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Polarized single-crystal specular reflectance spectra and their Kramers-Kronig transformations of Ni(pc)I and Co(pc)I show new 
results in both the visible and ultraviolet needle axis polarizations. The previously assigned Ij- transition at 20000 cm-I appears 
to be nearly covering an al,(dG) - a2"(7r*) transition in both compounds, which is of interest in interpreting electrical conducting 
mechanisms in this class of compounds. An additional transition at -35 000-40000 cm-I has been assigned as b2,(7r) - b,(ds_$) 
in both compounds. 

Introduction 
Phthalocyanine complexes have been of optical interest since 

1927, when copper and iron phthalocyanines were discovered 
inadvertently.2 While their intense colors have made them at- 
tractive as textile dyes,3 they have more recently become of 
theoretical interest due to their porphyrin-type ring structure and 
ability to chelate numerous metal The observation that 
a partially oxidized nickel phthalocyanine, Ni(pc)I, was highly 
one-dimensionally condu~t ive '~  led to increased interest in this 
class of compounds. One-dimensional conductivity has since been 
observed in H2(p~)I ,20 C O ( ~ C ) I , ~ ~  c ~ ( p c ) I , ~ ~  and N i ( p ~ ) B r , ~ ~  in 
which M(pc) has been oxidized to +1/3 in all cases. Tempera- 
ture-dependent conductivity, magnetic susceptibility, thermoe- 
lectric power, and EPR data on Ni(pc)I19 and Co(pc)IZ1 show the 
former to be a metallic conductor with partial oxidation occurring 
on the pc ring (ring conductivity), to give a five-sixths-filled 
macrocycle-based valence band. In contrast, Co(pc)I has sem- 
iconductor character, with partial oxidation occurring on the metal 
(metal spine conductivity). In this compound the dz band, initially 
half full, is proposed as the site of one-electron oxidation for every 
third Co, thus reducing the band filling to one-third. The charge 
compensation in both cases is by 13- ions, whose periodicity ap- 
parently causes gaps in the bands at one-third and two-thirds 
filling, which in the case of Co(pc)I results in its observed sem- 
iconductivity.2' Because the highest energy occupied orbital is 
the one that becomes oxidized, the explanation has been that in 
Ni(pc)I the d,z band is below the HOMO (valence) macrocy- 
cle-based aZu(r) band and in Co(pc)I it is above this az,(r) band.2' 
We are interested in observing charge-transfer transitions involving 
both metal and ligand orbitals in order to check these suggestions 
optically. We report here polarized specular reflectance spec- 
troscopy of Ni(pc)I and Co(pc)I with Kramers-Kronig analyses 
in the UV and visible spectra in order to study their electronic 
transitions in more detail and to a greater extent than previously 
p o ~ s i b l e . ~ ~ ~ ~ ~ '  

Experimental Section 
Single crystals of Ni(pc)I and Co(pc)I were prepared as bef~re , '~*~ '  

and specimens -0.030 X 0.030 X 1 mm were selected for study. Lattice 
constants at  room temperature were measured for Co(pc)I by using 
oscillation and Weissenberg photographs with Cu Ka! radiation for com- 
parison with those obtained for this material at low temperature.21 

Polarized specular reflectance spectra were obtained on an instrument 
described elsewhere in detail24 from the (010) faces of Ni(pc)I and 
Co(pc)I with the electric vector aligned both parallel and perpendicular 
to the needle ( c )  axes of the crystals. Since the complex planes are 
normal to the c axes, these alignments provided polarizations in the 
out-of-plane and in-plane directions, respectively. Data were collected 
with an Apple IIe computer linked to a Hewlett-Packard 3000 mini 
mainframe. Collection at each data point proceeded until the sample 
mean had a 99% probability of being within 1% of the population mean. 
The data were then uploaded to the HP3000 for calculation of percent 
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reflectivity relative to an NBS standard mirror and for Kramers-Kronig 
a n a l y s i ~ . ~ ~ . ~ ~  For the latter calculations, reflectivities beyond our ex- 
perimental range were based upon literature values for the infrared 
s p e ~ t r a l ~ . ~ ~  and were approximated for the vacuum ultraviolet spectra so 
as to produce base lines approaching zero absorbance in regions known 
to have no absorbance in related systems in the vapor state.I2 Decon- 
volution was carried out with an interactive Gaussian and Lorentzian 
analysis program on the HP3000. 

