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ABSTRACT

Optical and morphological characteristics of thirty seven
compounds of plutonium studied by methods of optical crys-
tallography are described. The uniform method adopted for

reporting such data is disocussed,




INTRODUCTION

A systematic study of optical and morphological character-

isties of plutonium compounds was begun in March 1948. The
primary object of this work was to collect data which would
permit the use of a polarizing microscope for the identifi-
cation and study of such compounds in unknown samples. This
report covers the work completed to date. It is planned to
continue this study of plutonium compounds and %o report

sdditional data obtained from time to time.

HEALTH PRECAUTIONS

It is necessary that extreme care be taken when handling
plutonium compounds. The reader is referred to the instruc-
tions given in "Health Program for D Building Laboratory
Area" printed September 15, 1947 and the special precautions
given in the LA Report 416. These reports cover protective
clothiﬁg, respirators, use of dry boxes and similar infor-
mation necessary for safe handling of radioactive materials.
It is essential that the operator take every precaution to
avoid inhaling or ingesting plutonium even in the most min-

ute amounts.

5 - UNCLASSIFIED
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METHODS

¥
Standard methods of petrography and chemical microscopy (1),

(2),(8),(¢) weares used in this investigation except as fol-
lows: Determination of refractive indices of radiocaotive
substances, by the immersion method necessitated the use of
special microscopeiobjeot glasses made by the Fish-Schurman
Corporation. These slides had an annular groove, 3/8 inch
inside diameter, 3/32 inch wide and about 1/34 inch deep
ground into one surface. By taking up the excess immersion
liquid, the groove prevented the radioactive contamination
from reachingthe edge of the cover glass. For use on the
universal stage the edge of the cover glass was cemented to
the slide outside the groove with sodium silicate. The
double variation method was not used partly because of the
unavailability of some items of equipment, but chiefly be-
cause some problems of adapting this method to the handling

of radioactive substances have not yet been solved.

The characteristic absorption spectra of plutonium compounds
suggest a wider use of the microspectrograph than is common
in studies of this kind. The only instrument available for
the study of absorption spectra of individual crystaels was

a leitz prism microspectrometer which proved quite useful in

_6- UNCLASSIFIED
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spite of its limitations. An attempt is being made to

obtain a more suitable grating microspectrograph, such

(5)

as desoribed by Jelley for future studies.

"7 UNCLASSIFIED




PRESENTATION OF DATA

The following is an outline giving the order in which data
are presented, the conventions adopted and notations used.
In a general way recommendations of the Armour Research
Foundation for presenting crystallograﬁhio data(s) have been

followed with some amplifications, though in some particulars

doeviations from the recommended procedures seemed advisable.

l a, Name of Compound and Chemical Formula,

Cunningham's(7) designations have been followed in this re-
speoct when compounds have been prepared according to the
method given in this reference unless definite evidence for
a different jdentification is available. In accordance with
comm&n usage Cunningham's designation "plutonium (VI) dioxy"
for PuO2 has been changed to "plutonyl". Some compounds,
not listed by Cunningham, have been prepared the identifica-
tion of which appeared certain because of isomorphism with
known salts of other elements. In still other cases the
basis for identification, such as method of preparation,

chemical properties, etc., i3 given.

1 b. Method of Preparation is described briefly with ap-

propriate references.

1l c. Isomorphous Relations to compounds of other elements




are stated, Note is also made of any polymorphism observed.

2. Crystal lorphology: Up to now no geniometric meésure-

ments have been made on crystalé of plutonium compounds.
Because of the necessity of working with small amounts of
material it is probable that in the future such measurements
will be feasible oniy in a few cases of compounds orystal-
lizing with exceptional ease. For this reason, and in order
to facilitate the description of crystal habit and optic
orientation, it seemed desirable to present whatever crystal-
lographic data could be secured from microscopic obseréations
. and angle measurements on the stage, even though the values

determined be of low precision.

2a. Crystal System can usually be determined by & combina-

tion of microscopic observations of crystal form and optiocal
properties. In cases of doubt the system assigned is that

of highest symmetry oonsistent with observations, and is

then prefixed by the adverb "probably." Thus, "probably
monoclinic" Eignifies that the compound mey orystallize in
the monoclinic or triclinic systems but not in the orthorhom-
bioc or in systems of higher symmetry. Rhombohédral crystals

are regarded as belonging to a system separate from the

hexagonal, and are characterized by the angular parameter

alpha (c(). If hemihedral development is observed the




crystal class is given; otherwise it is to be assumed that
no observations have been made which are inconsistent with
regarding the compound as crystallizing in the highest sym-

metry class of the given system.

2 b. Morphological BElements, unless otherwise stated, are

based on measurements under the microscope and, as noted
above, are to be regarded as rough approximations, The con-
ventional elements (g._ H R 3 o, o(_,/3 R fY ) are given
and, in addition, such interzonal angles as are particularly
oharacteristic of the appearance of crystals under the micro-
scope. The extended Naumann rule (9_(_8_. (R), amplified for
triclinic orystals by the rule suggested by Donn&y(s) (X and
/é?obtuse), is generally followed except when superceded by
the customary orientation of the unique symmetry axis (E.in
the tetragonal and hexagonal systems, b for monoclinic cry-

stals).

In case of simple crystals, often encountered in the study
of the less soluble compounds, the crystal is set up in ac-
cordance with habit, the axis of greatestextension being
selected as the ¢ - axis, and the best developed pair of
faces as intersecting the b - axis only. This is at vari-
ance with the recommendation of the Armour Research Founda-

t1on(6) £hat "in no case will the choice of crystallographic
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axes be based on orystal habit," but is founded on' the law
of Bravais which states that best developed faces conform

to lattioce planes with greatest interplanar spacing. It

.follows as a corrolary that best developed zonés in & orys-
tal correspond to lattice lines of greatest point density,

‘'whioch brings the convention adopted into harmony with the

extended Naumann rule (cga<b).  In the absence of X-ray

structural data and in cases of form underdevelopment this

‘appears to be the only basis for orienting corystals.

In cases of more complete development of crystal forms the
principle of simplest indices and Barker's rules(g) as

modified by Terpstra, Donnay, Mdlon and Van Weerden ( 10)

are
generally followed in setting up crystals, An exception may
be affdrded By 8 crystal which is evidently pseudo-symmetrioc
and which i8 oriented conformable to conventions applicable

to the higher symmetry class from which it may be thought of

as derived by a small homogeneous transformation.

