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Charge Transport Properties and Crystal 
Structure of Partially Oxidized One- 
Dimensional [CrPcF(BF,)Jn Macrocycles 
M. FUTAMATA 
Government Industrial Research Institute Osaka, Midorigaoka 1, lkeda, Osaka 563 

(Received August 27, 1990; in final form November I, 1990) 

Fluorine-bridged metallophthalocyanines and partially oxidized [MPcF(BF,),], polymers (M = Cr or 
Fe) were prepared. Static magnetic susceptibility of the doped compounds reveals a temperature de- 
pendent Curie component and a temperature independent Pauli-like contribution. The magnitude of 
the latter is linearly proportional to oxidation levels associated with the increment of the phthalocyanine 
(Pc) cation radical. An X-ray powder diffraction study of [CrPcF(BF,),], revealed that the doping 
process is inhomogeneous and the CrPc unit stacks perpendicular to the molecular plane. The unit cell 
parameters of ICrPcF(BF.,),,,,]n are a = 18.90 A, c = 3.688 A with space group P4/n, Z = 2.  The Pc 
separations along and perpendicular to the polymer chain vary by only several percent after BF: 
doping. The eclipsed stacking of the PC molecule persists in [CrPcF(BF,),,,,1,. In spite of longer inter- 
ring distances, the doped polymer reveals extremely high electrical conductivity of 5.6 x S cm ~ ' 
which can be related to the face-to-face, eclipsed ring stacking. The polymerization of CrPc by fluorine 
diminishes the crystal structure change after doping while showing excellent charge transport properties. 

Keywords: conductivity, one-dimensional, fluorine-bridged metallophthalocyanine, 
susceptibility 

INTRODUCTION 

Intense scientific research has been devoted to the area of low-dimensional elec- 
trically conductive materials for the past ten years. A great deal of excitement has 
been generated by the synthesis and properties of unusual substances with metal- 
like properties' or supercond~ctivity.~~~~~~~~ Development of new conducting com- 
pounds continues to be sparked by the numerous new potential applications in 
solid-state devices. In particular, because of their chemical, thermal stability and 
ready availability, much interest has been focused on metallophthalocyanines (MPc, 
Figure 1) as low-dimensional electrical conductors,1-6~10~20-24~33~34 electrochromic 
 display^,^^*^ and catalysts for 0, r e d u c t i ~ n . ~ ~ , ~ ~  Various MPc compounds are also 
well known as promising cathode materials for lithium secondary b a t t e r i e ~ . ~ . ~  These 
functions are due to the accessible redox states of the MPc molecules. However, 
several problems exist associated with MPc crystals, such as substantial structure 
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110 M. FUTAMATA 

FIGURE 1 Molecular structure of metallophthalocyanine (MPc). 

change from slipped to perpendicular s tacking~, ' .~~ and high solubility in the re- 
duced and oxidized states.12 

Recently, some of the Pc complexes have been modified in an attempt to control 
the molecular stacking. Several polymers covalently linked forming 0-M-0 
chains have been prepared and partially oxidized by Marks et a1.5J8J9,24 To control 
the crystal architecture, I have also studied fluorine-bridged one-dimensional poly- 
mers of [MPcF],, where M = Ga, Cr or Fe.*3J4,32 In the preceding contributions, 
the charge transport properties and crystal structure of the co-facially joined [FePcF],, 
[ F ~ P c F I , ] , ~ ~ J ~  and [G~PCF(BF,),],~~ were discussed. In the present paper, attention 
was focused on the crystal structure, electronic, magnetic and charge transport 
properties of [CrPcF], after NOBF, oxidation. 

EXPERIMENTAL 

[CrPcF(BF,),], was prepared as described in the preceding c o n t r i b u t i ~ n . ~ ~  Partial 
oxidation of the [CrPcF], polymers was accomplished by NOBF, without cleavage 
of Cr-F backbone. The [CrPcF(BF,),], materials produced are stored in a glove 
box to prevent decomposition. [FePcF], was prepared as described in the preceding 
contributions.",13 In contrast to the cases of [CrPcF], and [GaPcF],, destruction 
of the Fe-F bonds upon NOBF, doping was evidenced from IR transmission 
spectroscopy. Thus, the electrochemical oxidation of [FePcF], was performed under 
controlled potential. Without cleavage of the Fe-F bond, the [FePcF(BF,),], 
compounds were actually obtained on a platinum anode at + 1.0 V (vs. AgiAgCl) 
in a 0.1 mol/l n-Bu,NBF,/acetonitrile s01ution.l~ The [FePcF(BF,),], materials pre- 
pared revealed an increase in electrical conductivity by as much as 3 orders of 
magnitude (Table V). Since the compounds showed extreme inhomogeneity, the 
chemically oxidized [CrPcF(BF,),], polymers were used to analyze the structure 
and charge transport properties. 
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CrPcF(BF,),: TRANSPORT, STRUCTURE 111 

