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The effective ionic radii of Shannon & Prewitt [4cta Cryst. (1969), B25, 925-945] are revised to include
more unusual oxidation states and coordinations. Revisions are based on new structural data, empirical
bond strength-bond length relationships, and plots of (1) radii vs volume, (2) radii vs coordination
number, and (3) radii vs oxidation state. Factors which affect radii additivity are polyhedral distortion,
partial occupancy of cation sites, covalence, and metallic character. Mean Nb’*-O and Mo%+-O
octahedral distances are linearly dependent on distortion. A decrease in cation occupancy increases
mean Lit-0, Na*-0, and Ag*-O distances in a predictable manner. Covalence strongly shortens
Fe?+-X, Co?*-X, Ni?*-X, Mn?*-X, Cu*-X, Ag*-X, and M-H~ bonds as the electronegativity of X
or M decreases. Smaller effects are seen for Zn?+-X, Cd?+-X, In**-X, Pb?*-X, and TI*-X. Bonds with
delocalized electrons and therefore metallic character, e.g. Sm-S, V-S, and Re-O, are significantly

shorter than similar bonds with localized electrons.

Introduction

A thorough and systematic knowledge of the relative
sizes of ions in halides and chalcogenides is rapidly
being developed by crystal chemists as a result of (1)
extensive synthesis within certain structure types, e.g.
rocksalt, spinel, perovskite and pyrochlore; (2) prepar-
ation of new compounds with unusual oxidation states
and coordination numbers; and (3) the abundance of
accurate crystal structure refinements of halides, chal-
cogenides, and molecular inorganic compounds. A set
of effective ionic radii which showed a number of
systematic trends with valence, electronic spin state,
and coordination was recently developed (Shannon &
Prewitt, 1969, hereafter referred to as SP 69). This work
has since been supplemented and improved by studies
of certain groups of ions: rare earth and actinide ions
(Peterson & Cunningham, 1967, 1968); tetrahedral
oxyanions (Kdlmdn, 1971); tetravalent ions in perov-
skites (Fukunaga & Fujita, 1973); rare earth ions
(Greis & Petzel, 1974); and tetravalent cations (Knop
& Carlow, 1974).

Further, the relative sizes of certain ions or ion pairs
were studied by Khan & Baur (1972): NH; ; Ribbe &
Gibbs (1971): OH~; Wolfe & Newnham (1969):
Bi**-La**; McCarthy (1971): Eu?*-Sr?*; Silva,
McDowell, Keller & Tarrant (1974): No2?*. These
authors’ results have been incorporated here into a
comprehensive modification of the Shannon-Prewitt
radii.

In this paper the revised list of effective ionic radii,
along with the relations between radii, coordination
number, and valence is presented. The factors respon-
sible for the deviation of radii sums from additivity
such as polyhedral distortion, partial occupancy of
cation sites, covalence, and metallic behavior (electron
delocalization) will be discussed.
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Procedure

The same basic methods used in SP 69 were employed
in preparing the revised list of effective ionic radii
(Table 1). Some of the same assumptions were made:

(1) Additivity of both cation and anion radii to re-
produce interatomic distances is valid if one considers
coordination number (CN), electronic spin, covalency,
repulsive forces, and polyhedral distortion.*

(2) With these limitations, radii are independent of
structure type.

(3) Both cation and anion radii vary with coordina-
tion number.

(4) With a constant anion, unit-cell volumes of iso-
structural series are proportional (but not necessarily
linearly) to the cation volumes.

Other assumptions made in SP 69 have been modi-
fied:

(1) The effects of covalency on the shortening of
M-F and M-O bonds are not comparable.

(2) Average interatomic distances in similar poly-
hedra in one structure are not constant but vary in a
predictable way with the degree of polyhedral distor-
tion (and anion CN). Both of these modified assump-
tions will be discussed in detail later.

The anion radii used in SP 69 were subtracted from
available average distances. Approximately 900 dis-
tances from oxide and fluoride structures were used,
and Table 2 lists their references according to CN and
spin. These references generally cover from 1969 to
1975. The cation radii were derived to a first approxim-
ation from these distances, and then adjusted to be
consistent with both the experimental interatomic dis-
tances and radii—unit cell volume (2 vs ¥) plots, as in

* Polyhedral distortion was not considered in SP 69.
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SP 69. Although such #3 vs V plots are not always
linear (Shannon, 1975), their regular curvilinear nature
still allows prediction of radii. This system is partic-
ularly accurate for radii in the middle of a series, and
least reliable for large polarizable cations like Cs*,
Ba?*, and TI3*. Radii-volume plots were used by Knop
& Carlow (1974) and Fukunaga & Fujita (1973) to
derive radii of tetravalent cations. These radii were
used along with experimental interatomic distances in
deriving the final radii. Greis & Petzel (1974) derived
rare earth radii in eight- and nine-coordination using
accurate cell dimensions for rare earth trifluorides and
distances calculated using the structural parameters
of YF; and LaF;. These radii were used in Table 1
after applying small corrections (40-030 A to 'XLa3*,
IXCe3+ IXpp3+ and XNd3*; 40025 A to all other
Greis & Petzel XRE3* radii, and 0-015 A to all
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VIIRE3+ radii) for consistency with experimental inter-
atomic distances and radii-CN plots.

Where structural data were not available or not ac-
curate, plots of (1) radii vs unit cell volumes, (2) radii
vs CN and (3) radii vs oxidation state, or combinations
of these were used to obtain estimated values. Fig. 1
shows examples of radii-valence plots used to provide
consistency between experimental radii and those anti-
cipated from the regular nature of these plots. Cations
whose final radii values were derived from both
estimated values and experimental interatomic dis-
tances are: Y!OsS*, VIOst+, VIOs7+, VIRe**, VIReS+,
VIReS+, VIRe’+, VIRh*, VIIg4+  VIIYS+  gpd VISt

Fig. 2(a)-(e) shows plots of radii vs CN. Generally,
it was assumed that radii-CN plots for two different
ions do not cross. Radii for 'VCu*, Y!Cu*, *Rb*,
VNj2+, VUE[+, VIlypd+ VUTR3+ XUNG@3+ IVCpé+,

Table 1. Effective ionic radii

CR crystal radius, IR effective ionic radius, R from r® vs ¥ plots, C calculated, E estimated, ? doubtful, * most reliable, M from
metallic oxides.