A2 ¢. Crystal Habit is described as equant, tabular or platy,

prismatic or acicular, and bladed. When possible this is fol-
lowed "by the listing of observed crystal forms. Observations

on twinning, cleavage, striations and other growth accessories

are included in this section.




The customary conventionsare followed in the use of Miller
symbols which are enclosed in parenthesis to designate a
crystad face (h k 1), in braces or curly brackets to indicate
& orystal form or set of equivalent faces {} k i}. Square
bracketa are used to designute & xone axis [g v w] , and
carets for a set of equivalent zone axes <u v w> , Unen-
closed Miller indices are used in crystal drawings. Any
angle designations between fdces such as (h k 1)A(H k L)

refer to polar angles, i.e. to angles between face normals,

Letter notations for corystal forms follow the Barker conven-

tions and in most cases conform to general usage: & {106} ’
b {010} , o foor}, m {110}, u filo}, r 1o}, & {.101},
q o}, afon}, o{11 }, 0 {111} . P {in} , PEITL} .

3. Optical Properties.

3 a, Optical Character is designated as isotropic, uniaxial’

positive, uniaxial negative, biaxial positive or hiaxial

negative.

3 b, Optioc Axial Angle is measured in the orystal and is

designated by 2V. Unless otherwise stated its value is de-
termined for sodfium light (6893A). Its magnitude is either
estimated in which case it is followed by the notation

"(estimated)," caloulated from the indices of refraction,




which is expressed by "(calculated)," or measured direoctly
on the universal state or by Mallard's method, this being

designated by "(measured)."

3 ¢. Optic Orientations X, Y and Z are used to express the

vibration directions correspoanding to the low, intermediate
and high principal indices of biaxial crystals. Their rela-
tion to the orystal axes is noted. For monoclinic crystals
XAc =\ signifies that the X axis of the indicatrix makes
an angle i with the crystallographicig - axis. In the tri-
clinic system the orientution of the indiocatrix is given by
angular ooordinates (polar /© and azimuthal f) of the direc-
tions of X, Y and Z on the stereographic projection of the
crystul in oonventional orientation. When available data do
not permit orientation of the indicatrix, extinction angles
to prominent crystal edges on commonly ocourring faces are

recorded.

In uniaxial crystals O and E refer respectively to vibration

directions of the ordinary and éxtraordinary ray.

8 d. Dispersion of optic axes is expressed as v>r (optic
angle greater for violet light than for red light) or r> v,
and is further qualified by adjectives: perceptible, distinot,
strong or extreme. Dispersion of bisectrices (crossed, in-

clined or horizontal), cerossed dispersion of the axial plane:




abnormal interference colors are also noted in this section.

3 o. Indices of Refraction, unless otherwise stated, have

been determined by the Be;kg method using sodium light
(5893A), and with a degree of accuracy belleved to be of the
order of one or t;o units in the third decimal place. If,
due to the small size of crystals, their hygroscopic nature

or other unfavorable cirocumstances, this degree of accuracy

could not be reached the estimated limits of error are stated.' -

In unjaxial crystals No and Ne refer respectively to indioces-
of refraction of the ordinary and extraordinary ray. For
biaxial crystals refractive indices corresponding to the X,
Y and Z direction have been designated by symbols Np, Nm and
Ng. When thwught advisable indices correspondihg to promi-
nent crystallographio directions or to extinction positions
on prominent faces are also given. The above choice of
symbols conform to the usage of A., N. Winchell in his three
monumental compilations of data on optical properties of

(3),(11),(12),

minerals and artificial compounds but is oon-
trary to recommendations of the Mineralogical Society of

. (13) (6)
America and of the Armour Research Foundation » both
df these bodies adopting ‘the symbols /9 and 7’ for ‘refrac-

tive indices of b1ax1al erystals, &/ and«E for uniaxial orys-

tals. It may be noted in this connection that the editiors




of the new edition of Dana's "System of Mineralogy"(14) also
‘ k

| .
have not followed this recommended usage "largely for typo-

grephical reasons and because the Greek letters of ,/6 and Y

are much overworked as designations for physical constants."

|

Unfortunately, the admirable syatem adopted in Dana which
gvoids any special notation for the different indices is not
%ell adapted for presentation of fragmental data. Symbols
Fd_, ng and ny.used by Von Groth and some other authora is
not apt ﬁo lead bo confusion with orystallographic notations
Ebut were,rejeoted for typographical reasons,
|

3 £, Color of the compoond in bulk, in reflected or trans-

}mitted light, with observations on pleochroism and absorption
|
|
|

iformulee. When available, observations on absorption spectra

of crystéls are also included.

1. Plutonium (IV) Dioxide. PuO,.

| . .
rPrepared by ignition of the metal.

| Crystal Morphology: Isometric. The X-ray structure of this
\ (17)

compound has been worked out by Zachariasen , (pp. 7-8).

The sample examlned consisted of anhedral grains,

K
\ -
j Optioal Properties Isotropic or weakly birefringent (due
f to strain ?). Refractive indices: N(5893A) = 2.402;

N(6708A) = 2.350 ¥ 0,005. Color of streak yellow, green in

\

'{ transmitted light.
| ,
I




><// 2. Plutonium (IV) Peroxide. PuOgz.

Two types of plutonium peroxides a;e recognized from X-ray
diffraction stud;;a and their behavior in precipitation(ls’ls).
The references consulted are not in agreement as to the con-
ditions controlling the formation of the two types of peroxides.
Plutonium psroxide was precipitated with excess Hzo2 from

1 M HCl, 3 M HNO;, 0.125 M end 0.25 M H,S50,. These precipi-
tates were undistinguishable under the mioroscope, though the
poor crystal development and small size of individuals, raré-
ly exceeding one mioron, made it impossible to obtain more
than fragmentary data on optical properties. Peroxide pre-
cipitates formed in 0.5 M, 1 Mand 2 M H2804 consisted pre-
dominantly of the same phase as far as could be .ascertained
under the miocroscope, but contained, in addition, crystals de-

soribed under (3).

Morphology: Anhedral granules. The larger particles exhibit-

ed a tendency towards prismatioc development.

