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X-Ray examination, chemical analyses and electrical conductivity measurements have been conducted on
the partially oxidized platinum complex Rb; ¢;[Pt(Cy0,),]-1.5H,0O (RbDOX). The cell constants are a=
12.690(10), 6=17.108(14), ¢=11.357(3) A; «=102.04(4), f=115.17(3), y=43.58(4)°, and the space group is
Pi. The planar bis(oxalato)platinate ions stack along the crystallographic b axis and the Pt atoms form a sixfold
distorted chain. RbDOX is the first example of a sixfold structure. Three independent Pt—Pt distances are
2.717(3), 2.830(3), and 3.015(3) A. 'The Pt—Pt distance of 2.717 A is the shortest spacing so far observed in partially
oxidized platinate salts and shorter than the 2.77 A interatomic separation in Pt metal itself. The oxalate ligands
are staggered (46°, 55°, 80°) with respect to the ligands directly above and below them along the chain. Sixfold
modulated superstructure of RbDOX is confirmed as the newly found commensurate Peierls structure based on
agreement with the period of the Peierls distorted superlattice determined by the degree of partial oxidation. The
calculation of Coulomb energy shows that RbDOX has a crystal lattice in which the interchain Coulomb energies
are at a minimum indicating the strong tendency of the anti-phase ordering of the nearest-neighbour Pt chains.
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In recent years there has been considerable interest
in the partially oxidized quasi-one-dimensional cyano-
platinates and bis(oxalato)platinates because of their
high, newly metallic electrical conductivities and they
provide experimental results which greatly aid the
development of the theory of the one-dimensional state.
The prototype compounds of cyanoplatinates groups are
the anion deficient derivatives, K,[Pt(CN)]Br, s*
3.2H,0 referred to as KCP. Since the original discovery
by Comes et al.) of X-ray diffuse scattering associated
with the Peierls instability in KCP, the nature of the
sinusoidal modulation of one-dimensional platinum
chain has been studied by many authors.2:3

In one-dimensional metals, modulation waves (charge
density waves: CDWs) have a wave vector ¢=2kr in
the chain direction, where kg is the Fermi wave vector,
and in the insulating state, the CDWs are correlated to
form a three-dimensional static Peierls distortion, that
is, the lattice modulation waves give rise to a three-
dimensional superstructure at low temperature.) The
period of the lattice modulation wave in the Peierls
phase is commensurate or incommensurate with the
period in the high-temperature metallic phase.

There has been much research on KCP salts and
TTF-TCNQ (tetrathiafulvalene-7,7,8,8-tetracyano-
quinodimethane),® however, the crystal structure deter-
mination of the Peierls state of the one-dimensional
conductors appears to be very limited. The modulated
superstructure of K, 4 [Pt(C,0,),]:2H,0O (p-KDOX)#&7
is the first example of the incommensurate Peierls state
determined by X-ray analysis and it is attributed to the
condensation of the 2ky phonon of the one-dimensional
metallic system. In the present work the sixfold modu-
lated commensurate Peierls structure of a new salt

Rb; ;[Pt(Cy04),]+1.5H,0 (RbDOX) will be reported.
Experimental

RbDOX was prepared from Rb,[Pt(C,0,),] and Rb,PtCl,
by a diffusion method. The solution was allowed to stand
for a month and copper-colored needle-shaped crystals depos-

ited. Many of the crystals were twinned, the twin axis being
the needle axis. A suitable untwinned specimen was selected
for data collection. The crystal needle axis was chosen as
the axis for mounting and the crystallographic b axis. Oscilla-
tion photographs showed reciprocal lattice layers for which
k=6n were especially strong and all others were very weak.
This feature clearly indicates the existence of a Pt chain with
Pt atoms stacked /6 apart.

Collection and Reduction of the Data. The crystal selected
for data collection had dimensions of 0.28 X 0.10x 0.038 mm.
The data were collected on a Rigaku automated diffractom-
eter equipped with a graphite monochromator. A least-
squares fit of the diffractometer angles obtained by automati-
cally centering reflections in the range 30°<(26<40° (Mo Ka
radiation, A=0.71069 A) yielded the following crystal data:
a=12.690 (10), 6=17.108 (14), ¢=11.357 (3) A, a=102.04
(4), B=115.17 (3), y=43.58 (4)°, V=1518.6 A3, Z=6, d,;,cq
=3.549 g cm—3, u(Mo Ka)=230.6 cm~1.

Intensity data were collected with monochromatized Mo
Ka radiation by the w-20 scan technique up to 26=60°.
Reflections were scanned at the rate of 4° per minute in 26.
Background counts of 10s were taken at each end of the scan
range. The diffracted intensity gradually decreased to 939,
of the initial value during X-ray radiation. The data were
corrected for deterioration, but no corrections were made for
absorption owing to the irregurality of the crystal shape.

Solution and Refinement of the Structure. The structure
was solved using a Patterson map. Space group PI was
provisionally chosen and Pt(1) and Pt(4) were assigned to
special positions at (0, 0, 0) and (0, 1/2, 0), while Pt(2) and
Pt(3) were initially placed at general positions. The atomic
parameters were refined by the block-diagonal least-squares
method, using anisotropic temperature factors for Pt and Rb
atoms and isotropic factors for O and C atoms. The final
R values are R;=0.069 for F,>30¢(F,) and R,=0.084. The
agreement indices are defined as R,=3Ww||F,|—|F,||/[Xw
|Fols Ry=3w||Fo|2— |F,|?|/2Jw]|F,|?. The weighting schemes
used were: w=1/[a+b|F,|+c¢c|F,|*] for |F,|>45.64 (absolute
scale), a=91.28, b=1.0, and ¢=0.00289; w=0.1 otherwise.
As the exact Rb ion composition and those of the water
molecules are uncertain, the multipliers were varied in one
of the final refinements with the full matrix least-squares
method. The multipliers converged to approximately 1.0 for
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Rb ions indicating that the Rb ion sites are fully occupied.
The exact H,O content could not be determined from the
X-ray crystal structure refinement. The ambiguity in the
H,O composition may be related to the deterioration of the
crystal. Large R values and abnormal bond lengths and
angles were obtained by the noncentrosymmetric refinement

Structural Studies of Commensurate Peierls State of Rb; ¢;[Pt(C;0,),]-1.5H,0

3683

in Pl and thus PI was confirmed as the correct space group.

