak~ of magnitude 19 .\·e~2 were ·found· at :a dista.~oe o'r · l.8R. from 
2 . 

the 100 e/R peaks. When one chnin was displaced the indicated 
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distance (the choice was dicta ted by the indexing of the oth er 

projections) the R factor of the hh~projection was i mmediately 

reduced from 0.22 to 0.18. 

Figure II-6 shows the relationship between the as sume d 

P3112 structure and the true structure. The small cell on the 

lowe r left illustrates the symmetr y element s of the space group 
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P3121, that on the upper right the one three-fold axi s of t he three 

retai ned i n t he true structure, wh ich is not the one a t the small 

cell o~icin . The choice of large cell there fore re quires t he change 

of origi n illustrated in the figu re, to (2/3,1/3) in the small cell 

co-ordina tes. The choice of the symmetry related point (1/3,2/3) 

as origin leads to the twin structure mentioned above. 

Re f inement. 

The mod el described in the previous s ection was refined by 

least squar es , using all the room tempe rature data and an overall 

temperature factor, to R=0.12. The data was then me rged, that is, 

structure factors common to different l ayers were average d , to form 

a set of only independent s tructure factors, using the layer scale 

cons tants determi~ed by least squares • . Th e i ndividual measurements 

were weighted in these averages according to their previous ly 

assigned standard deviations, and the average values ascribed 

standard deviations accordingly. Even at this advanced stage of .•. 



) 

Figure II-6. 

Relationship in position and symme try between true unit cell and pseudosymmetric subcell . 



46 

refinement, the standard deviations in lieht atom co-ordinates 

we re still about 0.1R, and there appeared li t tle hope of gaining ' 

worthwhile chemica l information . 

Some likely reas ons for these difficulties have been 

discussed by Scheringer (1965 ). Three of the reasons he suggests 

for ill-conditioned least squares problems are applicable here . 

Foremost of cours e, is the smallness of the data s et, consisting 

of 781 reflections, corresponding to projection data only. 

However, many crystal structures have been solved adequately with 

only projection data, which s ugeests o ther factors are operative. 

The possibility is a lways open to us to extend t he data set, and 

t his i s exactly what we chos e t o do in the case of t he low 

temperature wor~ . 

Unfortunat ely the other two effects a re intrinsic to t he 

s elenourea structure analysis. One is the presence of atoms of 

widely differing scattering power ; this i s a more serious problem, 

and in earlier t i mes would have been considered unsurmountable . 

But yet a third difficulty exists, tha t _is , high cor rela tions 

betwe en parameters related by the elements of pseudo-symmetry 

outlined above . In this respect the structure of selenourea is 

very similar t o that of guanidinium alumin~ sulphate hexahydrate 

(C(NH2 ) 3A~(so4 ) 2 • 6H20 9 commonly called GASH) wh ich was chosen by 

Scheringer as an example of this effect. GASH, a ferroelectric 

crystal, belongs to the polar trigonal space group P3lm, with cell 
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cons tants a = 11.75R, c = 8 . 9L~){ (Geller and Booth, 1959 ). Th is 

cell contains three formula units , and is almos~ triply primitive~ 

the subcell to supercell trans formation being the same as for 

selenourea . The difficulties encountered in the refinement were 

discuss ed in detail by Geller a nd Katz (1962 ), and only prolonged 

leas t squa res reiteration, using only fractional parameter changes, 

gave a satisfactory structure (Lingafelter, Orioli, Schein and 

Stewart, 1966). A similar cautious empir2cal approa ch has be en 

followed in the case of selenourea. 

In t he light of thes e circumstances, it was clearly 

advantageous to divert attention to the l ow temperature data. This 

in turn was refined by least squares, using the room temperature 

co-ordina t es as a starting point , and individual layer s cale 

cons tants. The final individual layer R factors a re listed in 

Table II-2 . The data was then merged as des cribed for th e room 

temperature data, but now reflections occured up to five times , for, 

in hexagonal axes, such a set as the following are equivalent. 

102 
102 
01~ 
01~ 
I12 

hO.Q 
hk2 
h, h+l,.e 
hlf.. 

. h ,h+2.,t. 

The selenium ~ cattering curve was now corr ec ted f or the 

real part of the anomalous scattering for CuKO( radiation. Althou~h 

no attempt was made to discriminate betw~en hkt and hk~ re fle ctionp 
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co - ordinates we re iclenti c a l , with i n the er~ors , to their l ov 

te ~e rature equiva lents , s everal had to be a djus ted in the licht 

of t he low t emperature re fine ment . This was d6ne, the lic;h t atom 

posi t ions we re fixed , a nd a subs equen t two furt h e r c y cles of 

refinc n c n t b roue;h t th e weigh t ed R f a ctor for this data to 0 . 116 . 
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inte ratomi c distanc es a nd a ngles , using t he YJ roe; r am E RROR •·citterl 



Atom Number 

Se 1 
2 
3 
6 
4 
5 
8 
9 
7 

c 1 
2 
3 

' 4 
5 
6 
7 
8 
9 

N1 1 
2 
3 
4 
5 
6 
7 
8 
9 

N2 1 
2 
3 
4 
5 
6 
7 
8 
9 

TABLE II-3. 