Optical Properties: Weak birefringence observed only on the
larger particles, which were further characterized by direoct
extinction and positive elongation. Msan refractive index

1.70. Color emerald green.
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‘><f 3. Plutonium (IV) Peroxide Sulfate (7).

Samples of peroxide precipitated from sulfuric acid solu- '
tions of concentrations exceeding 0.5 M HZSO4oontained in
addition to the normal peroxide described under (2) thin
scales of what may be plutonium peroxide sulfate. The re-
lative amount of this phase increased with increasing acid
concentration and, up to a ceriain point, with the time of
digestion, The.plates appeared to have been formed by
aggregation and assimilation of granules of the normal per-~
oxide which were at times observed as inclusions along the
edge of a plate. Unlike the normal peroxide these crystals

were not stable on washing, breeking up into flocs or aggre-

gates of granules such as desoribed under (2).

Morphology: Thin plates with irregular outlines and a

scaly structure.

Optical Properties: Biaxial negative with a very small optic

angle (2V=5°, estimated). The acute bisectrix is normal to the

plates. Refractive index: Ng sensibly equal to Nm=1l.585%0.005.

J 4. Plutonium (III) Tri-Fluoride. PuF .

A sample of this compound was supplied by Group CMR-11l.

Crystal Morphology: Known to crystallize in the hexagonal




y
M
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system from X-ray diffraction studies(17), (pp. 11-12).

The smngle examined consisted of anhedral grains and fibrous
aggregates without developed crystal faces. The individual
crystals comprising the aggregates were elongated parallel

to the.g - axis,

Optical Properties: Uniaxial positive. Refructive indices:

No = 1.684; Ne = 1.685. Color blue, not noticeably pleochroic.

5. Plutonium (IV) Tetra-Fluoridse. PuF, .

A sample of this compound was supplied by Group CMR~-1l.

Crystal Morphology: Known to be monoclinic from X-ray dif-

(17)

fraction studies ,{pp. 12,13). The sample examined con-

sisted of extremely finegrained unoriented aggregates.

Optical Properties: Because of the fine size of the individ-
ual crystals only the mean index of refraction could be de-

termined: Nm = 1.595. Color reddish brown.
e

6. Plutonyl Di-Chloride Hydrate. Pu0O,Clg. X Hzo.

Prepared by repeated evaporation of & Pu (VI) nitrate solu-
tion to dryness with hydrochloric acid. The above formula

7
has been assigned to this compound by Cunningham( ),(p.ss).

It is, however, possible that an acid.salt analogous to
A}

U05C1,.HC12 Hy0 i8 formed under these conditions.




Crystal Morphology: Orthorhombic. Prismatio or bladed,
elongated along [ooi] , flattened on {blq}'. Dendritic

growths common.

Optical Properties: Biaxial negative with 2 V = 40°

(estimated). Optioc orientation: X =8, Y = b, 2 = ¢,
Dispersion of optic axes rx v weak. Refraotive indices:
Ng = 1.700; Nm = 1.684; Np = 1.650. Color in bulk amber.
Strongly pleochroic with X = very pale pink, Y = yellow,

Z = greenish yellow.

7. Di-Cesium Plutonium (IV) Hexa-Chloride. CspPuCly.

Prepared according to Anderson(la)by spontaneous evaporation

of a solution containing 160 g.p.l. Cs and 40 g.p.l. Pu (IV)

in 1 M HC1l. The orystals were washed ﬁwice with ethanol und,

finally, with acetone. Anderson(ls) regards this compound ) -

as a salt of chloroplutonous acid: HzPuCle.

Crystal Morphology: Rhombohedral. The X-ray structure has
been worked out by Zachariasen(lg). Crystal habit: Basal
plates with hexagonal outline and perfect basal cleavage,

- » Y

(Figure 10).

Optical Properties: Uniaxial negative; in part anomalousiy

biaxial with the optic axial angle varying from & few de-

grees to 22°, Single plates exhibited irregular biaxial




areas with axial planes et right angles and separated by a
uniaxial gzone., Refractive indices: No = 1.728 % 0.003,
Ne = 1.699, Color greenish-yellow in bulk and by transmit-

ted light. Not noticeably pleochroic.

8. Ammonium Plutonyl Tri-Nitrate. NH4-Pu02(N03)3.

Prepared by oxidizing & solution of Pu (IV) in nitric aocid,
with KMn04, making the solution 8 M in NH4N03 and 2 M in
HNO;, extracting with diethyl ether, separating the ether
layer and allowing it to evaporate over water. After evap-
orating the aqueous solution to dryness, the residue was
taken up with water and the compound recrystallized from
the resulting solution which was orange-pink in color,
Cunningham(7), pp. 40-41) describes the salt formed in the
above manner as plutonium di-oxy di-nitrate, giving "method
of preparation” as the basis for this identification. He
notes, however, that "probubly a considerable amount of both
NH4N05 and HNOz were carried over from the initial extrac-
tion." The salt obtained was not isomorphous with either
Uoz(N03)2-6 H,0, Uoz(N03)2-3 H,0 or U0, (K05 )52 Hy0 but was
isomorphous with ammonium urenyl tri-nitrate, NH4°UOZ(N03)3.
Furthermore, the compound gave a strong miocrochemical test

for ammonium with chloroplatinic acid.

Crystal Morphology: Rhombohedral with & = 96°. Crystal

habit is equant by equal development of r ; 100§, a } 101 ¢ and
Y

-20-




o §110}, the latter form striated parallel to the edge
<100>(Figure 1). Subordinate forms observed were o{lli},

o {111} and {201} . Dendritic growths common.

Optical Properties: Uniaxial negative. Refractive indices:
No = 1.649; Ne = 1.488, Color in bulk orange-brown. .In
transmitted light strikingly pleochroic with O = green,

E = pink.

