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Abstract 

Halogen-bridged Mn--X- -M TM mixed-valence com- 
plexes [M(en)2][MX2(en)2](Cl04)4 (M = Pt, Pd; X = 
C1, Br; en = ethylenediamine) with linear-chain struc- 
tures exhibit first-order phase transitions within the 
temperature range 269-298 K. The temperature 
dependence of the lattice parameters along the linear 
chains revealed discontinuous but reversible changes 
with negative thermal expansions at the phase- 
transition temperatures. The crystal structures of the 
orthorhombic (high-temperature) and monoclinic 
(low-temperature) phases of [Pt(en)2][PtBr2(en)2]- 
(CIO4)4 have been determined by X-ray diffraction 
methods at room temperature. Both structures con- 
sist of infinite linear chains with a .--Pt~'"Br--Pt w -  
Br... repeating unit along the b axes. It has been 
revealed that the conformations of the ethylenedi- 
amine chelate rings of the Pt(en)z moieties are 
changed on phase transition from AA (88) in the 
orthorhombic form to 8A (AS) in the monoclinic 
form. A change in the molecular symmetry as a 
result of the conformational change corresponds to 
the change in site symmetry at the Pt complex from 
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222 to i .  Structural differences can be explained by 
the sequences of the chelate-ring conformations in 
the chains, with repeating units of [(Aa)(38)] for the 
orthorhombic and [(84)(48)] for the monoclinic 
form, the conformations being coupled with each 
other through intra- and inter-chain NH-..O(perchlo- 
rate)..-HN hydrogen bonds. The hydrogen-bond net- 
work is also changed as a result of the 
conformational change from a three-dimensional 
structure (orthorhombic) to a two-dimensional one 
(monoclinic). The X-ray structure analyses also 
revealed that both the ptlV--Br and Pdl.--Br dis- 
tances in the monoclinic phase are significantly elon- 
gated when compared with those in the 
orthorhombic phase, corresponding to the negative 
thermal-expansion phenomenon, catena-lz-Bromo- 
bis(ethylenediamine)platinum(I I,IV) diperchlorate, 
[Pt(C2H8N2)2][PtBr2(C2H8N2)2](CIO4)4, Mr = 
1188.16, a(Mo/Ca)  = 0.71073 A; low-temperature 
form, 298 K, monoclinic, P21/m, a = 8.544 (1), b = 
10.973 (1)' 3, c A  = 7.972 (1) A, 13 = 109.39 (1) °, V = 
705.0 (2) Z = 1, Dx = 2.799 Mg m -  3, /z = 
13.89mm-I ,  F(000)= 558, R=0 .029  for 1847 
observed reflections [IFol > 3~r(Fo)]; high- 
temperature form, 298 K, orthorhombic, lcma, a = 
13.563 (2), b = 10.939 (3), c = 9.664 (2) A, V =  
1433.9 (5) A 3, Z = 2 ,  D x = 2 . 7 5 2 M g m - 3 ,  ~ =  
13.66mm-1, F(000)=1116, R=0 .023  for 769 
observed reflections [IFol > 3~r(Fo)]. 
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1.  I n t r o d u c t i o n  

2 .  E x p e r i m e n t a l  

The series of halogen-bridged Mn--X--M TM mixed- 
valence complexes (M = Pt, Pd, Ni; X =  C1, Br, I) 
have attracted much interest from solid-state physi- 
cists and chemists as low-dimensional materials 
having strong electron-lattice interactions. They have 
typical Peierls-distorted quasi-one-dimensional struc- 
tures (Keller, 1982) and show characteristic physical 
properties such as strong intervalence charge-transfer 
absorption and luminescence with large Stokes shifts 
(Tanino & Kobayashi, 1983; Wada, Mitani, 
Yamashita &Koda, 1985; Wada, Mitani, Toriumi & 
Yamashita, 1989), and resonance Raman scattering 
with high overtone progression (Clark & Kurmoo, 
1983; Clark, 1984; Tanaka, Kurita, Okada, Kojima 
& Yamada, 1985). Characteristic phenomena 
relating to the kink-soliton and polaron have also 
been observed in these complexes (Kuroda, Sakai, 
Nishina, Tanaka & Kurita, 1987; Kurita, Haruki & 
Miyagawa, 1988; Kurita & Haruki, 1989; Haruki & 
Kurita, 1989; Matsushita, Kojima, Watanabe & Ban, 
1989). The solid-state properties can be interpreted 
by using an extended Peierls-Hubbard model (Nasu, 
1983, 1984a,b; Wada et al., 1985). Recently, we 
succeeded in the syntheses of novel halogen-bridged 
Ninl--X--Ni m compounds, {[Ni(R,R-chxn)2X]X2} 
[X = CI, Br; R,R-chxn = (1 R,2R)-cyclohexanedi- 
amine], and reported a linear-chain structure with no 
Peierls distortion, which is an extreme limit of the 
Mn--X~M TM mixed-valence structure (Toriumi, 
Wada, Mitani, Bandow, Yamashita & Fujii, 1989; 
Toriumi, Okamoto, Mitani, Bandow, Yamashita, 
Wada, Fujii, Clark, Michael, Edward, Watkin, 
Kurmoo & Day, 1990). 