EC CN sP Ck YIRY 10N EC CN sP CR *IR? 10N EC CN 5P CR VIR?
AC+3 6P & V1 1.26 1.12 r CL=-1 3P 6 VI 1.67 1.81 ¢ GD+3 &4F 7 VIl 116 1.00
AG+1 4010 11 «81 .67 CLe5 35 2 I1IPY .26 .2 vitt 1.193 1.053 R
iv lelé 1.00 C CLeT 2P 6 1V .22 +08 * ix 10247 1.107 RC
1vsQ l.16 1.02 vl 123 27 A GEe2 4§ 2 vI +87 o713 A
v 1.23 1.09 € Che3 SF 7 v l.11 97 R GEe4 3D10 IV +530 +390
vI 1.29 1.15 ¢ CMe4 SF & VI 99 +85 R vl «670 «530 Re
vil 1.36 1.22 vitt 1.09 95 R Hel1501 .24 ~e38
VIl 1.42 1.28 C0+2 30 7 IV HS T2 58 - 1t =e04 -.18
AGe2Z 4D 9 1VSQ 93 79 v 81 7 C HF+¢4 &Fl& IV 72 +58 R
vi 1.08 4 vl LS .79 +65 R vl «85 «71 R
AG+3 4D 8 1VSQ .81 .67 HS +885 +T45 R® vil 90 76
vi +89 <75 R viI 1.04 +90 . vilt 7 «83
AL+l 2P 6 IV «53 39 = CO+3 30 6 VI LS 685 +545 R® HGel 68 1 Il 1.11 97
v .62 48 HS 75 »61 vi 1.33 1.19
vi 675 «535 Re CO¢4 30 5 IV 54 «40 HGe2 5010 Il 83 69
AMe2 S5F 7 VIl 1.35 1.21 vl HS 7 +53 R v 1.10 96
vitt 1.40 l.26 CR+2 3D 4 V1 LS 87 «73 € vl l.16 1.02
x 1.45 1.31 HS .94 +80 R vitl .28 1.4 R
AMe3 SF 6 VI 1.115 «975 R CRe3 30 3 VI <7155 +615 Re HO*3 4F10 VI 1,041 901 R
vitl 1.23 1.09 CR+4 3D 2 1V «55 o4l VIt 1.155 1,015 R
AMes SF 5 VI 99 +85 R vi .69 «55 R Ix 1.212 1.072 R
viIi 1.09 .95 CRe5 3D 1 1V +4385 «345 R x 1.26 1.12
ASe3 45 2 VI 72 +58 A vl 63 <49 ER I -1 5P 6 V1 +06 2.20 a
ASe3 3Dl0 1V +475 +335 Re vill 71 57 1 +5 58 2 11LPY +58 ohé .
vl 60 o4t Cs® CR+6 3P i &0 .26 vl + 09 95
ATe7 5010 VI o706 «62 A vl «58 s C 1 +7 4D10 1V 56 52
Auel 5010 VI 1.51 1.37 A Cs+1 5P & VI 1.81 1.67 vl 67 53
Au+s SD 8 1VSQ +82 68 vill 1.88 L.74 IN+3 4D10 IV o T6 62
vi 99 85 A 1x 1.92 1.78 vl +940 +800 R¢
Au+s SD & VI 71 +57 X 1.95 1.81 Vil 1.06 «92 RC
8 +3 15 2 111 .15 .01 = xI 1.99 1.85 1R+3 5D 6 VI 82 68 E
v 25 1 * . x11 2.02 1.88 IR+4 5D 5 VI 765 625 R
vl el 27 € Cu+l 3010 11 60 oo 1R+5 5D & VI T 57 EM
B8a+2 5P &6 VI 1.49 135 v 74 60 E K ¢l 3P 6 1V 1.51 1.37
VIl 1.52 1.38 C vl 91 «T7 E vi 1.52 1.38
vitt 1.56 1,42 ) Cu+2 30 9 1v W71 «57 Vil 1,60 16t
1x 1.61 1e47 1vsQ 71 57 % viIrg 1465 151
X 1.66 1.52 v 79 65 ® Ix 1.69 1.55
X1 1.71 1.57 vl +87 .73 x 1.73 1.59
X1t 1.75 1.61 C Cue¢3 30 8 VI ts 68 54 xl1 1.78 1.64
BE+2 1S 2 111 +30 .16 D+l 1S OII +04 ~el0 LA¢3 4010 VI 1.172 1,032 R
v o4l .27 ¢ DY+2 4Fl0 VI 1.21 1.07 vit 1.2 1.10
vi 59 45 'C vil 1.27 1.13 vilt 1.300 1.160 R
Ble3 65 2 V 1.10 «96 C vill 1.33 1.19 Ix 1.356 12186 R
vi 1.17 1.03 Re VYe3 &4F 9 VI 1,052 «912 R X 1.41 1.27
vill 1.31 1417 R vil lel1 97 xii 1.50 1.36 C
81+5 5010 VI +90 «76 E Vil lel67 14027 R Llel 15 2 1V «730 590
BK¢3 SF 8 VI 1.10 «96 R 1x 1.223 1.083 R vi «90 .76
BKe4 SF T VI 97 +83 R ER+3 &FL1 VI 1.030 +890 R viit 1.06 92 C
Vil 1.07 +93 R vil 1.085 +945 LU+3 4Fle VI 1.001 «861 R
BR-1 4P & VI 1.82 l.96 P vill 1144 1.004 R vIIt 1.117 «977T R
BR+3 4P 2 IVSQ o713 59 1x 1.202 1.062 R 1x 1.172 1.032 R
BR¢S 45 2 111PY .45 «31 €U+ &4F 7 VI 1.31 1.17 MGe2 2P 6 IV 71 57
BR+7 3010 1V -39 .25 vil 1.34 1.20 v «80 b6
vl .53 +39 A vitt 1.39 1.25 vl +860 <720 *
C ¢4 15 2 111 <06 =-.08 X l.64 1.30 viIl 1.03 -89
v 29 15 P X Le49 1435 HNe2 3D 5 IV HS +80 66
vi «30 o6 A Euel 4F & VI 1L.087 <947 R v HS -89 .75 C
CA+2 3P &6 VI l.14 1.00 vil 1.15 1.0l vi Ls <81 «67 E
. vil 1.20 1.06 * vill 1.206 140866 R HS 970 «830 Re
viit 1.26 le12 s Ix 1.260 1.120 R Vil HS 1.04 «S0 ¢
1x 1.32 1.18 F-12° 611 1.145 1.285 vill 1.10 «9% R
X 1.37 1.23 C 111 1.16 1.30 MN+3 3D 4 V 72 58
X1l 1.48 le34 C v 1.17 1.31 vi LS <72 «58 R
CD+2 4D10 IV 92 .78 vl 1.19 1,33 HS + 185 +645 Re
v 1.0l «87 F +7 1S 2 VI .22 08 A MN+4 30 3 1v «53 «39 R
vi 1.09 95 FE+2 30 6 IV HS 77 063 vl «670 530 R®
vil 1.17 1.03 C 1vSQ HS .78 64 MN¢S 30 2 IV 7 +33 R
Vil 1.24 1.10 C vl LS 75 61 E MN+6 30 1 IV 395 +255
xi1 145 1.31 HS +920 +780 Re MNe7 3P 6 IV 39 .25
CE+3 465 1 VI~ 1.15 1,01 R VII! HS 1.06 92 C vi -60 o6 A
vit 1.21 1.07 E FEed 3D 5 IV HS 63 49 MO+3 40 3 VI +83 .69 E
vilt 1,283 1.143 R \ 72 +58 MD¢4 40 2 VI « 790 +650 RM
Ix 1.336 1.196 R vi LS 9 +55 R MO¢5 4D 1 LV 60 «46 R
X 1.39 1.25 HS «785 «645 R* vl .75 «61 R
X11 1.48 1.34 C vill HS 92 78 MOe6 4P 6 1V 55 +41 Re
CE+4 SP 6 VI 1.01 «87 R FE+4 3D & VI 725 +585 R : v b4 +50
vilt lell 97 R FE+6 30 2 1v 39 25 R vi 73 +59 Rs
X 1.21 1.07 FRel 6P & VI 1.94 1.80 A vIl 87 .73
xi1 1.28 l.14 GA+3 3010 Iv 61 h7 . N =3 2P 6 IV 1.32 146
CFe3 60 L VI 1.09 «95 R v .69 55 N +3 25 2 V1 +30 .16
CFe4 SF 8 VI +961 «821 R vi +T60 +620 Re N +5 1S 2 111 +D4% -e104
viil 1.06 .92 GDe3 &F 7 VI 1.078 2938 R vl .27 <13 A
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Table 1 (cont.)