The transmission optical spectra in the UV and visible regions were measured 
on a sample of [CrPcF(BF,),], powder with a JASCO Model Ubest-50 spectrometer 
between 300 and 900 nm. Static magnetic susceptibility of the doped polymers was 
measured from 77 and 295 K using a Shimadzu MB-3 type magnetic balance. The 
instrument calibration and diamagnetic correction for BF 4 were undertaken using 
conventional procedures. The Curie component was analyzed in a x vs 1/T relation. 
The direct current four probe van der Pauw techniqueI5 was used to measure the 
electrical conductivity of the polymers between 120 and 295 K. The samples were 
examined as pressed pellets with graphite paste contacts. 

X-ray powder data were taken between 2 0 = 3 to 60" using Cu-K, radiation 
for powder samples under a slow flow of dry nitrogen to prevent decomposition. 
The unit cell parameters of the doped [CrPcF(BF,),,,,], crystal are a = 18.90 A, 
c = 3.688 A with space group P4/n, Z = 2. The density of the doped compounds 
was estimated from the bulk density of the pressed pellets. 

CRYSTAL STRUCTURE OF [CrPcF(BF,),], 

As evidenced by X-ray powder diffractometry, only slight structure changes oc- 
curred upon incremental doping with BF, (Figure 2). The starting phase is di- 

A 

B - 

C - 

D - 

FIGURE 2 Powder X-ray diffraction patterns of [CrPcF(BF.,),], with progressive doping of BF,. (A) 
x = 0.80; (B) x = 0.30; (C) x = 0.046; (D) x = 0.00. 
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112 M. FUTAMATA 

CrPcF], 3.745 12.60, 12.71 
CrPcWFdo ml. 3.688 13.36 
GaPcF], 3.846 12.60, 12.71 
G~PCF(BF,)~ 871n 3.730 13.36 
ISiPcO(BF4)o 361"* 3.29 13.70 
NiPcI* * 3.244 13.94 

minished while, simultaneously, a new phase is created as the BF; dopant in- 
creased. At the doping level of x = 0.80, the starting phase is no longer clear. 
Furthermore, the observed powder diffraction patterns at the intermediate levels 
(0 < x < 0.80) could be reproduced by the superposition of patterns for the x = 
0 and x = 0.80 phases. It appears that the doping process is mostly inhomogeneous. 
Therefore, the dopant is not uniformly distributed throughout the lattice ahd a 
wide range of stoichiometries are formed. The slight angle shift in the diffraction 
peaks after doping corresponds to the imperceptible but detectable change in the 
unit cell parameters. These results are quite in accordance with those of the iso- 
structural [GaPcF(BF,),],  crystal^.^' 

First, the space group and unit cell parameters for the [ C ~ P C F ( B F ~ ) ~ , ~ ] ,  crystal 
were determined with the computer program CELL series developed by Takaki 
et al,16717725,26 Diffraction lines of [ C ~ P C F ( B F ~ ) ~ . ~ ~ ] ~  can be straightforwardly indexed 
in the tetragonal crystal system as shown in Table I. By comparing the intensity 
profiles, the [CrPcF(BF,), so]n crystal is essentially isostructural with NiPcI' and 

TABLE I 

Crystal Parameters for [CrPcF],* and [CIPCF(BF,)~.~], 

Formula 
fw 
a. A 

C32H1$r18FCr 
583.53 
3.770 3.688 

b; 8, 12.601 18.90 
c, A 12.793 18.90 
a, 90.271 90.00 
I% 96.42 90.00 
73 91.28 90.00 
v, A3 603.8 1316.7 
Z 1 2 
dcalc. dcm' 1.60 1.64 
dobr. g h 3  149 1.53 
space group P1 P4h 

* Assumed to be isostructural with [ G ~ P c F ] , . ~ ~ . ~ ~  

TABLE I1 

Inter-ring spacings of metallophthalocyanines 

Species 
Inter-rin Inter-chain Staggering 

spacing' (i) distancesb (A) angle (") 

0 
0 
0 
0 
40 
39.5 

From Reference 19. 
* *  From Reference 1. 
* Along the Pc chain. 

