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BY THOMAS G. SPIRolb,'DAVID H. TEMPLETON1C, AND. ALLAN ZALKINLC

The structure of Pb6O(OH)6(Cth)h'H2O has been determined by single-
crystai X—ray:diffraction. The crystals are orthorhombic, space group
Pbca, Z = 8, a = 10,8ihtd.005, b = 16.706f0.006.and'c = 26.273:0.008 &,
dx = h.973»g/cm3; dm‘= 5.07*6.03 g/cm3. The structuré was refined to

a conventional R factor of 5.5%; using 791 intensities which were. |
'Cbllected by counter methods. The crystal contaips discreﬁe P56O(OH)éh
units. .Four of the lead atoms are foﬁnd in a‘central tetrahedron
(distorted) while the remainiﬁg two cover two of the tetrahédral faces,
thefeby forﬁing twoiexterior tétrahedfé. vThe adjacént Pb-Pb distances
,avérége 3.81 &% and raﬁgé from 3.44 to h,OQ ) O A/unique oxygen atom
(dxide) is found»étlthg center of the central lead tetraheafon. The
remaining six oxygeﬁ.atomé} presumabl& hjdro#idé,_are located over the
six extefnai faces of the two“extgrior lead tetrahedra. These_results
contradict an eariief_conclusion from Raman evidence that the iead

atoms are at the corners of an octahedron.
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Tetxednstion

a’b’c.investigated'the vibrational spectra

Recently Maroni and Spiro2
of a series of hydroxy- and'alkoxy—bridged polyhedra of Bi(III), Pb(II), and "
Tl(I).. The mostlsignifiCant result was tﬁe finding of a set of.low frequency
Raman bands‘attributable'almost entirely toﬁthe.motions of the metalhatoms.

The high intensity of these bands was'taken as eﬁidence fon some degree_of
metal—metal bondlng and the 31mpllc1ty of thelr pattern suggested that they
mlght be useful in structural characterlzatlon of polynuclear species.

of particular interest in the latter connectlonlwere the spec1es present
in perchloratelsolutions'of lead(II) cOntaining 1,33 moles of hydroxide per.
mole of lead. Potentiometric3 and'ultracentrifuge§ data'were’consistent with

+ . X -
>* and Pb6(OH)8h+. Crystals of composition

>

an equilibrinm between Pb

3§OH)h

Pb3(OH)h'(Cth)2 were described in 1930 by Willard ‘and Kassner. The Raman

spectrum2b of these crystals showed three strong low frequency bands similar '
to those exhibited a by octahedral B16(OH)12 . Since in the concentrated

solutions from which the crystals were obtained Pb6(OH)8h was presumably
predominant,'it was inferred that these crystals also contained this complex,
and its structure was predicted to be octahedral.2b The eight hydroxide ions

were presumed’to lie above the'eight trigonal faces of the lead octahedron,

L+ 6

glVlng a structure analogous to that of Mo6018 . A normal coordinate
2b
analysis showed that this structure was capable of predlctlng ‘all of the

observed Raman and infrared bands of the crystals
\

We report'here a determination|of the structure of these crystals by

X-ray diffraction. The results are consistent with the chemicalvanalysis by

5

Willard and Kassner, but indicate that the crystals should be formulated as
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Pb O(OH)6(Cth)h H O and that the Raman predlctaon of structure 1s.rncorrect
Dlscrete hexanuclear complexea are 1ndeed found but the lead atoms are arranged
at the corners of taree faCe—shar;ng tetrahedra rather than at the corners of

an octahedroﬁ..:As indicated in the formula, thié eoﬁpiex contarns sii ratﬁer
than'eight hydroxide.ione and alee one oxide ibp, the latter beihg located at

the center of the central tetrahedron of lead atoms.

Emmse %&%& 1R

Crystals of composition Pb (OH) (Cth)é were prepared by the method of

5

Willard and Kassnerr

3

_ Varlous crystals were examlned in prellmlnary experi-
ments by the Weiseenberg (w1th CuKo radlatlon) and counter technlques {MoKa
radiation, A = 0.71069 A). Two sets of 1ntensrtjvdata'&ere'used in the
analysis. The firetdwasvottained.ﬁith a crystal of irregular shape. For the
final_measuremente,‘a erystal was groand and etched ﬁith water tova sphere
of.diameter Oal3:mm,and glued to a glass fiber.‘ The’g axis wasvaligned
coincident with the ¢ axis ofvoariinstrument;d The cell dimensions and dif-