0 Final atomic parameters at ~100 c. 

X I. z -
0. 9318(5) 0.9654 (5) o.11-28o 
0.6054(5) 0.2893 (6) 0.5708(6) 
0.2625(6) o.6397 (6) 0.5537(6) 
o . 6o41 (6) o.G325 (6) o. 8598 (7) 
0.2898(6) 0 . 971!-0(6) 0 • 8 6 L1-6 ( 7 ) 
0.9351(6) 0 .3060(6 ) o.G564C7) 
0.9417(7) o.64LI-4(6) 0.1384(8) 
0.6132(6) 0.9727( 6) . 0.1512 (7) 
0.2622(6) 0 .3000 (6) 0 . 111-39 ( 7) 
0.072( 6) 0.038 (6) O.LI·26 ( 6) 
0.742(6) 0. 387(6) 0.577(6) 
o.4o2(6) o . 671(6) 0.54o( 6 ) 
0 .428(6) 0.056(6) 0. 855 (6) 
0.076(6) 0.346( 6) 0. 852 (6 ) 
0.730(6) 0 . 645(6 ) 0. 1351(6) 
0.389( 6) o .414(6) 0.152( 6) 
0 •. 083 ( 6) 0.727( 6) 0.148 ( 6 ) . 
0.752(6) 0.036(6) O.lLI-4 ( 6 ) 
0.112( 5 ) 0.079( 5 ) 0.335(4) 
0.795(4) 0.~·25(4) 0.488 ( 4) 
0.454( 4) 0.705( 4) o.J+43 ( 4) 
0 .11-80 ( 3 ) 0.103(3) 0.769(3) 
0.123(5) 0.363 (5) 0.753(4) 
o. 782 (l!-) 0. 676(4) 0.762(4) 
0. 437 (3) 0.480(3) 0.075(3) 
0.134(4) 0.793 (4) o.o68 (3) 
o. 8o6 (3) 0.089(3) 0.060(3) 
0.122(4) 0.041(/+) 0.512(3) 
o. 810( 5 ) o.416(5) o . G56 (1+) 
0.437(3) o.654(3) o. 631 (3) 
0.478(5) 0.063(5) 0.947(4) 
0.126(4) 0.357(4) 0.941( 4) 
0.779(4) o.630(4) Q.923 (3) 

' o.446(4) 0 ell-42( 4) 0. (;39(3 ) 
0.132(4) 0.720(4) 0.233(4) 
0.799(4) 0.032(4) . 0 .231( 3) 

(Continued overleaf) 

.•. 
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.B 

.,.. 

2 .0 
2 .0 
2 .0 
2 .0 
2.0 
2 .0 
2.0 
2 .0 
2 .0 
3.3(1~- ) 
1.6(11) 
1.9(11) 
0.0(7) 
3.11-(14) 
1.8(11) 
0.2(8) 
0.9(9) 
0.5(8) 
0.9( 9) 
4 . 1(15 ) 
o.6(8) 
4.7(16) 
2 .0(11) 
1.6(11) 
1 .1(10) 
2~5(12 ) 
1.9(11) 
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TABLE II-3 

Final atomic parameters at •100°c. 

(continued) 

Anisotropic temperature fac t or components (X 104) . 

At om Number 811 822 8
33 

812 813 823 

Se l 14(4) 26(4) 8( 4) 13(4) 2(3) ~3 (4) 

2 22(5) 14(5) 29(/+) 0(5) -12(4) -10( 4) 

3 17(5) 4o(5) 35(4) 14(5) -6(5) -17(5) 

4 13(4) 23(4) 29(4) 13(4) 5(4) 9 ( lj.) 

5 4(5) 20( 5) 29(5) 4(5) - 9(5) -10(5 ) 

6 11(5) 29(5) 42(4) 11(5) 10(5) -1(5) 

7 15(4) 4o(4) 43(4) 11(4) -3(4) ,.-5(4) 

8 . 18(6) 27(5) 17(6) 6(5) -3( 6) 1(5) 

9 9(5) 20(5) l7(4) 6(5) 1(5) 1(4) 

. i . . . 
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TABLE II-5. 

F. 1 t i t t 20°C. ~na a om c parame ers a 

Atom Number X y z Atom Number X y z 

Se 1 0.933(2) 0.968(2) o.428 Nl 1 o.11 o.o8 0.33 

2 o. 6o4( 2) 0.292(2) 0.569(2) 2 o. 8o o.43 o. 49 

3 0.264(2) 0. 638(2) 0. 559 (2) 3 o . 45 0.71 o.45 

4 0.283(2) 0. 974(2) 0. 862( 2) 4 o.48 o.1o 0.77 
' 

5 0.941(2) 0.307(2) 0. 857(2) 5 0. 12 0 . 36 0.76 

6 0. 606 (2) o. 636(2) 0. 857(2) 6 0.78 o. 68 0.76 

7 I 0.269( 2) 0. 306 (2) 0.14;8( 2) 7 o. 43 o. 48 o.o7 

8 0.94o(2) 0.643(2) 0.140(2) 8 0.13 o. 79 o.o8 

9 o.610(2) 0.973(2) 0.146(2) 9 o.8o o.o8 o.o6 

c 1 o.o7 o.o4 o. 43 N2 1 0.12 o.o4 0.51 

2 0.74 0.39 0.57 2 o. so o.41 o.66 · 

3 o.4o 0.67 0 .55 3 o.44 o. 65 o.63 

4 o . 43 o.o6 o. 86 4 o.48 o.o6 o.94 

5 o.o8 0.35 o. 85 5 0.13 0. 35 0.94 

6 0.73 o. 65 o. 85 6 0.78 o . 63 0 . 92 

- 7 0.39 o.41 0.15 7 o.44 o.44 o. 24 

8 o.o8 o.-73 0.15 .. 8 0.13 0.72 0 . 24 
' . . 