In the M n h X - - M  TM mixed-valence complexes, 
square-planar four-coordinate Mn(AA)2 and octahe- 
dral six-coordinate MwXz(AA)2 units are stacked 
alternately, constructing linear chains with an 
• " M I I " ' X - - M I V - - X " "  repeating unit, where AA den- 
otes a diamine ligand such as ethylenediamine. The 
positively charged Pt u and Pt ~v units are linked by 
charge-transfer interaction through the bridging 
halogen ions. The hydrogen bonds between the Pt u 
and Pt TM units via the counter perchlorate ions also 
play an important role in supporting the linear chain 
(Toriumi, Yamashita, Ito & Ito, 1986). Recently, 
remarkable phenomena have been observed for 
[Pt(NH3)a][PtXz(NH3)4](HSO4)4 (X=CI,  Br), in 
which lattice parameters along the linear chains 
decrease monotonically with increasing temperature 
(Tanaka, Tsujikawa, Toriumi & Ito, 1982). Similar 
phenomena have been also observed by measuring 
the shifts of charge-transfer absorption edges with 
temperature (Matsushita, Kojima, Ban & Tsujikawa, 
1989). The negative thermal-expansion phenomena 
have been interpreted theoretically on the basis of 

the valence fluctuation of mixed-valence states 
(Murao, 1987). 

In order to elucidate the role of hydrogen-bond 
networks in these phenomena, we chose the series of 
complexes [M(en)2][MX2(en)2](ClO4)4 (M = Pt, Pd; X 
=C1, Br, I) since their structures and solid- 
state properties had been extensively studied. We 
report here the first-order phase transitions of 
[M(en)z][MX2(en)2](Cl04)4 (M = Pt, Pd; X=  C1, Br) 
which show negative thermal-expansion phenomena 
around the transition temperatures, the structural 
analyses of [Pt(en)2][PtBr2(en)2](CIO4)4 immediately 
before and after the transition, and the contribution 
of hydrogen bonds to the phenomena. Hereafter the 
mixed-valence complexes of [M(en)2][MX2(en)2]- 
(C104)4 (M = Pt, Pd; X = C1, Br, I) are abbreviated 
as 'MX'. 

i . .u 

Preparation of the samples 

The mixed-valence complexes of 'PtX' (X = C1, Br, 
I) and 'PdX' (X = CI, Br) were synthesized by similar 
methods to those described previously (Matsumoto, 
Yamashita & Kida, 1978). Crystals were grown from 
perchloric acid solutions. Single crystals of the 
monoclinic (low-temperature) and orthorhombic 
(high-temperature) phases of 'PtBr' used for X-ray 
analyses were carefully prepared by standing the 
solutions at 288-293 and 298-303 K, respectively. 
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Fig. I. Results of the differential scanning calorimetric measure- 
ments for [M(en)2][MX2(en)2](Cl04)4: (1) 'PtCI', (2) 'PtBr', (3) 
'PtI', (4) 'PdCI' and (5) 'PdBr'. 
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DSC measurements 

Differential scanning calorimetric (DSC) measure- 
ments for all the complexes were made with a Du 
Pont 990 differential scanning calorimeter. Samples 
of 5-10 mg sealed in aluminium vessels were used for 
the measurements. The scanning rate was 5 K min-  
Results of the DSC measurements are shown in Fig. 
1. For all the complexes except 'PtI', endothermic 
peaks were observed in the temperature range 
269-303 K. 

Temperature dependence o f  the Raman spectra 

The Raman spectra were recorded in the 
backward-scattering configuration, with the incident 
light polarized parallel to the chain axis of the 
specimen. The scattered light was analyzed with a 
double monochromator grating and a photon- 
counting system. Incident radiation was provided by 
an Ar-ion laser. The power of the radiation was kept 
lower than 0.2 mW in order to prevent deterioration 
of the specimen. Single crystals were used for the 
measurements. The temperature was controlled in 
the range 282-313 K with an accuracy of +__ 0.2 K by 
using a thermistor. 

Temperature dependence of  the lattice parameters 

The lattice parameters of 'PtX' (X = C1, Br, I) and 
'PdCI' were measured at variable temperatures in the 
range 123-393 K on the diffractometer with Mo Ka 
radiation (0.71073 A0. The measurement of 'PdBr' 
failed since the single crystal deteriorated on phase 
transition. The samples were cooled down and 
warmed up using a variable-temperature apparatus 
with a cold nitrogen-gas stream. The temperature 
was measured with an alumel-chromel thermocouple 
placed at the same position as that which had been 
occupied by the sample. Temperature fluctuations 
were less than ---0.5 K. Accurate lattice parameters 
were determined by least-squares refinement based 
on 0 values in the range 20 < 20 < 30°: 30 reflections 
for 'PtCI', 25 for 'PtBr', 25 for 'PtI', and 22 for 
'PdCI'. Dimensions of the crystal specimens were: 
0.16 × 0.14 x 0.08 mm for 'PtCI', 0.17 × 0.10 × 
0.024 mm for 'PtBr', 0.22 × 0.14 x 0.02 mm for 'PtI', 
and 0.32 × 0.14 x 0.10 mm for 'PdCI'. 

