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Crystal Structure of Thorium Nitrate Pentahydrate by X-ray Diffraction
| By Tatzuo Uek.i, Allan Zalkin and David H. Terpleton
Lawrence Radiation Laboratory and Department of Chemistrj,

University of California, Berkeley, California 4720, U. S. A.

-

Crystals of Th(NOB)h’Sﬁzo are orthorhombic, space group Fdd2,

as= 11.182, b = 22.873, g a 10.373 i, Z = 8. Thorium hasvthree
water molecules arnd 8 oxygen atoms from fouéc nitrate ions as
neighbors in a highly polar arrangement.. All hydrogen atoms are

in hydrogen bonds 2.71 t0’2.96.5 in 1ength.. Average bon@ distances
are: Th-0 (‘;rater) = 2,46 &, Th-0 (nitrate) = 2.57 %, .I\II-O' (next to
Th) = 1,27 &, N-O (terminal)  - 1.22 &. ,: An eﬁror of about 0.05 %

is rade in the posiyioﬁ df'the thorium atom if gnomélous disgpersion .

(Af'1 = 9) is neglected.

.

Thoriﬁm nitrate érystallizes réadily from aqueous‘nitric acid solutions as
“he pentahydrate, Th(NOB)h-Sﬁzo; The earlier literature is confused and
contradictory concerhing its ébmp;éition, and it is often found in chemical
stors rooms labeled as -T‘h(NOB')h.'hHZO. Fefraro, Katzin & Gibson (195h)
made a definitive study of the phase diagram and showed that the tetra-

hydrate crystallizes only when the nitric acid ¢oncentration is very high.

~

“Work done under the auspices of the 6?“si Atomic Energy Commission.
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An.earlier X-ray study of the pentahydrate, then referred to as the

. nexahydrate, revealed the unit,cell,:space group, and thorium atom_positions'
(Templeton & Dauben, 1950) No attempt was madevat that time to determine
the rest of the structure. With tne advantage of electronic computers and |
better methods for X-ray infensity measuremenf, we recently solwved the

| structure as reported in the present paper. An independent analysis by
neutron diffraction, with results in good agreement with ours, is described -
in the adjacent paper (Taylor, Mueller%( Hitternian, 196x). These studies.

" confirm the composition, show an interesting coordination geometry for

the thorium'ions, and reveal an intricate structure of hydrogen bonds.

. Experimental
!

A bottll fron'Allied Chemical, General Chemical‘Division, New York, and
labeled Th(NO )h hH20 contained large clear colorless crystals and white
powder. Our X-ray diffraction data were obtained from a fragment with
' dimensions 0.22 X 0,08 X,O‘OB mm which was cut from one of the clear
.crystals.. It was sealed in a silica-glass capillary (wall thickness
0.0l mm) to prevent deliquescence. Cell dimensions and intensmties were
measured with the General Electric XRD-S goniostat With scintillation counter
and pulse-~height discriminatcr, using molybdenum radiation. Cell dimen31ons
- are based on X(Kal) o 0.70926 i. Intensmties were measured of 1036 independent
reflections (121 recorded as zero) with the stationary crystal technique and
countinn time of lO sec. A search for violations of the space-group rules
failed to detect any. The thorium atoms in the special positions 8(a) cause
intensities to be weak if h +k+ 8 = hn + 2 espe01ally at large difiraction
angles. For fear that many‘weak or zero data would be undeSirable in the -

Fooo A

J_"least-squares calculations, we assigned zero.yeignputo the 156 reflections
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with 26greaterthan 0% and.{:ith counting rates of 2 counts/sec or less.

No'coi‘re.ction was made for absorption or extinction. We estimate the

- absorption parameter IR as 1.3 for the smaller dimensions of the crystal,

and this effect limits the accuracy of the thermal parameters.'
Calculations were made with the IBM ‘70LL computer using an unpublished
full-matrix 1east-squares program which ‘minimized’ Ew(lF |- [F 1) /Z w[F I

The weights w were taken as unity or zero. Atomic scattering factora for N

) 'l‘h"l werxre obtained by extrapolation from the values for th and Hgl“'
. (Thomas ‘% Umeda, 1957) with corrections Af' - -6 and Af" = 9 for - S
) anomalous dispersion. For nitrogen and oxygen we used i‘orm factors for )

neutral atoms as listed by Ibers (1962)