_ fraction intensities were measured at‘a temperature of ca. 23° using a manually-
operated Generai Electric XRDeSFgOniostatTequipped with:a scintillatiea counter
‘and pulse—height discriminator. The Mo-X—ray tube was operated at 45 kvp and
20 ma.'anch reflection was measured for iO sec with the stationary-crystal
stationary—COunter technique;"The taekgreund ﬁas measared near each reflection.
The maximum intensity was 8785'cepnts in 10 sec for the 002 reflection. The
minimum dackground wasiSS counts in 10 sec at 26 = 35°. Some diffieulty wae

encountered with overlapping reflections, and we made some adjustments as best
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we couldlto correct for this effect. Defecfs in this adjustment may_be one of

the limiting sources oflerrorjin the daté. ‘Measufements Vere:made for 1111

independent refléctions:-including‘all buf a few within the limit 28 < 35°.

ofr fhesé, 320 were ?écofdeé éé.leés than 30‘coﬁﬁ£s ;bove'backgroﬁnd and weré

discardea; The remaihing f9l rgfleétiQﬁS‘wefe used in the final‘ahalysié.
Thé'linear absofptién coéffiéienﬁ_of fhe_ma;ériél'is‘éstiﬁéted.as

k19 cm-l (MoKa) , aﬁd HR = é;835 ,Thébihténéitiés’wére cofrécted fér'absorptién

on thebbasis of fhevﬁabulation forvéphericdl ;rys£élslin the "Intérnationai‘

T

Tables."' The variance of each intensity was estimated to be:

02(1) =1+ 2B + (pI)2 +q

lwhere I = net coﬁnts,‘B =vb§ckgf6und,vp.= ffaction 6f I which is inéluded fo'
represent non-statistical errors (0.10 in fhis case); and.q =a éoﬁétant (30 in
this case) which represents addifional érfor in’théfbaékground. Structure |
factors were dérivéd from theEintensities with the usual correq£ions forbLorentz
and polarization effegts‘i Standard'de&iétibﬁs-éf-étructufe factors wére taken .

1

as.: .

N2 yr =2

. c(Fo) =F_ - (31 - ko(I "

No intensity was used which was less than its sﬁandard déviatibn; and there-

fore the term under the square root is always positive. 1In the finalv

least-squares refinement, observations were weighted as w = [Q(F)]_?.
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Calculatiéns ﬁere madé with A'CDO—6600 éomputer. Thé data were.adjusted
to an absolute scale and expressed as norﬁalized étructure ﬁagnitudes ]El using
an unpublished program written'b& H. S. Maddox ande. L. Maddox. We uéed our
own unpublished programs er?daté pfpcessing, Fourier ééfies;‘full—matrix least
squares, and interatomic distanceé;' The functibn'minimized in the method of
least s@uareé is Zw(AF)?/Ew|FO[2, whéfe AF -iszthe difference between the
maénitudes of the Qbservedland éalculated structure factors Fo aﬁd Fc.

Atomic scattering.factbrsvaﬁd anomé1ous dispérsion é?rrections for
Pb+2 and neutrél Clband O were taken from the compilations of Cromer and Waber.
The real and imaginary aispersion éorrecﬁions are.respectiQely -3.79 and 10.18
for Pb and 0.15 and 0.19 for C1. | | |

The isotropicitempérature factor -is defined as exp(-BA_gsinee); where
B is tﬂe thermal parameter. - The anisotropic temperature -factor is.

J

reciprocal axis length, hi is a Miller index, and Bij is a thermal parameter.

exP(_%.ZZBi'bibjhihj)’ for all values of i and j from 1 to 3; bi is the ith

In this paper.we designaté the cbnventional R-factor as R = ZIAF|/Z|FO|
and the weighted R-factor as R )2)1/2.

= '(zw(AF)Q/zw(Fo

Resuitz
QRiQNQ%%%m%%%N§E%%$NQRQEE' The'érystalsiare orthorhombic, and the sys-
tematic absences (Okf,'k =V2n + 1; hOR, £ =.2n +'1; and hkO, h =2n + 1) indi-

cate space group Pbca, with eight-fold general positions: tH(x, v, 23 1/2 + x,

1/2 -y, ~z; =x, 1/2 +y, 1/2 -~ 23 1/2 - x, =y, 1/2 + 2). The cell dimensions

Jare o= 10.81400.005, b = 16.70610.006, and ¢ = £6.273¢0.008 & (t = 23°).
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For eight formula units Pb O(OH)éCth hHQO per cell the calculated den51ty is
4.973 g/cm . The dens1ty measured with pycnometer and carbon tetrachlorlde
at 24° is 5.07:0.03 g/cm . . Part of the discrepancy may be the result of
éontamination of the pycnometer sample, fér examﬁle with lead carbonate
(4 = 6.6 g/cm3).