In order to confirm the transition temperatures 
and the hysteresis phenomena, variations of the 
Bragg positions and intensities with temperature 
were carefully monitored in the region of the transi- 
tion temperatures for seven strong reflections. The 
reversibility of the phase-transition phenomena was 
also confirmed by repeating the measurements. 

X-ray data collection 

Intensity data for both the monoclinic and ortho- 
rhombic phases of 'PtBr' were measured at room 

temperature (298 K) on a Rigaku AFC-5 diffractom- 
eter, graphite-monochromated M o K a  radiation, 
0-20 scan technique, scan rate 3 ° min-1, scan range 
(1.3 + 0.5tan0) °. For the monoclinic phase, condi- 
tions for the data collection were: lustrous green 
square prism with (010) elongated; crystal dimen- 
sions 0.37 x 0.20 x 0.15 mm; 2 0 m a  x = 65°; h 0 to 12, 
k 0 to 16, l -  12 to 12; 2822 reflections measured; 
1847 reflections with IFol > 3cr(Fo) observed; Rint = 
0.0175 for 97 symmetry-related pairs. For the ortho- 
rhombic phase: lustrous green square plate with 
(010) developed; crystal dimensions 0.24 × 0.19 x 
0.06 mm; 2 0 m a x  = 60°; h - 1 9  to 19, k 0 to 14, 10 to 
13; 2311 reflections measured; 769 reflections with 
IFo[ > 3~r(Fo) observed; Rin~ = 0.0185 for 695 
symmetry-related pairs. Three standard reflections 
monitored every 50 reflections showed no crystal 
movement or decay. Intensity corrected by numerical 
absorption method based on Gaussian integration, 
transmission-factor ranges for the monoclinic and 
orthorhombic phases were 0.1813-0.0321 and 
0.4429-0.1128, respectively. Accurate cell parameters 
for the monoclinic and orthorhombic phases were 
determined by least-squares fit for 48 reflections (25 
< 20 < 30 °) and 26 reflections (25 < 20 < 30 °) meas- 
ured on the diffractometer. 

3. Structure analyses 

Structure analyses of 'PtBr' have already been 
reported for the orthorhombic phase (Endres, Keller, 
Martin, Traeger & Novotny, 1980), and more 
recently for both the monoclinic and orthorhombic 
phases (Keller, Mfiller, Ledezma & Martin, 1985). 
Keller et al. adopted the noncentrosymmetric space 
groups P2 and Ic2a, instead of the plausible 
centrosymmetric P2~/m and Icma, for the monoclinic 
and orthorhombic phases, respectively. The molecu- 
lar structure of the Pt(en)2 unit reported in the 
monoclinic phase seems to be unusual compared 
with those of the analogous Pd complexes (Beau- 
champ, Layek & Theophanides, 1982; Yamashita, 
Toriumi & Ito, 1985). 

Systematic absences (for the monoclinic phase, k 
= 2n for 0k0; for the orthorhombic phase, h + k + l 
= 2n for hkl; h, k = 2n for hkO; k, l= 2n for Ok/) 
indicate the possible space groups P2~ or P21/m for 
the monoclinic form, and lc2a or lcma for the 
orthorhombic form, respectively. Crystal structure 
analyses were successfully carried out by adopting 
the centrosymmetric space groups P2~/m and Icma 
for the monoclinic and orthorhombic phases, respec- 
tively. 

The structures were solved by a conventional 
heavy-atom method, and refined on F by a full- 
matrix least-squares technique. All the non-H atoms 
were refined anisotropically. H atoms were located 
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by difference syntheses and refined isotropically. 
Positional disorders of the bridging Br atoms were 
found for both the monoclinic and orthorhombic 
phases. For the orthorhombic phase, an orienta- 
tional disorder of the perchlorate ion was also 
observed and included in the refinement. Isotropic 
secondary-extinction corrections were applied to 
both refinements: secondary-extinction coefficients g 
and minimum-extinction factors were 2.5 (2) x 10-5 
and 0.59 for the monoclinic form, and 2.1 (1) x 10 -4 
and 0.60 for the orthorhombic form, respectively. 
For the monoclinic form, R(F)= 0.029, wR(F)= 
0.036, S = 1.30 for 1847 independent reflections, 
weighting scheme w - [o-c 2 + (0.0201Fo1)2] - ~, 139 
parameters refined, maximum and minimum peak 
heights in the difference Fourier map are 2.3 and 
- 2 . 7  e A -3 (around the Br atom), (d/tr)max = 0.10. 
For the orthorhombic form, R(F)= 0.023, wR(F)= 
0.027, S = 1.23 for 769 independent reflections, w = 
[ O ' c 2 - [  - (0.0151Fol)Z] - l ,  83 parameters refined, maxi- 
mum and minimum peak heights in the difference 
Fourier map are 0.5 and - 0 . 7  e .A, -3, (AAr)max = 
0.25. Atomic scattering factors and anomalous- 
scattering corrections were taken from International 
Tables for X-ray Crystallography (1974, Vol. IV). 
Atomic parameters for the monoclinic and ortho- 
rhombic phases are listed in Table 1.* 

All the calculations were carried out on a HITAC 
M680H computer at the Computer Center of the 
Institute for Molecular Science with UNICSIII 
(Sakurai & Kobayashi, 1979), full-matrix least- 
squares program RADIEL (Coppens, Guru Row, 
Leung, Stevens, Becker & Yang, 1979) and ORTEP 
(Johnson, 1965). 