Positional and thermal parameters determined from the
final least-squares cycle are presented in Tables 1 and 2.
The atomic scattering factors and the values of Af’, Af”,
were taken from International Tables for X-Ray Crystallog-
raphy.® The F,—F, Tables are kept at the office of this

TaBLE 1. FRACTIONAL COORDINATES (X 10000)

Atom x > z Atom x > 4

Pt (1) 0 0 0 C (6) —3278(32) 4738 (21) —1215(25)
Pt (4) 0 5000 0 O (11) —3460(23) 4580 (15) —3445(18)
Pt (2) 21(1) 1581 (1) 33(1) O (12)  —4777(25) 5368 (17) — 1564 (20)
Pt (3) 172.(1) 3166 (1) 132 (1) O (13) 2056 (23) 712 (16) 1692 (19)
Rb (1) 2670 (4) —697 (3) —4627 (3) O (14) —1257(24) 2470 (16) 1203 (19)
Rb (2) 4616 (4) 4011 (3) —1270(3) C (7) 1623 (42) 1117 (28) 2734 (34)
Rb(3) 7128 (4) 3361 (2) 4238 (3) C (8) — 140 (45) 2180 (30) 2429 (36)
Rb(4) 8651 (5) —3216 (4) —4986 (3) O (15) 2759 (38) 583 (26) 3859 (30)
Rb (5) 5134 (4) —1174(3) 881 (3) O (16) —712 (41) 2837 (28) 3254 (33)
O (1) —441 (23) —29(15) — 1948 (18) O (17) 1241 (21) 784 (14) —1170(17)
O (2) 2367 (22) —1235(15) 282 (17) O (18)  —2075(20) 2454 (13) —1634 (16)
G (1) 968 (32) —851(21) —2098 (26) C (9) —1(36) 1310 (24) —2495 (29)
C (2) 2634 (31) — 1537 (20) —852(25) C (10)  —1769(29) 2132(19) —2679 (23)
O (3) 1044 (27) —1060 (18) —3209 (21) O (19) 511(27) 1080 (18) —3329(21)
O 4 4012 (25) —2240(17) —809 (20) O (20) —2826(24) 2444 (16) —3785 (20)
O (5) 2527 (22) 1918 (15) 311 (17) O (21) —1477(25) 5498 (17) —1963 (20)
O (6) 1325 (24) 2872 (16) 2106 (19) O (22) 1888 (23) 3964 (15) —574(18)
G (3) 3681 (32) 1507 (21) 1494 (25) G (11) —501(37) 5060 (25) —2617 (30)
G 4) 2902 (30) 2111 (20) 2560 (24) C (12) 1373 (34) 4203 (22) —1827(27)
O (7) 5139(28) 725(19) 1852 (23) O (23) —1160(29) 5225 (19) —3849(23)
O (8) 3846 (26) 1887 (17) 3756 (21) O (24) 2331 (31) 3798 (21) —2363 (25)
O 9 —1009 (20) 3510(13) —1869 (16) H,O(1) 4963 (31) 7146 (21) —2952 (25)
O (10) —2177(23) 4375 (16) —56(19) H,0 (2) 6264 (40) 5642 (27) 4072 (32)
G (5) —2588 (30) 4294 (20) —2328 (24) H,O (3) 1429 (39) 2280 (27) —2983 (31)

TABLE 2. ATOMIC THERMAL PARAMETERS U, AND THEIR STANDARD DEVIATIONs (10-* A% units)
THE TEMPERATURE FACTOR IS DEFINED AS exp[—27°37; 4:h0,a;U, ], i, j=1,2,3

Atom Uy Us, Usy Uy/2 Uyy/2 Uss/2
Pt (1) 187( 5) 173( 5) 137( 5) —132( 4) 84( 4) —47( 4)
Pt (4) 291( 7) 314 ( 6) 163 ( 6) —232( 6) 105( 5) —44( 5)
Pt (2) 313( 5) 304 ( 4) 133( 4) —244( 4) 114( 3) —79( 3)
Pt (3) 287( 5) 265( 4) 175( 4) —228( 4) 137( 4) —109( 3)
Rb(1) 434 (16) 384 (14) 336 (14) —241(13) 168 (13) —119(12)
Rb(2) 534 (18) 605 (18) 345 (15) —449 (16) 262 (14) —174(13)
Rb (3) 394 (14) 413 (14) 241 (12) —265(12) 151(11) —42(10)
Rb(4) 928 (28) 851 (25) 343 (16) —745(24) 419(18) —331(16)
Rb (5) 548 (19) 578 (19) 471 (18) —417(17) 292 (16) —182(15)
Isotropic vibration parameters of light atoms

O (1) 2.4(0.3) O (10) 2.5(0.3) C(9 2.8(0.5)

0O (2) 2.2(0.3) G (5) 1.9(0.4) C (10) 1.7(0.4)

C (1) 2.2(0.4) C (6 2.1(0.4) O (19) 3.3(0.4)

C (2) 2.0(0.4) O (11) 2.4(0.3) O (20) 2.8(0.3)

