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Abstract 

Intermetallic electronic coupling in 1,2,4,5-tetrakis(dimethylphosphino)benzene bridged bimetallic Ni, Pd and Pt complexes 
has been studied by electrochemical and spectroelectrochemical methods. These bimetallic complexes show minimal cross-ring 
metal-metal interactions. The observed oxidation potential for the monometallic Ni” complex is similar to that of its bimolecular 
analog, but substantial shifts from the monometallic complexes are observed for the Pd” and Pt” complexes. The very low 
conductivities observed in the metal-phosphine coordination polymers (M = Ni”, Pd”, Pt”) and their partially-oxidized (p- 
doped) analogs are consistent with the minimal coupling observed in the bimetallic complexes. 
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1. Introduction 

A variety of metal coordination polymers incorpo- 
rating square planar metal centers and conjugated 
bridging ligands exhibit enhanced electrical conductivity. 
These include metal coordination polymers of tetra- 
thiooxalate [l-4], dihydrolrybenzoquinone [5] and te- 
traaminobenzene [6]. Preparation of a conductive co- 
ordination polymer requires (i) redox-active metal 
centers arranged to permit strong metal-metal inter- 
action, which often entails close spatial proximity and 
similar crystallographic and electronic environments for 
the metals; and (ii) partial oxidation or reduction to 
a stable mixed-valence state to facilitate charge transfer 
along the macromolecular backbone. 

Enhanced conductivity in metal-phosphine coordi- 
nation polymers (M = Ni”, Pd”, Pt”) can be reasonably 
expected because the polymers contain several key 
structural features favoring conductivity [7-91: (i) dif- 
ferent stable oxidation states of the metal-phosphine 
complex offer the possibility of creating a mixed-valence 
polymer backbone; (ii) the square planar geometries 
of Ni”, Pd” and Pt” phosphine complexes allow for 
strong metal-metal interactions in a rigid, flat polymer 
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backbone. Previously, we have observed increased in- 
termetallic electronic coupling in several reduced mixed- 
valence Ni’-Ni’, Pd”-Pd” and Pt”-Pt” complexes [lo]. 
However, the metal-metal interactions in these reduced 
mixed-valence (n-doped) coordination polymers were 
adversely affected by an accompanying geometry change 
at the reduced metal center. To obviate this problem, 
the conductivities of the analogously oxidatively doped 
metal-phosphine coordination polymers were examined. 

In this paper, we describe the preparation of 
metal-tmpb (tmpb = 1,2,4,5_tetrakis(dimethylphos- 
phino)benzene) coordination polymers la-c. The 

la, M = NI” 

lb, M = Pd” 

lc, M = PI” 

2x BF, 

electrical conductivities of polymers la-c and their 
partially-oxidized analogs were determined. Model bi- 
metallic [(L)MCl,-tmpb-MCl,(L)] (M = Ni [9], Pd or 
Pt; L= l,Zbis(dimethylphosphino)benzene, dmpb or 
1,2-bis(diisopropylphosphino)benzene, dippb) com- 
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plexes 2a-c were also prepared, and the intermetallic 
electronic couplings in the model complexes were in- 
vestigated by electrochemical and spectroelectrochem- 
ical methods. The results are discussed in relation to 
the observed conductivity of the polymers la-c and 
their corresponding Cl,-doped polymer films. 

dmpb, R = Me 

dippb. R = ipr 

PMe, 

tmpb 

2a, M = Nil’; R = Me 

2b. M = Pdr’; R = ‘PT 

2c, M = Pt*‘; R = iPr 

2d, M = Pdl”: R = Tr 

2e, M = Pt’“: R = ‘PI 

2. Experimental 

2.1. Physical measurements 

Electrochemical measurements were carried out with 
a Princeton Applied Research model 173 potentiostat 
equipped with a model 179 digital coulometer and a 
model 175 universal programmer of a BAS 100 elec- 
trochemical analyzer. Typical experiments were run at 
100 mV/s in CH,CN with 0.1 M tetrabutylammonium 
hexafluorophosphate. For cyclic voltammetry, a Ag/AgCl 
wire was used as a quasi-reference electrode, a Pt wire 
as the counter electrode, and a Pt disk as the working 
electrode. Ferrocene was used as an internal standard 
to calibrate the observed potential (versus SCE) [ll]. 
For bulk electrolysis, a Pt flag was used as the working 
electrode, SCE as the reference electrode, and a carbon 
cloth as the counter electrode. 