9 0.75 o.o4 0.15 9 o.8o o.o3 o.23 

Overall temperature factor = 4.6(1) 
... 
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by J. s. Stephens . The effects of correlations were i gnored, save 

for those resulting from the trigonal symmetry , and to the choice' 

of origin (the z co-ordinate of Se 1 was fixed throughout both 

refinements at 0.428, which centred the layer at about 0.5). The 

resulting bond lengths and angles will be presented and considered 

in detail in the Discussion. 

Ferroelectricity. 

Although the crystal structure found for selenourea is 

totally unrelated to that of thiourea , we chose to examine seleno-

urea for the presence of ferroelectricity. A crystal be longing to 

the point group c
3 

must necessarily have its dipole moment 

parallel to ~· If the structure of such a crystal is close to an 

equivalent structure with this dipole moment reversed, so that 

small atomic displacements might t ake one into the other, we have 

the possibility of ferroelectricity, the ferroelectric axis being 

c. This situation exists in the selenourea structure, if we 

choose to call displacements of 1.8~ small. The relationship 

between th ese equivalent structures is exactly that between the 

twins already rem~rked . a s existing in large ;selenourea crystals; 

their nature will be described more fully in the Discussion. 

Since we hav~ determined ·the atomic arrangemen t within the 

selenourea crystal, we are in a position to estimate t he spontaneous ... 
polarisation, P , for selenourea. This estimate, however, cannot 

s 
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be highl y precise, because the contri bution Of any one molecule to 

the total dipole mo ment is very small (and is not alwais of the 

same sien), the Se-C axis being always nearly perpendicular to c. 

If we use the low temperature a tomic co-ordinates and assume a 

dipole moment of about 5 Debyes for selenourea (the dipole moments 

of urea a nd thiourea are 4.56D and 4.R9D respectively, Kumler and 

Fohlen, 1942), we obtain a value for P of 1300 e.s.u. (4 X 10-7 
6 

coulombs/em~), with +£as the ne gative pole. Although this is an 

order of magnitude less than for thiourea it s till ' represents a 

readily measurable polarisation. The obs erved pyroelectr ic and 

piezoelectric effects (Kondrashev and Andreeva, 1963) and the 

tendency of the crystals to collect and retain surface dust lend 

credence to the suggestion that the dipole moment is not vanishingly 

s mall, which it could well be within the errors of the structure 

determination. 

To examine the possibility of ferroelectricity, s everal 

large crystals of selenourea were ground so as to produce smooth 

faces, perpendicular to ~ and about 0.3 em. apart. These crystals 

2 
we re of uniform cross-section of about 0.1 em •• Silver paste 

electrodes were applied to th e ground s urfaces. 

The appar~tus used for the ferroele~tricity measurements 

follows the design of Diamant, Drenck and Pepinsky (1957). The 

proper operation of this bridge was check ed with samples of 

triglycine sulphate, a known ferroelectric, prepared in the s ame 
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way a s above . The behaviour of selenourea was then examined from 

room te mperature to -l30°C, by the simple expedient of suspending' 

the sample within the low temperature Weissenber~ camera. No sign 

of ferroelectricity was detected at any t emper ature within this 

range. 

I • • . 



CHAPTER III. 

DISCUSSION. 

Space group and lattice parameters. 

I shall begin by remarking upon one curious feature of 

selenourea, namely the point group, c
3

• According to Buerger 

(1956) no organic representative of this point group is known. 

Although a few examples do in fact exist («-L(+)-menthol, Ramsay 

and Rogers , 1952; 1-glycine, Iitaka, 1958), this crystal symmetry 

is certainly a rare one. 

The lattice parameters found for selenourea are here 

compared to the previously reported values. 

a(~) c(~) c/a Reference. -
15.285(5) 13.007(5) 0. 8510(4) 20°C 1 . 

This work. 
- 15.201(5) 12.950(5) 0.8517(4) -l00°C 

15 .. 37( 7) 11.08 C?) o.851 Kondrashev & Andre eva. 

15.34(2) 12.99(2) o.847 Perez Rodriguez et al. 

The results of Perez Rodriguez et al., whi ch they claim .•. 
I 
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to be more precise, are probably more accurate th~n those of 

Kondrashev and Andreeva, since the former calibrated their films ' 

with the diffraction pattern of a copper wire, while the latter 

mruce no mention of a film shrinkage correction, and assign errors 

of a magnitude to be expected for this effect. Indeed the present 

work is in excellent agreement with Perez Rodriguez et al. as far 

as the Q axis length is concerned. The results sugges t that their 

~ axis length may be sli6htly in error, in view of the aereement 

of our value of the axial ratio (which is independen t of shrinkage 

correction) with the Russian work. Heasurement of this ratio on 

an uncalibrated film (that used for the low temperature lattice 

parameters) gave the · result c/a = 0.850
3

, which agrees with the 

previous value within the errors of the determinations. 

The discussion of the thermal expansion coefficients will 

be reserved unt:i..·l after the description of th.e structure. 

Molecular structure of selenourea. 

The fractional co-ordinates listed in Tables II-5 and II-6 

do, in fact, correspond ·to nine distinct selenourea (V) molecules 

per a s ymmet;r:ic un~t. The bond lengths and angles fo r each such 

molecule, derived from the iow temperature refinement, are shown 

in Table III-1. 