4. Results and discussion 

Phase transition 

The temperature dependence of the lattice param- 
eters for all the complexes except for 'PdBr' is shown 
in Fig. 2. Both the temperature dependence of the 
lattice parameters and the DSC measurements 
revealed the first-order phase transitions of 'MX" (M 
= Pt, Pd; X = C1, Br). The phase-transition tempera- 
tures were determined by the measurements of tem- 
perature dependence of the lattice parameters: 
293.2 K for 'PtCI', 297.8 K for 'PtBr', and 269.3 K 
for 'PdCI', respectively. The transition temperature 
of 279 K for 'PdBr' was obtained from the DSC 
measurement, since the crystal deteriorated at the 

* Lists o f  s t ruc tu re  factors ,  a n i s o t r o p i c  t he rma l  p a r a m e t e r s  a n d  
H - a t o m  p a r a m e t e r s  have  been  depos i t ed  wi th  the Bri t ish L ib r a ry  
D o c u m e n t  S u p p l y  C e n t r e  as S u p p l e m e n t a r y  P u b l i c a t i o n  No.  S U P  
55826 (17 pp.).  Cop ies  m a y  be o b t a i n e d  t h r o u g h  T he  Techn ica l  
Edi tor ,  I n t e r n a t i o n a l  U n i o n  o f  C r y s t a l l o g r a p h y ,  5 A b b e y  Square ,  
Ches te r  CH1 2 H U ,  E n g l a n d .  [ C I F  reference:  AS0410] 

Table 1. Fractional coordinates ( × 10 4) and equivalent 
isotropic thermal parameters (/~2)for non-H atoms of 

[-Pt(en)2][PtBr2(en)2](ClO4)4 

Bcq = (4/3)Y,~fl3,~a,.aj. 

x y z Beq 
(a) Monoclinic (low-temperature) phase 
P1 0 0 0 1.33 
Br* 36 (2) 2263 (I) - 143 (2) 2.07 
N(I) 2411 (6) - 56 (4) 36 (6) 2.01 
N(2) 1082 (6) 50 (5) 2713 (6) 2.07 
C(I) 3506 (8) 341 (7) 1834 (9) 2.61 
C(2) 2879 (8) -247 (6) 3191 (8) 2.55 
CI(I) 2796 (3) 2500 6391 (3) 2.49 
C1(2) - 2620 (3) 2500 3156 (3) 2.25 
O(11) 2089 (9) 1439 (5) 6855 (9) 5.25 
0(12) 2461 (11) 2500 4501 (9) 4.01 
O(13) 4540(12) 2500 7294 (14) 6.59 
0(21) - 1612 (8) 1429 (4) 3624 (8) 4.05 
O(22) -3825 (9) 2500 4049 (9) 3.44 
0(23) - 3462 (9) 2500 1252 (9) 3.47 

(b) Orthorhombic (high-temperature) phase 
Pt 0 2500 0 1.61 
Br* 0 239 (1) 0 2.63 
N 1007 (4) 2475 (5) 1593 (5) 2.76 
C 474 (6) 2794 (6) 2913 (7) 3..,8 
CI 2981 (2) 5000 796 (3) 3.56 
O(1) 2627 (5) 3928 (5) 184 (6) 5.97 
0(2)* 4070 (15) 5000 317 (24) 5.59 
0(3)* 2997 (31) 5000 2201 (21) 8.87 
0(2')* 3864 (20) 5000 1406 (57) 10.56 
0(3')* 2242 (25) 5000 1925 (24) 13.04 

* Occupancies for the disordered atoms are 0.5. 

phase transition. Small hysteresis phenomena (about 
2 K) and their reversibility have been confirmed by 
measuring the temperature dependences of both the 
positions and intensities of Bragg spots. Keller et al. 
(1985) reported a similar phase-transition phenom- 
enon for 'PtBr', though they claimed that the transi- 
tion occurred as a result of X-ray irradiation. Fig. 3 
shows the temperature dependence of the u(Pt--Cl) 
band on the Raman scattering of 'PtCI'. The phase- 
transition temperatures for 'PtCI' determined by the 
three methods are consistent with each other. 

The space groups of all the complexes are sum- 
marized in Table 2. The space group of 'PtI '  is 
different from those of the other crystals, consistent 
with the difference in thermal behavior. The simi- 
larity in both the crystal structures and the phase- 
transition behavior of "MX' (M = Pt, Pd; X = CI, Br) 
strongly suggests that the same type of phase transi- 
tions occurred in all the crystals except for 'PtI'. It 
should be noted that the lattice parameters along the 
linear chains (b axis) show negative thermal- 
expansion phenomena at the phase-transition tem- 
peratures. This will be discussed later. 