Results and Discussion 
The lattice constants for room-temperature Ni(pc)I and low- 

temperature (1 16 K) Co(pc)I are very similar with the exce tion 
of the c axis, where c = 6.488 8, for N ~ ( ~ C ) I ' ~ ~  and 6.2466 1 for 
C O ( ~ C ) I . ~ ~  To confirm the assumption that this difference is 
partially due to axial compression at low temperature, the value 
of c was measured by an oscillation X-ray photo of Co(pc)I at 
room temperature. The value was found to be 6.33 f 0.05 8,. 
A 0-level Weissenberg photo of Co(pc)I at room temperature 
shows little change in the other axial dimensions. 

The polarized specular reflectance spectra for both axial and 
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Figure 1. Single-crystal polarized specular reflectance spectra (-, 
electric vector parallel to the needle axis; - - -, electric vector perpendicular 
to the needle axis (in-plane)): (a) Ni(pc)I; (b) Co(pc)I. 

in-plane spectra for Ni(pc)I and Co(pc)I are shown in Figure 1. 
The reflectances reported are absolute values after comparison 
with an NBS mirror. After Kramers-Kronig transformation, the 
absorbances shown in Figure 2 are available. One advantage of 
absorbance values over reflectances is the ability to evaluate band 
shapes by using standard deconvolution techniques. In this study 
the axial polarizations were the most interesting, so these will be 
discussed first. 

Out-of-Plane Spectra. A prominent feature in both the Ni(pc)I 
and Co(pc)I axial spectra is the absorbance around 15000-20000 
cm-'. For both compounds, this feature has been previously 
observed in reflectance and has been assigned as the a, - au* 
transition (filled nonbonding pa  to unfilled antibonding pa)27 in 
13-.19921 The maximum of absorption for Ni(pc)I is 18 700 cm-' 
and for Co(pc)I is 15 000 cm-' (derived from reflectivity maxima 
of 18 500 and 13 500 cm-'). This difference in energy has earlier 
been attributed to the average spacing between iodide ions along 
the axial direction in Co(pc)I being less than in Ni(pc)I.21 Further, 
it is interesting to note that the Kramers-Kronig transformations 
in Figure 2 show asymmetry in the Ni(pc)I peak and some 
structure in the Co(pc)I peak, suggesting that more than one 
transition is represented by each peak. We will thus consider the 
ag - a,,* transition in I,- in more detail a t  this point. 

Triiodide Transitions. The iodines in both Ni(pc)I and Co(pc)I 
are, on average, evenly spaced along the c axis with an average 
spacing of 3.24 AIga in Ni(pc)I and 3.17 A in Co(pc)I, with large 
values for thermal parameters along the chain, suggestive of 
positional disorder. The existence of discrete 13- units has been 
demonstrated by using diffuse X-ray ~ c a t t e r i n g . ' ~ ~  In addition, 
the above-mentioned resonance Raman results showing 1-1 
stretches of 107 and 109 cm-l agree well with those for 13- in other 
systems,28 indicating that the bond strengths are consistent with 
13-. 

The electronic spectrum of I,- in the solid state is dependent 
upon the relative arrangements of the I,-  unit^.^'-'^ Two ar- 
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Figure 2. Kramers-Kronig transformed spectra, polarized parallel (-) 
and perpendicular (- - -) to the needle axis: (a) Ni(pc)I; (b) Co(pc)I. 

rangements in which I,- ions align very close to linear are 
(b~a)~.H1,  and caf-H20-H13~0 in which the average 1-1 distances 
along the chains are 3.23 and 3.24 A, respectively (bza = benz- 
amide; caf = caffeine). In (bza)yHI,, the I,- units are ordered 
with 1-1 distances of 2.93 and 2.92 A. In the caffeine I3 crystal, 
the 1-1 distance in I,- is -2.92 A. For both of these crystals, 
the specular reflectance spectra have prominent peaks polarized 
along the I,- chains a t  20000 cm-I, assigned as '8, - IZu* (ag - uu*), and at 30000 cm-', assigned tentatively as a spin-or- 
bit-coupling component of the 20000-cm-I peak.28 The geometry 
and average 1-1 spacing in Ni(pc)I (3.24 A)19 and Co(pc)I (3.17 
A) are nearly identical. Resonance Raman spectra of ( ~ Z ~ ) ~ - H I ,  
and caf.H20.H13 show fundamental 1-1 stretches at  1 loz9 and 
108 cm-1,28 respectively, which is in good agreement with the values 
of 107 and 109 cm-I for Is- in Ni(pc)I and C O ( ~ C ) I . ' ~ ~ ~ ~  