O (3) 3.4(0.4) O (12) 3.0(0.4) O 21) 3.0(0.4)

O 4 3.0(0.4) O (13) 2.6(0.3) O (22) 2.4(0.3)

O (5) 2.2(0.3) O (14) 2.6(0.3) C (11) 2.9(0.5)

O (6) 2.6(0.3) C (7 3.6(0.6) G (12) 2.5(0.4)

G (3) 2.2(0.4) C (8) 4.0(0.7) O (23) 3.8(0.4)

C ) 1.8(0.4) O (15) 5.8(0.6) O (24) 4.3(0.5)

O (7) 3.7(0.4) O (16) 6.7(0.7) H,O(1) 4.4(0.5)

O (8) 3.1(0.4) O (17) 1.9(0.3) H,0(2) 6.5(0.7)

O (9) 1.8(0.3) O (18) 1.8(0.3) H,0(3) 6.3(0.7)
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Bulletin as Document No. 7936. All calculations were per-
formed on a HITAC 8700/8800 computer at the Computer
Center, University of Tokyo using a local version of UNICS.”

Chemical Analyses. The selected crystals were subjected
to chemical analyses. The contents of the Rb atom and Pt
atom were determined with the aid of atomic emission spec-
trometry and atomic absorption spectrophotometry. Nitric
acid was added to increase solubility. For the atomic absorp-
tion spectrophotometer, a Nippon-Jarrell Ash FLA 100
equipped with an air-acetylene flame and a carbon rod
furnace was used. Jarrell Ash AA-1 MK-II was used for
by atomic emission spectrometry. Carbon and hydrogen
were analyzed by the usual procedure, the results of which
are given in Table 3. The stoichiometry indicated by the
formula Rby ¢,[Pt(C,0,),]-1.5H,O has been obtained for
RbDOX. There will be some uncertainty in the water
content.

TaBLE 3. CueEMICAL ANALYSES OF RbDOX
Expected (%) Found (%)

Rb 26.39 27.1

Pt 36.07 37.5

C 8.88 9.0

H 0.56 0.56

a) Ratio of Rb to Pt 1.664-0.07.

Electrical Conductivity Measurements. D.c. conductivity
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was measured using the four probe method. The measure-
ments were made on several specimens along the needle axes
parallel to the Pt chains of the crystals.

The electrical

TABLE 4a. INTRAMOLECULAR BOND DISTANCES/A
Pe(1)------ O( 1) 2.04(2) O(13)------ C(7) 1.36(5)
Pt(1)------ O(2) 1.97(2) O(14)------ C(8) 1.34(4)
Pt(2)...--. O(13) 1.97(2) C(7)eeees G(8) 1.46(4)
Pt(2)------ O(14) 2.03(2) C( 7)eeeene O(15) 1.25(4)
Pt(2)------ O(17) 2.02(2) C( 8).-.--- O(16) 1.27(5)
Pt(2)--.--- O(18) 2.01(1) O(17)e----t C(9) 1.43(3)
Pt(3)------ O(5) 1.99(2) O(18)-----. C(10) 1.29(4)
Pt(3)------ O(6) 2.01(2) C( 9)------ C(10) 1.49(5)
Pt(3)------ O(9) 2.03(2) C(9)---- O(19) 1.21(5)
Pt(3).----- O(10) 1.98(2) C(10)------ O(20) 1.21(3)
Pt(4)------ O21) 2.03(2) O21)«-et C(11) 1.36(6)
Pt(4)------ 0O(22) 2.00(2) O(22)------ C(12) 1.30(4)
O(1)------ C(1) 1.31(4) C(11)----t C(12) 1.51(4)
O(2)---+-- C(2) 1.374) C(11)----n O(23) 1.25(4)
C(I)eeeee C(2) 1.55(8) C(12)-..... O(24) 1.25(6)
C(1)----- O( 3) 1.26(4)

C(2)--e-r O(4) 1.19¢4)
O(5)-+---- C(3) 1.29(5)
O(6)------ C(4) 1.26(3)
C(3)----- C(4) 1.594)
C(3):----- O(7) 1.17(3)
C4).----- O( 8) 1.26(3)
O(9)------ C(5) 1.26(3)
O(10)------ C( 6) 1.26(3)
C(5)----- C(6) 1.59(5)
C(5)----- O(11) 1.16(3)
C(6)------ O(12) 1.23(4)

