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ABSTHA.CT 

! Th§ Allotropic !2.r&i. of Cerium 

The cryetal structure of elementary cerium has been investigated 

by X-ray diffraction at temperatures from room temperature to that of 

liquid nitrogen. Despite a variety of heat treatments, I have been able 

to obtain at room temperature only a cubic closest-packed structure ~ith 

a
0 

= 5.139 Kx. No evidence could be found to confirm the existence of a 

hexagonal oloseat•packed structure. 

1/hen stresses are pro_duced in cerium, aa for example by quenching 

from 250°0. or higher, and it ie then rapidly cooled with liquid air, a 

new form is obtained which also has the cubic closeet•packed arrangernent 

but with a0 = 4.82 Y\Jt. If the ceriwn is annealed or free of stresses then 

no allotropic change takes place. 

In the new structure it is believed that the 4£' electron has moved 

into hybridized 5d 6e orbitals to take part in bond formation. This ex­

perimental work confirms in part the predictions of Tromba. 

ll ~ Structure 2i:, Urea Oxalate 

Urea oxalate crystallizes monoclinic prismatic, P 2_1/c, Ai = 5.218 2., 
0 • 0 

A2 = 12.404 ;.., ii.3 = ll.576 A., and~= 143°1•. There are two fonnula. 

weights per unit oell. The structure ie a layer one with the molecules 

almost parallel to (100). The layers· ar~ held together by van der -;;;;aals 

forces. There is no discrete urea oxalate molecule. ffiach layer is a 

network of urea and oxalic acid molecules held togett1er by hydrogen bonds. 

One extremely short O • H • 0 distance of 2.47 i. was found. 
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I THE ALLOTROPIC FORMS O:F CEfUUM 

Introductio.a 

In the first X•ray diffraction inveetigation (i) of the a~rueture 

of cerium the metal was reported to crystallize at room tempQrature in 

both the hex1.1gonal oloseat•paoked and the cubic olosest•paeked arrange• 

ments. but in later X•ray studies only the oubic form has been found. 'the 

phase behav_ior at low and high temperatures also has been examined by dila• 
i 

tometi•ic ~ magnetic, and other method~, not including .x .. ray diffraction. 

The results have shown a strong dependence on the history of the specimen, 

but they have also indicated that ceriwn might have altogether four e.l• 

lotropic forms. The most int$resting transition is evidenced 'qy a 101; 

contraction in volume · at 109° K. 

A. The Structure of Gerium at Room Temperature. 

1. Historical 

In 1921 A. w. Hull {l) after making the first X•ray diffraction 

investigation of ceriwn reported ae follows on its structure. "Cerium 

thus appears to be composed of the hexagonal and cubic forms of close 

pack~d arrangements of atom.a, like cobalt. The effect of annealing has 
I 

not been tried. It is possible, however, that the apparent dimorphiam is 

due to im:1;>urity, as the sample, though supposed to be very pure, has not 

been analyzed, and its pattern was almost identical with that o-f 'misch 

metal' which contains about a,: iron." 



Hull found the cell dimensions of the hexagonal structure to be 
0 

a0 = 3.65 ft., c0 = 5.96 A., c/a = l.633; and of the cubic structure 
0 

a
0 

= 5.12 A. With these dimensions the densities of the hexagonal and 

cubic forms are 6.72 g;.n/cm
3 

and 6.88 'iJ1J/om
3 

respectively. No other data 

than the cell dimensions were published by H~ll, but recently he has kindly 

given Professor Linue Pauling a photoetat of his Qriginal data. I have 

used it to prepare Table 2. 

Since Hull, other authors (2}, (3), (4) •. (5} have reported the 

results of x;..ray diffraction in~estiga.tione or cerium. They all found the 

cubic form. Of' these Klemm and Bommer found besides the c:ubic diffraction 

maxima two additional faint lines which they could index aa reflections 

from the (101} and(l03) faces of hexagonal elosest-paeked cerium. No 

other X•ray evidence of tne existence of the hexagonal . structure has been 

published. 
a 

In: a microscopic study of/eerium casting Schwnacher and Lucas (6} 

found only. the cubic structure. 

Jaeger, Bottema, and Rosenbohm (7) studied the variation of speeiti~ 

and electrical resistance from room t~perature to 540° c.' When their 

specimen waa freshly cast, the curveE> were irregular and non•reproduoible, 

and remained e.0 until the specimen had been cycled eome eight times f'rom , 

lso0 to 540° c. • The resistance curve for the cycled specimen indicated 

transitions at 3938 and 440° c. Their deduetiona as to tne structures ot 

cerium are not of iritereet. 

Tromba and Foe~' (8) in dilatometrie studies also found that the 

d~nsity ~f cerium is dependent upon ite, history, but beeomee reproducible 
• 0 

after prol_onged annealing cycles between 500 C. and the tempera tu.re ot 



liquid nitrogen. In their dilatornetric curve they observed no disoontinu~ 
0 • 

ities at 393° and 440 c., bQt they found one at 150° c. When the cerium 

was slowly coo.led fror.1 ·1::,0° Q. its density at 20° c.was 6.72 WJ1/cm3, and 

when it w~s queriehed from. lso0 c. its density wae 6.77 p/cm
3

• By com• 

parieon with thadensities calculated for Hull's two strl.lctures Trombe 

assigned the hexagonal structure to the annealed cerium and the cubic 

structure to the quenched cerium. 

2 • . Experimental 

The qerium use'd in the present investigation was a small casting 

obtained from F. Ii• Spedding. He listed the impl.lritiee as 0.2% calci1,1!11, 

O.~ magnesium, and 0.04% ·berylliUlll• 

By a epectrographic analysis 1 found the sample free of other rare 

earths. 

The specimens tor the X•ray dif~raction investigation were prepared 

in an argon at.mosphere by sifting 200-meeh filings from the casting into 

thin-,.wall glass capillary tubes. The tubes were then sometimes evacuattild 

and sealed, and at other times sealed at once vtithout removing the argon. 

All heat treating wae done after the sample was thus prepared. 'i';hen the 

specimens were quenched it was by di.recting onto them a blast of air. 

This gave imme_(:liate cooling, because the thin•wall capillaries were only 

0.3 mm. to 0.4 mm. in diameter. The X•ray powder photographs were taken in 

a camera of radius s·om. with copper radiation filtered through nickel 

foil 100 f- thick. 

I first fo1.1nd that unanneal~d tilings from the casting gave the 

pattern,oorreepo~ding to £ace-centered cubic cerium. I then attempted 

to prepare hexagonal oeriwn.' 
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According to the reports of Trombe or of Jaeger, respectively, 

phase transitions occur at 150° or at 393° and 440° c. Both agree that 

·at room temperature hexa.gonal cerium is the etable form. Iii the attempt 

to get hexagonal · cerium I neated specimens t.o different .temperaturee up to 

ae high as 420° c. ancl, slowly ·cooled them to room temperature. Other eal'ilples 

I cooled past the purported transition points and then quenched. On the 

supposition that hexagonal ceriUlll is stable at high temperai ure l quenched 

still other samples ·from as high as ~75° c. I even applied a low-temper• 

ature heat treatment by repeatedly dipping a specimen in liquid air, be• 

cause Trombe reported that this favors the formation of hexagonal cerium$ 

Finally, I -also remelted a portion of the original casting and repeated 

some of the above thermal experiments on it,. Altogether, I never found 

so much ' as a trace of hexagonal cloeest•paoked cerium. I alwaye got the 

cubic closest-packed structure. 