fon EC CN sP CR *IR* 10N €C CN sP CR *IR? JoN EC CN SP CR IR
NA+l 2P 6 1V 1.13 .99 PR43 4F 2 VI 1.13 «99 R TC+4 4D 3 VI +785% 2645 RM
v 1.14 1.00 Vit 1,266 1.126 R TCe5 40 2 VI o T4 60 ER
vi 1.16 1.02 x 1.319 14179 R TC+7 4P 6 1V 51 «37
vit 1.26 1.12 PRe4 4F 1 VI .99 «85 R vl «70 56
vitt 1.32 1.18 vitl 1.10 +96 R TE~2 SP 6 VI 2.07 2.21 P
ix 1.38 l.264 € PT+2 SD 8 LVSQ o T4 «60 TE+4 5S 2 I1t 66 52
xIi 1.53 1.39 vi 94 .80 A 1v +80 b6
NB+3 4D 2 vl -86 T2 PT+4 5D 6 VI «T65 625 R vi 1.11 97
NBe4 4D 1 VI .82 «68 RE PT+% 50 5 Vi 71 «57 ER TE+6 4010 IV 57 43 C
vIiIt .93 79 Pu+l 5F 5 VI lalés 1.00 R vl 70 56 ®
NB+5 4P 6 IV .62 48 C Pus4 SF 4 VI 1.00 86 R TH+4 6P & VI 1.08 °94. C
vl .78 b4 vitr 1.10 .96 vilt 1.19 1.05 RC
vit .83 «69 C Pu+s SF 3 VI .88 « T4 E 1x 1.23 1.09 =
Vil .88 <74 PU+6 5F 2 VI +85 «71 R x 1.27 1.13 E
ND+2 &F & VIII 1.43 1.29 RA+2 6P & V11l 1.62 1.48 R X1 1.32 1.18 C
ix 1449 1.35 xIt 1.84 1.70 R X1t 1435 1.21 C
ND+3 4F 3 VI 1.123 +983 R RB+1 4P & VI l1.66 1.52 T1+2 30 2 VI 1.00 +86 E
viil 1.249 1.109 R» VIt 1.70 1.56 Tl+3 30 1 VI -810 <670 Re
Ix 1.303 1.163 R vitl 1.75 l1.61 TIe4 3P 6 IV 56 42 C
xir 1.4l 1.27 € Ix 1.77 1.63 £ v 65 +51 C
NI+2 3D 8 IV 69 55 X 1.80 1.66 vl o745 +605 R®
1vsg .63 49 xI 1.83 1.69 Vit +88 74 C
v 77 «63 E xIr 1.86 l.72 TL+l 65 2 VI leb4 1.50 R
vl -830 +690 Re xlv 1.97 1.83 VIt 1.73 1.59 R
Ni+3 30 7 VI LS 70 <56 Rs RE+4 50 3 VI o717 +63 RM X! 1.84 1.70 RE
HS T4 «60 E RE+5 5D 2 Vi .72 .58 € TL+3 5010 IV «89 75
Ni+s 3D 6 VI LS .62 <48 R RE*+6 50 1 V1 .69 «55 € vl 1.025 +885 R
NO+2 SF14 V1 1.24 1.1 E RE*7 5P &6 IV 52 .38 VI 1.12 «98 C
NP+2 5F 5 VI 1.24 1.10 vl 87 53 THe2 4F13 VI 1.17 1.03
NP+3 S5F 4 VI 1.15 1.01 R RH+¢3 4D 6 vl «805 «665 R Vil 1.23 1.09
NP+4 5F 3 VI 1.01 «87 R RH#4 40 5 V1 T4 «60 RM TMe3 &4F12 VI 1.020 880 R
vilg 1.12 98 R RHeS5 4D 4 VI .69 55 viil 1.134 +994 R
NP+5 SF 2 VI -89 .75 RU¢3 4D 5 VI 82 <68 Ix 1.192 1.052 R
NP+ SF 1 VI .86 <72 R RU+4 4D & VI « 760 +620 RN U +3 S5F 3 VI l.165 1.025 R
NP+7 6P 6 VI -85 W71 A RU+5 4D 3 VI «705 «565 ER U ¢4 S5F 2 VI 1.03 -89
0 -22P 6 I l.21 1.35 RU+T 4D 1 IV .52 .38 vil 1.09 95 E
1 l.22 1.36 RU+8 4P 6 1V 50 .36 Vil l.14 1.00 Re
Iv 1.24 1.38 § -2-3P 6 VI .70 1.84 P 1x 1.19 1.05
vi l.26 1.40 S +4 35 2 vi «51 «37 A x1t 1,31 1.17 €
Vil 1.28 le42 5 ¢6 2P 6 1V 26 .12 U +5 5F 1 VI «90 .76
OH-1 11 l1.18 1.32 vl 43 «29 € Vil .98 +84
1 1.20 1.34 S8¢3 55 2 IvPY «90 .76 U 46 6P 6 11 59 45
v 1.21 1.35 € v « 94 «80 Iv +66 .52
vI 1.23 1.37 € vl 90 76 A vi .87 o73 ®
0S+4 50 4 vl 770 +630 RM $8+5 4010 VI «Th <60 = vil 95 81 E
0S+5 5D 3 VI 715 «575 E SC+3 3P 6 VI +885 «745 R® vilg 1.00 86
0S+6 5D 2 V .63 49 Vil 1.010 -870 R® vV +2 30 3 V1 .93 79
vi «685 545 E SE-2 4P 6 VI 1.84 1.98 P v 3 30 2 VI +780, <640 Re
0S+7 50 1 V1 *665 +525 E SE*4 45 2 VI <64 «50 A V +4 301V 67 53
0S+6 5P 6 IV 53 <39 SE+s 3010 IV a2 .28 ¢ vI .72 +58 Re®
P +3 35 2 vl 58 44 A vi 56 42 C vill «86 «72 E
P 45 2P 6 1V <31 17 » Sleq 2P 6 IV 40 26 VvV +5 30 6 IV +495 «355 R®
v 43 .29 vi +540 +400 Re v 860 46
vi .52 38 C SMe2 4F 6 VII 1.36 1.22 vl 68 54
PA+3 SF 2 VI l.18 1.0 E Vil l.41 l.27 W *& 50 2 VI +80 +66 RM
PAe4 6D 1 VI 1.04 .90 R Ix l.4o 1.32 w ¢5 50 1 VI 76 «62 R
- VILL 1.15 1.01 SM#3 &F 5 VI 1.098 +958 R W +6 5P 6 IV <56 k2 ®
PA+S 6P 6 V1 .92 .78 vit 1416 1.02 E v 65 .51
Vil 1.05 .91 vill 1.219 1.079 R vl T4 60 &
x 1.09 .95 X 1.272 1.132 R XEe8 4Dl0 IV 54 40
PB4z 65 2 LVPY 1.12 .98 C xit 1.38 1.24 C vi 62 48
vl 1.33 1.19 SNe4 4D10 IV 69 «55 R Y ¢3 4P & VI 1.040 +900 R*
Vil 1.37 1.23 € v 76 .62 C Vil 1.10 .96
viii 1.43 1.29 € vi +830 +690 R® vilt 1.159 1.019 R»
ix 1.49 1.35 € Vil +89 75 Ix 1.215 1.075 R
X 1.54 1.40 C vIitl .95 .81 € YB+2 4Flé4 V1 1.16 1.02
x{ 1.59 1.45 C SRe2 4P & VI 1.32 l.18 vil 1.22 1.08 E
xil 1.63 1.49 vil 1.35 1.21 Vi 1.28 l.14
PB+4 5010 IV 79 «65 € viIt 1.40 1.26 YB¢3 4FLl3 V1 1.008 +868 R®
v «87 +73 € 1x 1.45 1.31 vii 1.065 925 E
Vi 915 +T15 R x 1.50 1.36 C Vil 1.125 985 R
vt 1.08 <9 R X1l 1.58 leb4 C Ix 1.182 1,042 R
PD+l 40 9 If 73 .59 TA+3 S0 2 VI .86 +72 E IN+2 3010 IV T4 +60
PD+2 4D B IVSQ .78 64 TA+4 50 1 VI .82 +68 E v .82 68 »
vi 1.00 «86 TA+5 5P 6 VI .78 .64 vi +880 <140 R®
PDes 40 7 VI 90 .76 Vil +83 .69 viit 1.04 +90 C
PD+4 40 &6 VI «T55 615 R vIIL .88 74 IR+4 4P 6 IV .73 +59 R
PM+3 4F & VI 1.11 97 R TB+3 4F b VI 1.063 <923 R v -80 +66 C
viil 1.233 1,093 k VIl 1.12 .98 E vi .86 .72 RS
ix 1.284 ls144 R VIl 1.180 1,040 R Vit .92 .78 =
PO+4 65 2 VI 1.08 *94 R x 1.235 1.095 R viil 98 <84
Vit 1.22 1.08 R TBe4 4F 7 VI «90 <76 R x 1.03 -89
PO+ 5010 VI «81 67 A viig 1.02 .88

Vily4+ 1IVPh4+ and XTh** obtained from these piots
were used to help determine the values in Table 1. The
first estimate of Y'"'V4+ was made from distances in
C;,H,6SV (Bonamico, Dessy, Fares & Scaramuzza,
1974).

Another method used to estimate radii was based on
the empirical relationship between interatomic dis-
tances and bond strengths. Brown & Shannon (1973)
derived these relationships for the cations in the first
three rows of the periodic table from a large number of
experimental interatomic distances. These curves can
be used to calculate hypothetical distances for cations
in any coordination (Brown & Shannon, 1973; Shan-
non, 1975; Brown, 1975). Examples of cations whose
radii were calculated in this way are: 'YMn?*, V'Be?*,
VIg3+ VIpS+ VIg6+ VIN)[o2+ apd VMFe2+ These are
marked with a C in Table 1. In certain cases, these
values were combined with known structural data (see
Table 2) to obtain the radii in Table 1. Although the

AC3RA-1*

majority of radii were derived from oxides and fluor-
ides,* some were taken from chlorides, bromides,
iodides, and sulfides. For large electropositive cations
with highly ionic bonds, very little covalent shortening
is believed to occur and radii derived from these other
compounds should differ only slightly from those
derived from fluorides and oxides. Examples are dival-
ent rare earths such as Yb?*, Tm?*, Dy?*, Sm2+, Nd?+
and the ions Am?*, Ac®*, Np*+, and U**.