Proton-decoupled 31P NMR spectra were measured 
on a Nicolet NT-360 spectrophotometer, referenced to 
85% H,PO, $r D,O. ‘H NMR spectra were measured 
on a General Electronic QE300 spectrophotometer. 
Chemical shifts were reported in ppm from a tetra- 
methylsilane or a H,PO, reference. Conductivity mea- 
surements were made by a previously described two- 
probe technique on a pressed powder sample in a 
sandwich cell with a thickness of N 1 mm. Absorption 
spectra were measured on a Hewlett-Packard 8451A 
diode array spectrophotometer. Elemental analyses 
were obtained from the Galbraith Laboratories. Pro- 

filometry was measured on a Tencor Instruments alpha- 
step 100. 

2.2. Materials 

1,2-Bis(diisopropylphosphino)benzene (dippb) [12], 
1,2,4,5-tetrakis(dimethylphosphino)benzene (tmpb) [9], 
[Ni(CH,CN),](BF.&.f(CH,CN) [13], [Pd(CH,CN),]- 
(BF,), [14], (dippb)PdCl, [15] and (dippb)PtCl, [15] 
were prepared by literature methods. 1,5-Cycloocta- 
diene platinum chloride ((COD)PtCl,) was used as 
received from Aldrich. 

2.2.1. Poly-[Ni-1,2,4,5-tetrakis(dimethylphosphino)- 

benzene],, WA6 (Ia) 
A solution of tmpb (101 mg, 0.32 mmol) in 10 ml 

of CH,Cl, was added to a solution of [Ni(CH,- 
CN),](BF,),.f(CH,CN) (158 mg, 0.32 mmol) in 5 ml 
of CH,CN under Ar. The resulting solution was stirred 
for 24 h at room temperature. The solid product was 
collected by Schlenk filtration, washed with CH,Cl, (25 
ml), CH,CN (10 ml), and vacuum dried. Yield 170 mg 
(98%). Anal. Calc. for (C,,H,,P,NiB,F,),,: C, 30.54; 
H, 4.76. Found: C, 28.31; H, 5.02%. 

End-group analysis was performed by stirring a sus- 
pension of the polymer with excess tmpb in CH,Cl, 
to cap each metal-terminated polymer chain. After the 
resulting mixture had been stirred for 24 h at r.t. under 
Ar, the solid product was collected by Schlenk filtration, 
washed with CH,Cl,, and vacuum dried. The average 
number of repeat units can be calculated from the 
ratio of the integrated peak areas assigned to coor- 
dinated to non-coordinated phosphines in the resulting 
tmpb end-capped polymer. la, M=N?‘: 31P NMR 
(l/3 of CDClJDMF): 6 43 (coordinated), -48 (non- 
coordinated). The integration ratio of coordinated to 
non-coordinated phosphines is 48k7, from which the 
molecular weight is calculated as 26 000&4000. 

2.2.2. Poly-[Pd-1,2,4,5-tetrakis(dimethylphosphino)- 

benzene],, (BF4)16O (lb) 
A solution of tmpb (193 mg, 0.61 mmol) in 40 ml 

of CH,Cl, was added to a solution of 
[Pd(CH,CN),](BF,), (270 mg, 0.61 mmol) in 40 ml of 
CH,CN under Ar. The resulting solution was stirred 
for 24 h at r.t. The solid product was collected by 
Schlenk filtration, washed with CH,CN (50 ml), CH,Cl, 
(25 ml), and vacuum dried. Yield 340 mg (93%). Anal. 
Calc. for (C,,H,,P,PdB,F&,: C, 28.11; H, 4.38. Found: 
C, 26.67; H, 4.88%. 