The detailed heat treatments given the samples are shown in 

Table 1. Those samples designated by a common letter are the same speci­

men; the numerals indicate a sequence of heat treatments. 

I found the unit e~ll edge of quenched cerium to vary from 5.132 Kx. 

to 5.148 Kx. To obtain a reproducible value of the lattice constant I 

determined it on two carefuily annealed specimens. The two values are: 

Sample 

L-5 
-

a 
0 

5.139 Kx. 

I determined the ~onstants in the following manner. First, I found 

' ' 

the value of a
0 

represented by each refleotion that occurred at a high 



Sample 

L--4 

0-1 

5 

Table l 

Summary of Heat Treatments* 

Heat Treatment 

o o . o/ Cooled from 208 to 130 at io hr.& held 12 hours 
at 130°; cooled to room temp. at 30 /hr. 

Cooled from 4206 to 300° at 20°/nr.; held 18 hours 
at soo0 ; cooled to 1350 at 20° /hr. Held 12 hot.trs 
at 135°; ooolad to roo..11 temp. at. 12° /hr. 

0 
Quenched fro~ 525. 

Held 2 days at 320° and quenched. 

Held 2 hours at 300° and quenched. 

Held 6 weeks at 105° and qaenehed. 

Held 4 weeks at 340° alld quenched. 

Slowly cooled .from 490° to 430°; held 30 hours at 
430°; quenohed. 

Held 10 days at 375° and quenched. 

Held 11 day$ at 330° and q11enoh$d. 

Cooled from 320° to o0 ,at 10°/nr. 

Dipped four times in liquid air. 

·o o .$lowly cooled from 490 . to 430 ; held 30 hours at 
430°; slowly ~ooled to 335°; held 17 hours at 335°; 
quenched. 

Held 45 min. at 575° and quenclu;d. 

. 0 
Held l day at 840 and quenched. 

Part of original casting remelted, cooled in furnace; 
sampled. 

Specimen from r·emelted casting; cooled from 300° to room 
temp• at s-o0 /hr. 

Specimen from remelted easting; held 2 hours at 300°, 
quenched. 

- - - -- - - -- - ~ -- - - ---- ----
*Temperatures are degrees Centigrade. Sempl~s with a common letter 

are the same specimen, but the nwnerals show a eeqi.i♦nce of beat treatments. 



Bragg angle. 'l'hus with sample L•S I got theee values; 

hkt Radiation Sine e ao 

511 -lt_°J_ • 77832 5.1s11ex • 

440 K <½_ .84725 5.132 

531 K °J. .88574 s.1a4-

sai I< °2·· .88?69 ,.135 

600 K °J. .89799 !hlS5 

600 K~ .90027 5.135 

620 IC °i .94640 5.136 

620 . a: a2 .94879 5.136 

I then l)lotted the val"ea ot a0 against tne Nelson and Riley (9) .f11nction, 

and extrapolated 'them to e =i0°. The value of e.
0 

at 90° I took to be the 

true value_. Nelson and a:l,ley in a etudy of extrapolation methods have 

shown that this is tne beet function to uee when absorption is high, which 

is the case 11i th oeriwrh 

The points were ali nearly on a straight line, and the extrapolated 

values are in error by lees tl').an 0.002 Kx. The two values of a
0 

I obtained 

agree wall wi·l.h. the values of 5.138 and ~.140 Kx . reported by Zintl and 

Neumayr (3) and S.140 Kx. ± .op2 reported by Klem.~ and Bommer (S)• 

I calibrated the oamera with sodium oh~oride whose cell edgJ I took 

to be 5.626 Kx. The data were always corrected f'or the sh..rinkage 0£ the 

film. Before development two mark~ were indented on the film with an in• 

atrumentwhich had two prongs at a ,kJlown d.iatanc~ apart. When the ·pattern 

on the film was meaa1.u•ed the distance betweM the two marks waiJ aleo measured, 
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anq the shrinkage waa thus found. the 'wavelengtha I used for t .he copper 

radiation are: 

3 • Di~scueeion. 

1.53174 lex• 

1.5412 

i. .• 1aa1. 

In view Qf ray own inability and that of o·tnere to get hexagonal 

cerium I have at.udied tltall's qata in some detail. In Table 2 I compare 

,the intensi t'iee and interplanar spacings he obeerved with those that hex• 

agonal and c.~bic closest-packed cerium should have according to my OOlllpa• 

tations. There are thrEU) m~xima wh.j.oh cannot be ino,exed on the hexagonal 

or the a1,1bic lattiae. They may be due to eome impurity. The agreement in 

intensities ia somewhat hapha~ard but cannot with propriety be appraised 

by present standards. 011 the whole I am inclined to accept that mall Os sample 

had a hexagonal structure. 811t in vi.- of the -lack of an analysis of the 

specimen, and the similarity ot ita 4.iffracti,on pattern with that of ml.sch 

metal, an alloy containing only ~bo11t &0% oeril.\m (10), I queation ·whether 

the hexagonal struct1.u•e wae that of oeriwa. 



Table 2 

Observed and Calculated lnterplane.l" Spacings for C~rium 

Caloulated Observed Calculated 
Hexagonal Cu.bio 
elosest•paoking cloaeet•paoking 
a0 = 3.56 .i. 

Hull• l92l = s.14 R. C = 5.96 a 
0 0 

h1't d I d I hk-t d l 

J;QO 3.16 2.2 3.03 2 
002 2.98 2.s 2.92 2 lll 2.97 2.5 
101 2-.79 9.0 2.79 12 

2.555 l 200 2.:,7 lol 

2.455 l 

102 2.17 l.4 2.l,85 ?½ 
1.eso nt 

110 lo825 1.6 1.824 s 
220 l.817 o.a 

103 1.682 . 1.1 l.668 2 
200 1.sa1 o.s 
112 1.s~6 l,9 1.555 lOWide Sll l.550 o.a 
201 l.527 1.:a 
004 l.49 0.2 1.478 2 222 l.484 0.2 
202 l.396 o.a l.393 ??¾ 
104 l.348 o.3 lo326 ??¾ 

40() 1.285 0.1 
203 1.236 O.6 1.232 ¾ 
120 1.195 0.2 1.102 2 

331 1.179 0.4 
121 1.171 1.1 1.154 3 420 1.15 0.3 
122 l.109 0.3 
300 1.054 o.3 1.065 1?{-

422 1.049 0.3 
123 l.024 0.1 1.03 'l¼ 
302 o.<J93 o.s o.997 ?-i· ~ll o.989 0.4 
205 0.953 0.4 o.954 n¾ 

0.939 ?? ¼ 
220 0.913 1.0 0.918 1+ .. 
310 o.877 0.1 o.81a t 222 o.873 o.5 o.s11 

:;31 o.ao4 o.6 
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B.. The Struct11re of Ceriw:n at Low Temperat\ilre 

1. Historical 

In 1934 Trombe (ll) disooYered an hysteresis in the magnetic suscepti .. 