Eﬁéiﬁmgﬁﬁﬁtﬁ%ﬁﬁéigﬂ":The structure was solved with 286 refieCtiﬁns.

9

from the first data set by use of the symbolic addition procedure. to deter-

Iminé the phases. We used only the ;2 relatlon, sEh N 523 E k;_where s
means "sign of." 1ILong's programlo was used to apply this relatlon to the 286
reflections of highest IEI. Three reflections were given plus phases in order
to fix the origin and four others were aséigned symbols a, b,_c; or d. ‘ThéSe
are listed in Table I. Of the 16 combinations of initial signs for these
symbols, three converged in 9;or 11 cycles to indications that a = +, b = +,
¢ = -, and d = -, Oﬁe of these gave a consistency indexlo of 0.49, while the
next highest iﬁdex was 0.39. DXNo other starting set.requiredvless than 8 cycles
to converge. |

An E map (Fourier‘synthesig was computed using the signs from fhe most
consistenﬁvset. It showed six pronounced peaks, which could readily be iden-
'tifiea-with the six lead atoms in the hexanuclear unit. 'The posifions of the
six lead atoms werevrefined with isotropié tempefature factors by least squares
using the originalldata set. Fouf cyclés reduced R to 0.17. A Fourier synthesis
of AF then revealed four promlnent peaks, assignable to the chlorlne atoms in |
the four perchlorate groups, and many lesser peaks, some of which were assigned’

to oxygen in the perchlorate ions or bound to the lead atdmé. Subsequent least-

squares refinement, with anisotropic temperature factors for the lead atoms,
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eventualiy reduced R to 0.10. :However,véeveral oxygenbatoms refuééd to refine
properly, gi&ing unreasonablé inferafoﬁié disfénces or eicessive thermal |
parameters. |

At ‘this point it wés Jﬁ&ged thaxathé infensitieé had Beén takep with-
out proper attentioﬁ to backgfaﬁndg overlap, and absorption ¢orrections;‘and
it seemed,evident that'this inadeéuécy would:pfevent further Clarifiéation of
the oxygen éésitioﬁs. Accordingl&'thg final sef of intensities were heasured.
. The neﬁ data.were'used to refine the previously détermined lead and chlofihe
positiéns, with anisoﬁropic thermal pafameters fér lead.. Two cycles'of.léast
squares.led to.R = 0,11. A difference Fourier synthesié was calculated, ana
23 of the.highest péaks could be assigned'to oxygen bound to chlorine‘or iead;
All of these oxygen atoms now refined properly, and R was reduced to Q.062 and
R to 0.073. ' ' |

2
5

Accordiné to.the chemical analysis” a water molecule remained to be
inciudéd'in the structure, ana.the.expefimental denéity correspondedbto three
additiohal'ﬁolecules. A'seéfchvfor cévities ih the sfructure reﬁealed.only one
bhole large_enough fof a water molecuie.l.in a Fourier synthesié of AF, the
largest pesk (of height 2.6 e-/KB) coiﬁéidgd with that hole. Introdgétioﬁ of
an_oXYgen atdm (desighated 6(8))ﬁat this location deéreasedbR to 0.060 and
e R, to 0.070. Tﬁis'atom had been feqognizéd iniearlier Fouriér ﬁaﬁs,fbut.had '
been rejected because sa computational‘blﬁnder,cauSéd it t§ have an unreasohably
large thermal parameter. | | |

Up to this fime the 791 réflections had been assigned ééual weight.
After a few errors in the‘daﬁ&\ﬁere corrected, refinemeﬁt was continued with

various weighting schemes until one was found which corresponded reasonably

well to the distribution of magnitudes of discrepancies as a function of
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observed ihtensity; After‘tﬁe»final:refinemént,vR was Of055, R2 was 0.069,

and the estimated standard defiatioh of an 6bservation of unit weight was 1.09.
In the last éycle; no cOorainéte.or thermal pérameﬁer‘shifted more than 9 perceh£
of its estiméted standard-deviafion. A final Synfhesis.of AF shéwed'a maximum
value of 1.6 e-/.lo\3 and‘é8 othér peaks higher than l.O'e_/KS. Under these cir;
cumstances, a search fér.hydrogen atoms seemed unjustified;

The final values of the pérameters are given in Table II for lead atom

“and in Table ITI for chlorine. and oxygen atoms. Table IV contains the observed

and calculated structure factors. . interatomic distances are listed in Tables'

V, VI, -and VII. Some angles in the Pb6O(OH)_6h cluster are listed in Table VIII.