Crystal and linear-cha& structures of the monocl&ic 
(low-temperature) and orthorhombic (high-tempera- 
ture) phases 

Relevant interatomic distances and angles are pre- 
sented in Table 3. Fig. 4 shows the crystal structures 
of the monoclinic and orthorhombic phases viewed 
along infinite chains of the b axes. The crystal struc- 
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Fig. 2. Variation with temperature of  the lattice parameters for [M(en)2][MX2(en)2](Cl04)4: (a) 'PtCI', (b) 'PtBr', (c) 'PtI' and (d) 'PdCI'. 
The e.s.d.'s are smaller than the plotted circles or are given by the vertical lines. 
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ture of the orthorhombic phase is isomorphous with 
those of the analogous Pdn- -X--Pd  w complexes, 
[Pd(en)2][PdC12(en)2](C104)4 (Beauchamp et al., 1982) 
and [Pd(en)2][PdBr2(en)2](C104)4 (Yamashita et al., 
1985). Recently, the monoclinic structure of 
[Pt(en)2][PtBr2(en)2](C104)4, which was crystallized 
under high pressure, has been reported (Weinrach, 
Ekberg, Conradson, Swanson & Hochheimer, 1990). 
The reported monoclinic cell seems to be reduced 
into the C-centered orthorhombic cell having the 
same lattice parameters as this orthorhombic phase. 
Although the monoclinic structure is almost the 
same as the orthorhombic one, there are some 
remarkable differences as discussed below. 

Perspective views of portions of the infinite linear 
chains for the monoclinic and orthorhombic phases 
are shown in Fig. 5. The monoclinic and ortho- 
rhombic phases contain linear chains and perchlorate 
anions, respectively. The chain structure, which is 
exactly linear in the orthorhombic phase, is clearly 
bent in the monoclinic phase. The 'bend' angle 
defined by the Pt--Br bond and the b axis is 
2.94 (3) °. As shown in Fig. 4, the perchlorate ions are 
ordered in the monoclinic phase, but are disordered 
in the orthorhombic phase as observed for the anal- 
ogous complexes (Beauchamp et al., 1982; Yama- 
shita et al., 1985). 

The crystallographically independent Pt complexes 
lie in particular positions: 222 in the orthorhombic 
and T in the monoclinic phase, respectively. The Pt 
atoms are surrounded by four N atoms of two 
ethylenediamine ligands in a square-planar fashion. 
The average P t - -N distances for the monoclinic and 
orthorhombic phases are 2.051 (3) and 2.058 (5)A, 
respectively. Two five-membered chelate rings adopt 
the most stable gauche conformation: the absolute 
conformations are ha or 88 in the orthorhombic 
phase and ,~6 or t~h. in the monclinic phase. 
Although the A~. or t~6 conformation is usually 
observed, the h.t~ or t~A conformation is occasionally 
found. In each phase, neighboring Pt(en)2 moieties 
on the chain are related by the mirror planes which 
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Fig .  3. V a r i a t i o n  w i t h  t e m p e r a t u r e  o f  the  v ( P t - - C l )  b a n d  in  the  

R a m a n  s p e c t r a  o f  [Pt(en)2][PtCl2(en)2](CIO4)4:  e x c i t a t i o n  l ines  
a r e  514.5  (o),  501 .7  ( A ) ,  a n d  488 .0  n m  (e). 

Table 2. Crystal data of  [MII(en)2][Mrv x2(en)2]- 
(C104)4 (abbreviated as "MX') 

' P t C r  'P tBr '  
Crystal Ortho- Ortho- 

system rhombic rhombic 
a (A) 13.525 (2) 13.563 (2) 
b (A) 10.807 (2) 10.939 (3) 
c (A) 9.643 (I) 9.664 (2) 

(°) - _ 
v(A 3) 1409.4 1433.9 (5) 
Space group lcma lcma 
Z 2 2 
References (1) This work 

'P t I '  'PdCI '  'PdBr" 
Mono- Ortho- Ortho- 
clinic rhombic rhombic 

17.031 (10) 13.636 (3) 13.608 (2) 
5.827 (4) 10.715 (7) 10.814 (1) 
7.440 (4) 9.665 (2) 9.663 (4) 

97.93 (4) - - 
731.3 1412.2 (10) 1422.0 (3) 
C2/m lcma lcma 

1 2 2 
(2) (3) (4)* 

References: ( i )  Matsumoto ,  Yamashi ta ,  Ueda & Kida (1978). (2) Endres, 
Keller, Mart in,  G u n g  & Traeger (1979). (3) Beauchamp, Layek & Theo- 
panides (1982). (4) Yamashi ta ,  Tor iumi  & Ito (1985). 

* Mart in ,  Keller & Miiller (1985) reported the structural analysis o f  the 
same crystal, but  adopted the noncentrosymmetr ic  space group lc2a instead 
of  the correct Icma. 