Another useful scheme for estimation of radii is the
comparison of unit-cell volumes of compounds con-
taining cations of similar size. McCarthy (1971) pre-
pared a number Of isotypic Sr** and Eu?* ternary
oxides and generally found the unit cells of the Sr**

* Because of covalency differences in M-O and M-F bonds,
oxide distances were emphasized. Therefore the radii in Table 1
are more applicable to oxides than fluorides. This subject is
treated further in the discussion Effects of covalence.
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Table 2. References for Table 1
The references here and in Tables 4, 5, 6 and 8 are abbreviated according to Codens for Periodic Titles (1966).

AC*3 V1
68 JINCA 30 823 AC CL3 7L JCPSA 55 1093 BA w 04 72 MRBUA 7 1281 CLUeT) =0
AGeL 11 . 7L AMMIA 56 758 BA C 03 7L JCSIA 1971 1857 CLisT) =0
71 INOCA 10 719 AG FE 02 TL ZAACA 386 | BA2 €O 0& 62 ACCRA 15 18 H3 O CL 08 (= uo <
12 ZAACA 393 266 SR AG6 O 73 ACBCA 29 2009 8A2 T1 Q4 69 ACBCA 25 1875 N W3 0 h CL
73 IENBA 288 263 BA AGS 0% BAse IX 73 ACSAA 27 2309 ¢va~ nn Wreis ¢ 03 teL 04110
AGed 1V 7L ZAACA 386 1 BAZ CO O
71 JSSCB 3 36e AG2 CR O T3 ACSAA 27 1695 8 TE (52 03)2.2 H2 O 73 acsan 273523 o (cs He N2)4 (CL 0412
AGed 1VSQ 73 ACSAA 27 1853 8A TE (52 0312.3 W2 O Lhea v
42 JACSA 64 354 AG) AS Os BAe2 X 6T INUCA 3 32T R (CHes)
69 ACSAA 23 2261 4G2 § 0) 70 IKKKA 131 161 BA3 (V 0412 Cues 1v
. 70 ACBCA 26 105 8A3 Sls NBG 026 69 ZAACA 369 306 CO V2 04
70 JSSCB 1 4B4 AGS NOLD 033 67 BUFCA 90 24 BA P2 06 c0e2 v
AGel V1 .- BAeZ X1 12 ACBCA 28 2883 CO2 PZ 07 ALPHA
32 IxkKA 82 161 AGZ 504 TL ACBCA 27 1263 BA FE2 0% €002 V1
47 JACSA 69 222 AG3 PO BAe2 x11 68 ZAACA 358 125 CO SE 04
71 JSSCB 3 364 AG2 CR 04 70 ACBCA 26 102 BAS T4 015 o8 IKKKA 126 299 CO GE 03
69 ACACB 25 S116 AG2 CR2 O7 72 CSCMC 1 1 BA Tl 013 70 CJCHA 48 B8B1 CO3 AS2 08
T0 JSSCB 1 484 AG2 MO 04 7L NRBUA 6 725 BA CA FEe 08 70 JCPSA 53 3279 BA CO Fé
AGel VIL 69 CHOCA 26BC 1694 BA NI2 aS2 08 10 PEPIA 3 161 CO2 SI D&
70 JSSCB 1 486 AG6 MO10 033 75 ACBCA 31 596 K2 BA CU (N 02)6 T3 ACBCA 29 2304 CO3 v2 08
69 ACACB 25 SL16 AG2 CRZ 07 8E+2 111 . TL HCACA 54 1621 CO3 (0 H)2 (S 0412.2 W2 O
AGeL VIIL 69 ACBCA 25 1647 SR BE) 04 REF 1 €02 SI 04
o5 ACCRA 19 180 AGT K O11 86 ACBCA 20 295 CAlZ BELT 029 72 ACBCA 28 2883 COZ P2 O7
AG+2 TVSQ BEe2 1V T0 INDCA 9 151 CO (DAPA)3 CL 0432
TL JPCSA 32 543 AG F2 62 SPHCA 6 713 NA BE P 04 13 ACBCA 29 2741 CO SI Fé.6
AGe2 vl 68 ACBCA 24 672 LA2 8E2 05 T4 AMMIA 59 475 CO2 S1 O+
TL JPCSA 32 543 AG F2 68 ACBCA 24 807 CS BE F3 Te JCMLB 4 55 C16 M8 CO 06
AGe3 1VSQ 69 ACBCA 25 1647 SR BE) 04 €0e2 vIil
65 ACCRA 19 180 AG7 N 011 71 SPHCA 15 999 FE3 BE SI3 09 {F,0M)2 66 INDCA 5 1208 (AS(C6 H51412(COIN 03)4)
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71 JCPSA 54 2556 N He | 03
1e7 1
70 AcBCa 26 1782 NA | O«
26 ZEPYA 39 308 R | 04
7L JCSIA 1971 1857 (e7)ey
Ie1 v
66 ACCRA 20 765 WS
65 ACCRA 19 629 K& uz lz uxo euz [}
37 JACSA 59 2038 [N He)2Z W3
INe) IV
T4 IAACA 409 97 RB2 N4 OT
T3 ZAACA 395 280 SR2 IN2 05
INes VI
T4 IAACA 409 97 RB2 IN4 O
61 ACSAA 13 1437 INDH S n-.«nz 012
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compounds to be slightly larger than those of the Eu?*
compounds. This difference was assumed to exist for
all Sr?* and Eu?* coordinations. Because compounds
of Am?* and Sr?* have similar cell volumes, the radius
of Am?* was made equal to that of Sr?2*.

Wolfe & Newnham (1969) studied Bi,_,RE,Ti;O,,
and concluded that Bi** and La3* have nearly equal
radii. From a study of BiTaO, Sleight & Jones (1975)
have concluded that although Bi** and La®* have es-
sentially equal radii, the size of Bi** depends on the
degree of the 6s? lone-pair character. When BiTaO,
transforms from a structure where the lone-pair char-
acter is dominant to the LaTaQj, structure, it undergoes
a volume reduction. Table 3 shows a comparison of
isotypic Bi** and La3* compounds where the lone-pair
character of Bi** is (1) constrained and (2) dominant.
Bi pyrochlores such as Bi,Ru,0,, Bi,Ir,0, and Bi,Pt,0,
were omitted from the table because no corresponding
La pyrochlore exists, but they have unit-cell volumes
close to those of the Sm or Nd pyrochlores and thus
have smaller volumes than those of La. When Bi3* is
forced into high symmetry, a Bi** compound has a
smaller volume than that of La3*, but when the lone-
pair character is dominant, the Bi** compound is dis-
torted and Bi** and La’* compounds have approx-
imately equal volumes. This behavior was also noted
in the highly symmetric garnet structure where the
hypothetical Bi;FesO,, was estimated to have cell
dimensions between those of the hypothetical
Nd;Fe;O;, and Pr;FesO,, (Geller, Williams, Espinosa,
Sherwood & Gilleo, 1963). For practical purposes,
Bi3* is listed as slightly smaller than La®** but this
dependence on lone-pair character must be kept in
mind when comparing the volumes of Bi** and La%*
compounds. Similar behavior may also exist for Pb**
and Sr**, but this relationship was not investigated.

Table 3. Cell volumes of isotypic Bi** and La®*
compounds

(a) Lone pair character of Bi** constrained

Compound Cell volume Ratio
BiLi(Mo0O,). 3147 096
LaLi(Mo0O.), 3287
BiNa(Mo0Oy). 320-5 0-97
LaNa(Mo0O,). 3321
BiOF 876 0-90
LaOF 97-7
BiOCl 110:7 0-95
LaOCl 116-8
BiOBr 123-8 0-98
LaOBr 126-4
BiPO, 293-0 096
LaPOy 3047

(b) Lone pair character of Bi** dominant
Bi,MoOg 2685 (x8)  1-00
La,MoOs 2673
BiFeO; 62:49 (x6) 1-03
LaFeO, 60-77 (x 4)
Bi,Sn,;0, 12199 (x8)  1-00
Lazsn207 12253

REVISED EFFECTIVE IONIC RADII IN HALIDES AND CHALCOGENIDES

A similar study of relative cell volumes of isotypic
compounds involving the pairs Cu*-Li*, Ag*-Na*,
TI+-Rb*, and Pb?*-Sr?* was used to obtain more
reliable estimates of the radii of Cu*, Ag*, Ti*, and
Pb2* (Shannon & Gumerman, 1975).

The nature of Sn?*, NH,", and H~ made it impos-
sible to define their ionic radii. The coordination of
Sn?* by oxygen or fluorine is always extremely ir-
regular,* leading to average distances which depend
on the degree of distortion. Since this distortion varies
widely from one compound to another, it is not mean-
ingful to define an ionic radius.