TABLE 4b. INTRAMOLECULAR BOND ANGLES/®

O(1)-Pt(1)-O(2) 84.3(8) O(1)-C(1)-0(3) 123.4(2.2)
O(13)-Pt(2)-0O(14) 85.7(8) 0(2)-C(2)-04) 120.8(2.3)
O(17)-Pt(2)-0O(18) 85.4(7) 0O(5)-C(3)-0(7) 129.2(2.8)
O(5)-Pt(3)-O(6) 81.4(8) 0(6)-C(4)-0O(8) 124.6(2.6)
O(9)-Pt(3)-0O(10) 80.8(8) O(9)-C(5)-O(11) 124.4(2.8)
O(21)-Pt(4)-0O(22) 84.6(9) 0O(10)-C(6)-0O(12) 127.9(3.2)
Pt(1)-O(1)-C(1) 110.7(1.6) O(13)-C(7)-0O(15) 117.7(3.0)
Pt(1)-0(2)-C(2) 114.6(1.6) O(14)-C(8)-0(16) 116.8(3.1)
Pt(3)-O(5)-C(3) 116.8(1.7) O(17)~-C(9)-0O(19) 115.8(3.0)
Pt(3)-O(6)-C(4) 114.8(1.9) O(18)-C(10)-0O(20) 124.2(2.8)
Pt(3)-0(9)-C(5) 115.3(1.7) O21)-C(11)-O(23) 117.9(3.4)
Pt(3)-0O(10)-C(6) 116.0(1.8) 0(22)-C(12)-0(24) 123.3(2.9)
Pt(2)-O(13)-C(7) 109.7(2.1) O(3)-C(1)-C(2) 118.0(2.6)
Pt(2)-O(14)-C(8) 107.1(2.0) O(4)-C(2)-C(1) 127.4(2.6)
Pt(2)-0O(17)-C(9) 107.3(1.5) O(7)-C(3)-C(4) 119.1(2.5)
Pt(2)-0O(18)-C(10) 112.6(1.6) O(8)-C(4)-C(3) 119.6(2.6)
Pt(4)-O(21)-C(11) 107.7(2.3) O(11)-C(5)-C(6) 122.4(2.9)
Pt(4)-0(22)-C(12) 112.3(1.7) 0O(12)-C(6)-C(5) 117.7(2.4)
O(1)-CG(1)-C(2) 118.3(2.3) O(15)-C(7)-C(8) 126.0(3.5)
0(2)-C(2)-C(1) 111.8(2.3) O(16)-C(8)-C(7) 125.2(3.2)
0(5)-C(3)-C(4) 111.4(2.4) O(19)-C(9)-C(10) 127.5(2.6)
0O(6)-C(4)-C(3) 115.5(2.2) 0(20)-C(10)-C(9) 118.6(2.8)
0(9)-C(5)-C(6) 112.7(2.2) 0(23)-C(11)-C(12)  122.9(3.2)
0O(10)-C(6)-C(5) 114.4(2.8) 0(24)-C(12)-C(11)  120.9(2.9)
O(13)-C(7)-C(8) 116.3(2.6)

0O(14)-G(8)-C(7) 117.9(3.0)

O(17)-C(9)-C(10) 116.6(3.0)

0O(18)-C(10)-C(9) 117.3(2.3)

o@2n-C(1n)-C(12) 117.92.7)

0(22)-C(12)-C(11) 115.7(3.2)
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contacts were made by four 0.025 mm gold wires attached
with aquadag. RbDOX behaves as a semiconductor from
305K to 83 K. The room temperature conductivity is 7 X
10-3 (Qcm)-! and the activation energy is 0.077 eV.

Results and Discussion

The intramolecular distances of the Pt(C,0,),
complexes are given in Table 4a and the intramolecular
angles are listed in Table 4b. The distorted nonlinear
sixfold Pt atom chain is formed along the crystallo-
graphic b axis and involves six bis(oxalate) groups in
one repeating unit of 17.11(1) A.  There are four
nonequivalent Pt atoms. Pt(1) and Pt(4) lie at the

— o,
2b I_ - Q:__GD—Q

=
o—»v-"‘,.o_u 2

ol

Fig. 1. The stacking of Pt(C,0,), ions along the b axis.
Two wavelengths of the Pt chain is shown.

TABLE 5.
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centres of symmetry (0,0,0) and (0,1/2,0), while Pt(2)
and Pt(3) lie at the general positions (0.0021, 0.1582,
0.0033) and (0.0172, 0.3166, 0.0132). The stacking of
Pt(C,0,), complexes is shown in Fig. 1.

The three independent Pt-Pt distances are Pt(1)-
Pt(2)=2.717(3) A, Pt(2)-Pt(3)=2.830(3) A and Pt(3)-
Pt(4)=3.015(3) A. The Pt-Pt-Pt angles are Pt(1)-
Pt(2)-Pt(3)=177.83(8)° and  Pt(2)-Pt(3)-Pt(4)=
174.23(5)°. The Pt-Pt distances in partially oxidized
tetracyanoplatinate and bis(oxalato)platinate salts so far
reported are shown in Table 5. The Pt-Pt distance of
2.717(3) A found in RbDOX is the shortest spacing so
far observed in partially oxidized platinate salts and
shorter than the 2.77 A interatomic separation in Pt
metal itself. The Pt-O distances are 2.007(5) A on
average. Table 6 shows the averaged molecular struc-
tures of the four independent anions based on the
assumption of D,y symmetry. There appears to be a
slight difference between the structure of the 3rd
molecule and those of the others. Regarding the 3rd
molecule, the O-Pt—O angle is 81.1(6)°, the C—O bond
distance in the five membered ring is 1.27(2) A and the
C-C distance is on average 1.59(3) A. This C-O bond
is in the region of the C-O double bond. Regarding
the other three molecules, the O-Pt—-O angles are
85.0(4)° and the C-O distance is 1.35(1) A. This bond
length is close to that of the C-O single bond. The
terminal C-O distances are in both cases 1.21(2) A
and 1.24(2) A i.e., those of normal double bonds. The
structure of the third molecule is approximately equal
to those of the molecules in K,[Pt(Cy0,),]-2H,0,29
Cloyg.g5[Pt(COy),]-6H,0,1  and Mg 5[ Pt(C50,),] -
5.3H,0.17

Figure 2 shows the mode of overlapping of platinate
complex anions. The oxalate ligands are staggered
with respect to the ligands directly above and below
them along the chain. The staggered angles are approxi-
mately 46°, 55°, and 80°, while alternate ligands are
eclipsed or staggered =~90°. The 45° conformation has
been found in the crystal of y-KDOX. The 60° con-
formation has been observed in y-KDOX and similar
magnesium or cobalt defficient bis(oxalato)platinate
complexes. It has been observed that these conforma-