bilitycurve of ceriwn at the temperature ot liquid nitrogen. This phenomenon 

wae also oh~erved ·by Klemm and Bommer (5). Othore (12) (13) were unable to 

·observe any etfoh etfeot. • Later Trombe a11d. Foex (8) atttr an extensive dil• 

tomatric, magnetiot and electrical study of cerium pt,&bliehed the co_nditiona 

It the cerium had 'been recently oast, or if it bad oeen quenched from 

200~ c •. to room temperature, then upon cooling it to the temperature of 

l~q\dd nitrogen-, they obtained the dilatometric and magnetic susceptibility. 
i 

CQrvee sho.m in Figures land 2 on the next page. The density and magnetic 

susceptibility changed sharply a~ 109° K. when the temperature wa$ lowered, 

and they again changed together at 175° t. At 109°K. the deereaae in length 

is 3.36:,!, which oorreeponds to a decrease in volume slightly greater than 

When however the ceriwn was slowly eooled at about so0 per hour from 

500 ° c., or even trom 200 ° C., to r-oom temperature, then up<»1 cooling it to 
. I 

the temperature of liquid nitrogen they obtained a curve similar' to the one 

shown in Figure a. 0 Thie time there was a smaller change in density at 109 Ko, 

but the curve wae not reproducible. Suooessive cooling and heating cyolee 
' ' 

between room temperature and liqui(l nitrogen continuously oontraot,ed the 

nyeteresis loop until wi:th the sixth cycle the reproducible ourve_ "J3" in 

Figure 4 wae obtained. This fig~re beet swaroariae~ how quenched and an• 

nealed oeriWl'l ®derao, different dilatometrio oha.nges $t 109° K. 

The behavior or annealed cerium at l5o0 c. is alto curious. It con• 

tracts - when heated pa.et thte temperaturcih TrcJQe reporta that this is the 
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critical temperature from which by oooling or quenching one can_ get cerium 

with ei',her or t wo differ&nt proper~.1es. 

The difta~noe between annealed and quenched eerium is also shown by 

the electrical reahti1'ity curve, Figure s. Quenched ceriurti undergoee a 

great inorea~e i,n oonduetivity at l.09° K. 

figure 6 ie an indepemdent OM1gneido st~dy Q! the two kinds o:f, oer,iwn 

(14). 

1'.rombe concluded fro!ll theae reaulta th.at he was deali.t1g with tnree 

allotropic forms of ceriwa. as follows i 

( l) The y .form is stable above 150° c., but it can be ·brou.~ht to 

room temperature by quenching·. A newly 0eu1t piece of cerium ia apt to be 

in this form. 

( 2) The a form i$ obtained at 109() K. from y cerium,• . Once formed 

, 0 
it is stable upto 165 K., where it . reverts to they form. They ➔ a ~ranai• 

tion is acc~npanied by a decrease in volume of 10%• 

( 3) The ~ form ie stable ctt ro-0m temperature • . It ie obtained by 

slowly cooling y ce:rium from l35° c. ShOl4ld toe transition to~ c:erium 

not be ooolplete when room temperature is reached., it oan be made so by 

suhjecting the sar.llple to cycles of slow ,ooling and heating between liquid 

nitrogen and _ room temperature. The transitiom f3:::- ·a do not take plaoe~ . 
~ .· .; 

Additional o bservatioQs by Tro!tibe and other i'renoh work era which will 

be referred to are the following~ ' 

a. It t he cerium is pure• then the y f'orm erui be kept at room 

ta:npez--a.ture at least a. year, and tipon cooling it w:i.ll give the a form {8). 

b. The most a:fi'active -way of produ.oing y cerium is to quench it 

from 425° C. with liquid nitrogen. (8) • 
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C• A commercial specimen of oeriwn containing 0.22~ i'a, 0.15% ca • 
.. 

and 0.087! Al; when· put into they form, changed spontaneously in 5 months 

to the f3 .form (15). 

d. The contl'S.etiorl of qt.lEtncbed oerium at 109° K. wae decreased by 

magnesium and disappeared entirely when the magnesi\llll con-tent reached l ;' ' • 

(16). 

'l.'rombe has· no·l; determined the structlilN of a.·, f3, or Y-oerium. 

However/, as I have described earlier, after comparing theit- densitiee with 

thoee of Hull' -1:l two structares t h& at;1sumed that •~ ceriwn has the hexagonal 

closest-packed et ruc;ture and that y cerium ha.a the face•cen,tered Otlbic st rue• 

ture. This assumption ~ all the more rea.eonaole 01.'0auee Klemm and BO.Ill• 

mer (5) . found frorA their own X•ray di.t'fracttop work tba:t tne cerium whiah 

• 4f 
showed a me;g~etic anomaly at low temperature was taee.:centered 01.1bio at 

room temper~tu.re. 

2. :investigation of the Structure at Low Temperatures• 

• T-o det_ermine the structure of CL cerium an apparatus for cooling the 

swnple was, built similar to the one de$cribed by Hwne•Ho·thery and .straw• 

bridge- (17) • . It cooled the sample by blowing ove-r it t,he vapor from boiling 

liqtd.d air. A sketch of it is show in Figure 7. The lowest operating • 

tempf;lrature tflat could be reached with it was 109° K., whi¢h is ju.st the 

temperature at which the y ➔ a transition takes pla.ee. 

Huns were made on two different samples, but no al:lo:tropic changes 

were found. The di!/rac·tion lines remained sharp.~ l\Ild within the l~te 
,· 

' . 
of my measur$ments only one 0£ the sampl.ea showed. a sligbt contraction . 



·Lucite ~ 

Brass ~ 

14 

Vapor from liquid air 

Three concentric 
cellophane tubes 

Cerium powder 

/ 

1,lectrical 
• heater 

~ · 

00 

Figure 7 

An apparatus for cooling a powder specimen to low 
tempera~ures for X-ray diffraction 
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Figure 8 

Another - apparatus for cooling~ powder specimen to 
low temperature.s for X-ray diffraction 
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at 109° K. The results are given here. 

Sanple a Temperature 
0 

J-1 5.137 Kx. Room temperature 

J .. 2 5.123 10£1° K. 

P•l 5.132 Hoom temperature 

.p ... 2 5.134 109° K• 

P•3 5.143 Room temperati.lre 

The decrease in the density of cerium at room temperature after 
0 

having been .cooled to 109 K. which is shown by S.61.mple P•3 has already 

been observ~d by Tromba and is illustrated irt Figure 3. Sample J was 

quenched from 300° and ? , from 340° c. In eaoh case it required an hour 

0 to reach 109 K. from room temperature. 

For a tempez·ature as low as .. 100° c. this apparatus is very ef• 

ficient and I recommend it highly. However, I found it very di:f'ficul t ·t o 

reach and hold 109° K. Therefore, ! built a different e.pparatus. It was 

a. small lucite cup in the center of which the glass tube ccntainLg t he 

sample was crectedo A continuous stream of liquid air was allo,ied t o flow 

down over t he $Wiiple tube and fill and overflow the cup. 

Three 2ampl es, one of them annealed., were photographed. Hone 

snowed a chanze~ and as oe.f'ore the diffraction lines remained sharp, 

Nex~~ a piece o.t· the original casting was remelted under vacuw.n. 

During the remelting a mirror forn;ied on the cold part of t he • apparatus above 

the melt. A cpectrographic analyaia showed t he mirror to be calcium and 

magnesium. 

Low-temperature photographs · of specimens from the remelted casting 

were taken. For ' the first time evidence of some change was found. Most of 
I 
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t he d:Lf' fraction lines of the old cu·::iic structure had disappeared. 'L'he only 

ref l .ections still ciefini t.ely present. wei4 e 220 and 311, but their inter• 

planar spacings had increased slightly. The 511 and 531 rei'l_ections m?ly 

also have oeen preaei1t but ii wa.s hard to tell becauae of tile many dif­

fraction lines from ice that were present. ii:veu if they were eout1ted as 

present there were still nirte reflections missing. On a. photograph 'taken 

at room temperature immediately afterwards the lines were diffuse and weak. 