9. Di-Azmmonium Plutonium (IV) Hexa-Nitrate. (NH,),Pu(NOz)..
472 3/6

Prepared by evaporating spontaneously a 1 M HKOz solution
containing (NH4)2 and Pu (IV) in stoichiometric proportion(7),
. {p.96), This salt belongs to & group of isomorphous compounds
which also includes double nitrates of plutonium with potas-
sium (10), rubidium (11) and thallium (12), as well as
(NH,),Co(NOz)q and KpCe(NOz)s which are listed by Groth(20)
(Vol.II,pp.169-161). Thg corresponding double salt of plu-
togium with sodium could not be obtained, sodium nitrate
orystallizing from nitrio mcid solutions of Pu (IV) and Na. a
The plutonium nitrate remaining dries to & plastic non-orys-

talline mass. v

Crystal Morphologys Monoclinic, domatioc (classﬁﬁ/or Ca).
Groth 1lists the corresponding cerium salt as monoclinic,

pyramidal. Elementss: aibsc = 1.87:1:1.16; /4 near 90°,

[TorjAfo] = ese, [llﬂ/\ [liﬂ = 49°, Crystal habit tabular,

- 21-



flattened on b £010} or prismatio, elongated along [1oi]- .
Comnon forms besides b are r {101} ,rl£i0i}, R £.1'01} R

Ry z}oi:}, a {}Oq} and m {}lq} (Figurs 2). The complimen-
tary forms a; {IOO} and m; {‘ilo} are occasionally developed
in crystals of outwardly holohedral appearance. ITwinning,
simple or repsated, common on {lOl} and {mi}. The most
usual appearance of crystals is that of roughly hexagonal
plates flattened on common b {9{@} , twinned polysyntheti;
cally, with three sets of interpenetrating lamellae

(Figure 12,13).

Optical Properties: Biaxial positive with 2 V = 553
(estimated). Optic orientation: Z = b, XAc = 81°, Dis-
~pex-sion of optio axes v>r distinot. Strong crossed disper-
sion of the bisectrices Xr/\[O()]] V4 Xv/\ [00]3 , &8 & result
of whioh plates normal té Z exhihit anomalous interference
colors: ultra-blue as the position of maximum extinction in
white light is approached from one side, and'olivet-green on
approaching extinction from the other side. Refractive

indices: Ng = 1.663; Nm = 1.639; Np = 1.623. Color pale
.

"green with absorption Z » Y » X,

10, Di-Potassium Plutonium (IV) Hexa-Nitrate. xzpu(nos)s.

Prepared by evaporating spontaneously a 1 M HNO:5 solution

containing K, and Pu (IV) in stoichiometric proportion.



The compound 1is isomorphous with (NH4)2Pu(N03)6 (9);

Crystal Morphalogys Yonoclinic, damatic. Similar in habit

to.di-ammonium plutonium hexa-nitrate.

Optical Properties: Biaxial positive with 2 V = 56°

(estimated). Axial plane and Z are normal to the symmetry
plane. Distinct disperaion of optic axes vyr, and strong
crossed dispersion of the bisectrices. Refractive indices:
Ng = 1.668; Nm = 1,633; Np =1.625. Color pale green with

absorption: Z>Y2X,

11. Di-Rubidium Plutonium (IV) Hexa-Nitrate. RbZPu(Nos)s.

Prepared by evaporating spontaneously a 1 M HNO3 solution
containing sz and Pu (IV) in stoichiometric proportion.

The compound is isomorphous with (NH4)2Pu(N03)6 (9).

Crystal Morphology: Monoclinic, domatic. Similar in habit

to di-ammonium plutonium hexa-nitrate.

Optical Propezities} Biaxial positive with 2 V = 60°
(estimated). Axial plane and Z are normal to the symmetry
plane. Distinct dispersion of optic axes v>r, and strong
orossed dispersion of the bisectrices. Refrauctive indices:
Ng = 1.660; Nm = 1.630 * 0.003; Np = 1.621. Color pale

green with absorption 22Y>X,




\\\

\_ 12. Di-Thallous Plutonium (IV) Hexa-Nitrate. T1,Pu(NOg),..

~

Prepared by evaporating spontaneously a 1 X HNO3 solution
containing le and Pu in stoichiometric proportion. The

compound is isomorphous with (NH4)2Pu(N03)6 (9).

Crystal Morphology: Monoclinioc, domatic. Similar in habit

to di-ammonium plutonium hexa-nitrate.

Optical Properties: Biaxial positive with 2 V = 60°
(measured). 'Axial plane and Z ars normal to the symmetry
plane., Listinct dispersion of optic exes vor and strong
crossed dispersion of the bisgectrices giving rise to strik-
ing anomalous interference colors. Refractive indices:

Ng = 1.7856 * 0,004; Nm = 1.721 T 0.004; Np = 1.716 ¥ 0.004.

j'Color light green with absorption 277 Y > X.

{ / 13. Di-Cesium Plutonium (IV) Hexa-Nitrate. Cs,Pu(NOz) .

T,

~—

Prepared by evaporating spontaneously & 1 M HNOz solution
containing Cs2 and Pu in stoichiometric proportion. It is
not certain that this salt belongs to the isomorphous series

represenied by (NH4)2Pu(N93)6 .(9).

Crystal Morphology: Monoolinic, No evidence of hemihedral
developmant was observed. Unlike the other double nitrates
of plutonium with alkali this salt does not form polysynthetic

twins but ocours a&s pseudo-hexagonal plates, flattened on




b {Old}, which are cyclic penetration trillings with op-

posite sextants extinguishing alike.

Optical Propertiess Biaxial positive with a small optic
angle, 2 V = 16° (estimated). The axial plane and Z are
normal to the symmetry plane. No perceptible dispersion of
bisectrioces or of optic axes. Refruotive indices: Ng = 1.657;

Nm = 1,621; Np = 1.620, Color light green.

14. Magnesium Plutonium (IV) Hexa-Nitrate Octo-Hydrate.

MgPu(NOg)s.8 U0,

Prepared by evaporuting spontaneously a 1 M HNO, solution
containirg Mg and Pu in stoichiometric proportion. This
_compound is a member of a group of isomorphous salts, which
also inoludes double nitrates of plutonium with zinc, cobalt,
nickel, as well as the saults MgCe(NOz)s.8 HpO, ZnCe(K03)6.8
H,0, MgTh(NOz)g.8 Hy0, ZnTh(N03)6.8 Hp0, NiTh(N03)6.8 820(20)

(VOIJII,})po 16 1‘163) .

Crystal liorphology: Monoclinic, tabular on ¢ {bOL} with
p 11} , aflo0f and o §111f (Figure 3, 11).{f1p] A

[110] = 920,

Optical Properties: Biaxial negative with 2 V = 309

(estimatad). Optic orientations 2 = [010] , X is sensibly




normal to o {pOI} . Dispersion of optic axes v » r, strong.
Refractive indices: Ng = 1.564; Nm = 1.553; Np = 1.538.