Table 3. lnteratomic distances (A,) and angles (o) of 
[ P t ( e n ) 2 ] [ P t B r 2 ( e n ) 2 ] ( C I O 4 )  4 

Monocl inic  Or thorhombic  
phase phase Difference 

P t - - B r  2.487 (1) 2.473 (1) - 0 . 0 1 4  (I)  
Pt...Br', Br"* 3.006 (1) 2.996 (I) -0.010 (1) 
Pt--N(I), N(I"')* 2.051 (5) 2.058 (5) + 0.007 (6) 
Pt--N(2) 2.051 (4) - 
N(I}---C(I) 1.493 (8) 1.508 (9) 
N(2)----<2(2) 1.490 (8) - 
C(1)---C(2), C(2"')* 1.503 (I 1) 1.438 (12) 
Br--Pt--N(I) 90.2 (1) 89.2 (2) 
Br---Pt--N(2) 90.8 (1) - 
N(I)---Pt--N(2), N(I"')* 83.5 (2) 83.2 (2) 
Pt--N(I)----C(I) 108.1 (4) 108.2 (4) 
Pt--N(2)---C(2) 109.2 (4) - 
N(I)--C(I)--C(2), C(I"')* 107.8 (5) 109.0 (6) 
N ( 2 }----C(2)-----C( 1 ) 107.8 (5) - 
CI(I)-----O(I I), O(I)* 1.417 (7) 1.399 (6) 
C1(1)---O(12), O(2)*% 1.437 (8) 1.547 (21) 
C1(1}---O(t3), 0(3)*:[: 1.424 (9) 1.358 (21) 
C1(2k--O(21) 1.432 (5) - 
C1(2)--O(22) 1.433 (9) 
C1(2)---O(33) 1.448 (7) - 

Symmetry codes: (i) - x, - ~ + y, - z; (ii) - x, - y, - z; (iii) - x, ~ - y, z. 

* Where alternative atoms are given, the first a tom refers to the mono-  
clinic phase and the second to the or thorhombic  phase. 

t The C1(1}--O(2') distance is 1.334 (34) A. 
The C1(1)---O(3') distance is 1.482 (29) ,~. 

are perpendicular to the chain and pass through the 
midpoint between two Pt units. The bridging Br 
atom is positionaUy disordered at two positions 
equidistant from the midpoint between two Pt atoms 
with an occupancy factor of 0.5. These positions are 
0.520 (1)A apart for the monoclinic structure and 
0.523 (2) A apart for orthorhombic structure. 

Keller et al. (1985) made a X-ray photographic 
studies of 'PtBr' and observed diffuse scattering cor- 
responding to the commensurate linear-chain struc- 
ture with a ...ptIL..Br--ptlV--Br ... repeating unit. In 
the mixed-valence complex, the square-planar four- 
coordinate Pt II and the octahedral six-coordinate 
Pt TM units are stacked alternately to construct the 
chain structure. Because of the positional disorder of 
the bridging Br atom, which corresponds to a non- 
periodic arrangement of the Pt n and Pt TM units in the 
ac plane, the oxidation states of the Pt atoms cannot 
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be identified. There are two Pt--Br distances along 
the chain. The shorter one corresponds to the 
ptIV--Br distance and the longer one to the PtH...Br 
separation. The ratios of the PtW--Br to ptlI.-'Br 
distances in the monoclinic and orthorhombic phases 
are 0.827 and 0.825, respectively. 

As has been observed for the analogous mixed- 
valence complexes, the neighboring Pt(en)2 moieties 
on the chain are linked by hydrogen-bond chains 
involving perchlorate ions, NH...O(perchlorate) 
• ..HN. The hydrogen-bond chains play an important 
role in constructing the linear-chain structure, and in 

% 

determining the structural parameters along the 
chain (Toriumi et al., 1986). The hydrogen-bond 
distances in the monoclinic and orthorhombic phases 
are summarized in Table 4. It should be noted that a 
remarkable change in the hydrogen-bond network 
occurred together with the conformational change of 
the ethylenediamine chelate rings, which will be 
described in detail in the next section. 

Structural changes between the monocl&ic and ortho- 
rhombic phases on phase transition 

The relationships between the monoclinic (a,., bm 
and era) and orthorhombic cells (ao, bo and Co) are 

(a) 

%-d 

o,c" o 
(b) 

Fig. 4. Perspective views of the crystal structures of [Pt(en)2][Pt- 
Br2(en)2](CIOd)4 viewed along the b axes: (a) monoclinic phase, 
(b) orthorhombic phase. Disordered perchlorate O atoms are 
depicted by ellipsoids attached to the rod or pipe bonds. 

° ) . . . . .  