End-group analysis as described for la. lb, M=Pd”: 
3’P NMR (l/3 of CDCIJDMF): 6 40 (coordinated), 
-48 (non-coordinated). The integration ratio of co- 
ordinated to non-coordinated phosphines is 80 + 10. 
The molecular weight is therefore calculated as 
48 000 k 6000. 
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2.2.3. Poly-[P&1,2,4, Stetrakis(dimethylphosphino)- 

benzene], (BPA56 (1~) 
Tetrafluoroboric acid (0.1 ml of an 85% solution in 

ether) was addedvia syringe to a solution of (COD)PtC& 
(56 mg, 0.15 mmol) in 1.5 ml of CH,Cl,. After the 
resulting solution had been stirred for 5 min, a solution 
of tmpb (48 mg, 0.15 mmol) in 15 ml of CH,Cl, was 
added under Ar. After the resulting solution was stirred 
for 24 h at r.t. under Ar, the solid product was collected 
by Schlenk filtration, washed with 25 ml of CH,C12, 
and vacuum dried. Yield 100 mg (97%). Anal. Calc. 
for (C14H26P4PtB2Fs)28: C, 24.48; H, 3.82. Found: C, 
23.65; H, 3.09%. 

End-group analysis was performed as with la. lc, 
M=Pt”: 31 P NMR (l/3 of CDClJDMF): 6 33 (coor- 
dinated, 1J(195Pt-P) = 2320 Hz), - 49 (non-coordinated). 
The integration ratio of coordinated to non-coordinated 
phosphines is 28 _t 5. The molecular weight is therefore 
calculated as 19 000 + 3000. 

2.2.4. [l, 2-Bis(diisopropylphosphino)benzene]- 
MCI,-(I,5 4,5-tetrakis(dimethylphosphino)benzene)- 
MCI,-[I, 2-bis(diisopropylphosphino)benzene], 
[(dippb)MCl,-tmpb-MCI, (dippb)] (2b,c) 

A solution of tmpb (0.19 mmol) in 15 ml of CH,Cl, 
was transferred under Ar to a solution of (dippb)MCl, 
(M=Pd or Pt) (0.38 mmol) in 15 ml of CH,Cl,. The 
resulting mixture was stirred for 5 min before the 
solution was concentrated to - 5 ml under reduced 
pressure. The solid product was collected by filtration 
and recrystallized from CH,CN/ether. 

2b, M=Pd”: yield 83%. 31P NMR (CD,CN): 6 78.5 
(d, J(PP) = 312 Hz, 4P), 33.1 (d, J(PP)=312 Hz, 4P). 
‘H NMR (CD,CN): 6 9.49 (m, 2H), 7.92 (m, 4H), 7.76 
(m, 4H), 2.85 (m, 8H), 2.43 (d, J=lO Hz, 24H), 1.37 
(dd, J= 14 and 7 Hz, 24H), 1.20 (dd, J= 19 and 7 Hz, 
24H). Anal. Calc. for C,&,,P,Pd,Cl,: C, 46.42; H, 7.01. 
Found: C, 44.90; H, 6.76%. 

2c, M = Pt”: yield 99%. 31P NMR (CD,NO,): 6 70.4 
(td, J(PP)=280 Hz, ‘J(19’Pt-P) =2288 Hz, 4P), 30.1 
(td,J(PP) = 280 Hz, ‘J(195Pt-P) = 2288 Hz, 4P). ‘H NMR 
(CD&N): 6 9.37 (m, 2H), 8.27 (m, 4H), 7.96 (m, 4H), 
3.24 (m, 8H), 2.64 (d, J= 11 Hz, 24H), 1.54 (dd, .I= 14 
and 6 Hz, 24H), 1.32 (dd, J= 19 and 6 Hz, 24H). Anal. 
Calc. for C&L,P,Pt,Cl,: C, 40.83; H, 6.17. Found: C, 
38.90; H, 5.92%. 

2.2.5. [I, 2-Bis(diisopropylphosphino)benzene]- 
MClZ-(l,2,4,5-tetrakis(dimethylphosphino)benzene)- 
MC&-[I, 2-bis(diisopropylphosphino)benzene] chloride, 
[ (dippb)MCl,-tmpb-MCIZ (dippb)] - 4Cl (2d,e) 1 

Cl, (0.30 mmol, excess) in 1 ml of Ccl, was added 
to a suspension of 2b or 2c (0.03 mmol) in 5 ml of 

‘The elemental analyses were not obtained due to the thermal 
instabilities of complexes. 