COMPARISON OF THE Pt—Pt DISTANCES IN PARTIALLY OXIDIZED

TETRACYANOPLATINATE AND BIS (OXALATO) PLATINATE SALTS

Crystal system

Pt—Pt distance/A Chain structure

K,[Pt(CN),]Br, ;- 3H,O% tetragonal
Rb,[Pt(CN),]Cl, 5- 3H,O tetragonal
(NH,),[Pt(CN),]Cl, ;- 3H,0% tetragonal
K, +s[Pt(CN),]- 1.5H,0 triclinic
K,[Pt(CN),] (FHF), - 3H,0° tetragonal
Rb,[Pt(CN) ] (FHF), 4" tetragonal
Cs,[Pt(CN),J(FHF) 5% tetragonal
Mg, :[Pt(C,0y),]+5.3H,0 orthorhombic
Clog g5[Pt(C,0,),]-6H,OP orthorhombic
K, 6 [Pt(C,0,),]-2H,0” triclinic
Cs,[Pt(CN),4](Ny)g 05+ 0.5H,0F tetragonal
Rb, 4[Pt(C,0,),]-1.5H,0” triclinic

2.888, 2.892 twofold structure
2.877,2.924 twofold structure
2.910, 2.930 twofold structure
2.967,2.976 fourfold structure
2.918, 2.928 twofold structure
2.798 twofold structure
2.833 twofold structure
2.85 twofold structure
2.841 twofold structure
2.961, 2.965 superstructure

2.877 twofold structure

2.717, 2.830, 3.015 sixfold structure

a) Reference 10. b) Reference 11.
g) Reference 16. h) Reference 17.

¢) Reference 12. d) Reference 13a, 13b. e) Reference 14. f) Reference 15.
i) Reference 18. j) Reference 6. k) Reference 19. 1) this work.
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TABLE 6. THE AVERAGED MOLECULAR STRUCTURES OF THE FOUR INDEPENDENT Pt ANIONS

a/A b/A
I 2.00(1) 1.34(3)
11 2.01(1) 1.36(2)
I 2.00(1) 1.27(2)
v 2.02(2) 1.33(3)
A 2.00 1.28
B 2.013(5) 1.26(1)
c 2.00 1.29

of° B
I 84.3(8) 112.6(1.1)
I 85.6(6) 109.2 (9)
I 81.1(6) 115.7(9)
1Y 84.6(9) 110.0(1.4)
A 82 115
B 82.7(3) 113.1(4)
C 83 113

c/A
.55(3)
.48(3)
.59(3)
.51(4)
.55
.57(2)
.54

v/°
115.1(1.
117.0(1.
113.5(1.
116.8(2.
115
115.7(7)
116

[

6)
4)
2)
1)

djA

.23(3)

.24(2)

.21(2)

.25(3)

.22

.23(1)

.22

8/°

122.1(1.6)
118.6(1.5)
127.0(1.4)
120.6(2.2)
126
124.5(7)
124

e/°
122.7(1.8)
124.3(1.5)
119.7(1.3)
121.9(2.2)
120
120.0(7)
120

A Mgy 52[Pt(C04),]-5.3H,0;5 Pt(C,0,), 264 B: Cop g3[Pt(C,0,),]-6H,O; Pt(C,0,),*.8

Pt(C,0,),2.

Fig. 2. The mode of overlapping of platinate complex
anions.

tions are suitable for intermolecular stabilization due
to the overlapping of the higher occupied molecular
orbitals of one molecule and the lower unoccupied
molecular orbitals of the neighbouring molecule. The
importance of the charge transfer interactions in the
stabilization of the molecular overlapping was first
suggested in Miller’s molecular back bonding theory.?1)
The 80° conformation observed in this crystal is a new
type conformation.

The equations of the best planes, perpendicular
distances from these planes and the dihedral angles
between these planes are listed in Tables 7a and 7b.
The dihedral angles between the Pt(1), Pt(2), and Pt(3)

bd

C: K,Pt(C,0,),-2H,0;

023

Fig. 3. Short intermolecular contacts (<(3.1 A) within

the Pt chain.
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TaBLE 7a. LEAsT-sQUARES PLANE FOR THE Pt(C,0,), PLANES
AND DEVIATIONS FROM THE PLANES (X, ¥ AND Z REFER TO
THE ORTHOGONAL COORDINATE SYSTEM (A) wiTH X ALONG

a. Y 1S PERPENDICULAR TO X IN ab PLANE)

1) Pt(1) plane:
—0.7152X+4(—0.6980)Y+0.0355Z=0

Atom Deviation/A
Pt(1) 0.0

o(1) —0.07

0O(2) —0.04

c() 0.02

() 0.01

o@3) 0.01

O(4) —0.03

2) Pt(2) plane:
—0.7414X+(—0.6707)Y+0.0232Z+2.8248=0

Atom Deviation/A
Pt(2) 0.11
O(13) 0.13
O(14) 0.11
O(17) —0.00
0O(18) 0.14
C(7) 0.13
C(8) —0.11
C(9) —0.09
C(10) 0.12
O(15) 0.28
O(16) —0.47
0O(19) —0.41
0O(20) 0.28

3) Pt(3) plane:
—0.7054X4-(—0.7079)Y+0.0354Z+5.5226=0

Atom Deviation/A
Pt(3) —0.01
O(5) 0.06
O(6) —0.02
0(9) —0.06
O(10) —0.02
C(3) 0.04
C#) —0.02
C(5) —0.11
C(6) 0.04
o(7) 0.17
0O(8) —0.17
O(11) —0.11
0(12) 0.22

4) Pt(4) plane:
—0.6229X+ (—0.7812) Y4 (—0.0412)Z+4-8.4675=0

Atom Deviation/A
Pt(4) 0.00
O(21) 0.07
0(22) 0.19
C(11) —0.05
C(12) 0.03
0(23) 0.03
0O(24) —0.12

planes are 0.8—3.1°, but the Pt(4) plane is inclined to
the other planes at 7.7—10.0°. Table 8 shows the short
interatomic distances within the Pt chain and Figure 3
shows the short intermolecular contacts within the Pt
chain.