?sl 
Fi  o   ,drawi  sofportionsoft ein ni,ec a,nsof 

[Pt(en)2][PtBr2(en)2](Cl04)4 along the b axes with surrounding 
ClOg ions and the closest neighboring chain, showing atomic 

d ,J  ~ numbering schemes; thermal ellipsoids at the 40% probability 
level, hydrogen bonds shown by broken lines: (a) monoclinic 
(low-temperature) phase, (b) orthorhombic (high-temperature) 
phase. Bridging Br atoms are disordered at two positions 
equidistant from two Pt atoms with populations of 0.5. Dis- 
ordered perchlorate O atoms in the orthorhombic phase are 
omitted for clarity. 
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Table 4. Hydrogen-bond distances (A) o f  [Pt(en)z]- 
[PtBr2(en)2](C104)4 

H"-O N'"O 
(a) Monoclinic (low-temperature) phase 
N(1)--H(1)...O(I 1') 2.01 (9) 
N(I)---H(2)--.O(23") 2.10 (8) 
N(2)--H(3)..-O(11"') 2.48 (8) 
N(2)---H(3)...O(21) 2.45 (7) 
N(2)---H(4)...O(12) 2.32 (7) 
N(2}--H(4)..-O(2P i') 2.44 (9) 

(b) Orthorhombic (high-temperature) phase 
N--H(2)-..O(I) 2.26 (8) 
N--H(I)..-O(Y v) 2.23 (7) 
N--H(2)-..O(3 "~) 2.39 (8) 

Symmetry codes: (i) x,  y,  - 1 + z; (ii) - x ,  - ~ + y, - z ;  
( i v ) ) - x ,  ! + y ,  ½ - z: (v) x, ! - y, z. 

2.955 (8) 
3.109 (7) 
3.278 (10) 
3.037 (9) 
3.087 (6) 
3.239 (8) 

3.034 (8) 
3.243 (20) 
3.246 (19) 

(iii) - x, - y, 1 - z; 

shown in Fig. 6. These are given as: ao = am - C m ,  bo 
= bm and Co = am + cm in real space; ao * =  ~(am*- 
Cm*), bo * =  bin* and Co * =  ](am* + Cm*) in reciprocal 
space. The b or b* axis is common for both the cells 
in real or reciprocal space, respectively. 

Comparing the symmetry operations of  the mono-  
clinic and orthorhombic cells carefully, it has become 
apparent that the differences between the space 
groups P2~/m and Icma can be expressed as the 
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Fig. 6. Relationship between the monoclinic (low-temperature) 
and orthorhombic (high-temperature) cells: (a) reciprocal space, 
(b) real space. The monoclinic and orthorhombic cells are 
expressed by the subscripts m and o, respectively. The b* or b 
axis is common for both the cells. 

conversion of site symmetry at the Pt complexes 
from i in the monoclinic to 222 in the orthorhombic 
form. Alternatively, the mirror plane by which neigh- 
boring Pt(en)2 moieties on the chain are related 
remains unchanged. The drastic change of site sym- 
metry is a result of  the interconversion of the chelate- 
ring conformations of  Pt(en)2 moieties. The square- 
planar [PtZI(en)2] 2 ÷ or octahedral [PtWBr2(en)2] 2 ÷ 
complex with the chelate-ring conformations AA or 
8~ has the molecular symmetry 222 and that with 
aa(aa) only i .  This structural change is clearly 
demonstrated by the schematic drawing shown in 
Fig. 7, in which only the chelate-ring conformations 
of Pt(en)2 moieties are emphasized for clarity. Taking 
into account the chelate-ring conformations only, the 
chain structures can be expressed as the sequence 
• . .(Sa)(aS)(Sa)(aS).. .  for the monoclinic structure 
and . . . (ah)(88)(aa)(66). . .  for the orthorhombic 
structure. It should be noted that one of the two 

/ 

c m 
. . . . . . . . . . . .  ::.... 

la ~Z',..-'" ~ '  I~ ..-'" : 

X ..... :: 

,: . . . . . . . . . . . . . . . . .  illll-]?::; 
2 

(a) 

. . . . .  

(b) 

Fig. 7. Schematic drawings of  the crystal structure: (a) monoclinic 
cell and (b) orthorhombic cell. Only the chelate-ring conforma- 
tions of  Pt(en)2 moieties are depicted, perchlorate anions being 
omitted for clarity. Bold lines along the b axes indicate the 
linear-chain structures, and solid and broken lines the mono- 
clinic and orthorhombic cells, expressed by the subscripts rn and 
o, respectively. 
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chelate-ring conformations is changed in each Pt(en)2 
moiety on phase transition. The correlations of the 
chelate-ring conformations among chains are also 
different. Although all the conformational sequences 
among the chains are the same in the monoclinic 
form, those in the orthorhombic form are shifted by 
half a repeating unit from the closest neighboring 
chains. This inter-chain correlation may depend on 
the hydrogen bonds between chains via counter 
anions. These intra- and inter-chain structural 
changes relating to the conformational changes of 
Pt(en)2 moieties may result in the drastic change of 
the unit cell from the primitive monoclinic cell of 
P2dm to the body-centered orthorhombic cell of 
Icma. 

As described in the previous section, the linear 
chain is slightly bent in the monoclinic cell although 
it is exactly linear in the orthorhombic cell. This can 
be interpreted simply from the crystallographic point 
of view that there is no symmetrical constraint on the 
chain structure in the monoclinic cell but the chain in 
the orthorhombic cell lies on the twofold axis. In 
other words, the arrangement of perchlorate ions 
around the linear chain is non-symmetrical in the 

"-',,;'r, / 

% ~j~z, %% "% %,% 

: K O . /  -..:.  ,cO. f 

• % , . "% ~ % 

Om 
(a) 

.. ..... @ ..... I .... Q .... I . . . . . . . . . . . .  .... 