Perpendicular to the chain. 
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CrPcF(BF,),: TRANSPORT, STRUCTURE 113 

[ S ~ P C O ( B F ~ ) ~ , ~ ~ , , ] . ~ ~  The major differences are the inter-ring spacings, interchain 
distances and staggering angle of the neighboring rings (Table 11). As regards the 
structure analysis for the [CrPcF(BF,),,,],, it is of prime importance to note the 
slight crystal changes after doping. Actually, the inter-ring distances along and 
perpendicular to the CrPc chain vary by only several percent after the BF; addition 
as shown in Table 11. 

Next, hypothetical structures associated with the BF: sites were considered for 
[ C ~ P C F ( B F ~ ) ~ , ~ ] , ,  by comparing the observed and calculated X-ray diffraction pro- 
files. In the models, BF; ions are arranged at the (0.5, 0, 0.5) or (0.25, 0.25, 
O S ) ,  etc. positions, while the planar phthalocyanine rings are similarly stacked in 
a co-facial assembly (Figure 3). The Pc ring orientation around the c-axis was also 
optimized. The conventional values' were assumed for the bond lengths and angles 
in the Pc and BF; being not so sensitive to the diffraction profile of the doped 
polymers. The model in which the BF, ions are centered at (0.25, 0.25, 0.50) 
gave a satisfactory result when the trans-coordination bond between chromium and 
nitrogen is arranged exactly parallel to the a-axis (6 = O", Figure 4A, C). Here, 
the four fluorineatoms of BF; 

4% 
are distributed to eight equivalent sites around a 

4% 

e 
FIGURE 3 Crystal structure models of [C~PCF(BF,)~,~], .  Model (11) is pictured in which BF; are 
centered at (0.25,0.25, 0.50) and equivalent positions. In model (I), BF; are arranged at (0.5,0,0.5) 
whereas CrPc are stacked in the same way as in the model 11. 
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114 M. FUTAMATA 

h 
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0 20 4.0 
2 e [ O i  

FIGURE 4 Powder X-ray diffraction profiles. (A) Observed, (B) calculated (model I, 6 = 30.3"); 
and (C) calculated (model 11, 6 = 0") intensity. Conformation of CrPc are optimized in (B) and (C). 

boron atom due to the site symmetry. In this eclipsed model, the nearest interatomic 
distances between nitrogen and fluorine, and between carbon and fluorine are 2.44 
and 2.75 A. These values are a little shorter than the well-known nonbonded 
distances (summation of van der Waals radii) of 2.90 and 3.05 A, respectively. 
This is probably due to electrostatic interaction between the CrPc and BF, and 
incomplete occupation 0.40 of BF, sites. All other BF, sites, e.g. (0.5, 0, O S ) ,  
resulted in a poor fit to the observed profiles (Figure 4(B)). By evaluating the 
intensity profile for various conformations, it was verified that the eclipsed stacking 
of the neighboring rings along the c-axis is maintained after partial oxidation. The 
staggered conformation of ti1 = 0 and ti2 = 22" reproduced the observed diffraction 
profile for [CrPcF(BF,),],. However, it had to be excluded because of the anom- 
alous nonbonded F-C distance of 1.29 A. 

RESULTS AND DISCUSSION 

The [CrPcF], materials can be doped by dispersing the polymer and NOBF, in 
dichloromethane and stirring for 12 hr under a dried atmosphere at room tem- 
perature. The composition of prepared materials was checked by elemental anal- 
ysis. The isolated stoichiometry never exceeded x = 0.80 regardless of reaction 
time and NOBF, concentration. This value of x = 0.80 is much larger than that 
of x = 0.36 found for [SiPcO],. It is probably due to the increased inter-ring spacing 
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CrPcF(BF,),: TRANSPORT, STRUCTURE 115 

for [CrPcF(BF,),,,,], by 0.40 A as shown in Table 11. The [CrPcF(BF,),], materials 
appeared to be stable in dried air at room temperature for extended periods of 
time. However, BF, was easily washed away by polar solvents. The n-electron 
oxidation of CrPc macrocycles was clear from the appearance of long wavelength 
absorption (ca. 720 nm) for [CrPcF(BF,),], in the region of the Pc n-n* Q band 
(HOMO-LUMO) (Figure 5) .  Such a red shifting of the Q band is known to ac- 
company Pc n-cation radical formation as observed for [G~PCF(BF,),],~~ (Table 