: “Unit 'c'eil and space group
\

"Th(NO )L-‘SH?O cr'ystala'are orthorhombic, space group iqu, with 8 formila :
vunits in the cell - ' |

a - 11, 182 £ 0. oo3 A (11191 =+ 0. oos A),
b 22,873 £ O. 005 & (22 889 = 0. 010»11),
‘¢ = 10, 573t0003A (10. 57920005A)
The dimensions found by Taylor, Mueller gt‘ Hitterman (196::) are given in

_ parentheses. The discrepancy of 6 to 8 parts in 10,000 is only slightly

more than one would expect from the estimated accuracies ~The density

| calculated from our data,‘ 2,800 £ 0.002 g cm -3, ) ‘is between'the density-
 measured by flotation in this laboratory, 2.8&'; ?' ’and that 'reported by

. Staritzky (1956) 2.787. Our measurements were made at about 21°C.

Crystal data for the isomorphous cerium and plutonium compounds are
given by Staritzky (1956) These crystals are expected to. have very nearly

the same atomic arrangement. ,

N \ . P - :‘: L A_:}'\':.‘-':.;‘:‘;,‘
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Determination of the structure

The thorium atoms are in the special position set 8(a): (0, 0, z;

1/k, 1/h, /b + 2) + F,:and for this first atom z can be taken as zero.

, Reflnement of the two paramoters (scale factor and isotropic thermal

. parameter) reduced R = IIF ] ]F II/QE:IF | to 0.147. This partlal

structure has symmetry Fddd, and therefore a Fourler calculation phased

By the thorium atom shows duplicate images of the reet of the structure.

. Furthermore, no phase information is obtained for reflections with

h+k+ &= Ln + 2, which constitute about one-fourth of the data. The
structure was solved by selecting verious peaks in the Fourier functions
as trial atoms and testing the behavior of their thermal parameters in

least-?quares calculations. At the third round of this, the nitrate groups

 were fécognized. After several more trials, R was reduced to 0.077 (isotropic

" thermal parameters) or 0.062 (thorium atom anisotropic) with one water mlecule

not correctly’placed The,éorreofeetructure gave R = 0,043, with only the

_ thorium atom anisotropic. Further refinenentvwith anisotropic thermal

parameters for all atoms (hydrogen excluded) reduced R to O 03h

| We had proceded with the assumption that the water content was in
doubt, To check for additional water molecules, we calculatea a Fourier
synthesis of (F - ) deleting reflections with zero intensity. The largest"
peaks in this function were about 0.28 electron A~ 3, in the neighborhood of
the thorium atom. No ev1dence was found of further water molecules. With

the help of an 3551gnment of hydrogen bonds five peaks about one-third fiA

" to one-half as hlgh as the largest were selected as hydrogen atoms (Table 1)

No attempt was made to ineclude hydrogen in any of the structure factor

calculations, or to refine these positions.
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Table 1. Approximate hydrogen coordinates

0.45  -0.0k 0.25
0.33 0.1} - =0.16
0,06  0.12 ©0.06
0,350 0.18 - =0.26
0.30 -0.1h 0.16

Table 2. Structure factor magnitudes, observed (FOB) and ¢alculated (FCA)
"Aniasterisk (%) ‘indicates zero weight.

(Table to be reproduced photographically)
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L FOB FCA
1 152 145
‘3 217 214,
5 253 247
7178 173
9 175 109
11 108 99