' \':i th eubsequent photographs r' continued to have trouble with ice. 

fore devised another method of taking a low•te:I+perature photograph. 

I there-

In this last arid successful method the entire sample tube waa 
·' 

placed inside a column of liquid air, and the photographs were taken with 

the X.•raya paeoir1g through the column. The arrangement is shown in ll~igure 

a. A continuous e,tream of liquid air kept the cellophane tube full, and 

• the overflow washed trre outside free of ice. Since the X-rays had to pa.as 

through 3 ra.m. of liquid air it wae necessary to 1.ise molybdenum radiation. 

For th9 i~vestigation by this method a sample T from t:1e remel tad 

0 casting was quenched from 300 C~ The first low temperature photograph, 

'£' .. 3, showed t nat at last I. had a ne,;, struet:.ire. A print froai it is show.n 

in Figure 9 along v~ith prints froin a room tearperature photograph and an-

other low-tert.perature photograph. 

They clearly show that a ch,.mge has taken place at the lowH temper-

ature. To make sure that the new diffraction lines are not due to ice, 

cellophane, or some coriditicm of the experiment I ran a , blank and this 

photograph had no diffraction lines. Vlhen I indexed the lines I found tha.t 

the ceriufll is a mixture or the old and new structures• 'rhe new structure 

is also face-centered cubic but ii1e size of the unit cell is sma~ler. The 
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Figure 9 

X-ra y diff' r act ion photog r a ph s of' cerium powder. 

T-2 wa s taken a t ro om t empe rature , T-3 and T- 9 
at t h e t empe r a ture of li quid ai r. The diff r a c­
ti on l ine s of t wo c oexi s t i n g s tructure s a prear 
in t h e low -t empe r a ture phot og r aphs. 
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prints do not . show det!lil as well as the negatives, but in T-9 the lines 

of the old structure are relatively stronger with resp'jct to those of the 

new structu,~e than they are in T-3. Now in taking T-3 the sample was 

cooled for the first time with liquid air and for· the fourth time when tak­

ing T-9. Thus it can be seen that· repeated cooling wi.th liquid air favors 

the retention of the old structure. 

Tables 3 and 4 give the interplanar spacings and ti1e indices of the 

lines of T•3 and 'l'•9. Another photograph, T•7, also showing t he new struc• 

ture is not included because it does not give any additiona l information. 

'i.'i th the cell edg~ of the old stru~tu.re' equal to 5.14 Kx. and that 

of the new eql.lal to 4. 82 Kx. the dee rease in volume is 17. 541~. 

3. Discussion of the Low- Temperature Form of Ce.rium. 

I obtained the new dense fori!l only after the ceri um had betm re­

melted and the ma3nesium and calcium su.blimed. Mahn (16) has shown ·that 

magnesium inhibits the transition to the a .form. :;u~ appa1·1:mtly the pre­

requisite for- the phas o tr·a.naition in pur e ceriu;21 i s t l:,l.l.t tne sp0ci:!len be 

str&ined, as f or exumple by quenctiing. Tnan upon cooling .. ith liqui J cJ.ir 

the atraine are increased und tne transition taKee place. It is strains 

whioh cause ~ and y cerium to i1ave dif .ferent prope:ttioo . 'tno'i d:> not nave 

different struc t ures, as I Imve proved by many X-ray diffraction 0xperi­

ments. ·;;a recall ru1 observation by, 7 romoe thut the 'tra.neition at 109° K. 

is obtained mo~t easily when the s~aple is quenoned froin -'.~2:1 ° C. with liquid 

nitrogen. On the other hand, he also reporto and. I hav~ i'oi.tnci i;,~at re• 

peated cooling wi th liquid air, which is a form of annealing, inaibits 

this transition. 

1'he metal at 109° K. is a mixture of the old and new structures. 
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Table 3 

Indices ot the Diffraction Lines on Photo T-3 

Old Structure New Structure 

Intensity d hkt a nkt ao 
hkt 0 

Str 2.76 lll 4.780 

Str 2.40 200 4.800 

Str•wide l.813 220 5.128 Kx • . 

St.r•wide 1.703 220 4. 817 

:?;tr-vii de 1.549 311 5.138 . 

Str•wide l.457 3ll 40832 

Vik•wide 1.396 2~2 40836 

Very Wk ? 

Very Wk 'l 

Wk 1.106 331 4o82l 

Vik l.077 420 4.816 

St1·•wide 0.986 511 5.123 42.2 4.830 

H-. vide 0.927 f>ll 4o8l7 

Str .. y,i de Q.860 !:)31 5.oaa 

St.r-wide o.s12 620 5.l3o 5~1 4.803 

v. Yik•wid.e .772 622 s.1,21 

'.7k 1 

. <~~; 4.806 
M•wi de 0.673 4.853 

v. Wk o.644 642 40819 

Wk 0.62s 731 4.824 
Averag&* 5.117 Kx. 4.823 

- - - - .. ... - - - ... .. - ... ... - - - - .. - - -
both cases the first two reflections are not inclt,tded in the 

l{x. 

Kx • - .. -
average. 
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Table 4 

Indices-of the Diffraction Lines on Photo T-9 

Old Struoture 

Intensity 

-V. Str 2.755 

str 2.4qe 

v. Str 1.826 220 5.16:> l{x. 

v. Str 1.699 

,. 
'J. Str 1.545 311 5.12a 

v. Str l.457 

Wk l.392 

St r- wide 1.111 331 5.104 

Str-wide l.l42 420 5.107 

Wk 1.105 

Wk l.077 

Str o.983 · 511 5.109 

M 0.929 

Str. JY.>lt'l o.864 531 s.111 

(i . Dolt's o.e13 620 5.142 

Vlk. Dblt? o.776 622 ~.147 

Wk.- Dolt? 0.120 711 f) .142 

M. Dblt o.671 

v. "\'ik o.645 

Wk 0.62'1 

Average• 5.124 Kx. 

- - - - - - ... - ... - - - - - - .... ... - - ... .... -
*In both cases the first two raflecUons e:re not 

average. 

New Strl.lcture 

lll 4.770 Kx . 

200 4 .816 

220 4.810 

311 4.832 

222 40822 

331 4.817 

420 4.816 

422 4.817 

~ll 4.827 

531 4.810 

( 711 4.'790 
640 4.939 

642 4.827 

731 4.816 

4.818 Kx • 

-- -- - - - - - -
included in the 
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The overall decrease in volume of l~ observed by Trombe means that izi 

his specimen 4Si! of the old structure was present. 

In the new structure the 4f' electron has probably moved u.p to hy­

bridized Sd 6s orbitals to take part in bond formation. The cerium is 

then quadrivalent. The cell edge of 4.82 Kx. represents, as a first 

approximation, e. single•bond radius of loS6 Kx. Thie ia in good agree• 

ment with ·the value 1.50 Kx. for quadrivalent cerium obtained from 

Pauling's paper (18). 