Structural Studies of Commensurate Peierls State of Rb, 4 [Pt(C,0,),]-1.5H,O
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TaBLE 7b. DIHEDRAL ANGLES FOR THE Pt(C,O,), PLANES
Dihedral angles/®

plane 1 plane 2 2.3
plane 1 plane 3 0.8
plane 1 plane 4 8.4
plane 2 plane 3 3.1
plane 2 plane 4 10.0
plane 3 plane 4 7.7

TABLE 8. SHORT INTERATOMIC DISTANCES/A
WITHIN THE Pt cHAINs (<(3.1A)

O(1)---G(10) 2.87(5) O( 6)-..C( 8) 2.99(8)
O(1)---C(9) 2.95(7) O( 6)---O(13) 3.07(4)
OoMm--CG(7) 2.95(7) O( 9)---C(10) 3.00(5)
O(1)---O(17) 3.08(5) 0O( 9)---C(9) 3.00(5)
C(1)---O(14) 2.87(6) 0( 9)---0(21) 3.02(5)
C(1)---O(17) 2.99(5) O( 9)---O(18) 3.04(5)
G(1)---G( 9) 3.00(6) 0(10)---O(14) 3.01(5)
C(1)---G( 8) 3.03(9) 0(10)...0(22) 3.03(5)
C(2)---0(17) 2.99(4) C( 5)..-O(18) 2.93(5)
C(2)---O(14)  2.99(6) C( 5)---C(10) 3.01(5)
O(6)---G(11) 2.87(7) C( 6)---O(18) 3.00(4)
O(6)---G( 7) 2.95(7) O(11)-.-O(20) 3.09(4)
0(6)---0(21) 2.97(5)

Pt(1)--Pt(2) 2.717(3)

Pt(2)---Pt(3)  2.830(3)

Pt(3)---Pt(4)  3.015(3)

The Pt(1) plane is nearly planar but the Pt(2) plane
is concave (Fig. 3). The Pt(2) atom is 0.11 A shifted
from the best plane toward the Pt(1) plane and the
terminal oxygen atoms of the ligands O(16) and O(19)
are 0.47 A and 0.41 A from the plane, respectively.
The large deviation of these atoms from the plane is
attributed mainly to the shortening of the Pt—Pt distance
and partly to the interaction between the oxygen atoms
of oxalate ligands and surrounding atoms. Figure 2
shows direct overlapping of the terminal oxygen atoms
of the Pt(2) plane, O(16) and O(19), with O(3) and O(3")
atoms of the Pt(1) plane. The 46° staggered overlapping
of the Pt(1) plane and the Pt(2) plane will be a very
stable form considering the large intermolecular over-
lapping and the short interatomic distances within the
chain. Many short interatomic contacts indicate that
the charge transfer interactions between the ligands of
the neighbouring molecules will have influence on the
mode of overlapping. The Pt(3) plane is more planar
than the Pt(2) plane but the terminal oxygen atoms of
the ligands are shifted 0.11—0.22 A from the plane.
As to the Pt(4) plane, the oxygen atom in the five-
membered ring shows a 0.19 A deviation from the least-
squares plane and the terminal oxygen atom is 0.12 A
distant from the plane. The Pt(4) plane has little
overlapping with the molecules directly above and
below. The inclination of the least-squares plane of the
Pt(4) plane with respect to the other planes will be
caused mainly by the longest Pt-Pt distance, small
intermolecular overlapping and the interaction with
Rb cations and the weak hydrogen bonding with water
molecules. The short interatomic distances between
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Fig. 4. Three-dimensional structure of RbDOX.

the terminal oxygen atoms of the Pt(4) plane and the
Rb atoms or water molecules are as follows: O(23)---
H,0(2) 2.74 A, 0O(23)--Rb(4) 3.01 A and 3.09 A,
O(24)-+-Rb(4)2.99 A, O(24)--Rb(2) 2.89 A. The crystal
structure is shown in Fig. 4. The structure contains
five independent Rb ions. Table 9 lists the interatomic
distances within the coordination spheres to 3.3 A
around the Rb cations and the oxygen atoms of the
water molecules. Rb(1), Rb(4) and Rb(5) are seven-
coordinated ions, while Rb(2) and Rb(3) are eight-
coordinated ones. Figures 5 and 6 show the c* axis and
a* axis projections of the structure of RbDOX. The
neighbouring Pt chains are not linked by hydrogen
bonding of the water molecules but are linked by the
coordinations of the terminal oxygen atoms to the Rb
cations. The chain-chain interaction through Rb ions
and water molecules do not appear to be so strong.
Almost all the Rb+..-O distances exceed the Rb*.--O
van der Waals sum (2.88 A).

Peierls Distortion. A one-dimensional metallic
system is unstable in the presence of changes in the
crystal lattice period which split a partly filled band into
completely filled and empty sub-bands. When the
temperature is lowered, a one-dimensional metal should
exhibit lattice distortions with a wave number equal to
twice the Fermi momentum. The period of the Peierls
distorted cell is determined by the degree of partial
oxidation (DPO).22

Six Pt atoms and ten Rb atoms are found in the unit
cell of RbDOX and the ratio of the content of Rb
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TABLE 9. SHORT INTERATOMIC DISTANCES/A WITHIN THE
COORDINATION SPHERES TO 3.3 A Arounp THe Rb
CATIONS AND OXYGEN ATOMS OF WATER MOLECULES

Rb(1)..-H,O(1)® 2.89(3) Rb(5)---O(4) 3.00(3)
O(19) 2.90(2) H,0(3)® 3.06(4)
O( 8)2  2.96(3) O( 5)2 3.08(3)
0O(20)? 3.07(3) O( 7)® 3.17(3)
O(15)® 3.14(6) O(13) 3.18(2)
O( 3)» 3.16(2) O(7) 3.21(4)
o( 7)» 3.17(3) O(17) 3.25(2)