HeK= 94 7
L FOB FCA
1 221 223
3 182 175
5 200°200
7 164 153
9 138 133
11 109 103

HyK= 94 9
L FOB FCA
1 217 214

311 311

3 186 185
5 211 209
7 134 128
9 144 137
11 110 106

HeK= 9411
L FOB FCA
1182 176
3 173 165
5 160 158
7 158 156
9 124 127
11 91 94

HyK= 9,13
L FOB FCA
1 190 185
3 163 153
5 139 130
7 136 138

9 111 120

HeK= 9,15
L FOB FCA
1 124 125
3 202 200
5 147 139
7 151 145
9 108 115

HeK= 9417
i FOB FCA
1156 152
3 127 127
5 169 155
7 130 124
9 83 91

HeK= 9,19
L FCB FCA
1 79 160
3 T4 144
S 76 117
7 62 108

HeK= 9,21
L FOB FCA
1 151 151
3128 120
5 137 140
7 104 98

HyK= 9,23
L FDB FCA
17121 126
‘3 107 1le
5 110 105

HeK= 9,25
L FOB FCA
1 109 111

3 98 102 -

HyK=10, 0
t FOB FCA
2 392 401
6 230'232

.10 169 164

HeK=10, 2

L FOB FCA

0 300 301

2 39 57
- 4 300 289

(-] 0 1lle
8 224 218
10 0 12%

HyK=10,4 4

L FOB FCA

0 39 14

2 280 273

4 29 33%
6 255 249

8 0 12x%
10 170 174

HeK=10, 6
L FOB FCA
0 345 347
2 57 53
4 271 268

"6 31 21%
8 213 215
10~ 0 5%

HyK=10, 8
L FOB FCA
0 40 19
2 231 223
4 30 24»
6 229 228
8 0 17«
10 149 152

HeK=10,10
L FOB FCA
0 264 259
2 0 lax
4 264 264
6 0 17%
8 160 160

10 o] 3%

HeK=10,12
L FOB FCA
0 67 71
2 229 223
4. 0 30%
6 227 224
8 0 24%

10 123 127

HyK=10,14
L FDB FCA
0 177 174
2 31 11%
4 206 203
6 0 19=
8 171 169

HeK=10416
L FOB8 FCA
0o 32 5%
2 214 215
4 0 29%
6 176 170
8 0 9=

HyK=10,18

L FOB FCA
0 204 221
2 0 14
4 187 190
6 0 21®

HyK=10,20

L FOB FCA |

0. 0 8%
2 189 190
4 35 6=

& 137 136

HyK=10,22
L FOB FCA
0 191 198
2 0 27=

. 4 167 176

HeK=10424
L FOB FCA

. 0 o] 5%

2 143 150

HyK=11s'1
L FOB FCA
"1 256, 250
3 236 229
5 139 140
T 14% 133

.9 111-.108

HyK=1l, 3
L FOB FCA

1'212 217
3 209 198
5 162 lé61
7 140 132
9 122 110

HyK=11,y 5
L FOB FCA
1 208 208
3 215 214
‘5 169 173

7 125 115
9 112 105

HyK=1ly 7
F0B FCA
214 204
165 158.
219 214
147 133
102 97

WK=11y 9
F08 FCA
224 218
179 176
162 162
123 121

VNV WwHET O NVt

HeK=11,11
L FOB FCA
1 235 229
3 177 167
5 155 149
7 98 110
9 90 87

HyK=11,13
t FOB FCA
1172 166
3 146 160
S 162 153
7 128 139

HeK=11es15
L FOB FCA
1 161 157
3 174 171
5 143 138
7 115 109

HeK=11,17
t. FOB FCA
1 155 161
3 158 160
5 123 122
7 105 100

HyK=11,19

L FOB FCA
1 131 145
3 147 152
5 103 118

"HeK=11,21

L FOB FCA
1135 143

3 116 120

HeK=11,23
L FOB FCA
1 124 116

HyK=12, 0
L FOB FCA
0 176 177

4 230 226

8 142 l46

HoK=12, 2
L FO8 FCA
0 31 l11*
2 237 232
4 32 17+

6 193 187 .

8 0 9%

HeK=12y 4
L FOB FCA
0 219 217

.27 31 9=

4223 211
6 34 13%
8 182 180

H,K=12y 6

L FOB FCA
0 44 35w
2 197 195
4 (o] 9
6 195 186
8 0 12+«

89 95
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HyK=12, 8

L FOB
0 284
2 32
4 224
6 0

-8 145

FCA
289
22%
216
Q%
152

H,K=12,10

L FOB
0 32
2 231
4 0
6 185
8 0

L FOB8
0 229
2. 0
4 191
6 (o]