However, in general, these would not be the best estimates .•. 
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TABLE III-1 

Dimensions of t he individual selenourea molecules . 

Bond Lengths (Rngs troras) Bond Lengths ( degrees) 

Holecule Se-C C-IU C- N2 Se- C- IU Se- C- N2 Nl - C- N2 

1 1 ~85( 8) - 1 . 33(L1-) 1 . 3L1-(7) -115(6 ) 118(6 ) ·· 127(6) 

2 1 . 86 (7) 1 ~ 36(4) 1 . 36(7) 120(7) 131(8) 108(6) 

3 1 . 94(9) 1 . 44(4) 1.37( 6) 120(5) . 111(5) 129(6) 

4 1 . 83( 8 ) 1 . 35(6) 1.39(4) 126(5) 113(6) 121(6) 

5 1 . 91(7) 1 . 43(4) 1.38(4) 117(7) 119(6) 124(5) 

-6 1 . 83(7) 1 . 34(5) 1 . 28(6) 119(6) 128 (7) 113(5) 

7 1.84(11) 1 . 34(7) 1.35(7) 128(5) - 121 (6) 111 (7) 
... 
' 8 ' 1.87(11) 1 . 38(7) 1 . 36 (7) 119 (4) 119 (5 ) 122(7) . -
9 1.83(11) 1 .36(7) 1.35(7) ·123 ( 4) 115(5) 121(7) 

Average 1 . 86 1 . 36 ' 120 120 



~e could make of the molecular dimensions, since it is well known 

(see, for example, Grenville-Wells (1965)) that the main thermal ' 

motion of molecular compounds is libration about the centre of mass. 

Thermal motion has the effect of shortening the apparenx bond 

length, but this can be corrected for (Busing and Levy, 1964) if 

the details of the motion are kn own. It is common. practice in the 

particular case of rigid molecules (molecules without rotating 

groups) to ascribe as much of the motion as possible to translation 

and libration and correct for the latter (Cruickghank, 1956). In 

view of the reduction of this effect bu use of low temperatures, 

and the high standard deviations both in the bond lengths themselves, 

and in the thermal parameters, this correction was not carried out, 

being insignificant and inaccurate. 

The question now arises as to just how accurate an estimate 

of the molecular dimensions of selenourea can be made on the basis 

of this study. The improvement in resolution at l ow temperatures, 

discussed in t he Introduction , is well illustrated by Figure III-1. 

Although this use of lDw tempe~atures and the three-dimensional 

data favour an accurate determination, the inherent inaccuracies of 

the intensity measuring technique, the problems in accura te 

refinement posed ~y ps.eudosymmetry and. diffQrences in scat tering 

power ~~ .· discussed in the E~perimental, and the additional 

difr'iculties of lack .of a centre of symmetry and the large number 

of parameters required to describe the structure, lead to standard 
.•. 
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A portion of the electron densitY. for selenourea projected on(b10). 
0 0 

A. At -102 C. B. At 20 C. 
Contours at 5e/A , zero contour broken. 
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c· ev ~; a tions in individua l bond lenr;thn which c or.1p:-~rc unfi ,, ·; l.Jy 

•,: j_U t h0. 11 ore c are ful of current work . On the oth er han r1 ·.Jc .ave 

··n t.1e cry .s t a l r; tructure o f cr.l0nour~>n n unique s itunt i nn , 

e- ' .. ''t-"<ilJly f'l"' far a s mole culn r c r.;rs t~t ls are concernr. d , nancl t he 

;u: i t cel l . 

Kita i e orodskii (1961) no tee t h at or~ani c crystnl~ contain-

int~ cr_y: tallOtjraphi c a lly distinct mo le c u les , a l thou t;l! r are , are 

·.· c c ;.mknown . However the t' lajori ty o f these con tn.in on ly t wo 

dib ~ .i n e t mole cules , and , o.s far as I arn aware , the p revious j'c co rd 

was h e l d by trith i o c arbon ic ac i d (VI) , (Krebs and Gattow , 1965 ) 

whi c h co n b 1ins 4 molecu l e s i n the a s ymmetr ic unit , 16 in the unit 

c ~ l- of ~race e roup P 2
1

/ a . * The s tru cture was determ i ned by use o f 

l •I t emperc.1ture ( - 100 ° C) pro jection data , a nd d id in f.3ct sho w thot 

= c~.2 SH 
Se s = c' 

' NH ' sn 
1. ' 

(V ) ( VI) 

__..)TH2 NH 
s = c 0 = c........ 2 

' NH ' cH 
2 3 

(VII ) ( VIII ) 

"' 1 : 3 : 5-bcnzenetricarboxylic a cid has 6 mole cules per a"y ;· .t rt ctr ic 

... . it , 48 per unit c ell . D . J . Du champ An cl RoE . Harsh (1965) . Paper 

E8 , ~ . C . A . Meeting , Ga t l i nburg , Tennessee . 
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the four molecules were essentially identical in s t r ucture . 

However Krebs and Gattow drew the dubious conclusion t hat the c-s' 

single bonds wer e non-equivalent. This, and other studies of 

crys t allographically di s tinct molecules , such as the low temperature 

struc t ure of thiourea (VII) (Golds mi th and White, 1959) and t he 

metastable orthorhombic modification of acetamide (VIII) (Hamilton, 

1965) , confirm the idea that the crystalline distortion of rigid 

molecules must be extremely small. Thus we can assume that an 

average molecular structure , based on all nine ~olecules, is a 

viable concept. 