Riseresion |

Apart from the perchlorate ions, the asymmetric unit contains 8 oxygen
atoms of three distinct types. These atomé posseSs 8_hydrogeﬁ atoms according
to the chemical étoichiometry. On the basis of the structure we assign these
as an oxide ion; O(i), a water molecule, 0(8), and six hydfoxide ions.

The lead atoms occur in discrete clusteré_of six, with 7 o*ygen atoms
intimately‘bound to gach cluster as sﬁown iﬁ‘Fig. l. We formulatévthisfgluster
as Pb6O(OH)6#+. These lead atoms are a*rangéd af.the corners of fhree'face—

sharing tetrahedra;'as.seen in Fig. 2. The structure of this cluster is related

1 : .
to that 1 of th(OH)hh+, in which the lead atoms form a single tetrahedron,

and to'that12 of Snzosoh, in which an isolated Sn8 unit has four tin atoms at
the corners of a central tetrahedron all four faces of which are covered by

the remaining tin atoms.
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- TABLE 11

POSITIONAL COORDINATES AND THERMAL PARAMETERS FOR LEAD ATOMS IN Pbéo(oa)6(0£04)4-azoa
' o b - | |
Atom X ¥y z B11- B22 7 B33- B12 B13 B23 )

Pb(1)  .3391(4) -.0421(3) .2050(2) 5.2(3) 3.2(2) - 4.4(2) 3(2)  .22)  .8(2)
Pb(2)  .2347(4) .1505(3) .1530(2) 2.9(2) 3.4(2) _5.0_(2)--0.0(2)' L1(2) .3(2)
Pb(3) .5672(4) .1527(3) .1990(2) 3.9(2) 5.4(3) 3.2(2) J7(2) wa2(2) =u9(2)
Pb(4) .5078(4)  .0543(3)  .0866(2) 9.3(2) 41(2) 402 .4(2) 0.0(2) —1.2(2)
P(5)  .4734(4) .2794(3) .0863(2) 3.4(2) 3.8(2) 4.3(2) ~1(2) —2(2) 1.1(2)
Po(é)  .7958(4) .2123(3) .0935(2) 3.6(2) 5.8(3) 4.22) -7(2) 4(2) -5(2)

83tandard deviations are giveh in parentheses and fefer to the least signigidant digit;

bThermal parameter units are A2.

L
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TABLE III
FIJAL COORDINATES AND THERMAL FARAMETERS FOR CHLORINE

AND OXYGEN ATOMS IN Pbéo(OH)é(c£o ), *H,0%

L4 "2
Atom ' X ; y 2 | B
0(1) 440(6) J66(4)  .133(2) 6(2)
0(2) 301(5)  .025(3)  .129(2)  3(1)
o3 .309(6) .096(4)  .222(2)  6(2)
0(4) 630(4) '.267(3): @) 2n)
o(5) 605(5)  .192(3)  .054(2) - 4(1)
0(6) £89(5). 13 a36(2) 40
o(7) L519(5)  .0123)  a7e(2) 4(1)
d(é) | CLaee(7) . .116(5) ;482(3) | 9(z)
S od(n) 890(2) .296(2) ~ .233(1) 5.0(7)
fC%(z)” 97i3) ;.002(2); J62(1) 4.9(6)
cA(3) 249 (3) ¢ L099(2)  -.002(1)  5.5(6)
CokW) .1072)  LEs2) Lom(D) 4.506)
01  .820(6)  .359G)  .208(2) 7(2)
C0(12) - .884(5)  .222(3)  .207(2) - 5(2)
O(13) .833(7) .275(4) 276(3) - 8(2)
o(14) .028(7) CL315(4) 235(3) 0 7(2)
0(21) 853(7)  -.0334)  awm(3) ()
0(2) - .0sele)  —.065(5)  .a%(3)  10(3)
_,0(23) =022(6) ,-667(4)_ Cax%@) 7(2)
0(24)  .04(6)  .016(4)  .207(2)  6(2)
So(a)  .315(6) L028(4) - -.013(2) 6(2)
0(32)  w35(7) .omia) .63 s(2)
0(33) 9706 A38(4)  —.044(3) 7(2)

0(a4) B17(8)  .152(5)  L024(3) . ¢ 9(2)



Atom .

0(41)
0(42)
0(43)
C(44.)

b

e 141(7)
0090(6) '

.000(5)

194(7)

-12-

 y

A

.335(4)

.398(5)
1'.258(4)'f
©.365(3)

* TABLE ITI(cont.)

Z

- L045(3).