Ccl,. The resulting mixture was stirred 1 h. The solid 
was collected by filtration and was washed by Ccl,. 

2d M =Pd’“: ‘lP NMR (D,SO,/external H,PO, in 
D,Oj: 6 85.3 (d,J(PP) =294 Hz, 4P), 31.7 (d,J(PP)=294 
Hz, 4P). 

2e, M=Pt’“. 31 P NMR (D,SO,/external H,PO, in 
D,O): 6 60.9 (td, J(PP) = 405 Hz, 1J(195Pt-P) = 1400 Hz, 
4P), 24.8 (td, J(PP) =405 Hz, 1J(195Pt-P) = 1400 Hz, 
4P). 

2.3. Conductivity measurements of Cl,-doped polymers 
la-c 

A thin film (- 1.5 ,um, determined by profilometry) 
of la-c was obtained by casting the polymer solution 
(5 ~1 of a 0.6 mM DMSO solution) on a gold sputtered 
two-probe electrode (with a thickness of - 1000 8, and 
a separation between two probes of - 2 mm) or 
microscopic slide. The polymer-film coated electrodes 
and slides were mounted in a Pyrex cuvette to which 
a bulb containing Cl, was attached. The conductivity 
change and the degree of oxidation of the polymer 
films la-c were measured in situ on the gold electrode 
(conductivity) and microslide (absorption differences) 
during the reaction. 

3. Results and discussion 

3.1. Model complexes 

The 1,2,4,5-tetrakis(dimethylphosphino)benzene- 
bridged bimetallic complexes 2a-c were prepared by 
reacting 2 equiv. of (L)MCl, (L= dmpb, M = Ni”; 
L = dippb, M = Pd” or Pt”) with 1 equiv. of tmpb. The 
electrochemical and spectroelectrochemical properties 
of the corresponding monometallic complexes 3a-c have 
been reported by Warren and Bennett [16]. The mono- 
metallic complexes 3a-c exist as the five-coordinate 
cations [(dmpb),MCl] * Cl with pseudo-square pyramidal 
geometry in solution [16]. The corresponding Ni”’ or 
M’” complexes (M =Ni, Pd or Pt) exhibit slightly te- 
tragonally distorted octahedral geometries [17-191. 

Cl 

3a, M = Ni’ 
3b, M = Pdn 

3c, M = Pt’ 

Table 1 summarizes the oxidative peak potentials of 
2a-c and 3a-c observed by cyclic voltammetry. The 
single redox wave (Ni”‘lTV-Ni”‘““) in the cyclic vol- 
tammogram of 2a indicates that the presence of the 
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Fig. 1. Absorption spectra of: (i) bimetallic Pd”-Pd” complex 2b in CH,CN (1 mM); (ii) partially-oxidized Pd”-Pd’” complex in H$O, 
(1 mM); (iii) fully-oxidized Pd’“-Pd’” complex 2d in H,S04 (1 mM). 

Table 1 
Cyclic voltammetric peak potentials for the oxidation” of bimetallic 
complexes 2a-c and monometallic complexes 3a-c 

Metal 
comolex 

Couple E 
(V) 

3ab 
2ab 
3b’ 
2b 
3c’ 
2c 

Ni”T/Ni’V 
Njrrr_Njrrr/NiT”_Nj’V 

Pd”/Pd’” 
Pdrr_Pd”~drV-Pd’V 

Pt”rJPt’” 
pt”_pt”/Pt’“_pt’” 

0.69 (rev.) 
0.71 (quasi-rev.) 
0.34 (irrev.) 
0.92 (irrev.) 

- 0.04 (irrev.) 
0.95 (irrev.) 

“Reaction conditions: scan rate, 100 mV/s; reference electrode, 
Ag/AgCl; counter electrode, Pt wire; working electrode, Pt disk; 0.1 
M tetrabutylammonium hexafiuorophosphate in CH,CN under N, 
at room temperature. 