Khan & Baur (1972) derived an apparent radius of
the NH; ion by analyzing the N-O distances in a large
number of ammonium salts. They concluded that
NH; has an octahedral radius of 1-61 A, between that
of Rb* (1-52 A) and Cs™* (1:67 A). Alternatively, cell
volumes of NH} and Rb* fluorides, chlorides,
bromides, iodides and oxides may be compared. This
leads to the conclusion that NH; is not significantly
different in size from Rb*. No explanation is offered
for this inconsistency and therefore the radius of NH;}
is not included.

The radius of the hydride ion, H~, has been the
subject of some controversy. A number of different
radii have been proposed: 2-08 (Pauling, 1960); 1-40
(Gibb, 1962); and 1-53 A (Morris & Reed, 1965). Gibb
studied interatomic distances in many hydrides and
concluded that good agreement between observed and
calculated distances could be obtained using r(V'H™)=
1-40 A if corrected for cation and anion coordination.
The value of r("YH™) was taken to be 1-22 A.

Morris & Reed (1965) concluded that differences in
observed distances in hydrides were caused by the
large H™ polarizability. Because of such wide varia-
tions in the apparent H~ radius, it was omitted. How-
ever, an explanation for the variations based on coval-
ence differences will be discussed later.

* Although cell dimensions of Sn,M,0; pyrochlores were
used in SP 69 to derive r(¥'''Sn2+), Stewart, Knop, Meads &
Parker (1973) and Birchall & Sleight (1975) recently found that
the pyrochlore A4 site in Sn,Ta,0, is not fully occupied. Thus,
even this example of apparently regular Sn2* polyhedra is not
valid.
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Fig. 1. Effective ionic radius (A) vs oxidation state.
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other set is based on +(¥'0?~)=1-26 and r(V'F~)=1-19
. A, and corresponds to crystal radii as defined by Fumi
In Table 1 two sets of radii are included. The first isa & Tosi (1964). As pointed out in SP 69, crystal radii
set of traditional radii based on r(*'0?~)=1-40 A. The differ from traditional radii only by a constant factor

Results and discussion
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of 0-14 A. Although their inclusion in Table 1 may seem
superfluous, it is felt that crystal radii correspond more
closely to the physical size of ions in a solid. They
should be used, for example, in discussions of closest
packing of spheres, structure field maps (Muller &
Roy, 1974), and diffusion in solids (Flygare & Huggins,
1973). Traditional radii have been retained because of
their familiarity to crystal chemists and physicists.
They will probably continue to be used for comparison
of unit-cell volumes and interatomic distances. In the
table, the ion is followed by electron configuration
(EC), coordination number (CN), spin state (SP),
crystal radius (CR), and effective ionic radius (IR),
and in the last column, a symbol indicating the deriva-
tion of the radii and their reliability. Those with a
question mark are doubtful because of: uncertainty in
CN, or deviation from radii vs CN, or radii vs valence
plots. Where at least five structural determinations
resulted in radii differing by no more than +0-01 A,
the values are marked with an asterisk.

When the choice of a radius was influenced by any
of the various correlations described earlier, it is in-
dicated by the following: R — from r3 vs unit cell volume
plots; C - calculated from bond length-bond strength
equations; E — estimated from one or more plots of »
vs valence, r vs CN, and r vs cell volume. E implies poor
or nonexistent structural data. Radii in this category
include VY'Fe?*LS, V'Mn?*LS, VICr?*LS, VIVZ+,
V|N02+, V'Ni3+HS, VIII’3+, VlM03+, VlTa3+’ VlPa3+,
VITgé+ IVPpt+ VI[fS+ VIQgS+, VIReS+, VIpuS+, VIB{S+,

REVISED EFFECTIVE IONIC RADII IN HALIDES AND CHALCOGENIDES

ViQgé+, VIReS*, and V'Os’*. The symbol 4 means that
Ahrens (1952) ionic radius was used whereas P means
Pauling’s (1960) crystal radius was used. The symbol
M means that the radius was derived from a com-
pound having metallic conductivity. Distances cal-
culated from these radii may be too small for use in
compounds having localized electrons. (See discussion
Effects of electron delocalization.)

In addition, the sources of the radii are indicated
in Table 2.

Fig. 2(a)—(e) shows that —~CN plots are reasonably
regular. Notable exceptions are 'YNa*, YNa*, and
IVK +. It is apparent that Na-O and K-O distances do
not decrease as much as anticipated from the r—CN
curve* when the CN falls below six. Typical distances
and corresponding radii in Table 4 show that Na-O
distances in four-coordination are only slightly less
than in six-coordination. The reduction in interatomic
distances is caused primarily by the decreased repulsive
forces due to fewer ligands according to the expression
of Pauling (1960):

RCsCl

1/(n—1
=[ANaCI BCsCl] /tn=1)

RNaCl ACSCl BNaCl

where R=interatomic distance, A =Madelung con-
stant, B=the cation CN and n=Born repulsion coef-
ficient. It appears that this equation is not valid for
four-coordinated Na* or K+.

There are a few small irregularities in ~CN plots
probably caused by poor or insufficient data, e.g.
curves for TI3* vs Y3*. The differences in slopes of
Ti** vs Cr** and V°* vs As®* are probably caused by
Ti**-0 and V3*-0 octahedra being generally more
distorted, which leads to greater average interatomic
distances.

It is also interesting to compare distances in square
planar coordination versus tetrahedral coordination.
Radii of square planar Cu?* and Ag* are equal to or
slightly greater than corresponding tetrahedral radii,
consistent with the trend anticipated from anion

* Extrapolation of the Na curve gives r('"¥Na*)=0-90 A.

BOND STRENGTH , S
@l »

&

R, R R Rg
AVERAGE INTERATOMIC DISTANCE , R

Fig. 3. Typical bond length vs bond strength plot.
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repulsion effects. A similar comparison with Fe?* and
Ni?* cannot be made because of electron distribution
changes from tetrahedral to square planar coordina-
tion.
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Fig. 4. Mean Nb%*-0 bond length vs distortion. Vertical bars
represent average e.s.d.’s quoted by the authors. Solid
circles represent more accurate data.
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Fig. 5. Mean Mo®*-0 bond length vs distortion.

Table 4. Interatomic distances in some compounds
containing tetrahedral and octahedral Na*

Compound RA) rd) Reference

(@) "Na*

Na,0 240 1-02

Na;sP;04 237 099 60 ACCRA 13 263

NaOH.H,0 2:36 1-00 57 ACCRA 10 462

NasZnO, 239 099 69 ZAACA409 69
Mean 2-38 1-00

(b) VINg+

Na,WO, 2-38 1-00 74 ACBCA 30 1872

NaCs0,H; 2-37 1-01 65 ACCRA 19 561

Na,Sn,Ge,0;,(OH), 2-39 1-02 70 ACSAA 24 1287

Na,P,0;.10H,0 248 1-10 64 ACCRA 17 672

NaHCO; 2-44 1-06 65 ACCRA 18 818

Na,B,04(OH),.3H,O0 241 1:04 67 SCIEA 154 1453

Na,P,0,,.4H,0 2-415 105 61 ACCRA 14 555

NaAl(SO,),.12H,0 245 1-10 67 ACCRA 22 182

NaB(OH),.2H,0 2460 1-09 63 ACCRA 16 1233

NaU acetate 2:375 1-025 59 ACCRA 12 526

C10H13N5N306P.6H20 2'406 1‘046 75 ACBCA 31 19
Mean 2-42 1-05

Factors affecting mean interatomic distances

Additivity of radii to give mean interatomic distances
is not so important to the synthetic chemist who is
primarily interested in ionic radii for predicting sub-
stitution in crystal structures. Crystallographers and
physicists, however, are concerned with comparing
calculated and experimental interatomic distances and
predicting distances, e.g. for distance least-squares
(DLS) structure refinements (Baur, 1972; Tillmanns,
Gebert & Baur, 1973; Dempsey & Strens, 1975). The
effective ionic radii in Table 1 can be used to reproduce
moderately well most average interatomic distances in
oxides and fluorides. However, certain deviations do
occur. Some of these are unexplained but others can
be attributed to (1) polyhedral distortion, (2) covalence,
(3) partial occupancy of cation sites, or (4) electron
delocalization.