The static magnetic susceptibility of the materials was studied as a function of 
dopant level and temperature (Figure 6, Table IV). [CrPcF], is a novel material 
in contrast to the [GaPcF], polymer, because Cr3+ (d3, S = 3/2) is paramagnetic. 
A Curie-like susceptibility of the undoped [CrPcF], polymer was observed as 59.9 
x emu mol-l at room temperature. It agrees very closely with the spin-only 
value (62.5 x emu mol-l) for Cr3+(d3, S = 3/2). Oxidation at Cr3+ centers 
to Cr4+ (dZ, S = 212) which could cause a diminishing of paramagnetic susceptibility. 
However, partial oxidation of the Pc ring would leave the Cr3+ centers intact and 
would create r-charge carriers that exhibit Pauli paramagnetism. Thereby, it would 
give rise to greater than three spins per formula unit. To the first approximation, 

111). 

L 

0 
m 
n a 

300 500 700 900 
Wave I e n g t  h [ n r  1 

FIGURE 5 UV-vis transmission spectra of polycrystalline samples of [CrPcF(BF,),J,. (A) x = 0.80; 
(B) x = 0.00. 

TABLE 111 

UV-visible region transmission spectra for [CrPcF(BF,),], powder 

Species Absorption wavelength (nm) 

[CrPcF], 350, 500, 662 
[CrPcF(BF4h 871n 
[ GaPcF],* 350, 632 
[GaPcF(BF& R71n* 350, 643, 710 

350, 500, 662, 720 

* From Reference 32. 
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116 M. FUTAMATA 

15 

10 

5 

1 .o 
X 

0 
0 .o 0.5 

Doping L e v e l  x 

FIGURE 6 Pauli-like susceptibility of [CrPcF(BF,),ln as a function of doping level at room temper- 
ature. 

TABLE IV 

Pauli-like susceptibility for [CrPcF(BF4),ln 

Susceptibility * 
( lo- '  emu/mol) 

Pauliterm Overall 
Spin density 

Species 290 K 290 K 77 K (spinslmolecule) 

0.00 
0.16 
7.37 
8.14 
7.02 
7.63 
9.48 

3.73 
12.9 

59.90 97.06 
60.06 119.4 
67.27 134.7 
68.04 157.7 
66.92 144.7 
67.53 141.8 
69.38 145.5 
72.82 151.9 

0.00 
0.13 
0.59 
0.65 
0.56 
0.61 
0.76 
1.03 
0.298 

* Pauli-like susceptibility for [CrPcF(BF,),], are estimated by subtracting Cr" (d3, S = 3/2) con- 
tribution from overall room temperature susceptibility. 

* *  From Reference 32. 

the room temperature Pauli-like component was estimated by subtracting the Curie- 
term of Cr3+ spins from the overall paramagnetic susceptibility. In fact, the tem- 
perature independent Pauli-like contribution, linearly proportional to doping level, 
was unambiguously observed in addition to the temperature dependent "Curie 
tailing" of Cr3+ spins between 77 and 290 K (Figure 6, Table IV). Furthermore, 
the observed susceptibility of 72.82 x emu mol-I for [CrPcF(BF4),,,,], is 
evidently larger than the value 59.9 x emu mol-1 for the undoped state. 
Thus, additional support was provided for the conclusion that the partial oxidation 
does not occur at the Cr3+ metal sites but at the Pc n-electrons in this material. 
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CrPcF( BF,) x: TRANSPORT, STRUCTURE 117 

The magnetic coupling between spins of Curie-like moment of Cr3+ ions and r -  
spin charge carriers of the Pc rings was not clarified in [CrPcF(BF4),],. It is because 
the overall magnetic susceptibility of 72.82 x lop4 emu mol-' for this compound 
is in fair agreement with the spin-only value 72.51 X lW4 emu mo1-I for an 
uncoupled summation of the S = 3/2 (Cr3+) and the S = 1/2 (Pc cation radical). 
However, it should be noticed that the estimated paramagnetic susceptibility for 
[CrPcF(BF,),], was 2 or 3 times larger than the values for other MPc com- 
p o u n d ~ . ' , ' ~ , ' ~ , ~ ~  A low temperature magnetic susceptibility measurement is neces- 
sary to establish the coupling properties in more detail. A study is now being 
carried out regarding this. 

I turn now to the crystal structure of [CrPcF(BF4),],. Three important structural 
characteristics of the metallophthalocyanine stack were clarified from the fitting of 
the theoretical X-ray diffraction profiles. First, the [CrPcF], polymer shows a slight 
change in the crystal architecture after BF, doping (Table I). Second, a slight 
contraction in the inter-ring distance was observed after partial oxidation in ac- 
cordance with other phthalocyanines (Table 11). Third, an eclipsed face-to-face 
stacking in the phthalocyanine ring of [CrPcF], persists after oxidation. 