FCA
9x

225
3%

192
10%

< HyK=12,12

FCA

222
13=

200

9%

HyK=12+14

L FOB
0 34
2 205
4 o
6 178

.FCA
1%

213
10

174

HyK=12,16

L FOB8
0 194
2 0
4 168
6 0

FCA

190
T

177
20+

HyK=12418

L FOB
o 36
2 173
4 0

FCA
14

177
T

HeX=12,20

L FOB
0 173
2 0

FCA
169
9%

HyK=13, 1

L FCB
1 163
3 169
5 119
7 119

FCA
160
161
124
116

HeK=13,s 3

- L FOB

1 150
3 124
5 158
T 125

FCA

145
134
155
122

HyK=13, 5

L FOB
1 136
3 138
5 143
7 120

FCA

142 -

147
142
115

HyK=13, 7

L FOB
1 149
3 152
5 131
7 104

FCA
151
142
142
104

HeKwl3, §

L FOB
1 159
3 138
5 118
7 98

ECA
162
146
110
105

HeK=13,11

L FO8
1 150
3 126

5 114

FCA
158
124
119

HyK=13,13

L FOB
1 131
3 138

FCA
135
128

S 104 110

'HoK=13,15

L FOB FCA
1 119 123
3 96 105

HyK=13,17
L FOB FCA
1 97 108
3 112 112

HeK=14, O
L FOB FCA
2 201 209
6 172 183

HyK=14, 2
L FOB FCA
0 209 226
2 35 2%

‘4 187 191

6 0 12#

HeK=14, &
L FOB FCA
0 34, 23x
2 181 190
4 50 21%
6 156 160

HeK=14, 6
L FOB FCA
0 184 190
2 o 7
4 172 180
6 0 1%,

HyK=14, 8
L FOB FCA
0 35 15%
2 170 187
4 0 9

HyK=14,10
L FOB FCA
0 178 173
2 0 6%
4 151 161

HyK=14,12
L FOB FCA
0 o 2=
2 164 166
4 0 4=

HoK=14414

L FO8 FCA
0 139 143
2 0 13%

HeK=15, 1
L FO8 FCA
1 140 149
3 110 111

HeK=15, 3
L FOB FCA
1 135 129
3 104 121

HeK=15, 5
L FOB FCA
1 115 119
3 98 113

HoKw15, 7
L FOB FCA
1 110 115 .
3 118 119

Mox=15, ¢

L FOB FCA .
1 98 108 .

.
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- with positive values of £. The effect of the phase shift (which is an advande
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The caiculations to this point'had neglected the out~offphase

éomponent ALt of thorium. Because of the polar nature of the space

group Fdd2, two orientations of the structure must be considered, one

" of which is the reflection of the other in (001). Further calculations

with zﬁfﬁ' included and ths correct oriéntation reduced R to 0.033 (or

. 0.0L5 inciuding_reflections of zero weight). With the reverse strtcture

R could not be reduced below 0.035, and the weighted sum of squares was

15 percent larger. In the final‘cycle of the correct structure, no

coordinaie shifted more than 0.000008 and no thermsl parameter more

than 0.001. Observed and calculated structure factor magnitudes are

listed in Table 2. The final coordinates are given in Table 3. The

anisotropic thermal'paraméters, Table L, are listed in the units of the

~isotropic Debye B, Zalkin, Forrester % Templeton (1$6L), Cruickshank (1965).

¢

Effect of anomalous dispersion

Inclusion of the thorium phase shift in the calculations gives enough change

in ‘'some of the structure factor magnitudes to establish the polarity of the

'~structure, but the change in R is hardly dramatic. Howe%e&, it causes a
H_ significant change in the Structure, With the origin defired by the thorium

" atom, all other atoms shifted about 0.05 A in the positive z direction when

the correction was included. A similar shift of the reverse.strtcture causes

. the two structures, after refinement, to differ by about 0.10 A. This behavior

' is explained by the fact that all the calculations were made with reflections

o

of phase) is to make the thorium aiom'appear to be closer to the X-ray source
and detectqr than it really is. The symmetry of the space group gives a

cancellation of the:effect on x and y coordinates, but there is a systematic
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Table 3. Atomic coordinates and estimated standard deviations

Atonm

™

o)
o(2)

. 0(3)

N(Q1)

o(11)

o(12)
013) -

N(2)

| o(21)

0(22)

0(23)

o IH

0

-ook2(11)
15301

2651(10)
- 2091(9)

1970(10)

13733(8)

S ou71(22)
1318(9) .