1. Polyhedral distortion

To see the effects of polyhedral distortion consider
the relationship between bond length (R) and Pauling
bond strength (s) (Brown & Shannon, 1973). The an-
alytical expression s=sy(R/R,) ", where s, is an ideal
bond strength associated with R,, and R, and N are
fitted parameters, was evaluated for cation-oxygen
pairs for the first three rows of the periodic table. Using
these relationships, the sums of bond strengths about
cations and anions were found to equal the valences
with a mean deviation of about 5%. Accepting the
approximate validity of Pauling’s second rule, p=>s
where p=valence, it is possible to derive the effects of
distortion of various polyhedra on their mean bond
distances. Fig. 3 shows a typical R-s curve. An un-
distorted octahedron results in an average bond
strength § and a mean distance R;. A distorted octa-
hedron with three bonds of length R, and three of
length R, results in the same average bond strength, §,
but a mean distance R, > R,.
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The effects of distortion on mean bond lengths in
numerous polyhedra have been determined. Although
distortions in tetrahedra are not as important as in
octahedra, they can contribute to variations in mean
tetrahedral distances (Baur, 1974; Hawthorne, 1973).
Strongly distorted octahedra like those containing V3+,
Cu?*, and Mn3* show a significant variation in mean
distance with distortion, 4* (Brown & Shannon, 1973;
Shannon & Calvo, 1973a; Shannon, Gumerman &
Chenavas, 1975). Octahedra containing Mg?*, Zn?*,
Co?*, and Li* are generally less distorted than those
of V3*, Cu?*, and Mn3* and show a less pronounced
dependence on mean bond length (Brown & Shannon,
1973).

The effects of distortion on mean bond lengths in
Nb’>*-O and Mo®*-O octahedra are illustrated in
Figs. 4 and 5. Tables 5 and 6 list the data used to derive
the figures.

Table 7 lists the results of linear regression analyses
of mean bond length on distortion for all octahedra
studied. It is clear from Fig. 4 that undistorted Nb**
octahedra in pyrochlores have a distinctly smaller mean
value than in compounds like NbOPO,, CaNb,0Oq, and
Na;NbO,. Most of the accurately refined molybdates
have relatively distorted octahedra. However, certain
ordered perovskites with no octahedral distortion such
as Ba,CaMoQOs would be expected to have much
smaller mean Mo%*-O distances than a typical molyb-

* QOctahedral distortion is defined by A=3}3(R,— R/R)?
;vhere R=average bond length and R,=an individual bond
ength.
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date. In fact, the Mo®*-0 octahedra in Mo,(0,CsCly)s
with a very small distortion have the short mean dis-
tance of 1-919 A.

Table 7 also lists the results of regression analyses
for Ta’*~0 and W®*-O octahedra but they are only
approximate because of the scarcity of accurate struc-
tural data. Analysis of Ti**—O octahedra was unsuc-
cessful because of scatter in the data. Distances in
Ba¢Ti;;04 (Tillmanns & Baur, 1970) and BaTiO;
(Evans, 1951) deviated significantly from a linear
relation.

Relations between mean distance and distortion
should be particularly useful to help determine oxida-
tion states in mixed valence compounds with such
combinations as Mo®*-Mof*, W>+_-W6+, V4+.y5+
Nb**+-Nb**+ and Mn3*-Mn**. Such considerations
helped rationalize Mn-O distances in NaMn,O,, and
the mineral pinakiolitc (Shannon, Gumerman &
Chenavas, 1975).

The radii in Table 1 are generally derived for an
average degree of distortion. Thus, interatomic dis-
tances calculated from these radii may be inaccurate
if the distortion in a particular compound is much less
or greater than usual. This applies particularly to cat-
ions whose polyhedra frequently show a large distor-
tion, e.g. Mo®*, Nb°*, ¥+ Ba?*, and the alkali ions.

2. Effects of partial occupancy of cation sites on mean
cation—anion distances
In compounds with partially occupied sites, ab-
normally large cation-anion distances are usually
found, as expected if the anions surrounding unoc-

Table 5. Comparison of mean octahedral Nb>*-O distances with distortion
Only structures with e.s.d.’s for Nb-O distances of <0025 A were used.

Distortion

Compound "RA) A={(4R/R)*) x 10* Reference
Hg,;Nb,O, 1-999 0 68 INOCA 7 1704
Cd.Nb;0, 1-957 0 72 CICHA 50 3648
Na,Nb,O;, 1-977 1 70 JSSCB 1 454
Bao.27sro.75Nb205.73 1-967 6 61 JCPSA 48 5048
N813Nb35094 1-965 7 71 JSSCB 3 89
Ba;Si,NbgO26 1-989 9 70 ACBCA 26 102
Na3Nb;5004 1-967 11 71 JSSCB 3 89
Na;3Nb;5004 1-959 12 71 JSSCB 3 89
Na;3Nb;5004 1-964 12 71 JSSCB 3 89
NaNbO; 1-985 16 69 ACBCA 25 851
NalsNb35094 1-947 18 71 JSSCB 3 89
Na,;Nb35094 1-991 22 71 JSSCB 3 89
Na;3Nb;500, 1-987 22 71 JSSCB 3 89
Na;3Nb;5044 1-978 24 71 JSSCB 3 89
LiNb;Og 1-993 28 71 ACSAA 25 3337
LiNbO, 2:000 31 66 JPCSA 27 997
Ca,Nb,0, 1-997 31 74 JINCA 36 1965
Ca,Nb,0, 2:005 34 74 JINCA 36 1965
SbNbO, 2-003 37 65 CCIDA 1965 611
KNbO; 2:011 42 67 ACACA 22 639
Na;NbO, 2013 52 74 BUFCA 97 3
Ca,Nb,0, 2010 53 74 JINCA 36 1965
Ca,Nb,0, 2+015 58 74 JINCA 36 . 1965
Na;NbO, 2:021 60 74 BUFCA 97 3
CaNb,O4 2:021 76 70 AMMIA 55 90
GaNbO, 2:031 83 65 ACACA 18 874
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Table 6. Comparison of mean octahedral Mo°*-O distances with distortion
Only structures with e.s.d.’s for Mo—O distances of <0-025 A were used.

Distortion
Compound RA) A={(4R/R)*) x 10* Reference
Mo0,(0,CCls)s 1-919 5 75 JACSA 97 2123
Mo,0,; orthorhombic 1-944 9 63 ARKEA 21 365
Mo,0,; monoclinic 1-946 10 63 ARKEA 21 365
Mo,0;; monoclinic 1-937 56 63 ARKEA 21 365
Mo,0,, orthorhombic 1-951 67 63 ARKEA 21 365
Mo,0;, orthorhombic 1-911 96 63 ARKEA 21 365
Mo,0;; monoclinic 1-945 96 63 ARKEA 21 365
- (Cy5H1;0,);M00, 1952 99 74 ACBCA 30 300
(NH,)6[M0;0,4].4H,0 1-962 99 75 JCSIA 1975 505
(NH,)s[M0;0,4] .4H,0 1-972 101 75 JCSIA 1975 505
(NH,)s[M0,0,4].4H,0 1-960 104 75 JCSIA 1975 505
LiM00,AsO, 1-967 104 70 ACSAA 24 - 3711
(NH,)§Mo0g0,;.4H,0 1-960 106 74 ACBCA 30 48
HgMoO, 1-965 111 73 ACBCA 29 869
(NH,)s[M0-0,4].4H,0 1-955 113 75 JCSIA 1975 505
(NH,)s[M0,0,,].4H,0 - 1-962 115 75 JCSIA 1975 505
(NH,)s[M0;0,4.4H,0 1-974 118 68 JACSA 90 3275
Mo0;.2H,0 ' 1-966 121 72 ACBCA 28 . 2222
Mo0;.2H,0 1-961 123 72 ACBCA 28 2222
Mo0O;.2H,0 ’ 1-957 126 72 ACBCA 28 2222
Mo0;.2H,0 ’ . 1-953 134 72 ACBCA 28 2222
(NH,)s[M00;)s(PO,) (HPO,)].3H,0 1-970 140 74 JCSIA 1974 941
Na3(CrMog0,4Hg) . 8H,0 1-976 141 70 INOCA 9 2228
(NH,)sMo0g0,,.4H,0 1-976 141 74 ACBCA 30 48
Na;CrMos0,.Hs . 8H,0 1-976 143 70 INOCA 9 2228
(NH,)5[(M00;)s(PO,) (HPO,)].3H,0: 1-974 145 74 JCSIA 1974 941 -
(NH,)s[TeMo0sO,,4] . Te(OH)s. 7H,0 : 1-981 147 74 ACBCA 30 2095
CoMoO, 1-991 150 65 ACACA 19 269 -
(NH,4)sMog0,;.4H,0 1-972 151 74 ACBCA 30 48
MoO; 1-981 151 63 ARKEA 21 357
(NH,)[Mo0,0,4].4H,0 1-976 152 68 JACSA 90 3275
K,{[M00,(C,0,) (H,0)],0} 1-976 152 64 INOCA 3 1603
(NHy)sMo050,,;.4H,0 1-974 152 74 ACBCA 30 48
(NH,)5[(M00;)s(PO,) (HPO,)].3H,0 1-982 159 74 JCSIA 1974 941
Na;CrMos0,.Hs.8H,0 ) 1-986 163 70 INOCA 9 2228
(NH,)5[(M005)s(PO,) (HPO,)].3H,0 1-977 167 74 JCSIA 1974 941
Mo0O;.H,0 1-984 167 74 ACBCA 30 1795
(NH,)s[(Mo0Q;)s(PO,) (HPO,)].3H,0 1-991 186 74 JCSIA 1974 941
(NH,)s[Mo0,0,4].4H,0 1-991 189 75 JCSIA 1975 505
(NH4)s[M0;0,4].4H,0 2:008 197 75 JCSIA 1975 505