Rb(2)-.-0O(24) 2.89(5) H,O(1)---O( 4 2.84(4)
H,0(2)? 2.92(4) o@en® 2.864)
0o(12)® 3.04(4) Rb( 1)® 2.89(3)
O(10)» 3.05(2) Rb( 3)? 3.07(5)
Oo( 4)® 3.10(3) o(11)® 3.29(4)
o(18)® 3.12(2)

o(12)» 3.14(2) H,0(2)---0(23)? 2.74(5)
o( 2)® 3.27(2) O(20)® 2.90(4)
Rb( 2)P 2.92(4)

Rb(3)..-O(16)® 2.86(6) Rb( 3) 3.23(5)

O(12)» 2.92(2)
020)? 2.95(4) H,0O(3)---O( 9) 2.90(5)
o(1)» 2.98(2) O(19) 2.91(7)
oane 2.99(2) Rb(4)®  3.00(6)
O( 3)® 3.07(2) Rb(5)® 3.06(4)
H,O(1)? 3.07(5) C(12) 3.24(7)
H,0(2) 3.23(5)

Rb(4)...0(16)®  2.95(5)

o4  2.99(3)

H,O0(3)* 3.00(6)

0O(23)» 3.014)

O( 8)®» 3.03(3)

0(23)w 3.09(2)

O( 6)2 3.19(2)

Symmetry code

a) x, —1+, z
b) —x, l—y, -2z
c) x, 142, z
d) 1+« 5, z
e) x, 2, 142z
f)  I+x, 2y, 14z
g) lb_'x’ - —Z
h) 1—x, [—, 1—z
i) —x, -y, —1—z
j ) l_x’ ]—_)), —Z
k) 1—=x, -y, —l—z
1 ) 1+x; —1"‘.7: 4

atoms to Pt atoms is 1.67, while the result of chemical
analyses show that this ratio is 1.66. Thus the DPO
of RbDOX is about 0.33. The possible period of the
superlattice along the Pt(Cy0,), chain is 6nb,(=2nb,/
DPO; 2=1,2,3---), where b, is the average Pt-Pt
distance. The case for n=1 (=17.1 A) corresponds to
the “2kg-instability” of a one-dimensional metal. Thus
the sixfold superstructure of RbDOX is confirmed as
the structure of the commensurate Peierls state, pro-
duced by the condensation of 2k phonon, on the basis
of the crystal structure determination, chemical analyses
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Fig. 5. The c* axis projection of the structure of
RbDOX. Broken lines indicate some short interatomic
contacts (</3.3 A).

and the measurcments of electrical conductivity. The
longitudinal displacements of the Pt modulation wave
from the point [(0.0, n/6, 0.0); n=0, ---5] are (0.0, 0.14,
0.16,0.0, —0.16, —0.14 A) respectively. These displace-
ments can be approximately expressed in terms of the
sinusoidal modulation wave. The amplitude of the
modulation wave on the /-th platinum atomic position
in the n-th cell [n=(ny,ny,n3)] is given by 0.17sin{(27/6)-
(I—1)+ny}({=1,---6). The transverse displacements
of the Pt atoms are (0.0, 0.04, 0.16, 0.0, —0.16, —0.04
A). Itis logical that the transverse displacements can
not be described as a simple sinusoidal wave, considering
that the longitudinal displacements will be mainly

Structural Studies of Commensurate Peierls State of Rb, ,[Pt(C,0,),]-1.5H,O
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Fig. 6. The a* axis projection of the structure of
RbDOX. Broken lines indicate some short interatomic
contacts (<73.3 A).

influenced by interchain interactions whereas the
transverse displacements will be also influenced by
interchain interactions. Table 10 shows a comparison
of the modulation waves in y-KDOX, RbDOX, and
KCP. The amplitudes of the modulation waves in
RbDOX and y-KDOX are approximately 0.17 A, i.e.
seven times as large as that of KCP. The correlation of
the phase of the lattice modulation waves on the differ-
ent chain is incomplete in KCP, while the superstruc-
tures of bis(oxalato)platinate complexes indicate com-
plete correlation.

In the Peierls phase, the charge density along the
platinum chain varies periodically with the wave
number of 2k¢. In order to gain the stabilization energy,
Peierls gap is developed at the Fermi level to involve
two holes in one repeating unit of the Pt chain. Besides
the simple Peierls structure with wavelike charge

TasLe 10. COMPARISON OF THE STRUCTURES OF RbDOX, y-KDOX,» anp KCP?»

RbDOX »-KDOX KCP(Br)
Chemical formula  Rb, ¢ [Pt(C,0,),]-1.5H,0 K, 5 [Pt(C;0,),]-2H,0O K,[Pt(CN),]Br, 3- 3H,O
Crystal system Triclinic Triclinic Tetragonal
Pt...Pt distance 2.72,2.83,3.02 A, 2.84,2.87A 2.89A
Modulation wave Longitudinal (and transverse) Transverse and longitudinal Longitudinal

amplitude

period
Orderness of the
chain distortion

0.17A (at R.T.)

6% Rpy...p(17.1A)

Complete
(sixfold superstructure)

a) Refs. 6 and 7.

0.17 A (at R.T.) (0.20, —0.08,
0.1 A

10.5X% Rp,...p,(30.0 A)
Complete
(superstructure)

b) Ref. 3.