The structure, bond lengths and angles of th is average 

molecule are displayed in Figure III-2. These are most conveniently -

compared with th e low temp erature s tructures of th e analogues urea 

and thiourea, since in each case librational shortening of bond 

l engths is reduced. Goldsmith and White's values have be en averaged 

over the two molecules. It is clear that the main difference is 

simply th e increasing length of the C = X bond, and t hat the 

remainder of the molecule rema ins virtually identical throughout 

the series. 

If we can now give support to the C = Se bond length quoted 

in Figure I~I-2 9 ,e can perhaps justify the ~boice of carbon 

positions used in the low temperature refinement. Figure III-3 

shows suggested bond length bond order relation~hips for C-X bonds. 

If the single and double bond lengths are fitted by the Pauling 
. ~ · 
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(1960) expression 

D(n) = D(l)-0.71 log n (III-1) 

good agreement is found for CXY compounds assuming bond orders of 

2.4. These graphs suggest C-X bond orders of about 1.5 throughout 

the urea series. The actual value is not so important as the 

support given to this determination by the identity of mole cular 

structure found within t he s eries. Unfortunately there se ems to 

be no theoretical predictions of bond lengths in selenourea, and' 

so we can o'nly compare the experimental values t o other members of 

the urea series, as done above, a nd to substituted selenoureas 

{Table I-2) with which the agreement is satisfactory. 

Crystal structure of selenourea . 

The unit cell of selenourea contains nine spiral chains. 

Each chain is essentially similar in form , since it contains three 

. molecules and runs parallel to the c axis. A typical chain is 

shown in Figure III-4, which also illus tra tes the hydrogen bonding 

within t he chaino Each molecule has one hydrogen atom directed 

towards the molecule above and similarly one towards t he molecule 

below. In this respe9t they are similar to the spiral chains in 

the urea- and thiourea- hydrocarbon adducts discus sed in t he ... 
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Introduction. The relationship between these structures will be 

discussed in a subsequent section . 

The di s t r ibution of the molecules within the cha ins is 

described in Table II I-2. The symbols A, B, C and D refer to the 

detailed relative z co-ordina te of the particular chain; they fall 

naturally into these four groups each with a fairly cons t ant 

separ a tion, in alphabetical order , of 0.6~. That is, the difference 

between A and D v1hich distinguishes one subcell from the other two 

is about 1. 8~. These displacements a re required t o remove selenium 

atoms on neighbouring chains to their van der Waals con t act 

distance of about 3.8~. These contacts can be seen in Figure III-5, 

which also clearly shows the nine distinct spiral chains. The 

selenium atoms in contact form an approximately equilateral triangle 

within the layer, as do, for example, Sel', Se4 and Se7 ''• Three 

chains (those labelled A, n1 and n2 in Table III-2) spiral around 

the three distinct screw axes in the unit cell. The remaining six 

chains form two crystallographically equivalent s ets, labelled B 

and c. Each of these chains cont ains three molecules unrelated by 

s ymme try, yet each chain comes very close to containing the 

symmet.ry element 31 , as can be seen in Figure III-5. The great 

similarity of these chains of unrelated mole~ules is even better 

illus t rated by Figure III-6~ which shows the structure projected 

down [!10], in which case t hese chains come close to being super-

imposed. The A, B, C, D relationship can also be clearly seen in .•. 
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TABLE III-2 . 

Distribution of molecules within 

chains in the selenourea structure . 

Chain Holecules 

A Ml '' 
Ml 
Ml' 

B M6' 
M5'' 
M4 

c M7 
H8' 
M9" 

Dl M2'' 
M2 
t12' 

D2 M3'' 
M3 
M3' 

The positions related by th·e elements of the space group 

P3
1 

are denoted throughout as 

X x, ... y., z 

X' -y,x-y,z+li3 

X' v y-x, -x,z+2/3 

.•. 
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Figure III-5. 

-~ 0 

The crys t a l s t r ucture of selenourea projected on (001) . 
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this projection. As far as chains B and C are concerned the 

differences in z co-ordinate within the chain are only just 

significant. Distortions of s imilar magnitude seem to exist 

perpendicular to the chain direction, but these are difficult to 

esti mate quantitively , since the chain axes themselves are dis-

placed from their ideal positions . This is t he result of slight 

relaxations of the structure to permit more efficient pacl:ing . 

The chain D1 and its env~ronment are rotated slightly counter

clockwise, while the chain D2 and the molecules surrounding it are 

rotated clockwise. This results in a slight lateral displaceme nt 

of chains B and c. 

Since each selenourea molecule has a remar kably similar 

or ientation with respect to its chain axis, the exis tence of the 

hydrogen bonds within the cha i ns is quite clear cut, their average 

length be ing 3 .51~. 

The nature of hydrogen bonding between t he chains is much 

more equivocal. We re quire the N ••• Se v ector t o be r easonable both 

in length and direction. The shortes t distance of this type is 

N27" ••• Se5(3 . 46R) which is similar in length to the i ntracha i n 

hydr pgen bonds . Distances up to 3 . 75R (the longes t i ntrachain bond 

l encth i s 3 . 68~) ~re lis ted in Taqle III-3B .. · . T~es e · have been exar.1i ned 

with respect to the second criterion, and the Table indicates wh ich 

are proposed as hydrogen bonds . (The others are mainly be t ween mo~e-

cules in different l a yers as well as dif fe rent chains). It can certainly 
·' 

be said that not all nitrogen atoms are involved in interchain 
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TABLE III-3 

Int ermolecular ~distances in the crystal structure or se1enourea . 