.064(2)
.109(2)

.120(3)'

B

9(2)

5(1)

- 3(1)

7(2)

UCRL-18570

a PO . g ' ! : - .
Standard deviations, estimated by least squares, are given in

* parentheses and refer to the least significant digits.

bO(ij) refers to the jth oxygen bound to the ith chlorine_ih'

the perchlorate groups.

o
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TABLE IV
OBSERVED AND CALCULATED STRUCTURE FACTORS

FOR _Pb6o(0H)6(010h)h * H,0

UCRL-18570
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OBSERVED AND CALCULATED STRUCTURE FACTORS OF PBI6)CIOMIGICLOI4))4,.H20,
FCA{0,0,0) = 645

L FON FCA 3 149-140 9 222 234 3 126 13 16 73 44 17 76 67 10 102 102 1 63 -2 4139 139 Heks &4, 3 2 143187 9 A8 78 12 222 102 4 286 265
HyK= Oy O 5 167 166 11 203 212 4 117 109 18 280-261 19 217 223 HKe 2, 12 2 362-363 Hue 3, 11 ‘219 217 4 1CY 118 10 143-348 H,&k» 6, 2 & 250-229

20 347 352 . 2 232 252 3 186-178 H,Kk= |,

L ‘142 153 16 182-173%
Hek= 0, 2 4 104 33 S 39% 399 1 230-219

o
56%-663 15 103 -94 2 273 280
L)
340 348 18 189 183 6

251-232 M,Ke S, 1 7 181 (82 11 98 &9 HeKks 7, 3
t22-122 8 180-168 13 139-1%8 2 % -9

[
2 236-20) & 302 309 12 168-17) 6 78 =56 20 138-142 Hik= 2, S 2 106-101 3 191 191 5 153156 1 20%-195 6 202 197 11 218 19 G 332 330 T 1L0 94
4 456-502 T 15 =17 13 280-278 T Laé 140 H,k= 2, 1 o 8% 497 3 8e-101 4 120 126 Hyxe 3, 12 2 276279 W,ke S, O 13 100 ile 1 283 283 10 130-168
6 373-35% 8 69 68 14 82 88 + 9 131-130 o 88 -70 L 77 10 5 102 10% S 181-179 3 185 195 3 222-332 4 218231 15 133-12¢ 2 175163 13 117-120
8 413-404 10 236-231 15 118 109 10 101 ~99 1 129 128 3 95 93 MKe 2, 13 6 79 <68 MHyk= 3, 13 4 220 21 6 MLT A2% 16 118 109 3 185-179 14 283 297
10 635 732 LL 219 224 . 16 93-102 11 l4B8-te0 2 142 138 L1r n 8 107 97 2 235-229 5 66 =48 @ 278-285 Hyxs 5, & 5 1605-170 Hek= T, 2
12 280 259 15 113-122 .18 162 187 12 8t 90 4 T2 -58 104 97 9 285 172 4 ML2-112 T 118 168 10 92 o9 1 174 173 6 79 6t 1 160 181
14 404 2383 18 125 121 Mek= 1, 3 13 113 Lis S A9 44 30 0 10 112 108 Heka 4y, © 8 268-273 12 296 250 3 78 T8 T 218 227 3 209-19%
16 509-495 MHyK= 0, 10 1 131-13%0 15 76 ~79 6 41 126 14 73 -59 493 529 ? 245 224 14 336-313 S5 37L-354 8 160-148 4 175 164
18 491-478 0 411-44) 2 51 2e 17 109 127 a 10 343 320 te 101 117 4 143 137 10 97 93 13 97 t0e