Color in bulk green, in transmitted light nearly colorless.

"16. Zino Plutonjium (IV) Hexa-Nitrate Octo-Hydrate.

ZnPu(lN0g)g+8 HyO.

Prepared by spontaneous evaporation of a 1 M HNOz solution
containing Zn and Pu (IV) in stoichiometric proportion.
Isomorphous with magnesium plutonium hexa-nitrate octo-~

hydrate (14).

Crystal Morphology: Monoclinic. Similar in habit to

MgPu(NO;) . +8 H,O.

Optical.Properties: Biaxiai negative with 2 V = 26°

(measured). 2 = [bld} , X is sensibly normal to ¢ {pOl} -
Dispersion of optic axes v r strong. Refractive indices:
Ng = 1.670; Nm = 1.668; Np = 1.560. Color in bulk green,

nearly colorless in tranamitted light.

16. Cobnlt Plutonium (IV) Hexa~Nitrate Octo-Hydrate.

CoPu(ﬁOs)S:B H,0.

Prepared by spontaneous evaporation of a 1 X HNO3 solution
containing Co and Pu (IV) in stoichiometris proportion.

Insomorphous with magnesium plutonium hexa-nitrate (14),



Crystal Morphology: Monoolinic. Similar in habit to

¥gPu(N0,) -8 H,0.

Optioal Fropertiesx. Biaxial negative with 2 V = 20°
(estimated). 2 = [010] , X is sensibly normal to o {00#} .
Modermte dispersion of optic axes v >r. Refractive indices:
Ng = 1.568; Nm = 1.667; Np = 1.550 ¥ 0.004. Color: faint

pink in transmitted light.

17. Nickel Plutonium (IV) Hexa-Nitrate Octo-Hydrate.

NiPu(N03)6-8 H,0.

Prepared by spontaneous evaporation of a 1 M HNO; solution
containing Ni and Pu (IV) in stoichiometric proportion.
Isomorphous with magnesium plutonium hexa-nitrate oo to-

hydrate (14).

Crystal Morphology: Monoclinic. Similar in habit to

Mg Pu(N03)6~8 Hzo{

Optical Properties: Biaxial negative with 2 V = 10°
(estimated). Optic orientation: 2 = f010] , X is sensibly
normal to ¢ {po;} « Strong dispersion of optic axes v > r.
Refractive indices: Ng and Nm = 1.676; Np = 1.650 ¥ 0.005.

Color in bulk green, nearly colorless in transmitted light.
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18, Di-Plutonium (III) Tri-Sulfate Hepta (?) Hydrate.

Puz(goé)s-(v?) H,0.

Prepared by & procedurs according to L. B. Asprey(zl),(p.17),
A solution of Pu(SO4)z was reduced with hydroxylamine and
diluted with methyl alcohol. Final conditions: Pu 23 g.p.l.;
HZSO4 0.3 M; CH,OH 50% by volume. Crystallization was slow,
continuing over a period of two days. The crystels were

washed with 75% methyl alcohol.

Crystal Morphology: Orthorhombic. Crystal habit prismatic
to aciocular elongated along [ooi] » usually terminated by

the base, occasionally by q $011f . Imperfect basal
P

cleavage s

Optical Properties: Biaxial negative with 2 V = 30°,
(estimated). Optic orientation: X = ¢ , Y =b, Z = a.
Refractive indices: Ng = 1.620; Nm = 1.618; Np = 1.591.
Color in bulk lavender, in transmitted light pale purplish

blue without perceptible pleochroism.

19. Plutonium (III) Sulfate (?) Triolinic Form.

3ome triclinic corystals were oﬁserved on wet slides in the

course cf preparing the orthorhombic di-plutonium trisulfate.




During drying the triclinic crystals chenged to the ortho-
rhombic form. (20) By washing the crystals in absolute
alcohol snd drying in vacuo or over methyl aloohol it was
possible to obtain the triclinic form exclusively. By intro-
ducing weter vapor into the champer during drying a rapid
change to the orthorhombic form could be induced at will
(Figure 14,15). The composition of this compound is problem-
atical. From the method pf preparation and stability re-~
lations one would assume it to be a lower hydrate of Pu,
(504):5 than the orthorhombic modification. On the other
hand, the indices of refraction of the triclinic crystals
are appraciably lower than the indices of the orthorhombic
hepta (?) hydrate, while ordinarily decrease in the water

of hydration of & compound is accompained by a rise in the

refraoctive index.

Crystal Morphology: Triclinic. Crystal habit: Tabular,
bounded by three pinacoids. Typical rhomb-shaped plates

are characterized by a vertex angle of 69°.

Optical Properties: Biaxial negative. Typical plates give

an uncentered interference figure and extinotion for the

slow ray inclined 18° to one edge in the acute angle.




Refractive indices corresponding to the two extinction
positions of a typicul plate are 1.591 and 1.569. Color
grayish blue. Crystals gave an absorption spectrum charac-

teristic of trivalent plutonium.

\

\/l’ 20. Plutonium (IV) Di-Sulfate Tetra-Hydrate.Pu(S04)5.4 HyO.

e

Y,

21
Prepared according to H. H. Anderson( )(p.27) by diluting
with methyl alcohol & solution of plutonium (IV) sulfate in
sulfuric acid. Final conditions: Pu 20 g.p.l., H,50,

2.75 M, CHSOH 46% by volume. The compound is isomorphous

¢ with 2r(80,),4 Hy0, Ce(S0,),.4 H,0 and U(SO4)2.4 H,0.

Crystal Morphology: Orthorhombic., Axial ratio ¢ : a = 0.65.
angle [To1] Afoo1] = 67°. crystal habit: Blades flattened
on {plqji, elongated parallel to [00l] . Observed forms
were the three pinacoids and the macrodome r {101} . Forms

radial aggregates. (Figure 16).

Optical Properties: Biaxial negative. 2 V = 84°(calculated).
Optic oriéntation: Xz ¢, ¥Y=b,2=a. Refractive indices:
Ng = 1.886; Nm = 1.644; Np = 1.697. Color: in bulk coral
pink, in transmitted polarized light strongly pleochroioc

with X = pink, Y = brownish yellow, Z = green.

The absorption spectrum of this compound shows marked varia-

tions for light vibrating in different directionms.