A. Intrp_chain B. Other Se •• • N 
hydrogen bonds. distances c . Se ••• se distances. 

Se N Length 'cJ() Se N Lencth ()() Se Se Lenc;th at -l00°C (.}() Length at 20°c()() 

1 11' 3 .31(2) 1 19 ' 3 . 66(5) 1 4'' 4. 05(1 ) 3.99(5) 
21'' 3.46(2) 29 3. 70 ( 4) * 1 7 ' 3 . 57(1) 3.68 (5) 

2 12' 3.58(3) 2 24 '' 3 . 74(9 ) 4 7" 3 . 77(1) ·3.79(5) 
~2" 3.55( 2) 14 3 . 59(4) * 2 5 '' 3 . 55(1) 3.65( 5) 

3 13 ' 3 . 24(3) 3 28 ' 3 . 61(7) 2 8' 4.07(1) 4.01(5) 
23" 3. 47(1) 4 13' 3 . 64(7) 5 8" 3 . 71(1) 3 .77( 5 ) 

4. 16 ' 3 . 49 (2} 23 ' 3 . 65( 4) 3 6 '' 3 . 65 (1 ) ,:). 68 (5 ) 
25" 3.54(2) 18 3 . 69(5 ) * 3 9 ' 3 . 69(1) 3.76(5) 

5 '14 ' 3.51(2) 5 21' 3 . 62 (7) 6 9' ' 3 . 77(1) 3 .78(5 ) 
26 " 3 . 68(2) 17' ' 3 . 71(5) 

6 15 ' 3.42(3) 27 ' i 3. 46(7) Average 3 . 76 3 . 79 
24" 3 . 54(4) 6 18 ' ' 3 . 60( 7) 

7 18' 3.50(3} 17 3. 70( 4) * 
29'' 3.52(3) 28 " 3 . 74(7 ) * 

8 19' 3 . 58 (2) 7 16 ' 3 . 58(5) *These distances ·are not cons i dered 
27'' 3.58(3) 26 ' 3 . 70 (5) to be hydrogen bonds and are not 

9 17' 3 . 58(2) 25 3 . 72(3) * included in the average . 
28'' 3.56(3) 8 26 3 . 66(3) * 

9 15 ' 3 . 53(5) 
25' 3 . 73(4) 

-

Average 3.51 Average 3 . 64 
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hyt:lJ ·or;cn bonds ore so weok that s ome have bee n n'lc .. if.':i.c ccl .i.n 

.J.'ovour of co r·1poctncss , thot ic , t o ;_:;n in onnq;y by val l dcr ''Jo . .:tl .s 

interaction . T 1e intrnchain hytlro,n;~ n bond J.ongthc ar0 l·i s·c() r1 in 

'l\ .:11c J JI - 311. , and tho short inc~ .t· ch :< in 1'! •• • se distan.c es n rc l io ·:- cd 

i "1 ':' c:\ble III-3B , to t;cth er wi th t'1oir inte:cprc t nt ion in tcrf·1 ~ of 

hyc~- ogen bondinG' . 

~abl e III -3C contR ins t~ e Se ••• Se contact distanc oG , both 

ai low ~n d r oom temperat\ res . Tlt e nve raee values are 3 . 79 R at 

:coon t cr:1.!:1e r <::! ture a nd 3 . 76 J? o.t - 100°C . 1\ccor(l i nt; to PanJ.in g 

(1960 ) the va n der Waals radiuc of se l enium is 2.oR . HoDover , he 

chose this va lue in the nineteen thirties on the bas i s of a few 

structures, and re cent work cons isten tly sueecsts a s maller value . 

7 he distribution of 51 Se ••• Se <1is tanccs all determined at room 

* tempe rature cited in the literature confirm a value of about l . 9R . 

The shortening of these distan ces with temperature is of t he or der 

of magnitude to be expected fo r van der Waals contacts ( soc s cc tio11 

on the rmal expansion) , and illustrates the ·care requi red i n 

coQparing intermolecular contacts at different temperatures . 

>I< 

Ketelaar, Hart, Moerel and Polder (1939), Burbarut (1951), Marsh 

(1952 ), Harsh, Pauling and HcCullough (1953), Tsernoglou (1966), 

Barnighausen , von Volkmann and Jander (1966) . 
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Th e three mole c ule chain in the urea series. 

The three molecule hydrog en bonded cha in occurs both in 

the inclusion compounds and in s elenou roa. The ch a ins are s o 

similar that the increas e in c-axis l ength in the series i s a 

direct meas ure of th e increasing diamete r of the chalcog e n . How-

ever , the situation is complica ted because direc t ion of tilt of 

the molecules in the thiourea adduct is uncertain , al t houGh the 

a ngle involved is well determined, being about ten degrees . This 

arises because the sense of this tilt only has ah effe ct on the 

~~0 mod 3 structure factors, and even then the contribution is 

s mall. Lenne chose the direction to be opposite to that in t he 

urea compounds, where the angle of tilt is about seven de grees, on 

the basis of slightly better agreement for the hkl layer line. 
I 

Since t he sense of tilt found in the urea compounds recurs in 

selenourea, where t he corresponding a ngle averag es seventeen 

degrees, this choice now forms a stumbling block to a comprehensive 

structural description of th ese ·compounds, which I shall never-

theless attempt to present. 