12

13

‘14

15

18

0 241-231 5 80 88 1 83 T 3 85 12 82 86 H,Ke 3, 5 12 554 567 190 196 9 125~414 H,K= 6y, ) S5 166~-149
1 391-387 o laa-|51 &8 718 ~69 4 119-109 144-145. 1" 92 a3 1 13 57 ¢ o7 41 105 9t 0 320-318 & 92 -0
2 209-192 8 240 23% 11 209-201 5 357 357 179-1081 2 344 333 16 320-310 130 125 12 124 12% 1 96 98 7 282 268
3 229-199 9 l44-146 ' L3 224-214 6 L34 125 117 104 4281 278 18 115-13% H,Ke 107-10¢ 13 2%4 252 2 154-150 9 78-104
4 256 271 10 117-101 15 167 164 T 224-227 3 1 6 155 154 Heks 4y 1 1 87 ~8C 14 122-122 4 239 229 13 130 139
S 290 304 12 114 129 17 143 130 9175 162 145-122 T 84 -3) 0 152-160 2 107 =91 15 16C-166 S 153-136 HKs T, &
6 403 638 16 2087214 M,k= 1, 4 10 T2 56 504 $69 8 460~-457 1 317-336 s 76 83 ks 5, T 6 233 220 2 191-192
7 140-141 1S 105 107 1 142-140 13 230-220 147-147 10 170-1066 2 1 n 6 112 139 1 80 -Sa 7 144 130 3 16 54
8 54 ~43 Hyk» 0, 12 2 221 220 14 117-114 219 236 12 174 18C 3 .70 90 T S0 2 3 131-102 4 T4 b6 5 147 125
1L 78 oo 0 252-268 3 2a47-230 15 223 239 354 398 13 100 80 S 123-127 a 2 280 211 4 152 140 10 173-166 H.Ke 7, 5
12 255271 1 168 181 4 B3 109 Hek»s 1. 9 424-4064 la-178 173 6 103 110 9 7 202-280 S 213 214 12 1T14-210 2 160 159
1% 183-198 6 275.292 5 323 NS 1 421 421 99 98 16 169 182 8 138 143 10 8 129-124 4 89-108 16 142 148 4 173 180
16 165 130 10 273-287 & 309-312 3 178-181 281- 18 110-12% 9 348 354 1t 9 113 oy T 15 66 Hexe &6, 4 8 255-264
18 98 95 Hyk= 0, 16 9 140167 4 6% -51 244-245 HoKe 3, & 10 291-285% 12 11 167 152 8 15 -a9 Als 422 10 145-143
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| Pb(3)-Pb(4)
 Pb(5)-Pb(6)

Pb(1)-Pb(2)

Pb(4)-Pb(5)

Pb(3)-Pb(5)

Pb(2)-Pb(4)

Pb(2)-Pb(5)

Pb(2)-Pb(3)
Pb(3)-Fb(6)
Pb(1)-Pb(4)

| Pb{(1)-Pb(3)

Po(4)-Pb(6)

O(1)—Pb(3)
0(1)-Fbl2)
0(1)-Pb(5)

- 0(1)-Pb(4)

-15-

. TABLE V

L 3.440(5)2
3.667(6)

3.674(6)

3.778(5)

3.779(6)
3.786(5)
3.790(5)
3.795(5)
3.846(5)

3.949(6) -

4,.086(6)

£..086(6) ’;?;

2.22(6)

2.29(6)

2.29(6)

2.35(6)

INTERATOMIC DISTANCES(R) IN Ph,O(0H) 4

0(2)-Pb(2)

0(2)-Pb(1)

0(2)-pv(4)

- 0(3)=Pb(2)

0(3)-Pb(1)

0(3)-Pb(3)
0(4)=Pb(5)
0(4)-Pb(6)
0(4)-Pb(3)
0(5)-Pb(5)
0(5)-Pb(6)
0(5)=Pb(4)
0(6)-Pb(3)

© 0(6)-Pb(6)
~ 0(6)-b(4)
o(7)-po(1)
0(7)-Po(4)
0(7)-Pb(3)

UCRL-18570

2.30(5)

2.32(5) -

2.55(5)

2.18(6)

' 2.36(6)

3.02(6)

2.23(4)

'2.37(4)
2.53(4)
- 2.21(5) .
'=2;34(5)s_

2.67(5)
2.24(5)

12.33(5)

_'2.53(6).
2.27(5)
 2.47(5)

2.49(5)

#Standard deviations in parentheses refer to the least significant ‘

 digit.
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TABLE VI-
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CHLORINE'OXYGEN DISTANCES(X) IN PRECELORATE GROUPS

c£(1)-o(11) ,

C£(1)*0(12)
p£(1)-o(1é)
cb(1)-0(14)

| cl(z)-d(21)'

- cd(2)-0(22)
ch(2)-0(23)

C8(2)=0(24)

.53(7)

-48(7)
.52(8f
; .37(6)
’.43(6)

L5(6)F
42(6)
.33(7)

- cd(4)-0(41)-
c2(4)-0(42)

-c4(3)-0(31)
cd(s)-0(32) -
c4(3)-0(33)
oL(3)-0(34)

c8(4)-0(43)

cl(4)-0(44)

.46(6)
43(7)
. 36(6)
.40(8)

51(8)

| ‘41(5)_'
.41(5)»_
.35(7) .

&standard deviations in parentheses refer to the least sighificant

digits.