LsBlanchetais ( 14) obtained 2.3 ;!,13 for tho :nagr.etj,.c moment of t.he 

dense form and 2.55A3 for the quenched cerium. 'L'hia corresponds to 151! 

quadrivalent cerium in her sample, if' we take O and 2e56 f-!t.; as the mag- • 
"' 

netic momenta of quadrivalent and tervalent cerium respectivelyo 

Since tnis study was oompleted'Lawaon and Tang (19) have succeeded 

' in obtaining the sa.rne dense fonn -by applying a pressure of 15,000 a:t• 

mospheres to t he cerium. The lattice constant they obtained is 

4.84 : .03 g_ 
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II THE STRUCTU HE OF UREA OXALATE 

Introduction 

Urea oxalate, 2CO(NH2)2 •(COOH) 2, is an organic salt with ten hy­

drogen atoms. One may expect that in its structure many of the hydrogen 

atoms if not all will be used in forming hydrogen bonds. Since nitrogen 

and oxygen atoms would be involved a variety of such bonds are possible. 

Moreover, it is known that the carbonyl oxygen of urea has through reson• 

ance a negative formal charge (20). The role of this atom in the forma-

m 
tion of the salt and"the structure is then of interest. In vie~; of tnes e 

considerations Professor J. H. Sturdivant suggested the investigation of 

the structure of this compound. 

1. Historical 

Groth (21) reported that urea oxalate crystallizes in the monoclinic 

prismatic class with Ai_ :A2 ~A3 = 0.410611,0.9309, and ~ = 143°6 8
• Lons­

dale (22) found ~hat the space group is P 21/c, and that the size of the 
' 0 0 

unit cell is A1 = 5.08 X., A2 = 12.42 A., A3 = ll.54 A., with ~ = 1 42° 

56°. She also found that t here are t wo molecules per unit cell. ~ 

Accordi ng to Gaubert (23) the indices of refraction fo r the D lines 

of sodium are: 

a =l.3885 .9 f3 =l.6116, y = l.6165 

The acute bisectriKy is perpendicular to (100), and t'he obtuse bieectrix 

y is para.llel to A3 • I have oontirroed ~his optical orientation. The 

. -- - - • - - - ~ - - - - - - - - - - - - - - -
*The crystal axes I use are different from the ones in the literature, 

I have here an.d later converted the data reported by others into the values 
they would have with my axes. If the axes found in the literature are 
called . ~, \!, and ~, the~\t.r:_ansf-urrnation equations are ~l = ~, ~2 = l?,, and 
~3 = -%•2Q,• Thus the ( 201) f ace in the notation of Groth and Lonad~.la ie 
the (100) face in my eystem. 
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orientation and the large negative birefringence of -Oo228 indicate a layer­

atr11oture ,paral1el to (100). 

Lonsdale ( 22) found the direction of _maximum magnetic susceptibility 

to be normal to (100 ) . She also reported that in X-ray diffraction photo­

graphs the 100 reflection was the most intense observed, a.mi further that on 

auitably ori~nted Laue photographs the lJO reflection is accampanied by an 

elongated di.ffuoe spot which is directed normal to this £ace. The size and1 

direction of the diffuee spot along with other considerations led her also 

to predict a lay·er structure with the molecules lying parallel to (lOO) 

and linked together with hydrogen bonds. 

2. Crystallography and Space Group 

I obtained urea oxalate cryet.als by evaporating at room temperature a 

water solution of oxalic acid and urea in which the urea wain 5/o excess. 

The cryata;ts I obtained had one of two he.tits. In the rarer habit, 

Figure 10, the crystal was elongated along Al' the short axis, and bounded 

by {0101 ~ll} , a."ld . {021} , with the enda terminated by {102} {112} , and 

{10<}. These crystals were about one millimeter long. 

In the more common habit laths grew parallel to (010) as long as one 

centimeter in the A3 direction and two millimeters in the ~l direction. The 

sides of the laths ware bounded by {lOOJ and the ends terminated by {011} 

and {02lj- • '.I.winning along (100) was vary frequent. 
\ 

The crystals cleaved and slipped very easily parallel to {100). 

Needles prepared by cleaving bent ea~ily in the B1 direction. 

l determined the lattice constants with a camera which I had pre ... 

viouely oalibrated. with sodium chloride. First I took well exposed ro• 

tation photographs about the three axes to establieh the identity distances. 
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Then I took oscillation photographs of the orders of h00 9 OkO and oot; and 

of the 404 and 2•0•10 reflections. To obtain reflections at large angles 

I used the Ka radiations of iron and copper. The wavelengths usGd are giveu 

in Table 5. 

, Table 5 

Wavelengths 

Ka., 
. .. 

Ka
2 

Ka 

t 1.93991 i. 
0 

Fe 1.93579 l.9373 A 

Cu 1.54050 1.54434 1.5418 

Mo o.7o92G Q.71354 o.no1 

The celou.lation for each axis was made grar,hically (24) by plotting 

for example A1 sin~ from different orders and wavelengths against the 

Nelson and Hiley 'function (25), ~·(~!!.2! + goa
2
9), and extrapolating ·to 

sin Q , Q 

Q =90°. A.ft.er f..1 sin ~ e.nd A3 ain ~ were knc;,w~, and hence t he l~ng'i:ihs of 

the r·ecd.prccal vectors B1 and B3 , _the value of cos ~ was t wice detemi:-1ed by 

solving in the reciprocal lattice each of the triangles forJ.,ed by ti1e vectors 

A
40

t 4,!1~ and -~
3

; and h2.
0

•
10

, -2,g1 , and 10~3 • The two values of cosjs 

were then plotted against the Nelson and Riley function and t he e xtrt,pol• 

0 a.ted value of cos j3 at Q =90 v,as taken as the t,rue value. The cell- dimen-

sions I found a.re ~ =143°1 1 , A.
1 

z 5.1~8 i., A.4 = 12.404 f ., and A3 =ll.576 tw 

with a limit of error of .005 .R. 
3 

The density (2::;) of urea oxalate is l.586 g/ll•/am. and th0 molecuJ.m~ 

weight is 210.15 . These data give 2.oi formula. weights per unit ce:i.l. 

W Weiseenbarg photographs were taken about the three axes witll copper 

radiation and again about the A1 axis with molybdenum radiation. ~iith some 
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Figure 11 

A Laue photograph of urea oxalate taken with the beam 
parallel to A

2
o The radiation wa.11 from a tungsten tar­

get at 52 kv. peak. 

Figure 12 

A zero-layer Weissenberg pho tograph of the (100] gone 
of urea oxalate. The photograph was taken with copper 
K radiation. 
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crystals a faint reflection at the position of 0•15~0 was noticed. On an 

overexposed diffraction photograph of such a crystal I found that although 

this reflection occurs at an angle where the a
1 

and a
2 

peaks of other maxima 

are distinctly separated there was only one spot and that very diffuse. I 

therefore concluded that this was not a Bragg but a diffuse reflection. 

Other tnan this I found for the first 20 orders that OkO was present only whan 

,.k was even. I also found hO t present only when t was even. All other 

classes of reflections ,,ere observed. Pyroelectric teats with liquid air, 

which were controlled by tests on resorcinol, which is not centrosymmetric 9 

gave ~o evidence that urea oxalate lacks a center of symmetry. Furthermore, 

all well-formed crystals appeared to have a center of symmetry I and the face 

developroeht of some of them showed the symmetry 2/m. 'l'his symmetry was also 

shown by Laue photographs. In view of all these considerations the space 

group P 21/c reported by Lonsdale was accepted. 

3. The Determination of the Structure. 

The space group P 21/c has the following sets of special and general 

positions. 