When we attempt to draw further analogies between t hese 

structures, we fi~d the mode of cross-;Link il'l·g . o:t' the chains differs 

for ~ach compound. Figure 1II~7 is based on part of Lenn&•s paper, 

and represents a c/3 .,deep slice of the urea- and thiourea-

hydrocarbon complexes p rojected on the (001) plane. Each spiral .. .· . 
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The crystal structures of th e urea- and 
thiourea- hydroca~bon complexes. 
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Figure III-8 • 82 

The crystal structure of s elenourea, idealised for comparison with 
Figure III-7. 



contains a three-fold screw axis parallel to ~· The urea and 

thiourea molecules form the honeycomb arrangement des c ribed 

previously ' and the hydrocarbon molecules , the honey, are left out 

for clarity. In these crystals the between chain hydrogen 

bonding from any molecule is to two oxyr;en (or sulphur) atoms on 

different molecules of the same adjac ent chain . Alternate chains 

point in opposite directions in the (001) projection. The basic . 

differonee batween the two inclusion compounds ie that in the 

thiourea case alternate chains also have the opposite sense of 

s crew , which imposes a centre of symmetry.and a rhombohedral 

centering on the lattice. 

If we compare Figure III-8, which represents a simila r 

slice of the selenourea structure, we find that the individual 

chains have been rotated, so that all nine have an identical 

orientation in the 1001) plane and differ only in z co-ordinate 

Thus all nine chains in selenourea stand in the same relationship 

to one another , and we cannot describe the st~ucture by assigning 

a specific chain to the basic structure or to the channel. A 

further illustration of this rearrangement of the chain orientation in 

~he (001) plane is provid~d by Figure III-9, where the a and c axis 

lengths for the t~ree crystals are compa~ed~o . the van der Waals 

radii (Pauling, 1960) of th~ corresponding chalcogens. This shows 

clearly that the increase in c axis lengt h results · si~ply from the 

,greater chalcogen diameter. However the a- axis lengths only 

'· 



17 
84 

16 

~~ .,.._ 
,<{ -
I 

A 
14 r-

<.9 z 
w 
...J IJ 

(j) -X 
<( 1e 

II c 

10 
1.0 a.o 

0 ' . ~ l • . • • ' ' ~ S . SE '· 

·•". .Rx (A) 

·"'· 
Fi gure III-9 

The axis lengt hs in th e s pir a l chain compounds 

compared . to . th e corres ponding cha lcoe;en radii. 
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follow this t r end for the inclusion compounds, whereas selenourea 

has a mark edly shorter (by about one ings trom) a-axis than would 

have been expected based on an 18 molecule honeycomb structure. 

It t herefore appearn that t he axial r a tio is a reflection of the 

orientation of the chains in t he (001) plane for all thes e compounds. 

In t his connection it is intere s tin~ to note the report (Mi rna, 1959) 

tha t the thiourea/8-oxocamphor adduct cc10n14o2 .3SC(NH2 ) 2 ) has an 

axial ratio of 0.81, compared to the usual value of 0.774. This 

suggests t he possibility of rota tion of the cha ins, to a llow 

hydrogen bonding to the oxygen a toms of the terpene. 

Another aspect of the propensity of t he urea s eries to form 

these three molecule spiral cha ins is t he high solubility of 

t hiourea in the selenourea structure. Crystallisation of a solution 

of both compounds in water yielded mixed crystals with the 

selenourea structure . These showed diffuse spots, near the Bragg 

reflections, which corresponded to t he pure selenourea spacing 

(see Wooster, 1964)-. The Bragg reflections thems elves corresponded 

to an apparently isotropic reduction in lattice parameter of one 

. per cent, or a volu~e per molecule of 94.5R3 • Since the correspond

i ng values .for the pure components are · 90.3R3 (thiourea) and 97.4~3 

( se lenourea), thi~ mixed crystal contains a larg~ mole fraction, 

about o.4, thioureaQ 

We can also c~lculate, considering the molecules to be 

~hard', the volume of the voids in the crystal structure, and hence 
·1 



the efficiency of the packing in the crystal. Usins the 

Kitaigorodskii (1960) formula, we can show that the molecular 

volume increase in going from thiourea to selenourea is 5.713 • 

Since paclcing coefficients for molecular crystals are commonly 

about 0.65, we expect a crystal volume increase of about 9~3 

86 

(5.7/0.65). That the actual increase is less than this reflects 

the more efficient packing in the selenourea structure. 

This expected increase of about 9~3 is close to that 

reported by Dvoryankin and Ruchkin (1962) for the orthorhombic 

modification (Volume per molecule 99.7~3). If this thiourea-

type phase 'exists for selenourea, then, if we accept Kitaigorodskii 1 s 

arguments, we can predict it to be metastable with respect to the 

trisonal form. 

Twinning in selenourea. 

The relative z co-ordinates of the various cha~ns in 

selenourea are indicated in Figure 'III-10, using the nomenclature 

of Table III-2. Figure III-10 also contains a similar description 

of the twin configuration, which can be considered as the same 

enantiomorph of s~leno~rea rotated. about [lOP]. s,a that c becomes 

-c. (No attempt was made in this study to distinguish between the 

enantiomorphs represe~ted by the space grou_ps P3J. and P32·, which 

probably occur equally frequently. Instead P31 was assumed .. 



Figure III-10 

~ 

~ 

B c c c D . 

A ... ... E ... ... 