<3
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TABLE VII

Atoms
| 0(8)-Pb(6)
0(8)-0(32)
0(8)-0(41)

0(8)-0(31)
0(8)-0(23)

DISTANCES(A) INVOLVING THY WATER MOLECULE

vzﬂiétgnce

2(7)
2.77(9)

B 3.15(10)
 3.25(9)
'3.29(&0)

UCRL~-18570
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T4BLE VIII .
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SOME ANGLES (IN DEGREES) IN THE PbéO(OH)64+ CLUSTER

pb(25~Pb(1)-Pb(3)

~ Pb(2)-Pb(1)-Pb(4)

© Pb(3)-Pb(1)~Pb(4)

Pb(1)-Pb(2)-Pb(3)
Pb(1)-Pb(2)-Pb(4)
Pb(1)-Pb(2)-Pb(5)

Pb(3)-Pb(2)=Pb(4)

Pb(3)-Pb(2)-Pb(5)

Pb(4)-Pb(2)-Fb(5)

Po(1)-Pb(3)-Pb(2)

Pb(1)-Pb(3)-Pb(4)

 Pb(1)-Fb(3)-Pb(5)

© Pb(1)-Pb(3)-Pb(6)

~ Pp(2)-Pb(3)-Pb(4)
Pb(2)-Pb(3)-Pb(5)
Pb(2)-Pb(3)-Pb(6)
Pb(4)-Pb(3)-Pb(5)
Pb(4)-Pb(3)-Pb(6)

Pb(5)-Pb(é);Pb(6)

L PR rel)-#b(2)

| _Pb(1)-Pb(4)-Pb(3)

58.3

5944
50.7
66.3

63.9-
117.4
5440
59.8
59.8
55.
62,6
108.3 .
128.5
62.9 -
60.1

112.4.

62.9

68,0
57.5

66.7

Pb(1)-Pb(4)-Fb(5)
Pb(1)-Pb(4)-Pb<6)
Pb(2)-Pb(4)-Pb(3)
Pb(2)-Pb(4)-Pb(5)
P5(2);Pb(4)—Pb(6)
Pb(3)-Pb(4)-Fb(5)
Pb(3)=Pb(4)-Pb(6)
Pb(5)-Pb(4)-Pb (6}
Pb(2)~Pb(5)~Pb(3]

pb(z)-Pb(5)~rb(4>

 Pb(2)-Pb{5)-Pb(6)

Pb(3)-Fb(5)-Fb(4)

_Pb(3)-Pb(5)-Pb(6)
Pb(4)-Pb(5)=Fb(6)

Pb(3)-Pb(6)-Pb(4)
Pb(3)~Pb(6)-Pb(5)

Pb(A)-?b(é}-Pb(s).

Pb(2)= 0(1)-Pb(3)
Pb(z)f 0(1)-Pb@§)
Pb(2)- 0(1)-Pb(5)

Pb(3)~- 0(1)<Pb(4)

111.3

125.5

60,2 *
107.5
62.9 .
60.7

55.4 :

60.2°
0.0

116.8

542
6202
6646

51.3

60.3

53.0
15
109
112

98

Pb(3)= 0(1)-Pb(5) 114

Pu(4)- 0(1)-Pb(5) 109
Pb(1)- 0(2)-Pb(2) 105

Pb(1)- 0(2)-Pb(4) 108

Pb(2)- 0(2)-Pb(4) 103"

Pb(1)- 0(3)-Pb(2) 108"

_Pb(1)¥'0(3)-Pb(3) 98

Pb(2)- 0(3)~Pb(3)‘ 92

Pb(3)= 0(4)-PB(5) 105

Pb(3)- 0(4)-Pb(6) 103"

Pb(5)~ 0(4)-Pb(6) 106

~ Pb(4)- 0(5)-Pb(5) 1o1f

Pb(4)- 0(5)-Fb(6) 109
Pb(5)- 0(5)Pb(6) 107

Pb(3)- 0(6)-Pb(4) 92

Pb(3)-v0(6)~Pb(6) 115
Pb(4)- 0(6)-Pb(6) 115

Pb(1)- 0(7)-Pb(3) 118
Pb(1)- 0(7)-Pb(4) 113
Pb(3)- O(7)-Pb(4) 88

a‘Thc estimated staondard deviations of the Bb—Pb—Pb and'thevPb—O-Pb ancles are

0.1 and +2 degrees respectivelly.

e
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The oxide ion is-near_the center of the central tetrahedron, at an

average distance 2.29 K from its lead neighbors. The oxygen atoms in tetrago-
13-

‘nal PbO have similar tetrahedral coordlnatlon w1th -lead neighbors at 2.30 A

Thus the central tetrahedron of" the cluster can be conaldered as a fragment of the
PbQ structure. Oxygenvwlth four metal‘nelghbors.ln‘1solated complexes 1s rela-

tively rare, but some examples are BehO(CH COO)6 and ZﬁhO(CH3COO)651h.