Absorption Bands (millimicrons):

For light Vibrating For Light Vibrating
in the Z Direction in the X Direction

453 - weuk, wide
468 - weak, wide
480 - weuk, wide

498 - medium, wide 490 - strong, narrow

523 - medium, wide 514 - strong, narrow
3 526 -~ weak, narrow

551 - medium, very wide 644 - strong, narrow

577 - stirong, nearrow

653 - strrong, degraded to violet 650 - weak

6756 - strong, narrow 675 - medium, narrow

690 - narrow

Dissappearance of band 577, weakening of the red bands 675,
653, stresngthening, narrowing and shift to violet of bands
561, 498, and splitting of the band at 523 into two bands

at 526 and 514 are the most striking effects on the spectrum
as the vibration direction of light is changed from coinci-

dence with Z to that with X,

21. Di-Ammonium Di-Plutonyl Tri-Sulfate Penta-Hydrate.

(NEE4)2 (Puoz)z (304)3-5 Hy0.

Prepared by treating NI,Pu0, (NOgz), with sulfuric aoid.

The compound is isomorphous with (NH4)2(U02)2(SO4)5-5 HyO.

Crystal Morphology: Orthorhombic with & : b t ¢ = 1,0:1:0,91;

(101)A(101) = 859; [iu]/\[ih] = 73°. Crystal habit: Tab-

ular on b {010} with r {101}, = {110} and o {001} .




Optical Properties: Biaxial negative with 2 V = 25°
(estimated). Optic orientation: X = b, Y=¢, 2 = a.
Perceptible dispersion of optic axes v>r. Refractive in-
dices Wg = 1.691; Nm = 1.689; Np = 1.565 ¥ 0.004. Color

yellow with absorption Z 2 Y > X,

22. Sodium Plutonyl Tri-Acetate, NaPuog(Czﬂsoz)s.

)
Prepared by the method recommended by Chamot andsuason(zz)

(p.51) for crystallizing sodium uranyl tri-acetate with

which this compound is isomorphous.

(%53

/

S R-1458) p b
$ Ny, NelGty 1,5993 -

Crystal lorphology: Isometric, tetartoidal (class T or 23)
The X-ray struoture is given by Zachariasen(17) (p.25).

Crystal habit: Equant; tetrahedrons and ocubes,

Optical Properties: Isotropic. Refractive index 1.518.

Ny Nalg e, )50

The crystals aro soluble in some immersion oils, including -
A ]
"Shillaber's Index of Refraction Liquids™, but are stable

in mixtures of "Nujol" and alpha-mono-chloro-naphthalene

CS-/0¢p

Kesnr erf{,

which were used to determine the index. Color pink.

23, Sodium Zinc Tri-Plutonyl Nono-Acetate Hexa-Hydrate.

Prepared by the method recommended by Chamot and Mason(za)

(p.56) for crystallizing the corresponding uranyl salt with

/./.f't.'}'?, N .



which this compound is isomorphous. "

Crystal Morphology: Monoclinic. Simple crystals are pris-
matic, elongated along [010] with a {1003, o {001} and
o.{lli} as dominant forms., Commonly ocours as simple or
repeated twins with m {110} as the twinning plane. The
twins present a pseudo-octahedral aeppearance. A simple twin

is sketched on Figure 4.

Optical Properties: Biaxial.. The optic plane and Z are

normal to b§010f. Refractive indices: Ng = 1.490;

Np = 1.488. Color pink.

24, Di-Plutonium (III) Tri-Oxalate Nono (?) Hydrate.

R Pu, (C,0, )5+ 9{7)H,0. ’

o/
J)¥ﬂf}s¥apared by cooling to room temperature a solution saturated

with respect to plutonium trioxalate at 70°C.

Crystal Morphology: Monoclinic. /3 = 114°, [Ild]/\[iid]

= 87°., Crystal habit: Blades flattened om § 001} and elon-
gated along [}0@] . Forms observed beside the base were

b {Olq} and m {}IQE , (Figure 17). The compoundis isomorphous

(

- 20
with "didymium" oxalate listed by Groth ) (Vol.III,p.153).

Opticel Properties: Biaxial negative with 2 V = 78°

(caleulated). Optic orientations X = b, YA [100] = 26° in




"

the acute angle 8 . Refractive indioces: Ng = 1.636; -
Nm = 1.579; Np = 1.502. Na parallel to [100] is 1.590.
Color: dark green in bulk, grass green to nearly colorless

in transmitted light with absorption 2>Y »X.

; 25. Plutonium (I1I) Oxalato-Chloride.

“
\V}

This compound was identified in a éample of sdlids repre-
&/fcipitating from & solution of plutonium oxalate in hydro-
/ﬁt chloric acid. It is slowly soluble in 6 M HCl. Slowly
decompotied by water yielding aggregates of minute crystals
of Pu2(0204)3.9 H,0 and a solution which gave a strong test

for the chloride ion.

Crystal Morphology: Orthorhombic, prismatic %o acicular,
elongated along EOOi] , With m illq} and b {OlQ} .

(Figure 20).

Optical Properties: Biaxial negative. Z 1is parallel to
the eloagation, Y = b. Color blue, non-pleochroic. Absorp-
tion spectrum characteristic of trivalent plutonium with

bands at 5700, 6060 and 6700A.

26. Plutonium (IV) Di-Oxalate Hexa-Hydrate. Pu(0204)2.6 H,0.

Prepared by the reaction of oxalic acid with plutonium (1v)

in a hydrochlorioc acid solution. Final conditions: Pu 1.3

- r
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gep.l., HyC50, 212 g.p.l., BC1 0,75 K. The compound is

isomorphous with U(C204)2.6 H,0.

Crystal Morphology: Orthorhombic. Ratio c: & approximately
0.6. Crystal habit: Observed us blades, flattened on {plQ},
elongated along [001] , terminated by {201} , forming cruci-
form penetration twins with;£20i} &8 the twinning plane
(Figure £a). Usually pseudo-tetragonal by mimetic twinning,
forming plates with square (Figure 5b) or octagonal (Figure 5¢)
outline, the latter by development of termination {1o§} in-

stead of §20ly . (Figures 18,19).