‘From Ref. [9]. 
‘From Ref. [16]. 

second metal does not influence the redox chemistry 
of the first metal center. Furthermore, coulometry es- 
tablishes that both metal centers are oxidized at the 
same potential, suggesting that there is little interaction 
between the nickel centers in the bimetallic complex. 
The observation of only single oxidation waves (4- 
electrons) in the bimetallic Pd” and Pt” complexes 
2b,c indicates that both of the metal centers are oxidized 
at the same potential. The redox potentials of the 
bimetallic complexes 2b,c are significantly more positive 
than the monometallic complexes 3b,c presumably be- 
cause of the greater sterically induced distortion in the 
bimetallic Pd’” by Pt’” complexes 2d,e than in the 

monometallic Pd’” or Pt’” complexes. Steric interactions 
with dippb and tmpb apparently destabilize the bi- 
metallic Pd’” or Pt”’ complexes 2d,e relative to the 
interactions between two dmpb ligands in the mono- 
metallic Pd’” or Pt’” complex. 

r-Backbonding interactions between M’” and phos- 
phine are weaker than in the Mr-phosphine complexes 
(M=Pd or Pt) !20,21]. Therefore, the inaccessibility 
of stable mixed-valence Pd”-Pd’” and Pt’r-Pt”’ com- 
plexes in the electrochemical studies may contribute 
to the lack of intermetallic electronic coupling in the 
bimetallic complex. The partially oxidized bimetallic 
Pd” and Pt” complexes 2b,c (produced by treatment 
with stoichiometric Cl, in CCL,) do not exhibit detectable 
intervalence charge transfer (IT) bands, an observation 
that again indicates that the weakness or absence of 
intermetallic electronic coupling between two metal 
centers in the tmpb-bridged bimetallic complexes 2b,c 
(Figs. 1 and 2). 

The steric distortion of the bimetallic M’” complexes 
2d,e can be further characterized by spectroelectro- 
chemistry. The monometallic Pd’” and Pt’” complexes 
exhibit absorption spectra with A,,,=415 and 313 nm, 
respectively [16]. These bands can be assigned to the 
d-d transition of the d6 complexes in a tetragonally 
distorted octahedral geometry [ 191. The Cl,-oxidized 
bimetallic Pdrv-Pd’” and Pt’“-Ptiv complexes 2d,e show 
red-shifted absorption spectra with A,,, = 444 (t” 940 
M-l cm-‘) and 350(sh) nm, respectively (Figs. 1 and 
2). The red shift indicates a smaller energy gap between 
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Fig. 2. Absorption spectra of: (i) bimetallic Ptn-Pt” complex 2c in CH3CN (0.1 mM); (ii) partially-oxidized Pt”-Pt”’ complex in H$O, (0.1 
mM); (iii) fully-oxidized Ptn’-Pt’” complex 2e in HzS04 (0.1 mM). 

the non-bonding (HOMO) and antibonding (LUMO) 
orbitals in the bimetallic complexes 2d,e than that of 
the corresponding monometallic M’” complex. The 
energy of the antibonding orbital (d,,,,) in tetragonally 
distorted octahedral bimetallic complexes 2d,e is lower 
than that of the corresponding monometallic M’” com- 
plexes because of steric congestion in 2d,e [22]. In 
contrast to the stabilization of the antibonding orbital 
(dXG+ LUMO), steric distortion produces an enhanced 
antibonding interaction between the phosphine a or- 
bitals and metal non-bonding (d, and d,,=, HOMO) 
orbitals in the bimetallic PdrV or Ptrv complex, which 
therefore destabilizes the filled non-bonding orbitals 
[221. 

3.2. Metal-phosphine coordination po&mers 

Conductivities of the metal-phosphine coordination 
polymers la-c measured as pressed powder samples 
in a sandwich cell with a two-probe technique are 
summarized in Table 2. The low conductivities of these 
coordination polymers indicate that the transition metals 
in the M” oxidation states are only weakly coupled 
along the polymer backbone [23]. 