It is thus reasonable to expect that the I; groups, in the Ni(pc)I 
and Co(pc)I crystals, will yield a visible spectrum very similar 
to that for the benzamide and caffeine triiodides. In fact, however, 
the maxima of the -20000-cm-' peaks in Ni(pc)I and Co(pc)I 
fall a t  18 750 and 15 100 cm-I, respectively. Therefore, before 
placing a Gaussian peak to represent the l8, - lXU* I; transition 
in this region in Ni(pc)I and Co(pc)I, we examined the relative 
positions of the IX, - 'Xu* transition and its associated - 
30 000-cm-' transition in the comparison 13--containing crystals 
tetra-n-butylammonium (TBA) triiodide, (b~a)~aHI , ,  and caf. 
H20.H13.30 In the last two, the higher energy transition appears 
very close to 30000 cm-I, 10000 cm-I above the corresponding 
IZg - ]Xu* transition.2s The TBA salt has a slightly nonlinear 
arrangement of adjacent 1,- units, and the IZ, - 'Xu* transition 
is raised to 22 500 cm-'. The higher energy transition follows this 
shift, appearing at  32 500 cm-I. In Ni(pc)I and Co(pc)I, as shown 
in Figure 3, there are peaks at 29950 and 30 100 cm-'. The clearly 
resolved positions of these peaks suggest that the placement of 
the IX, - I&,* transitions in Ni(pc)I and Co(pc)I should both 
be at -20000 cm-I. We therefore performed Gaussian analyses 
on the axially polarized spectra of Ni(pc)I and Co(pc)I, targeting 
20 000 cm-' for the I,- peak in question. The results were peaks 
at 20000 and 19 900 cm-I with half-widths of 7000 cm-', which 
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the 'A,, - lAzu (al,(d,2) - a2,(7r*,pZ)) transition. There is 
significant additional precedent for the concept of red shifting of 
out-of-plane transitions upon decreasing the stacking distance, 
especially in the tetracyano complexes of Ni, Pd, and Pt.3336 The 
unperturbed al,(ds) - a2,,(7r*) transition in phthalocyanines has 
been calculated with extended Hiickel methods to be at  31 200 
cm-I.l3 Unfortunately there is no suitable phthalocyanine available 
in which to search for this unperturbed transition. Unoxidized 
Ni(pc) has a structure dramatically different,39 with a herringbone 
arrangement yielding a solid-state environment unsuitable for 
straightforward comparison. Single molecules of Ni(pc) in the 
vapor state12 do not, of course, allow for polarization studies, and 
the dominant (pc) ring transition at  30 100 cm-I, the a2,(7r) - 
e,(a*) (Soret) in-plane transition (vide infra), would make an 
expectedly out-of-plane transition undetectable. 

The corresponding peak in Co(pc)I appears in accord with that 
in Ni(pc)I, allowing for both a slightly shorter M-M distance and 
for an expected larger overlap of 4p, orbitals, which in turn mix 
with the a2,(a*) pc orbitals, thereby lowering the a2,, level more 
than in Ni(pc)I. This peak is thus also tentatively assigned as 
'Al, - 'A2, (al,(d,2) - a2,(7r*,pZ)), red-shifted by axial per- 
turbations. 

The ultraviolet transitions are seen here in partially oxidized 
metallophthalocyanines for the first time. An axially polarized 
set of transitions occurs a t  35 500 cm-I in Ni(pc)I and at 40 500 
cm-' in Co(pc)I. The large difference in transition energy suggests 
that this is also a metal-related transition. The ligand-based 
transitions, as will be discussed in a later section, appear a t  the 
same energies in the two compounds. Since the cobalt 3d levels 
are of a higher energy than those in nickel,13 it seems appropriate 
to consider this transition to-be a ligand to metal charge-transfer 
transition. Lever et al. have suggested three LMCT transitions 
in M(pc) compounds,17 only one of which is allowed z: a2,,(7r) - al,(ds). Another possible z-polarized transition would be bh(7r) 

The azu(7r) - a,  (d,z) transition has been predicted to appear 

in Ni(pc) since the dg orbital is filled17 and would also not appear 
in Ni(pc)I since the pc ring rather than the Ni d22 band is oxi- 
dized.19 Since the peaks in question are in both complexes and 
are far above 10000 cm-I, it may be assumed that they are not 
the a2,,(7r) - alg(dr2) transition. 