Optical Properties: Biaxial negutive with small optic angle
(2 V estimated 5°). Optic orientation: X =b, Y =1, .
Z Z o. Refractive indicess Ng sensibly equal to Nm = 1.628;
Np =z 1.523. Color pistachio green in bulk, yellowish green

-~

in transaitted light. LT

27f Plutonyl Oxalate Tri-Hydrate. Pu020204.3 H20.

7
Prepared according- to Cunningham( )(p.74) by adding oxalic
acid to a concentrated solution of plutonyl nitrate. Ac-

(23)(p.25) oxalic acid reduced hexavalent

cording to Katzin
plutonium to Pu (IV). However, the identity of the precipi-
tate as a salt of Pu (VI) was established by the study of

the a%sorption spectrum of the solid. The compound is

- 35 -"f-ﬁ




probably isomorphous with uranyl oxzalate, U0,;.C50,.3 Hy0.

Crystal Morphology: Probably monoclinic. Crystal habit:

nearly sjuare plates tabular on b {plQ} .

Opbical Properties: Biaxial positive with 2 V = 50°
(estimated). Optic orientation: Y = b, extinotion sensibly
parallolréo the edges of plates. Refractive indices:

Ng = 1.620; Nm = 1.520; Np = 1.498, Color in bulk tan,
Pleochroic with & = green, Y and X = pink. Absorption spec-

trum of the 30lid in bulk:

Wave length, Band
Millimiorons Intensity

468 - 486 medium (wide)

508 strong (narrow)
517.5 weak (narrow)

520 - 533 medium (wide)

546 weak (narrow)

560 medium (narrow)
B70 very weak (narrow)
584 s weak (narrow)

593 - weak (narrow)

604 : medium (narrow)
633.5 strong(narrow)

848 very strong (narrow)

28, Biemuth (IIX) Plutonium (IV) Oxalate. PuBiH(CZO4)4.9 Hy07.

L 4

Prepared according to J. W. Hamaker and C. W. Koch, as ab-
stracted by Cunningham(7)(pp.83-84), by precipitation with
oxalic noid from 1M, 2 M, and 4 M HNO3 solutions containing

Pu (IV) and Bi in stoichiometric proportion.

- 38 -




Crystal Morphology:t Tetragonaul. COrystul habit: Prismatio
when precipitated from 1 and 2 M HNOz, square basal plates

when grown in 4 M acid.

Optical Properties: Uniaxial negative, Refractive indices:
No = 1.646; Ne = 1,51 ¥ 0,01. Color in bulk tan, in trans-

mitted light strongly pleochroic with O = green, E = pink.

29. Plutonium (III) 3Succinate.

; Prepared by adding sucoinic acid to & hydrochlorioc acid

solution of Pu (III) and reducing excess acidity with ammonia.

Crystal korphology: Monoclinic. Cccurs as blades, flattened
on ¢ {OOI} s elongated parallel to LIOQ] . Teruinations usu-

ally ragged, occasionally m {llO} . Often forms stellar

aggrogatas,

Optical Properties: Biaxial positive with 2 V = 320
(calculated). Optic orientation: X = b, ZA[100] = 18°,
Refractive indicess: Ng =z 1.65 % 0.004; Nm = 1,568; Np = 1.562;
Na for vibration direotion [100] is 1.640. Color blue in

bulk and in treansmitted light with absorption 2>Y>X,

30, Di(Tetramethyl Ammonium)Plutonium (IV) Hexa-Chloride.

NG ;
~d
(CHz ) ,N ¢ ,PuCl.. (Stable, tetragonal form).
3/4% ) 2Fullg &

Prepared according to H. H. Anderson(la) by adding




——

tetrametayl ammonium chloride to a solution of Pu (IV) in
hydrochloric acid and adding methyl alcohol. Final condi-
tions: Tetramethyl ammonium chloride 240 g.p.l., Pu (IV)
60 g.p.l., HCl 1.5 ¥, CHzOH 60% by volume. Together with
Cs@uCl6 (7) and corresponding quinolinium and pyridinium
salts, described in the following, this compound is regard-

ed by Anderson as a salt of chloroplutonous acid (H2Pu016).

¢

Crystal Yorphology: Tetragonal. Habit dipyramidal,

Optical Properties: Uniaxial posativo. Refractive indices:
No = 1.528; Ne = 1.534. Color in bulk orange, yellow in

transmitted light with absorption E >0.

3l. Di-(Tetramethyl Ammonium)Plutonium(IV)Hexa-Chloride .

(Unstable, isometric form).

Octahedral isotropic crystals were also observed in the
preparation described above under (30). These crystals
invariatly showed signs of incipient alteration. With time
they changed to the birefringent, tetrugonal variety. This
change took place even in preéarations mounted in plastioes,
such as "Permount". The refractive index of the isotropic

crystals was 1.52, color yellow.
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32. Di-(Tetraethyl Ammonium) Flutonium (IV) Hexa-Chloride.
N

{ (CHg) N3 ,PuCl,, ngﬂ W
W sk
vl

Prepared by adding tetraethyl ammonium chloride to a solu- . |

tion ofvPu (IV) in 6 M HCl, and diluting with ethyl alcohol.

v
Crystal Morphology: Monoclinic, pseudo-isometric (E_and'E

near I, .8 near 90°). Crystal habit: ‘Pseudo-octahedral
H T ———

© g ¥

by development of o {111} and pi;ill} , or simulating cubo-

octahedrons by development, in addition to the above, of

the three pinacoids a {100} , b {plé} and ¢ {pog} . Form

q £Pli} also frequently present (Figure 6). x&
,F
Optical Properties: Biaxial negative with 2 V = 20°

(estimated). Optic orientation: X = b, Z/\@Oﬂ very small.
EY
Strong dlsper81on of optic.axes r »v, and(gronounced crossed
A
dispersion of the bisectrices)giving rise to abnormal inter-

ference colors i® views normal or inclined to [bld] . Re-

fractive indices: Ng = 1.569; Nm = 1.568; Np = 1.560.

Color yellow, non-pleochroic.

33, Di-Pyridinium Plutonium(IV)Hexa-Chloride. (CSHSNH)ZPuCle.

(18)

Prepared aoccording to Anderson .

Crystal Morphology: Triclinic. Crystal habit tabular or

squant.

-39-
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Optical FProperties: Biaxial negative with 2 V = 20°
(measured). Tabulaur crystals give a slightly off-center
acute bisectrix interference figure. Dispersion of optic
axes v>r, strong., Refractive indices: Ng = 1,744 * 0.004;
Nm = 1.736 + 0.004; Np = 1.596. Color in bulk yellow.