....... 0 ....... "@ ..... © ...... 

(b) 
Fig. 8. Schematic drawings of  the hydrogen-bond networks 

between chains, showing hydrogen bonds as broken lines, 
chelate-ring conformations of  Pt(en)2 moieties: (a) monoclinic 
cell and (b) orthorhombic cell. Perchlorate ions are omitted for 
clarity. 

monoclinic form but has twofold symmetry to be 
linear in the orthorhombic form. This difference 
should also be coupled with the interconversion of 
the chelate-ring conformations of Pt(en)2 moieties, 
since the Pt complexes are linked by hydrogen bonds 
between the NH groups of the ethylenediamine lig- 
ands through the perchlorate ions as described pre- 
viously. Fig. 8 shows schematic drawings of the 
interchain hydrogen bonds in the monoclinic and 
orthorhombic cells. The hydrogen-bond network in 
the monoclinic phase is extended two-dimensionally 
along the be plane, and that in the orthorhom- 
bic phase is three-dimensional. Comparing the 
hydrogen-bond distances for both phases, it has 
become apparent that the hydrogen-bond network in 
the monoclinic phase is stronger than those in the 
orthorhombic phase. The order-disorder transform- 
ation of the perchlorate ion has been observed but 
could not yet be explained. 

Considering the structural changes described 
above, it can be presumed that the increase of lattice 
vibrations, especially the increase of thermal motions 
of both the ethylenediamine chelate rings and the 
perchlorate ions, partly destroys the hydrogen-bond 
network, leading to the phase transition from the 
monoclinic to the orthorhombic phase with high 
symmetry. This assumption may be supported by the 
result that the transition temperatures increase as the 
molecular weights of the complexes increase: 'PdCI' 
< 'PdBr' < 'PtCI' < 'PtBr'. 

Negative thermal expansion along the chain structure 

Negative thermal-expansion phenomena around 
the transition temperatures have been observed for 
all the complexes except for 'PtI'. Fig. 2 shows that, 
as the temperature increases, the lattice parameters 
along the chains (b axes) decrease discontinuously in 
the vicinity of the phase-transition temperatures, 
although a, c and V increase normally. These 
abnormal phenomena can be considered as charac- 
teristic features of the linear-chain structures, 
because these complexes are essentially quasi-one- 
dimensional materials. 

Comparing the structural parameters in Table 3, 
both the ptlV--Br and Pt"...Br distances of the 
monoclinic phase are significantly elongated [by 
0.014 (1) and 0.010 (1)~] compared to those of the 
orthorhombic phase. The Pt - -N distance of the 
monoclinic phase is, however, shorter than that of 
the orthorhombic phase. 

As discussed in the preceding section, the neigh- 
boring Pt(en)2 units on the chain are linked by the 
hydrogen-bond chains via perchlorate ions. The 
hydrogen bonds in the monoclinic phase are stronger 
than those in the orthorhombic phase. In addition, 
the linear-chain structure in the monoclinic phase is 
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slightly bent, though that in the orthorhombic phase 
is exactly linear. These facts tend to shrink the Pt...Pt 
separation in the monoclinic phase, which corre- 
sponds to a normal thermal-expansion phenomenon. 

This abnormal phenomenon seems to be well 
interpreted on the basis of the change in in-plane 
ligand field strength around the Pt n and Pt TM atoms 
owing to the change in the hydrogen-bond strength. 
As the strength of the N--H---O(C104-) hydrogen 
bonds increases, polarization of the N - - H  bond 
increases. This increases the net charges of the li- 
gating N atoms. It appears consistent with this expla- 
nation that the P t ~ N  distance in the orthorhombic 
phase is slightly longer than that in the monoclinic 
phase. Thus, the increase of hydrogen-bond strength 
may cause the increase of in-plane ligand field 
strength, resulting in the elongation of axial P tw--X 
and PtH...X bond distances. By measuring the 
pressure dependences of IR spectra of the halogen- 
bridged linear-chain compounds { [M(R ,R-  
chxn)EBr]Br2} (M = Pt, Pd, Ni), the strong corre- 
lation between the ~,(N--H) band of diamine ligands 
and the oxidation states of metal atoms has been 
observed (Okaniwa, Okamoto, Mitani, Toriumi & 
Yamashita, 1991). Consequently, it could be con- 
cluded that the hydrgen-bond network between the 
complex and counter ions makes both electronic and 
structural contributions to the linear-chain structure 
(Okamoto, Mitani, Toriumi & Yamashita, 1992). 

The effect of valence fluctuations of the metal 
atoms may also affect this abnormal phenomenon. 
From the viewpoint of the valence fluctuation, 
Murao pointed out that the minimization calculation 
of the free energy of a quasi-one-dimensional 
pt 3 + 8 X _ p t 3 - 8  system provided the contraction of 
p t3-8- -X distance and the expansion of pta+8--X 
distance with increasing temperature, leading to the 
overall negative thermal-expansion phenomenon 
(Murao, 1987). However, both the ptlV--Br and 
PtU.-.Br distances in the 'PtBr' system contract as 
temperature increases. 

This work was supported in part by a grant-in-aid 
for Science Research from the Ministry of 
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