B c c c D 

A hypothetical s witching mechanism for selenourea, showing the 

~tructural relationship between the t wins. The letters identify 

the individual chains according to the sch eme of Table III-2 . 
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throughout .) One of s everal possible transformations f r om one twin 

to the other are indicated, involving movement of two cha ins by - ~ 

abou' l. SR. Thie d!Btanee iB la~~e eompa~ed to t ha t involved in 

known ferroelectrics , and such a movement of chains would re quire 

a gross charige in t he hydrogen bonding arrangement, so ferro-

electrici~y is precluded . However , the s i milarity described 

encourages the production of such twins during the growth of 

crys tals. 

Thermal expansion of s elenour ea . 

Thermal expansion coefficients f or molecular crys tals are 

of interest, in view of their relationship to the detailed crys t a l 

s tructure, particularly the strength and direction of interatomic 

interactions (Lonsdale, 1959). The magnitude of the t her mal 

expansion coefficient « is rela ted to t he extent of anha r monicity 
X 

of lattice vibra tions propaga ting in t he d irection _ ~, which in 

turn depends on t he strength of the interatomic interaction, 

whether covalent bond , hydr ogen bond or van der Waals _forces, and 

increases in the order just outlined. Some examples of t he 

magnitudes involved are listed in Table III..L4·, toge_ther with the . . 
selenourea values. 

Of particular interest to '.the present study are the t hermal 

expansion coefficients for urea (Gilbert, 1955), the structur.e of 
.... 



-- -~ ... 

TABLE III -4. 

Some typical coefficients of t hermal expans ion. 

Substance 

Diamond 

Ice 

Benzene 

Urea 

Se1enourea 

Temperature Range (°C) O(Xl06 fc 

23 ••• 55 1 

-120 ••• -90 ~a 52 

O(c 46 

-193 ••• -3 

-183 ••• 20 

-100 ••• 20 

.. 

0( 119 
a 

O(b106 

0( 221 
c 

0( 76 
a 

0( 24 
c 

0( 46 
a 

oc 36 
. . c,. . . 

Bond Type 

Covalent. 

Hydr ogen 

bonds. 

van der 

Waals. 

.. Hydrogen 

· bonds. 

Hydr ogen 

bonds • 
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which (see Introduction) is characterised by a fairly open 

arrangement of hydrogen bonds. They result from a large 

librational amplitude a bout the C-0 bond axis, .along with an 

inc r eased vibration of all the atoms of t he molecule perpendicular 

to its plane . This latter effec:t is found in general for planar 

molecules ; in crystalline benzene, for example, the expansion in 

the c direction (almost perpendicula~ to the molecular plane) is 

a bout twice its value at right angles. Gilbert's conclusions were 

con f irmed by the diffuse X-ray s cattering for urea (Gilbert and 

Lo n sdale, 1956). The nuclear magneti c resonance study a lso 

indicated motion about the C-0 axis. 

The th_ermal expansion co-efficients for selenour e a are 

within the range common for small hydrogen bonded molecules (ice, 

urea, for example ). However the inter preta t i on he re is co mplicated 

by the existence of Se •• ~se van der Waals contacts which are nearly 

perp endicular to ~ and which expand by one per cent over the 

temperature range used. This, coupled with the fact that t he normals 

to th e mole cular planes are also· almo s t pe rpendicular to~' r esults 

in ~ being somewhat g reater than « , and comparison of interatomic 
a c 

distances at the two temperatures s u gges t that their relative in-

crease does . follory th e . predicted .order: v an dor $ aals contacts , . 
- . 

hydrogen bonds, covalent bonds, with insignificant c hanges in the 

last. The insens i tivity of covalent bond lengths t o thermal expansion 

has been found by all workers in this field, a · particularly careful .•. 
study being that of Lonsdale, Milledge arid El Sayed (1966) for 



anthraquinone , where the structure was determined at five 

temperatures in the range -170°C to 20.5°C. .Sklar, Senko and Post 

(1961) showed that the same was als o true of urea, 'and that the 

expansion in that case simply resulted in increases in the hydrocen 

bond lengths. 

Refractive index of s elenourea . 

Bunn (1945) points out that the anisotropic form of index 

of refraction can be related to crystal structure in the following 

uay. For 6ha in mole cules the highest index will be a l ong t he cha in 

direction , and f or planar molecules, the present case, the lowest 

refractive index will be perpendicular to the molecular plane . 

Knowing the structure of s elenourea this would predict n ) n • This 
c a 

is in fact the case, f or · the necessary measurements have been 

performed by Kondrashev and Andreeva, who simply quote the indices 

as larger and smaller, n =1.84, n =1.79. However their calculated g p 

value of the molar refractivity identifies these as n =n 9 n =n , 
c g a p 

since n=(n n 2 ) 1/ 3 for trigonal crystals . · 
c a 

Conclusion. 

The crystal ~tructure of selenourea contains nine independent 

but identical molecules, the geometry of which is consistent with 
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t he analogues urea and t hiourea , and with t he subs tituted 

selenoureas so far studied. The structure confirms the exi s tence ' 

of N-H ••• se hydrogen bonds. It also suggests that in the urea 

s eri es a three-fold spiral chain is a particularly stable con

fi guration. However, perhaps the most intriguing problem to t he 

c r ys tal chemis t - the rationale behind the l a r ge number of non

e quivalent molecules - has also proved to have perhaps the most 

int eresting solution. The di r ectional hydrogen bonding and the 

non-directional van der Waals forces in s elenourea reached a 

complex · compromise which sheds light on the competing roles of 

t hese effects in molecular crystal structures. · 

/ .. , .. - ....... 
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