This leaves the bZu(7r) - blg(d+z) transition. The 3d+9 orbital 
in Co(pc) has been estimated to be 5370 cm-I above that in 
Ni(pc).I3 Predicted differences for other 3d-based orbitals between 
Co and Ni range from 806 to 2150 cm-'.13 Thus, the experimental 
difference of 5000 cm-l clearly points to the 3ds-9 orbital as being 
the terminal orbital in the Co(pc)I and Ni(pc)I 40500- and 
35 500-cm-I peaks. An early calculation by Gouterman et aL9 
places the 3bzu orbital 1850 cm-' below the 4a2, orbital, and a 
more recent ca lc~la t ion '~  places 4a2, 30 700 cm-I below the Ni 
blg(dX2-yz) orbital in Ni(pc). If configuration interaction15 is 
ignored, the estimated transition energy for 3b2, - bl,(d,2-,,2) is 
thus 32 550 cm-'. This is in good agreement with the peak at 
35 500 cm-' in Ni(pc)I. That peak and the corresponding one 
at 40 500 cm-' in Co(pc)I may thus be assigned as 3b2, - big- 

In-Plane Transitions. The visible regions of the in-plane spectra 
are identical for both Ni(pc)I and Co(pc)I (Figure 4) and show 
the familiar "Q" transition at 15 700 cm-I assigned as alu(7r) - 
e , ( ? ~ * ) , l l - ~ ~  one of the HOMO'S to the LUM0,13 and the ac- 
companying peak at - 18 700 cm-I, about which there is some 

- blg(dx2-y2). 

around 10000 cm- P in unoxidized Co(pc).17 It would not appear 

(dx2-y2). 

Wavenumber, 10 cm" 
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Wavenumber, lo3 cm" 

Figure 3. Gaussian analyses of axial polarizations (-, transformed 
experimental spectrum; - - -, Gaussian curve; -e., residual): (a) Ni(pc)I; 
(b) CO(PC)I. 

Table I. Spectra-Structure Correlations in Selected Square-Planar 
C o m p I e x e s 

compd M-M spacing, A vem, lo3 cm-l ref 
Ni(dmg), (soh) "a" 23.0 31 
Ni(emg)z 4.75 23.0 31 
Ni(hept), 3.60 21.9 31 

Ni(dmg)2 3.25 18.6 31 
Ni(dpg)z 3.52 19.6 31 

Ni(  pc) I 3.2419 18.4 this work 
CO(P4I 3.17 14.5 this work 

are shown, along with other peaks in the spectra and the residuals, 
in Figure 3. Additional confirmation was sought through relative 
integrated peak intensities of the 2000O-cm-' and the 30 000-cm-' 
peaks in the three comparison 13- compounds, but their 250% 
variation made any comparisons inconclusive. We will thus rely 
on the 10 000-cm-' difference in 13- transitions as the basis for 
this deconvolution. On this basis, then, there appear two significant 
llc-polarized peaks to the red side of the IZ, - ,Eu* 13- transition: 
18 400 cm-I in Ni(pc)I and 14 500 cm-I in Co(pc)I. 

Metal-Ligand Transitions. The apparent peaks at 18 400 and 
14 500 cm-l in Ni(pc)I and Co(pc)I are very interesting, being 
reminiscent of the low-energy out-of-plane polarized transitions 
in Ni(dmg), and Ni(dpg)?I (dmg = dimethylglyoximate and dpg 
= diphenylglyoximate). Table I summarizes the structural and 
optical features of interest for these and related compounds. 

Ni(pc)I thus seems to follow the trend of Ni(dmg), and related 
compounds in which a shortened stacking distance between com- 
plex planes results in a red shift of a transition originally at 23 000 
cm-' in solvated bis(dimethylg1yoximato)nickel. This transition 
was assigned by Anex and Krist as ,A,, - 'A2,, (al,(d,2) - 
a2,(~*,p,)).31 This follows Gray and Ballhausen's molecular orbital 
scheme for square-planar complexes having unsaturated ligands32 
in which dz+ is empty in d8 metals and is well above the re- 
maining d orbitals. The similarity of the M-M stacking distances, 
ring structures, and peak positions in Ni(dmg), and Ni(pc)I leads 
us to tentatively assign the 18 400-cm-l peak in Ni(pc)I also as 
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energies suggests a ligand-based transition, but according to 
Gouterman's schemeL3 and the estimated energy for b2u(r) noted 
above, the only remaining x,y-polarized transition in this region, 
b2,(r) - e&r*), should appear a t  a slightly higher energy than 
the B band rather than 5000 cm-l lower. The identities of these 
features, if in fact real, remain uncertain. 