When the polymer films la-c are treated by Cl, gas 
to effect a chemical oxidation, the extent of partial 
oxidation can be determined from changes in the ab- 
sorption spectra of the partially-oxidized polymer films 
and their M” analogs. The Nil’ polymer film la exhibits 
an absorption spectrum with A,,,= 364 nm, whereas 

Table 2 
Conductivities” of metal-phosphine coordination polymers la-c and 
their partially-oxidized (p-doped) analogs 

Compound Conductivity 
(a-’ cm-‘)” 

la (M=Ni”) 
la (50% oxidation of metal centers) 
la (100% oxidation of metal centers) 
lb (M=Pd”) 
lb (50% oxidation of metal centers) 
lb (100% oxidation of metal centers) 
lc (M= Pt”) 
fc (50% oxidation of metal centers) 
lc (100% oxidation of metal centers) 

(7*3)x10-9 
<1o-9 
< 1o-9 
(7~2)~10-~ 
< 10-” 
<lOF 
@*5)x10-8 
< 1o-8 
<lo-” 

“Conductivity was measured by the two-probe technique [9] on a 
pressed powder sample in a sandwich cell with a thickness of -1 
mm. 

bAverage of two measurements on independently prepared samples. 

the fully-oxidized Ni’” polymer film displays an ab- 
sorption spectrum with A,,,=560 nm (Fig. 3). The 
corresponding monometallic 3a (M= Ni”) and 3b 
(M= Ni’“) complexes show similar spectra with 
A max = 360 and 565 nm, respectively [16]. The electronic 
spectrum of the Pd” polymer film lb is similar to the 
corresponding monometallic Pd” complex 3b consisting 
of a metal-ligand charge transfer band at < 300 nm. 
Both the fully-oxidized Pd’” polymer film and mono- 
metallic Pd’” complex show absorption spectra with 
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Fig. 3. Changes in absorption spectra of a thin film la on a glass slide during oxidation by gaseous Cl,: (i) la (0% oxidation); (ii) 7% 
oxidation; (iii) 26% oxidation; (iv) 45% oxidation; (v) 100% oxidation. The degree of partial oxidation of the polymer films was determined 
by the relative absorption intensity at 364nm. 

.4 

.2 

WAVELENGTH <nm) 

Fig. 4. Changes in absorption spectra of a thin film lb on a glass slide during oxidation by gaseous Cl*: (i) lb (0% oxidation); (ii) 6% 
oxidation; (iii) 22% oxidation; (iv) 50% oxidation; (v) 100% oxidation. The degree of partial oxidation of the polymer films was determined 
by the relative absorption intensity at 415 nm. 

A max =415 nm (Fig. 4) [16,19]. The Pt” polymer film 
lc exhibits an absorption spectrum with A,,, = 340 and 
400(sh) nm, whereas the fully-oxidized PtIv polymer 
film shows an absorption spectrum with A,,, = 313 nm 

(Fig. 5). The corresponding monometallic Pt’” complex 
3c exhibits an identical spectrum [16]. 

The conductivities of the partially-oxidized polymer 
films la-c during the Cl,-doping reaction were followed 
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Fig. 5. Changes in absorption spectra of a thin film lc on a glass slide during oxidation by gaseous CI,: (i) lc (0% oxidation); (ii) 11% 
oxidation; (iii) 27% oxidation; (iv) 100% oxidation. The degree of partial oxidation of the polymer films was determined by the relative 
absorption intensity at 340 nm. 

by a two-probe technique on the Au electrode. No 
increase in conductivity could be observed in the par- 
tiaily-oxidized or fully-oxidized polymers la-c (Table 
2). The results indicate that there is no enhanced 
intermetallic electronic coupling in the partially-oxidized 
polymers. The low conductivities of the partially-oxi- 
dized polymers la-c are probably caused by the following 
factors: (i) a decrease of r-backbonding between 
metal(W)-phosphine upon the oxidation of the M” 
centers (M =Ni, Pd, Pt); (ii) a geometry change from 
square planar (MI1 centers, M =Ni, Pd, Pt) to tetra- 

gonally distorted pseudo-octahedral (Mrv centers, 
M==Ni, Pd, Pt) as the oxidation takes place. 

4. Conclusions 

The electrochemical and specttoelectrochemical stud- 
ies of the model bimetallic NiII, Pd” and Pt” complexes 
2a-c indicate minimal electronic coupling between the 
two metal centers. The results are consistent with the 
very low conductivities of the Ni”, Pd” and Pt” phos- 
phine polymers la-c. The low conductivities of the 
partially-oxidized polymers la-c suggest that charge 
transfer along the polymer backbone is disrupted by 
decreased electronic coupling between metal centers 
and geometric distortion upon oxidation of the metal 
centers. 
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