(a) (ooo) (o½t) 

(o) (oo½} (o~o) 

(b) 
•· 

{ d) 

( 1100) (:itt) 

( ~-o½) ( 220) 

The special positions are at centers of symmetry. 

Since there are only two molecules per unit cell, their centers must 

occupy a. set of special positions; consequently the molecules muot have a 

center of symmetry. If we neglect the hydrogens, we need to locate seven 

atoms; -COOH•OC(NH2)2• The determination o.f' the structure is thus a 

21-parameter probl~n. 



We have seen how the optical and :nagnetio properties• the cl eavage, 

and the size and direction ot the diffuse epot associated with the 100 re• 

fleotion indicate that all atoms lie in a plane parallel to (100). This is 

further supported by the observatiQn that the first five orders of (100} 

show a normal decline. The fifth, sixth, seventh• and eighth orders, ~ll 

which ware brought into position to reflect with molybdent1m K a radiation? 

were absent. I therefore proceeded with the asswnption that the t wo molecules 

have their centers at (000) and (Ol~) and that the atoms lie in the (100) 

plane. 

To find the disposition of the atoms in this plane a t wo-dimensional 

Fourier projection along A1 was decided upon. Thie projection is computed 

from the equation 

t 
0 

k+ t even Jt+ t odd 

wh~re f(Oyz) ie the electron density per unit projected area and A is the 

projected area A2A3sin ~. For tha .ooefficients Fokt one uses the experi• 

l:llentally observed structure factors (F 006 )Okt • The next step then was to 

measure F values. 

A crystal was ground to a cylinder 0.3 mm. in diwneter with its axis 

along 11.1 • A zero-layer 'Heissenberg , pbotograph was taken with Qopper radi• 

ation and with fo~r superimposed films in the camera. The intensiti es of the 

Ok e reflect ions were then estimated by the uaual multiple film technique 

(26). Itwha asswned that the decrease in .blackening of a given reflection 

.between two successive films corresponded to a decrease in intensity by a 

factor of 3.7. The intensities were divided by the Lorentz and·polari-
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2 
l+ coa"2Q 

zation factors, sin 29 , to obtain values of {F
008

}
2• As described later 

the observed F's were subsequently modified by a .factor whioh placed them on 
-

an absolute scale. No absorption or extinction corrections were made_. The 

linear absorption coefficient ti:nes the radius for a 0.3 mm. cylinder is 

o.225. The absorption therefore is low and uniform at all anglee and can be 

included in the scale factor. 

To obtain more struoture factors another set of multiple film photo• 

graphs were taken with a cylinder 0.33 mm. in diameter and molybdenum radi­

ation. The films were interleaved with oopper sheets 0.001 inch thick. 

Only fou?teen additional reflections were observed with molybdenum radi• 

ation. Many weak reflections that could still be seen on the photograph taken 

with copper were absent here. Of the ad4itional reflections, many were so 

weak they could barely be seen. I found that thei,ir intensities cou.ld best be 

estimated by comparing the.en with other spots that were common to the two sets 

of photographs. The difference in the Lorentz factor in the two cases was 

taken into account. 

It was next necessary to find a trial structure from which to calculate 

the signs of the observed F's. A Patterson projection along A1 gave no in• 

formation. I then took advantage of the fact that the struct1.1res of urea ( 2'/) 

and oxalic acid ( 28) are kno,wn. 

Paper models of these molecules were arrang~d within the outlines of 

the unit {100) face. In this I was guided by the apace group and the ob• 

aervation that th~ 0•12•0 and 0.11.4 reflections are uaualiy strong. Two 

possible trial structures were found; one with the long axis of oxalic acid 

28° from the A2 axia 1 and the other with the oxalic acid making the same angle 



I then calculated the structure factors £or each of the two positions. Ii'o r· 

the atomic scattering factors fJ I used the values for C, N, ruid O given 

in ''The International Tables tor the Determination of Crystal Structures". 

Now in the two orientations the carbon atoms of oxalic acid had different 

locations but the oxygens and the atoma of urea had nearly tne same posi• 

tiona. As a result I found that between the two orientations the calculated 

F's might differ greatly, but the~t at low angles of reflection only a few 

of them had opposite signs. Neither set of' calculated F's agreed very well 

with the observed one, but on the whole one could eee ·t11a.t wh,m the observed 

etr1.1cture factors were high or low the calculated ones were likewise high or 

low. When l tried to improve the agreement by slightly shifting the atoms, 

I sa:w that here again the magnitudes of the calculated F's riiight change, but 

that very few of them changed. their signs. 

I therefore decided to make a preliminary Fourier projection. Gven 

if the Signe for the observed F0 s were obtained from the wrong trial etruc• 

ture, only a few of them could be wrong, and one might still expect the 

projection to give positive information. 

! chose the orientation of the oxalic acid along A2 as the trial struc• 

ture from which to calculate the signs of the F's. Only the s·~ructure fact-

o 
ors from reflectiona whose Bragg angle is less than 4~ • were used. Lmong 

these, those ·that agreed poorly with the calculated ones and those of whose 

signs I was oth~rwise uncertain were left out. 'Forty•nine terms remained 

with which to make the first Fourier projection. 

The projection was calculated on an IBM machine at intervals in y and z 

of l/60th of the cell edges (29). 

The projection ehowed the position of six of t.ne seven atoms in the 

asymnetric unit. 'rhe peak for the carbon in oxalic ·acid was absent. It was 
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expected that it would show up when more terms were used in the Fourier 

series. .C;ccordingly • from the p<:>si tion of the six peaks and the assu;re d posi .. 

tion of thie carbon atom the signs were calculated to a greater angular 

range of reflections. In this projection the peak for this atom was still 

absent, and in Qnother one madewith still more terms the peaks I already 

had began to dieappear. 

· I the~erore began all over with the oxalic acid oriented along A
3 a.e 

the trial structure. Again the first projection was made with observed 

F's from planes whose angles of reflection we:re· below 45° ·. It showed all 

e•ven peaks. From their- positions the signs for additional structure facto~s 

were.found and another projection waa made. The peaks in this projection 

were well enough r-esol ved to enable me t ,.) calculate the signs of e.ll .the 

st.ructure ta.ctore obtained with copper ra..diation. At the same time I de• 

termined a tentative scale factor with which to put the _observed F's on an 

absolute scale. This permitted me also to use the thooreti0al value of 

F in the next projection. 
000 

This projection was made with data from 102 reflections, all that I 

had from copper -radiation. The peaks were round and well resolvedv The 

aigns of the. structure factors calculu.ted from their positions e.e;r·0ed iJ"ith 

the sigrte used to make the projection. Thus the series had converged. 

Nevertheless, it was decided to continue with another projection 

in which the fourteen ~dditional structure factors obtained with molybdenum 

.radiation were used. 

This projection is shown in figur~ 13. It is followed by the draw• 

ing Figura 14 which shows the 'projection of the atoms onto the (100) plane. 

The hydroxy oxygen is o1 • 
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T'..10 Fourier proj eat.ion ha s no i'ulee pea.ks nor sinks. The pe8",ks are 

ne t quite so round aa those in the projection made with copper data onl; ■ 

Twelve of the fourteen additional structure factors which had been in t ro .. 

duced were from planes whose k indices ranged from 16 to ~O and t indices 

frrom O to 3. They aharpened the peuks more in the A2 direction t .nan along 

i\.3 and thus left thMn slightly elliptical. 