0.025 A (T<100 K)

6.5X Rpy...p (18.8 A)

Incomplete (fluctuation
of the lattice distortion)
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distribution, a sixfold superstructure of mixed valence
configuration may be supposed,® that is, 6Rby ¢~
[Pt(C204),] + 1.5H,0 = (Rb*) 1o(Pt*)5(Pt*) (C,047 )10
9H,0O. This model is consistent with the fact that
the Pt atom is apt to be in the Pt*+ and Pt** ionic states,
but the mixed valence model of the superstructure is
opposed to the structural characteristics of platinate com-
plexes: 1. This model is inconsistent with the appear-
ance of a incommensurate superstructure like y-KDOX.
2. Pt*+ has an octahedral configuration and Pt?* has a
square planar configuration. Owing to the difference in
these coordination types, the distortion of the Pt chain
will be localized around the Pti+ site assuming “‘the
mixed valence model” is valid.

The displacements of the Pt atoms in RbDOX or
y-KDOX are in fact described as sinusoidal waves.
Based on this reasoning, the mixed valence model is
not suitable for RbDOX and y-KDOX.

Coulomb  Interaction between Pt Chains with Charge
Density Waves. The lattice distortion waves give
rise to a periodical variation of the charge density
along the Pt chains.?® Since the charge density wave
thus produced on the Pt chains interact with each other,
the phase of the periodical distortion wave is considered
to be governed by the interchain Coulomb -coupling
between the charge density waves. The superstructure
formation accompanied by successive phase transitions
between 54 K and 37K in TTF-TCNQ and the
development of the diffuse-scattering at (n/a, w/a, 2ky)
in the KCP salt with lowering of temperature indicate
that the chains are anti-phase ordered so as to minimize
the Coulomb energy.?®) Figure 5 is the c* axis projection
of the structure of RbDOX. The interchain distance
is 8.75 A which is the shortest in all the interchain
distances.  Assuming that charge density waves or
some periodical charge distribution exists along the
sixfold Pt chains, the phase difference between the
neighbouring positions on these two chains must be
about 180°. The wave length of CDW is considered to be
equal to the periodicity of the Pt chain (6 Xrgs...ps) and
the phase difference between the lattice points must be
2nn(n=0,1,2,--). Figure 5 seems to indicate that the
nearest-neighbour chains tend to be anti-phase ordered.
Figure 6 is the a* axis projection of the structure and the
interchain spacing is 11.1 A. The phase difference
between the neighbouring positions on two Pt chains
is about 50°.

Coulomb interaction between two chains with charge
density waves p;=p,cos @; may be estimated by the
following equation ;2%

Uine = (1/4¢,) 00*[2K(2k5d)] cos (0,—0,))
= (1/4¢,)p*/n[2X e cos (0, —0;) X > 1

where ¢, is the perpendicular static dielectric constant,
Ky(X) is the complete Elliptic Integral of the First
Kind and d is the interchain spacing. @ is the phase
difference between the origin and the lattice point in
the two dimensional lattice, the unit vectors of which
are @, and ¢, which are perpendicular to the Pt chains
(Fig. 7). @ is expressed by the use of the phase param-
eters 0, and 0., O n=27(0an;-+0cn). The next
examination was to establish whether the crystal lattice
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?"1 n2=27c (n1 Sa *n, sc )

Fig. 7. The phase difference @ between the platinum
chains.

of RbDOX coincides with the structure which minimizes
the Coulomb energy. The total Coulomb energy Uy,
is proportional to

Z EU(nl’ nZ) = E E'\/I/Xn.,;e_Xﬂ""' cos anm.n-’
X, . = 2kd,

Ni1,Ne
where dy, n,(=|ma, +nyc,|) is the interchain distance
between the origin (0,0) and the lattice point (ny,n,).
In this calculation, the lattice constants a, b, ¢ and the
angle between @, and ¢, are fixed. The result of the
calculation for several values of §, and §, are shown in
Fig. 8. The point where the total energy is a minimum

1,722

~<

0.5 10

e ——

\
\

—-_—— _—

It PR

~—

pd 10
nhnlzj(m N7 )X

Fig. 8. Total Coulomb energies for various §, and J,.
The point with the minimum total energy is indicated
by a cross. Plus sign indicates the position of the
parameters 6, and J, derived from the lattice con-
stants.

is indicated by a cross. A plussign indicates the position
of the parameters §, and . derived from the lattice
constants. The X-ray values of d, and . can be
calculated as (Fig. 9).

8, = RA/OB = 0.537, §, = —R/C/OB = —0.138.

The agreement is satisfactory. A similar calculation
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8= 0537 , 0542

3.=-0.1384 , -0.236

Fig. 9. The projection of the unit cell of RbDOX and
the interchain phase differences 8, and 4,.

was made for y-KDOX. The lattice of y-KDOX is
modulated by incommensurate distortion wave. The
lattice constants of the fourfold fundamental structure
of y-KDOX are a=9.749(9), 5=11.403(18), c=
10.694(8) A, x=99.54(9), =115.81(9), y=102.32(17)°.
The modulation wave is described by Psin (K-R),
where P and K[=(2n¢,, 2nd,, 2n¢;)] are the am-
plitude and the wave vector, respectively. The com-
ponents of K/2 along the reciprocal axes a*, b¥*, and c*
are ¢,=0.30, ¢,—=—0.38 and ¢,=0.05. X-Ray values
of , and . have two terms. §,=RA/OB+¢,=0.403,
8.=RC/OB+¢,=0.250, ¢, and ¢, are the contributions
from the sinusoidal modulation wave. The calculated
values of d,, 0, are §,=0.482, §,=0.206. Good agree-
ment was again obtained. The calculations show that
y-KDOX and RbDOX have crystal lattices in which
the interchain Coulomb energies are minimum. The
total energy is almost independent of §. around the
position of the energy minimum which indicates the
strong tendency of the anti-phase ordering of the
nearest-neighbour chains.
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