3
MghOBr6 hChH ,15 and CuhOCl ((C6H ) PO)h 16

Each of the six hydroxide ions is adjacent to three lead atoms on an
external face of a non-central tetrahedron, and'all such faces are covered in
this way. Thisjﬁopologyzgivesvthe three léad atoms in each face of‘erery tetra-
hedron one; and only one, oxygen neighbor in common. The oxide ion‘fillé this

role for four faces, while each hydroxide_ion is involved with only one face.

The water molecule is Only leosely bonded to this complex, at .a dis-

[o] 1 . .
" tance 2.Th A from Pb(6) on one corner. It is remote from any other lead atoms.

Tts nearest exygen neighbor is 0(32) st 2.77%0.09 & and in a direction 116°
from Pb(6); this distance and direction suggest‘hydregen bonding. Other oxygen
neighbors are at distances of 3.15 K or more. |

There is consideraele varlation\in the“PbFfb distanees.b The shortest
one, 3.hk X, is uniqué in that it is the'enly edge shared by all three tetra-
hedra. It may be compared with the distancej3;SO‘K found in metallic lead. |
The other Pb-Pb neighber distances in_the cluster range from 3.67 to 4.09 R,
compared with 3.83 A feund in the P“t)h(OH)Lll‘l+ complex.il The cluster conferms'
only approximately to the symmetry mm2 (Cév) which is perﬁitted by its
topology, but the lead positions are very cloee to symmetry 2 (62)_ ‘The

hydroxide ions are expeeted to have their protons directed outward from the

i
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cluster, and they will tend to form hydrogen bonds to_the surrounding per-
chlorate ions. Evidently such bonding or some other packing force prevents
exact symmetry for the.cluster.r Eéch hydroxide ion has one or two perchlorate-
oxygen neiéhbors at distances between 2.94 and 3.15 X to which it could fbrm
weak hydrogen bonds. We cannqt make any unique assignment of hydrogen bonds
on the basis of our regults. The low accuracy of oxygen-oxygen aistances
(ca. 0.08 ﬁj tends to obscure the distinctién between bonds and non-bonds,
~and the bonds may involve disorder or bifufcaﬁion. |

The perchlorate ions are not significantly coordinated, the cloéest
distance from_a lead to a perchlorate oxygeh being 2.9 g.. This is in accord
with the Raman and infrared spectra,lT which show bands characteristic of
unbound ClQu_. The observed distortions of percblorate_geometry are within
the rather large standard deviations of the oxygen positions (see Table VI)n‘

On the basis of its Raman spectrum the hexanuclear unit was predicted

to have octahedral_geometrleb The main evidence was the occurrence of

three Raman bands in the metal-metal stretching region, analogous to those

6+

12° The actual geometry revealed

found for the known octahedral species Bi6(OH)

here (idealized point symmetry C lowered by the deviations in the Pb-0O dis-

2v’
»tances, and in the Pb-Pb distances around the base of the complex) fequires
twelve Raman active vibrationai modes in the metal-metal region. Evidentlyv'
there is a good deal of accidental degeﬁéracy in these frequencies. Preliminary
calculationsl8 show that this is a plausible consequence of.the;observed
geometry. “

An interesting question is whether” the rather unusual structure found

here for the hexameric complek is intrinsically more stable than others which

[ 4]
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can be'envisagéd, dr~whéther if is stabiiized:by cf&stal forces. Preliminéry
results of solution X-ray scattering studies by thanﬂsonl9 point to the
former conciusioﬁ. .The Pb-Pb peak in the radiélldistfibﬁtion function,thich
6¢curs at 3.83 A in solutions contgining’tetréhéarai th(OHjhh+, simply

broadens without change. in height as the.QH/Pb‘rétio is increased toward 1.33.

‘Weak next nearest neighbor peaks'are:found at 6.40 and‘7.05 A. (Non-adjacent

Pb-Pb distances in Pbso(OH)6h+, occur ét,6;36 and T.14 K,) These observations
rule éut an octahedral complex in splution, and are entirely consistent with |
the structure reported here. | | |

'AéknOWlédgmentéz"ngwish to‘thank Dr. Michael G;fB. Drew.;nd

Dr. Barry DeBoer: for valuable .assistance during the course of this work.

' We also thank Dr. Georg Johansson for communicating to us fhé results of

his solution:sqattering experiments in advance of their publication.
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Figuré‘Caffions
Fig. lf. Stereoscopic view Qf thg Pb6O<H)6h+'complex. The stick bondg coﬁnect
.'oxygen and‘lead atomsg the lines define the‘lead polyhedra. Interatomic
distances are'given~iﬁ Table V and angles in Table VIIT.
Fig. 2. :The three face-sharing tetrahedra of Pb atoms in the PbéO(OH)6h+

cluster.
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Fig. 1
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Fig. 2
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