0579(9)

0677(12)

A1l values have been multiplied by 107

| z“”_
o
0
1041 (L)
-0892(5)
.00L6(6)

'-0381(h)
oLs3(s)

0093(5)
0772(5)
0551(5)

. =0631(L)
1066(6)

I

z
.O‘.
2277(17)
0656(11)

-1066(12)

0508(12)
- 0025(15)
0915(13)
0538(13)
-2259(17)

- =1619(12)

~192h(12)

-3213(12) -



T.F, = exp

Table L. Anisotropic thermal paramesters

(~Byqn° =28 50k =« . .

12
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s Lp, = Blza*b*, ete. Standard

deviations estimated by least squares are less than 0.05 for Th and

from 0.3 to'O.S forrﬁhe other atoms.

Atonm
Th .
o(1)
0(2)
0(3)
N(1)

o(11).

- 0(12)

0(13)

N2) .

0(21)
0(22)

L0(23)

11
1.2

-L.5

C 2.1

1.5

2.3
: 1.0
2.1

2.2 .

1.3

1.7

Byo

BN
2.0

2.0
2.6
2.0
1.0

2.5

2.8

B 2-0

2.9

1.7

B33

2.1
3.7

43

3.3
209
3.8

3.7

5.2
b
3.9

3.8

3.0

12
o.o

0.9

 -0.3

'O,- 1
0.5

- 0.8

0.3

. "001 |

) -009

0.2

0.0

-0.6

- =0.5

-0'6

-0.5
-0.7
-0.5
0.0
0.2

0.9

-Ool
"1.8



‘the correct neighborhood, but indicate errors of 0.2 to O.S i from tke

R | © UCRL-16438-

‘biasing of the 2z components of ihteratoﬁic vectors between thorium and

the rest of the'structure.-

This kind of shift will be a general feature of polar structures which
are refined with such ineemplete daﬁa, unless one of several obvious steps
is taken to prevent-it. |

The two structures of opposite polarlty are not dlfferent din the
sense of rlght and left handedness, but only with respect to their orientation

in a speclmen. We have not made 2 correlation of the polarity with respect

“to morphology or other physical prpperty.

Comparison with neutron diffraction results

‘The neutron diffraction study by Taylor, Fueller &‘ Hltterman (196x) glves

us a chance 0. check the accuracy of the X-ray method in a case where the -

. heavy atom domlnates the data.. The agreement of the coordlnates is excellent,

and:it.confirms that the estimated standard deviations are of the correct -

‘magnitude. Of 31 1ndependent cOordlnates, 17 are within one standard

deviatlon and none is as much as three standard devlatlons from the correspondz.n0

neutron result. The atomic p051tlons in the two structures differ by O. 026 A

on the average_and by 0.0L5 & in the most extreme case.

The etructure obtained before correction for the thorium phase'shift_is:

in significantly poorer agreement with the neutron results; the average

~‘dlstance between atomac locatlons is O 065 i

The neutron results shou that each hydrogen locatlon (Table 1) is in .

correct position. , I - o .. i
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Discﬁésion of the structure

Some 1nteratomic dlstances are listed in Table S. The thorium atom

. has its 11 oxygen nelghbors arranged in a highly unsymmetrical way'w1th

respect to the polar'dlrectlon (Fig.~ 1).,_These oxygen atoms are two each

g from four nitratevgrdups andAtﬁreewfrom'water molecules, with all the

water.ohhéné side. 'ThiS'poiar arrangement is probably related to the

large pyfoélectric effect which is observed when the crystals are dipped

in liquid hitrogen."One expects.abbut 8 oxygen neighbors for thorium if

the oxygen atoms are not bonded to each other. Two oxygen atoms in nitrate
are closer than normal for atoms from separate molecules, and thus the
coordination can be as high as 12 if the atoms are from six nitrate groups

as in NgTh(NO 506 BH,0 (8avnidar % Prodié, 1965) Thus to have:1l neighbors -

- is reasonable 1f 8 of them are from nltrate ions.

In each nitrate ion the non—coordlnated oxygen atom is 31gn1f1cantly

closer to nitrogen than are the other two. A similar effect is observed

in several other nitrate crystals as listed by Taylof, Mueller 2! Hitterman

,.(196x), as well as in Ce(NO3)3.6HéO and Ce(NHh)z(NOB)é (Ueki, Zalkin 2?