Table 7. Variation of mean M—O distance and effective ionic radius in octahedral environments as a function of distortion

Maximum Correlation Goodness
Ion 4x10* N* Ryt rol m coefficient of fit ( x 10%)

Mo®+ 212 38 1-920 373 074 67
0-572 3-01 063 70

Wé+ 122 7 1-925 3-30 075 19
0-565 3-28 0-66 24

Vs+ 576 16 1-887 2:62 0-98 8
Nbs+ 83 29 1-976 645 0-69 71
0-599 6-83 0-44 99

Tas* 79 6 1-984 6-70 0-81 18
0-617 3-79 0-15 46

Mn3+ 71 15 1-994 7-08 0-82 30
0-624 6-15 0-54 50

Cu?* 316 26 2-085 3-99 0-82 77
Mg?* 156 28 2:094 8:31 0-72 21
: 0-728 8-86 0-77 18
Co?+ 46 15 2:106 ’ 7-38 042 19
0734 11-70 0-70 16

Zn%* 71 16 2:099 770 0-64 21
0736 820 074 16

Li+ 148 i1 2159 842 0-81 30
0-784 9-02 0-79 35

* N=number of independent octahedra
T R=Ry+mAd.

I r=ro+md.
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cupied sites relax toward their bonded cation neigh-
bors. Therefore average distances should increase as
the occupancy factor decreases. In general, partial oc-
cupancy seems to be more prevalent for cations which
are weakly bonded to oxygen like Cu*, Ag®*, alkali
ions, and large alkaline earths. The most prominent
examples are Li and Na compounds. Table 8 sum-
marizes the existent data on some structures with par-
tial cation occupancy. Fig. 6 shows the dependence of
mean Li-O bond length on the degree of occupancy.
Although the data are not extensive, it is apparent that
mean distance increases as occupancy factor decreases.
Extrapolation of the Li curve in Fig. 6 to zero occu-
pancy, i.e. a tetrahedral Li vacancy, gives 2:10-215 A,
which is close to the 2:11 A found for «-Li;GaO, by
Stewner & Hoppe (1971) and for B eucryptite by
Tscherry, Schulz & Laves (1972).

Another example of the effects of partial occupancy
can be found in the non-stoichiometric feldspar
Sr0.34Nao.o3D0.13A11.69Si2.2908 reported by Grundy &
Ito (1974). The mean Sr-O distance in this compound
is 003 A greater than in the stoichiometric SrAl,Si,O
(Chiari, Calleri, Bruno & Ribbe, 1975).

The relation between mean distance and occupancy
probably cannot be quantified precisely because the
relaxation of oxygen ions will depend on the nature
and number of other cation neighbors.

3. Effects of covalence

Changes in interatomic distances due to covalence
effects are anticipated in compounds with (1) anions
less electronegative than fluorine or oxygen, i.e. chlor-
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ides, bromides, sulfides, selenides, efc. and (2) tetra-
hedral oxyanions such as the VO3~ and AsO3~ groups.
The effects of covalence show up as a lack of additivity
of the radii and are generally referred to as ‘covalent
shortening’.

(@) Halides and chalcogenides. Covalence effects can
be observed by comparing the relative contraction of
cation-anion distances in two different isotypic com-
pounds as the anion becomes less electronegative, e.g.
Fe?* in Fe,GeO, and Fe,GeS, vs Mg?* in Mg,GeO,
and Mg,GeS,. Covalence shortens both Fe-S and
Mg-S bonds relative to Fe-O and Mg-O bonds, but
because of the greater electronegativity of Fe?* (1-8)
compared to Mg?* (1-2), the Fe-S bonds are shortened
to a greater extent. Thus a ‘covalency contraction’
parameter (Shannon & Vincent, 1974) can be defined:

_ d(Fe-Xy
= d(Mg-X)y

where d(Fe-X)=mean Fe-X distance.
A similar parameter

R,

_ V(FenX,)
© V(MgnX,)

compares the volume of an Fe?* compound with that
of an isotypic Mg?* compound. To see the effects of
covalence on the Fe-X distance relative to the Mg-X
distance, the ratio R, or R, may be plotted against the
difference in electronegativity of the Fe-X bond,
Axre—x- Such schematic R4y plots are shown in
Fig. 7. The reference ions for Cd** and In®** are Ca**
and Sc3* respectively. Such plots usually show a strong

Table 8. Mean distances in structures with partially occupied cation sites

Occupancy
Compound factor
(a) lVLi+
Typical 1-00
LiAlSiO, (B eucryptite) 1:00
LiAlSi,O¢ II (S spodumene) 0-50
LiAlSiO, (B eucryptite) 0-50
Li,Al;Si;04 0-40
LiAlSi, O 111 0-33
«-LisGaO, 0-00
LiAlSiO, 0-00
) VINg *+
Typical 1-00
Na,Fe,Al(PO,); (wyllieite) 091
NaSbO; 0-82
Na,Fe,Al(PO,); (wyllieite) 0-70
NaAlSi;Og (high albite) 0-50
NaAl,;, 0,7 (5-ALO3) 0-35
NaSbO; 0-29
Na,.s3Alz1.8034 ($-Al;03) 0-25
(C) VlAg+
Typical 1-00
AgSbO; 0-44
AgSbO; 0-33
Agy 1AL 054 2 0-22

R Reference

1-97 Table 1

2:020 4 73 AMMIA 58 681
2:025 (7 72 ZKKKA 135 175
2-08 (4) 68 ZKKKA 126 46
2:085 (9) 69 ZKKKA 130 420
2:056 (2) 72 ZKKKA 135 161
2:064 (4) 70 ZKKKA 132 118
2:068 (5) 68 ZKKKA 127 327
2:11 71 ACBCA 27 616
2-11 72 ZKKKA 135 175
2:42 Table 1

2:533 (6) 74 AMMIA 59 280
274 74 JSSCB 9 345
2-723 (6) 74 AMMIA 59 280
2:600 (9) 69 ACBCA 25 1503
2:839 (1) 68 ZKKKA 127 94
2:65 74 JSSCB 9 345
2:88 71 ACBCA 27 1826
2-50 Table 1

2:64 74 JSSCB 9 345
275 74 JSSCB 9 345
2:83 72 JSSCB 4 60
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dependence of R, on A4y. For Fe**-Mg?** the Fe?+
fluoride volumes are ~110% of the corresponding
Mg?* fluoride volumes whereas the Fe?* sulfide vol-
umes are ~96% of the corresponding Mg?* sulfide
volumes. Plots for the cations with filled ‘d” shells show
a markedly smaller dependence on Ay. This appears
to be due to the difference in covalence of hybrid or-
bitals formed from metal ‘d’ orbitals vs metal ‘s—p’ or-
bitals.

These relations show that effective ionic radii derived
primarily from oxides are not strictly applicable to
fluorides — note the change in R, for Fe?*, Co**, Ni?*,
and Mn?* from fluorides to oxides. This effect is par-
ticularly noticeable in R4y plots for the pairs
Cu*-Lit and Ag*-Na* (Shannon & Gumerman,
1975). The Cu*-Li* and Ag*-Na* plots are very steep,
e.g. the volume of AgF is 120 % of the volume of NaF,
whereas the volume of Ag,Se is only 72 % of the volume
of Na,Se. Although most of this change arises from
covalency, double repulsion effects present in the Li
and Na halides described by Pauling (1960) may also
play a role.