Pleochroic with X = faint pink, Y and Z lemon yellow.

34. Di-uinolinium Plutonium (IV) Hexa-Chloride.

(CoH,NH) ,PuCly.

(18)

Prepared according to Anderson .

Crystal Morphology: Triclinic. Habit equant, bounded by

three pinacoids. The three zone axes make angles of 90°,

80°, and 70° with each other (Figure 7).

Optical Properties: Biaxial negative. Optic axial angle

2 V = 35° (estimated). Extinotion angles in the three
prominent a spects of the crystals are shown on Figure 7.
Refractive indices: Ng = 1.84 * 0.005; Nm = 1.83 2 0,005;
Np = 1.5678. Color yellow in bulk. Pleochroioc with X = pink,

Y and Z lemon yellow.

35. Plutonium (IV) 8-Hydroxyquinolate.

24
Prepared according to R. L. Patton( )(pp.16-19) by adding

an alcoholic solution of 8-hydroxyquinoline to a PuCl4

- 40 -
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gsolution buffered with acetic acid and sodium acetate.

Crystal Morphology: Orthorhombic, ratio ¢ : & = 0.65.
Crystal habit: Blades flattened on {010}, elongated along

[001] . Forms observed: b {010}, & {100}, r {101} (Figure 8).

Optical Properties: Biaxial positive with a small optic

axial angle. Optic orientation: 2 = a, Y =b, X = c.
Refractive indices: Ng»1.86; Nm and Np = 1.766 ¥ 0,004.
Color in bulk reddish brown. Pleochroic with X = Y = brown,

Z = green,

Prepared acoording to Patton(24)(pp.16-1§) by precipitation
with a hot aqueous solution of piorolonic acid from & solu- .
tion of EuClsbuffered with ammonium acetate and acetic acid

to & pH of 4-6L The crystals formed decompossd to an un-

|
|
36. Plutonium (III) Piorolonate (Orthorhombic Form).
|
|
|
|
|
resolved greenish mass on washing with water. ‘

Crystal Morphologyt Orthorhombic. Ratio ¢ : & = 1.03.
Crystal habit: Vertically striated prisms {110} terminated
by o §001} or r {101} . Also tabular, flattened on b {010 |

with m {110}, a {100}, r {101} snd ¢ {001} (Figure 9).

Optical Properties: Biaxial positive. Optic orientation:

2z¢, T=b, X =a, Strong dispersion of optic axes r »v.




Refractive indices: Ng = 2,03 ¢ ; Nm = 1.%60 + 0,005;

Np = 1.650 £ 0,003, The index Ng oould not be determined
directly’and was estimated by a modification of Ambronn's
method {3) (p,253-264). Color in bulk apple green.
Pleochroic with Z = yellow, Y = olive green, X = light

green, nearly colorless,

37. Plutonium Picrolonate (7). {Triclinioc Form).

This compound was precipitated by piocrolonioc acid from
solutions of Pu (III) in 0.01 M HCl or 0.03 M acetic acid,
i.e. at Lower pH than used to precipitate the orthorhombic

form. The crystals formed were stable on washing with water.

Crystal Morphology: Triclinic. Crystal habit:s Plates
bounded by three pinecoids and characterized by a vertex

angle of 46°,

Optical Propertiess Biaxial negative with the extinction
angle for the fast ray 14° in the acute angle on prominent
pinacoid. Strong crossed dispersion of the bisectrices.
Refractive indices in the two extinction directions of the
prominent aspect: 1.820 £ 0.006; 1.640 T o.boa. Color in

bulk dark brown. Strongly pleochroic with X = brown,

Z = tannish green.
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Fig. 1: Crystal Habit of Ammonium
Plutonium Di-Oxy Tri-Nitrate.
Projection on v (100).

Fig, 2:
Crystal Habit
and Optic Orientation of
Di-Ammonium Plutonium
Hexa-Nitrate.
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Fig. 4: Simple Twin of
Sodium Zinc Plutonyl Acetate.

Projection on C {001}.
(b) Projection on C (001).

Fig. 3: Crystal Habit of Magnesium
Plutonium Hexa-Nitrate Octo-Hydrate.
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Fig. 5: Crystal Habit and Optic Orientation of
Plutonium Di-Oxalate Hexahydrate.

Fig. 7: Crystal Habit and
Extinction Angles of Di-Quinolinium
Fig. 6: Crystal Habit of Plutonium Hexa-Chloride.
Di-(Tetra-Ethyl Ammonium)

Plutonium Eexa-Chloride.
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N Fig. 9: Crystal Habit and |
Fig. 8: Crystal Habit and Optic Orientation of
Optic Orientation of Plutonium (III) Picrolonate.
.Plutonium 8-Hydroxyquinolate. '




"Di-Cesium Plutonium Hexa-Chloride 150X -
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Magnesium'Plutonium\iexa-uitrate 150X
\

i

- 47 -




R

aRE TS
!

IP

"W'i I ’{“"'l

mmﬁ-nw

i

Figure 12
Di -Ammonium Plutonium Hexa-Nitrate 150X
Twinned plates and simple crystal
(lower left) showing hemihedral development.
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Figure 13

PDi-Ammonium Plutonium Hexa~Nitrate 150X

(Crossed polarized light, 1lst order red compensator)
Plate showing repeated twinning.
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Plutonium (III) Sulfate? (triclinic form) 150X

L ARNE
Figure 15

Di~-Plutonium Tri-Sulfate Hepta(?)-Hydrate 150X

Same preparation_as shown on Figure 14 after admitting
. water vapor. Corroded remnants of the triclinic orystals
'~ seen in the lower right hand corner.
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Figure 16

Plutonium Di-Sulfate Tetra-Hydrate 600K

_ . Figure 17

Di-Plutonium Tri-Oxalate Nono(?)-Hydrate 500X




Figure 18

) Plutonium Di-Oxelate Hexa-Hydrate 500X

Showing transition from simple c;ystals to cruciform

__twins and to square twjnned plates- -~
- ;;_ et

Figure 19

Plutonium Di-Oxalate Hexa-Hydrate 150X

t

Typical development as pseudo-tetragonal twinned plates.




Figure 20

Plutonium Oxalato-Chloride 150X
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