Tenpleton, unpubllshed) Thé terminal oxygen atom, in each case which we

~ have studied, has higher thermal parameters than the other two. .Thus a

correction of bond distance for thermal motion removes some of-thé difference,

but this correction seems to be inadequate to explain as much as half of the

effect. In the present case, the thermal effect is estlmated-tgqaccpupt for
about 0.01 X of the difference.

. We fecognize‘five hydrogen boﬁds (Table 5) which are completely.

'confirmad by the neutron diffraction results. Their distances and angles.

A . . t )
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Table 5. Bond lengths in A, uncorrected for thermal motion

Values f'ound bf Taylor, Mueller & Hitterman are given in parentheses.

‘“}4‘« o -  -'15-0 (nitrate)

Th-0(11) - 2.50’¢4o.61 L (2.528)

me0(12) - 2.62 £ 0,01  (2.618)

Th-0(21) 2,59 2 0.01 -  (2.573)'

Th-0(22) - 2.58 £ 0,01 (2.55k)
- | Th-0 (water)

™-0(1) 2412002 - (2.438)

Th=0(2) o 2.&8,3'0;01 | (2.473)
| o | | Nitrate group.s‘l
N(i)-o(11> L 1§274¢ 0.02 3 o (L.270)
ND)-022) - 1.28 £o0.02 - (1.250)
N(L)-0(13). L.21s0.001  (1.202)
N(2)-0(21)  1.27 & 0.02 _ (i.zéh)

R N(2)-0(22) .27 3:6102‘. e

I N@-o)  naksooe (1.206)

-

: : _ . ‘Hydrogen bonds |
. S 1o-0(3) 2002 (2.698)

'0(2?-o<3) . amaxooe (2.697)

‘H — ', | 0(2)e0<22)v, 2.90 £ 0,02~ (2.953)
i§ | 0(3)-0(23) - 2.86 £ 0,02, (2.901) -

R 03)-0(13) 2.9 £ 0.02 (2.906)
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(Table 6) are normal. The hydrbgen bonds to O(1), because of the two-fold

. axis, are exactly coplanar with the Th-0(1) bond and at equal angles to it.

" The hydrbgen bonds to 0(2) are very nearly coplanar with the Th-0(2) bond.

This arrangement, with the water dipoléa'poihted almost directiy'awéy from
the catidn,'ié not surpriéing'for such & highly charged ion. The water =
molecules in Zr(SOh) hH 0 sre similarly orlented (Templeton, 1960). . |
iAThe water molecules designated as 0{3) are bonded to the rest of thn
structure by four hydrogen bonds in directions corresponding to a rather’ |

distorted tetrahedron.

Wé thank J. C. Taylor, M. H. Mueller and’'R. L. Hitterman for sending ‘

us their mannscript prior to submission for- publication.

i

- . Table b, Bond angles

. aoms Angle
) mheo)-0(3) 129.8 1 0.1°"
0(3)-0)-0(3) - 100, £ 0.6°%
h-0(2)-0(3) . 124.0 £ 0.5°
| ?p-o(z)-o(zz)': L 127.2’¢“o,s°h. R
g 6(3)-0(2)46(é2)ff - i';"los 74 d 5°a |
| _‘;0(1)-0(3)-0(2)-1d;;[“{f?;'108 b+ 0.5
7 0(1)-0(3)-0(13) dj_@Vf;fju 81,7 £ 0.5° ‘.‘
f:0(1)40(3)-o(23) vfdf o 103.9:0.8° {]';
0(2)-0(3)-003) - 106.580:8°
- 0(2)-0(3)-0(23) :_d_.f,-‘lzu 6 1 0.6° é |
0(23)<0(3)-0(23) ';,'dd_lzl 9 % 0. 5°“;':'

) a00 . oH‘O’H. . ..0_ al}gles. ] . _ l _'-'_-'.‘.‘,'.\‘ H |
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© ' Figure caption

Fig. 'l. ~ Neighbors of the thorium atom in Th(NOB)h'SHZO.
Wl and W2 indicate ﬁater'molécuies called 0(1) and 0(2) in the text.
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mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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