1 now determined the final values of the temperature factor and the 

scale factor to put the data on an absolute basis. Letting 

Sin Q = H ~ 

I used tha equation 

This upon rearrunging and taking log~rithms becomee 

ln F /F = •4BH2-ln k. · oba calc 

One could t hen get ln k and B from the intercept and slope of the straight 

line obtained in plotting ln F005fr0 a.lc againet 4H2• Actually I solved for 

them analytically by the method of lea'st squares. 
o2 For BI got 1.6 a . 

Since the structure is a planar one it is likely that tne thermal vibra• 

tions are anisotropic. Therefore, this value of Bis probably correct only 

for the (].oc] zone. 

Table 7 lists the valuea of Fobs and Fcalo for this zone. The temper• 

ature correcti on is included in each Fcalc" Except for {020) the agreement 

is very good. I believe the intensity of the reflection from this plane was 

low because of secondary extinction. If this and absent reflections are 

excluded 

~JI Fobs I • jF calcll 

LI Fobs! 
= 0.133. 
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When only the data t ·,-·om copper radiation are used the fraction is 0.126. 

I believe t he latter figure is more representative of my workp because the 

molybdanW!l reflections were weak and hard to estimate. 

'l'he carbonyl oxygen of urea was diatinguished from the nitrogen 

a.toms by the heights of the peaks in the Fourier proj action. 1'his is shov.n 

in Table 6. 

Table 6 

Electron Densities at the Centers of the Fo11rier Peake 

Atom Elect rone/f 
2 

Cr 10.0 

CII 9.7 

N I 10.0 

NII 10.7 

Or 12.3 

OII 11.8 

0rn 12.3 

Ws see t.hat the a.tom which is identified as o1II has one of the 

highest densities in the projection. All nitrogen atoms have definitely 

lower den5ities than the oxygen atoms. The identity of the atom at OIII 

can also be deduced from the atruoture. 

Up to now I had assumed that all atoms lie in the (100) plane and 

that all x paramet,.:1rs were therefore zero. This assumption was nov1 exalllinod 

more critically. The structure faotor for hkO reflections when k is odd is 

F = -4 ;;J fj . sin 2 j[ hx •sin 2 n. ky. 
hkO 

This equation shows that if x were zero for all atoms then the entire elass 

of hkO reflections with k odd would vanish• Weissenberg photographs showed 

that this was not the case, and l therefore proceeded to find the x coordinates. 



Figure 13 shows that a Fourier projection along A2 or A3 would not 

1give resolved peaks. Nevertheless, in the hope of getting some informat ion 

I made a projection along A
3

• It gave back no more information than waa 

:qsed to make it, and so was not ooneidered further,. 

I was more successful when I first estimated the positions of the 

atoms and then shifted them so- as to bring the structure £actors for ti1e 

hkO reflections into agreement. I followed this by making a Fourier pro• 

j ection a.long the [ioy zone•* This z.on,e makes only a -22° angle with 

the (100) face; therefore the pea.ks for Cu and NII were not resolved, and 

the position of CI was uncertain. However, the pea.ks for NI and the three 

oxygen atoms were quite distinct, and by comparing this projection with 

that along A1 I was able to get the x. parameters of these atoms. The x co­

ordinates of the NII and the two carbon atoms I then reestimated from the 

molecular structures and the structure factors. 

In fractions of the cell edges the positions of the seven atoms in the 

asymmetric unit ares 

Atom X y 

Cl .Ql8 0027 

CII .020 .368 

N I .010 .288 

NII .010 .349 

Or .006 .038 

On .085 .125 

0rn .038 .465 

--- - ----- ... 

*A projection along this direction was 
Vaughan~ I was as.sisted in making it by Prof. 

z 

.949, 

.121 

.199 

.012 

.150 

.961 

.168 

suggested 
Lynne L. 

""'------
to roe by Dr. Fhilip 
Merritt, Jr. 
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I believe t he y and z coordinates are correc·t within .02 R. and the 
0 

x coordinates within .06 A. The refinement of' tho x coordinates ia the ob-

ject of a continuing investigation. 

4. Discussion. 

Some featlires of the structure are already well established. Those 

which are subject to · change upon further refinement of the parameters .I 

shall indiee.te during the discussion. 

The structure is a layer one with the atoma almost lying in a plane 
0 

whioh is parallel to (100). The layers are 3.085 A. apart. The lo wer of 

' two successive layers is translated in the A3 direction by 0.35 A3 or 

0 
4.11 A. 'I:he layers are held together by van der ·saals fo:roee~ 

Within a layer the molecules are held together by hydrogen bonds, 

and all hydrogen atoms are used in bond formation. There is no distinct 

urea oxalate moleoule. Rather,. the structure ia a va.at network of urea and 
I 

oxalic acid mo lecules. 

The pl~u100 of the oxalic e.cid molecule and of the urea molecule are 

slightly tipped with respect to each other and to the (100) face. The 

plane of the oxalic acid at the origin of coordinates, Figure l4p makes an 

angle of 9° ·viith (100) and its normal makes an angle of 82° with minus A.;:, . 

or the orient.ation of the plane o.f the -urea .molecule 1 am more tuwertain. 

With the present. set of parameters the urea molecule that ie laoeled in -tho 
an 0 

figure makes/angle of 2° with (100) and the n9rmal makes an angle of 88 

with minus /\..1 o ,, 

In oxalic acid the distances are C•C = l.49, c1 .. oI = 1.32, 

0 O 
:l.24 A.; and the O•C-0 angle is 122. Althot.lgh the parameters uaed 

more refinement, the present valt.les of the distances agree well with those 



found for N-acetylglycine by Ca.rperd~et1 and. Donohu.e ( 30) . 'l'her got 1.1'.l 
0 

~nd 1 .31 1 ... fo r the C•O distancee and l:::4° for the o-c-o a.ng1 e. Their' de-

termination of' the configuration of ·the carboxyl group is, l believe , Mw 

most accur a:ce that has _yet oaen made. In urea oxalate the two dii'fsreut 

G•O distanc~a show that th~re is no oxalate ion present. 

'rii°ehin -the urea molecule the distances are Cr1-N
1 

-·· l .32, 

0 
Cn•Nu "' l • 31, and Cn•OrII -- l • 2'7 A• The N•C-N angle is 121 o. In the 

structure of urea itself the C•N distances were reported (27} a.s 1.3'1 R. 
0 

and the c-o distance as 1.25 A. Tha N•C•N angle was given as 110°. 