The relationship between the doping level and electrical conductivity of 
[CrPcF(BF,),], is shown in Figure 7. It reveals a rapid increase in electrical con- 
ductivity by as much as 6 orders of magnitude after BF, doping (Table V). Since 
inhomogeneous doping occurred and the two crystal phases of x = 0 and x = 0.80 
coexisted, the simple percolation model was considered. The three-dimensional 
percolation theory predicts the conductivity dependence shown in Equation 1 for 
the composition region near the insulator-conductor transition th re~ho ld .~ '  

u = u, (X - X,)" (1) 

D o p i n g  L e v e l  x 
.o 

FIGURE 7 Electrical conductivity for polycrystalline samples of [CrPcF(BF,),], as a function of 
doping level. 
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118 M. FUTAMATA 

TABLE V 

Electrical conductivity for [CrPcF(BF4)& 

Conductivity Activation energy 
Species (Scm-I) (ev)  

[ CrPcF], < 1.00 x 10-10 - 

[CrPcF(BF4)0 101" 3.9 x 10-4 0.20 

[CrPcF(BF4)0 801" 5.6 x 10-4 0. loo 

[FePcF(BF4)0 271" 2.24 x - 
[FePcF(PF& 291. 8.08 x - 

[CrPcF(BF4)0 0251" 4.8 x 0.40 

[CrPcF(BF4)0 311" 2.3 x 10-3 0.13 
[CrPcF(BF4)0 491" 1.7 x 10-3 0.097 

[FePcF],* 8.0 x lo-* 0.40 

[GaPcF(BF4)0 871" * * 4.21 x 0.082 

* From Reference 13. 
* *  From Reference 32. 

Here, X is the volume fraction of conducting species, X, the percolation threshold 
below which the conductivity falls rapidly and s the critical index due to dimension. 
It was found that the u vs X data for [CrPcF(BF,),], could be readily fit to Equation 
1 when the parameters are X, = 0.05, s = 1.80, and uo = 3.00 x lop3 Scm-'. 
These results are in good agreement with the theoretical values, X, = 0.15, s = 
1.5-1.7, for the three-dimensional simple percolation model. It was also in ac- 

-4 

-6 

-0 

-1  0 
2 4 6 0 

1000/T (K-' 1 
FIGURE 8 Electrical conductivity for polycrystalline samples of [CrPcF(BF4),],. (A) x = 0.80, (B) 
x = 0.046, (C) x = 0.025 as a function of temperature. 
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CrPcF(BF.,),: TRANSPORT, STRUCTURE 119 

cordance with the result for the metallophthalocyanine polymers, i.e., X, = 0.20, 
and s = 1.52 for [G~PcF(BF,),],.~* 

The temperature dependence of the electrical conductivity for [CrPcF(BF,),], 
(Figure 8) is seen to be thermally activated. A single exponential fit is satisfactory 
over the measured temperature region and doping range. To obtain the evidence 
of the conducting mechanism, it should be studied in a wider temperature range 
but beyond the scope of the equipment. The conductivity data for [MPcF(BF4),], 
(M = Cr, Fe and GA) are summarized in Table V. In spite of the longer inter- 
ring separation of [CrPcF], in comparison with other monomer MPc compounds 
(Table 11), BF, doping results in extremely high electrical conductivity. These 
charge transport properties can be rationalized by the face-to-face, eclipsed Pc 
stacking in reference to the results of the theoretical band ca l~u la t ion .~~  

CONCLUSION 

Crystal structural changes of [CrPcF], after BF, doping were well explained by 
a model in which the BF, ions are arranged at the (0.25,0.25,0.50) sites between 
the polymer chains. The inter-ring distances along and perpendicular to the chains 
vary by only several percent and face-to-face, eclipsed stacking of the rings are 
maintained after BF, doping. The structural changes are responsible for the charge 
transport properties of the doped compounds. The electrical conductivity of the 
[CrPcF], polymer increased by 6 orders of magnitude upon partial oxidation whereas 
the bridging inter-ring separation increased by about 0.4 A. The existence of phthal- 
ocyanine cation radical species in the doped state was clarified by optical and 
magnetic properties. Therefore, it was verified that the one-dimensional bridging 
of the metal by a fluorine atom is a useful technique to reduce the crystal structural 
change without any deterioration of the unusual properties. 
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