Covalence effects are useful in explaining certain
differences between the effective ionic radii of Table 1
and the ionic radii of Pauling (1927) and Ahrens (1952).
Pauling’s radii for Cu* (0-96 A) and Ag* (1-26 A) are
considerably larger than those in Table 1 (0-77 and
1-15 A respectively). Since these radii were derived
from comparison of alkali halide distances, using an
equation relating effective nuclear charge and screening
constants (Pauling, 1927), they are valid in primarily
ionic crystals. The smaller radii in Table 1 are applic-
able in the more covalent oxides. Extrapolation of R vs
Ay curves such as in Fig. 7 leads to values of 0-91 A
and 1-23 A for fluorides, which are close to Pauling’s
ionic values.

A final example of covalence effects concerns
M*-H~- distances. According to Gibb (1962), the ra-
dius of the hydride ion is slightly larger than the radius
of the fluoride ion. To rationalize the behavior of the
hydride ion, the M—H bond has been treated as coval-
ent. Therefore, it is useful to make R, vs Ay plots similar
to those just discussed for Fe?*, Cu™, efc. In this case,
the reference ion is F~ and volumes of certain hydrides
are compared to those of isotypic fluorides. The results
of this analysis are shown in Fig. 8. The solid circles
represent volume ratios, R,= V(M,H,)/V(M,,F,); open
squares represent ratios of typical distances R,=
d(M-H)}/d(M~F)3. In the more ionic hydrides of Cs,
Rb, K, and Na, hydride volumes are considerably
larger than those of the fluorides. For the Li and Mg
compounds, hydride and fluoride volumes are approx-
imately equal, whereas the more covalent hydrides have
increasingly smaller relative volumes than the corre-
sponding fluorides. Fig. 8 partly explains the differ-
ences in reported radii. The Morris & Reed (1965)
value of 1-53 A was derived essentially from the large
alkali halides, while Gibb’s value of 1-40 A was derived
primarily from hydrides of the more electronegative
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metals 'such as: Sc, Ti, Y, Zr, Hf, Nb, Ta, and Th.
Because of this strong dependence of M-H distances
on cation electronegativity, it does not seem very useful
to quote a unique radius for H™.

(b) Tetrahedral oxyanions. Lack of additivity also
appears in most small tetrahedral groups and is par-
ticularly noticeable for the ions 'YB**, IVFe3*, IVGe**,
IVAgS+ IVys+ IVG6+ 1IVGeb+ and 'VCI'*. The devia-
tions in vanadates have been studied in detail (Shannon
& Calvo, 1973b). Assuming that the V-O bond is
strongly covalent, and that relatively electronegative
cations such as Cu?*, Ni?*, and Co?* tend to remove
electron density from the V-O bond, a V-O bond
length increase in Cu, Ni, and Co vanadates is anti-
cipated. Plots of mean radii () vs mean cation electro-
negativity (¥) show a marked slope with a gradual in-
crease in 7(!YV5*) from vanadates of the alkali and
alkaline earth ions to those of Cu, Ni, and Co. Similar
plots for other ions, P5*, As®* (Shannon & Calvo,
1973b6), B**, Si**, SeS* (Shannon, 1975), showed the
same behavior. The statistical data on the tetrahedra
of B3+, Si4+, Ge‘”, P5+, ASS+, SG+, Se6+, CI‘6+, M06+,
Weé+ and CI’* have been summarized by Shannon
(1975). The slopes of the 7 vs ¥ plots were greatest for
V5+, Se®+, and CI’*, and least for Si**. Although the
evidence for covalence as the origin of these effects in
the above systems is only indirect, this behavior is
consistent with accepted ideas of ‘covalent shortening’
of bonds. '

The evidence for covalent shortening of 'VFe3*-O
bonds is more direct. Jeitschko, Sleight, McClellan &
Weiher (1976) have found a good correlation between
(1) the Fe Mdssbauer isomer shift and mean Fe-O
distance and (2) ¥ and mean Fe-O distance (R). Thus,
in p-NaFeO, R=1-86 A and 6=0:18 mm s~ relative
to « Fe whereas in Bi;(FeO,) (MoO,), R=1-909 A and
0=0:282 mm s~

4. Effects of electron delocalization

At a pressure of 6-5 kbar SmS (NaCl structure)
undergoes a semiconductor to metal transition and a
reduction in cell edge from 5-97 to 5-70 A (Jayaraman,
Narayanamurti, Bucher & Maines, 1970). The reduc-
tion in cell volume was attributed to a partial conver-
sion of Sm?* to Sm?** ; some of the electrons presumably
go into a conduction band.

Electron delocalization effects can also be seen by
comparing the volumes of the conducting V sulfides
VS, V,Sg, VS, and VSg with the corresponding Cr
sulfides which have localized ‘d’ electrons (de Vries &
Jellinek, 1974). The V compounds have volumes ~ 5%
smaller than the corresponding chromium compounds.
This does not agree with the relative sizes of V and Cr
in oxides and fluorides, e.g. r(V'V3**)=0-64 and
r(YICr3*+)=0-615 A. For the sulfides, this unit-cell vol-
ume anomaly is not simply attributable to metallic vs
semiconducting behavior. While Cr;S,, CrsSs, and
Cr,S; show a positive temperature dependence of re-
sistivity typical of a metal, magnetic susceptibility

REVISED EFFECTIVE IONIC RADII IN HALIDES AND CHALCOGENIDES

measurements indicate Curie-Weiss behavior and
therefore nearly localized electrons (van Bruggen,
1969). This is in contrast to the Pauli paramagnetic
behavior of the corresponding V sulfides (de Vries &
Haas, 1973) characteristic of delocalized electrons.
Thus, in SmS and the sulfides of V metallic character
accompanied by electron delocalization appears to be
associated with reduced bond distances.

A further example of delocalization effects occurs in
the compound NaVS, (Weigers, van der Meer, van
Heinigen, Kloosterboer & Alberink, 1974). The mol-
ecular volume of Pauli paramagnetic NaVS, I (67-9 A%)
is significantly less than that of NaV$, II (727 A%).
NaVs, II is characterized by localized electrons (Jel-
linek, 1975) and its molecular volume is consistent with
that of isotypic NaCrS, (711 A3).

If electron delocalization in oxides results in reduced
metal-oxygen distances and thcreby an effective in-
crease in valence, radii derived for the ions Mo*¥,
Tctt, Ru*t, Rh**, W4+, Re**, Os**, and Ir** from
metallic oxides may not be reliable when applied to
insulating oxides. Thus, radii obtained from distances
in the metallic phases, e.g. RhO,, ReO,, and Cd,Ir,0,,
will be smaller than radii obtained from semiconduct-
ing or insulating compounds.* When both types of
compounds have been studied, a significant difference
in distances is generally found. The mean octahedral
Re**-0 distance in insulating K,[Re,0,(C,0,),].3H,0
(Lis, 1975) of 2:021 (10) A (r=0-671 A) is greater than
the estimated mean distance in metallic ReO, of 1-99 A
(r=0-63 A). Knop & Carlow’s (1974) value of r=0-662
A derived from cell volumes of the insulating Cs,ReFg
phases is consistent with the radius of Re** from
Ki[Re,0,(C;0,),].3H,0. The Re’*-O distance in
Nd,Re,0,; (Wilhelmi, Lagervall & Muller, 1970) of
1-987 (12) A (r=0-607 A) is significantly greater than
the distance in metallic Cd,Re,O, (Sleight, 1975) of
1:93 (2) A (r=0-55 A). The radii of 0-58 A derived from
XeF;RuFg and 0-60 A from XeFRuF, (Bartlett, Gen-
nis, Gibler, Morrell & Zalkin, 1973) are greater than
the radius of 0-565 A derived from the r3-V plot for
metallic Cd,Ru,0,. In contrast, however, the Mo**
radius of 0-64 A derived from insulating Li,MoF;
(Brunton, 1971) is not greatly different from the radius
of 065 A derived from metallic MoO, (Brandt &
Skapski, 1967).

Although there appears to be ample evidence to
show that M-O bond distances in compounds with
localized electrons are greater than M-O distances in
compounds with delocalized electrons, the data are not
yet sufficient to derive a reliable set of radii for semi-
conducting compounds containing Mo**, Tc*+, Ru**,
Rh*+, W4+, Re*+, Os**, and Ir’*. This will become
possible as additional accurate structure refinements of
fluorides, molecular inorganic compounds, and semi-
conducting oxides containing these ions become avail-
able.

* This assumes that metallic character can be equated with
delocalized electron behavior in these compounds.
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