T'.ne lengths of the hydrogen bonds are~ 

Nr.Ji • •O--J. 3.l~ X. 
Nr-H• •01r 2.94 

Nrr-H• •0n 2.93 

N1r-H••01II 2.98 

Of"ii••Onr 2.47 

0 
The 01-}l• •On1dista.nce of 2.47 Ao i.s shorter than any that have been 

reported. Unfortunately, the direction of this bond is almos t along A3 i 

which nw.kee i t s length very sensitive to the x coordinates of t.11 0 ato;::...s • 

It m~y be that after more refined analysis this distance will have to oe 

revised upwal~ds, but from my experience vr.i th' this structure I believe that 
0 

it will never reach the value of 2.54 A• found in pote.es il.Ull dihyd:rogen 

phosphate. 'rhe length of a similar bond in r~•acetylglycin0 is 2 . 56 L 

5. Future Work. 

Although the structure of urea oxalate is no w knov;,-n, more exaot 

values or the hydrogen bond distances are of equal intereet. To detennine 

them as well as they can be, thre&•dimensional analyses have been t,mder ... 
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taken. The · oontinued investigation may also yield a better determination 

of the configuration of oxalic acid. In epite of numero~s pap era the 

structure of oxalic acid nas not yet been satisfactorily determinedo 

~ Toward making three-dimensional a.nalyses photographs have been taken 

about the A1 a.xis up to the third layer with oopper Ka, and up to the 

fifth layer _with molybdenum Ka radiation. Another set/ of Weisseriberg photo• 

graphs ha.ve been taken about the A3 axis up to the seventh l ayer with' 

copper K l"8;fiiation. Nearly all the intene ities of the maxima in the 

• photographs about the -~ axis have been estimated. 
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Table '1 

Urea Oxalate. Calculated and Observed Structure 

Factors of 0kt Reflections 

0kt F 1o'bs 0kt Fcalo F qalc obs 

002 16.8 16.9 040 -1.so 3.4 
004 -2.4 3.5 041 •J,2.9 14.2 
006 • 21.'I 15.7 042 •37.5 37~9 
008 -2.2 <1.6 '()43 3.4 4.6 

044 -12.9 10.6 
Oll 15.8 13.6 045 .4.6 5.8 
012 •24.~ 25.7 046 a.4 2.3 
013 16.0 13.5 047 1.1 1.5 _ 
014 21.a 20.5 048 .9.3 8.-3 
015 -6.6 4-7 
016 ,3.2 4.5 051 -7.6 7.7 
017 .4.4 . 4.l 052 •21.4 21.7 

053 J..4 <1.5 
020 40.0 26.l, 054 1e.2- 19.3 
021 32.4 . 35.0 055 •13.0 10.4 
022 o.s <1.0 056 .. 1.4 - <1.0 
023 17.8 ;_ 1a.o 057 4.4 1.7 
024 •18.7 15.7 058 .. 4.3 1.9 
025 10,6 a.a 
026 6.7 5.0 060 -23.l 24.l 
02'1 ' 9.0 5.5 061 4.5 5.9 
028 -2.4 2.6 062 .11.1 ll.S 

063 •18.2 17.9 
• 031 28.4 28.3 064 2.7 2.4 

032 -14.0 • 12.1 065 1.0 3.2 
033 -s.1 2.2 066 5.2 4.2 
034 15.2 15.0 067 4.4 4.3 
035 2.2 <1.a 
036 16.8 14.3 071 -0.2 <l.5 
037 4.4 3.9 072 •20.9 18.6 
038 -3.!! 1.9 073 -2.2 <1.a 

074 12.6 12.s 
075 5.2 5.4 
076 -0.4 <l.9 
077 -10.s 9.0 

- - - - - - - - - - - - - - - - - - - - - - -
*All data a r e on absolute scaleo 
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Table 8 

Absolute Value of Observed Structure factors, for hkO R_eflections. 

C~pper K a, Radiation 

hkO F obs hkO 1obs 

020 28~7 160 l.6.8 
040 •• 3.1 260 e.o 
060 25.7 360 ,S.6 
080 · io.4 

o.io.o 13 .~, 170 0 
q.J2-.9· 2~.3 270 0 
o.::t.4.:o s.1 3'70 0 

.:1.00 a1.o 180 10.1 
200 39.3 280 5.3 
300 12.6 sao l.9 

110 13.l 190 603 
~lo 9.8 290 a.o 
310 4.3 390 4.7 

120 24.2 1.10.0 10.9 
220 10.~ 2.10.0 .7 .6 
320 4.3 3.10.0 2.e 

130 12.2 1.11.0 4.2 
230 9.3 2.11.0 4.6 
J .30 4.2 

1.12.0 20.9 
140 3.6 2.12.0 10.9 
240 3.l 
340 1.5 1.13.0 1.9 

2.13.0 2.0 
··· 150 . 2.1 

250 0 1.14.0 2.7 
350 0 
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· PROPOSITIONS 

;- 1• The eobf4l.t oarbi-df; _co2c, diseovered .by Hoter and F&talea (,iJ ·• 

' has an' Qrihorh~illbic uriit cell wi.tb a= 8.66 i, · la = 4.66 j., '.:~~~ 
c =- 4.&4 .i_ There are eight formula weights per unit Qell • .. 

• . ~ ' 

2. The A or high-temperature modification of oeri~ eeequioxide, ce2_o3, 
• ! :;:-; _ 

oan be £otmed . at 500°0. and not, as believed {2), (3} only ab·ove 

l000°C • 

3. The van ilrkel method ( 4) is the most promising one of preparing 

europi~ metal £ or X•ray diffraction st11dies. 

4. It would be·~orth while to detennine the structure of urea nitrate. 

One can expect to find an even shorter o--H"'O distance than na found 

in urea oxalate~ 

5. The assignment of three different atomic he11t ~ape.cities to nitrogen 

by Satoh and Sagobe (5) is based upon a,msound reasoningand upon neg• 

lect of the oontrioution of hydrogen bonde to the energy of a struc• 

ture. 

6. The continuous series or uolid solutions formed by nickel and copper 

are f requ~ntly cited as proof of the vflllidi ty of the rules governing _ 

the formation of solid solutione ~n metals (6), (7). By the same rules 

one can expect cobalt and copper to form a lik.e se~ee of solid solu• 

tione. By all met ho de that he.ve been tried only a limited. eolubili ty . in 

the solid as well as the liquid state has been found (8}, ( 9), (10), 

(11). It is proposed that.the preparation of sol1<1 solutions of cobalt 

and copper be attempted by the van Arkel method. 

7. In the Fourier projections of the structure of A1Cl3 made by Ketelaar, 

MacGillavry • and Renee ( 12) the "ghost·" peaks indicate either a dis­

order · in the positions of the Al atoms among the octahedral holes or 
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that the identity distances have been incor rectly determined. Con­

trary to what the authors r-eport the peaks are not false and a ra­

au~t of the uee of t winned crystals in the etructure determination. 

8. Quadrivalerit cerium metal, which does not have l\ ,,~£ eleetron, 

should also show chat.1ges in the M and N X•ray spectra- (13) as 

well as in the magnetic susceptibility and electrical reeieti vity. 

9. The dipole momentt\ oaloulated for diethy~ .sulfite, triethyl phos• 

phate, and tetraethyl silicate by · Svirbely and Lander (14) do not 

agree with Jhoir models. A reoalQulation or the dipole moments 

from their modelo is given below 

Diethyl sulfite 

Triethyl phosphate 

Tetra.ethyl silicate 

Caloulated 
S a.nd L 

-~ 1018 

3.09 

l.78 

fteoalcula ted 

3.13 

2.07 _ 

lO. Bancroft (15) reportee that the sulfite•sultate cell is a semi­

reversible one. _ 'fhe oxidation of the sulfite proceeds reve~ai­

bly, • but the reduction of the sulfate is irreversible. He re .. 

ported that the potential of the cell can be oomputed. 'from the 

equation 

in spite of the fact that he also observed that it eho~ed a strong 

dependence on the hydrogen ion concentration. He toun,d" the elec• 

trode potential to be independent of the sulfei.ttconcentfatiori.. 
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10 ~·mt•a,. 
I propose that the cell is really a 1"eversible om- and that the 

= + ... 2J:I2so
3 

= s
2
p6 •· ♦ 4H + 2e . 

and that tr:is i~ follo1s."eti by tha eherrrl.aal r,~uetioa 
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