The remaining high-energy intensity in both systems around 
35 000-40 000 cm-' appears to consist of two transitions in each, 
which are consistent with peaks observed in the vapor stateI2 and 
assigned as eg(dx2,v2) - bl,(r*) and eg(dXzy2) - bau(r*), both 
polarized in-plane. 
Conclusions 

The in-plane spectra for Ni(pc)I and Co(pc)I are consistent 
with earlier assignments of x,y transitions in the corresponding 
unoxidized compounds. The out-of-plane spectra, however, show 
a peak in the ultraviolet spectra not previously observed in M(pc)'s 
because of overlap by the more intense in-plane transitions; they 
appear to reveal an additional transition in the visible region near 
the previously identified 1,- transition. 

This latter transition, which we tentatively assign as alg(dr2) - a2,,(77*,pZ), has been observed in nonconducting  precursor^^^-^^ 
to partially oxidized potassium tetracyanoplatinates (KCP) but 
not in K C P s  t h e m ~ e l v e s . ~ ~  It appears that this molecular 
transition, which can also be characterized as an interband 
t r a n ~ i t i o n , ~ ~  is not hidden in Ni(pc)I and Co(pc)I by the high 
reflectivity of an intraband transition as it may be in KCP. Since 
in Ni(pc)I it is the pc that is oxidized rather than Ni2+, one might 
expect a double-humped absorption characteristic of one-dimen- 
sional bands between d22 and pz bands.42 However, the intrinsic 
broadening of discrete electronic transitions apparently masks such 
features. In Co(pc)I, where the partial oxidation and conductivity 
have been found to be metal chain based2' instead of r ring based 
as in Ni(pc)I," the one-third filling of the d22 band would lead 
to a single peak for the transition to an aZu(r*,p2) band. The 
especially interesting feature is that we seem to be observing a 
transition from the dz2 band responsible for dzz metal spine sem- 
iconductivity in Co(pc)I. 

We are currently pursuing other conductors with porphyrinic 
ligands, including both metal-free and iodine-free systems, to 
clarify the nature of the -20 OOO-cm-' needle-axis-polarized 
absorption and the role of solid-state perturbations on related 
single-molecule transitions. 
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Figure 4. Gaussian analyses of in-plane polarizations (-, transformed 
experimental spectrum; - - -, Gaussian curve; .-, residual): (a) Ni(pc)I; 
(b) CO(PC)I. 

disagreement of assignment. This latter peak has been assigned 
in M(pc) as a vibronic component of the Q band38 and as a 
splitting of Q due to a lowered site symmetry.8 In Ni(pc) and 
Co(pc) the energy difference is close to 2000 cm-l.lo In Ni(pc)I 
and Co(pc)I the differences are 3000 and 3700 cm-I, respectively. 
Since partial oxidation removes an electron from orbitals involved 
in bonding rather than antibonding, it is not likely that it would 
result in an increase in the vibrational frequency that may have 
mixed with the Q band. Factor group splitting39 is possible in 
Ni(pc)I and Co(pc)I as well as in Ni(pc) and Co(pc). The latter 
case involves changing a D4,, point group to a D2 site group due 
to the herringbone arrangement of M(pc)'s, and the present case 
has a D4,, point group to C4 site group change. The interplanar 
distances are similar (3.22 8, for Co(pc) vs 3.17 8, for Co(pc)I), 
and with the greater area of approach for the straight-stacked 
M(pc)I's, it is reasonable to expect a greater factor group splitting 
for the M(pc)I's. The 3000- and 3700-cm-' splitting observed 
in Ni(pc)I and Co(pc)I around -18 700 cm-l is consistent with 
this expectation, and we thus tentatively assign the - 18 700-cm-' 
peaks in Co(pc)I and Ni(pc)I as symmetry-split Q satellites. 

The peak at  30 100 cm-' in Ni(pc)I appears to be the Soret- 
equivalent band (B band), a2,(r) - eg(r*), which appears a t  
30500 cm-l in vapor-state Ni(pc).I2 The equivalent peak in 
Co(pc)I is not resolved, so we have estimated its position as shown 
in Figure 4b to be at 3 1 600 cm-I through comparison with the 
B band in vapor-state Co(pc) at 32000 cm-' I 2  and the difference 
in B-band energies in the Ni(pc), Ni(pc)I pair. 

The small Gaussian peaks at  -25000 cm-I in the in-plane 
spectra of both compounds (Figure 4) are marginal but are hard 
to ignore, especially in the case of Co(pc)I. The similarity in 

(41) Musselman, R. L.; Williams, J. M. J .  Chem. SOC., Chem. Commun. 
1977, 186. 

(42) Cox, P. A. The Electronic Structure and Chemistry of Solids; Oxford 
University Press: Oxford, England, 1966; Chapter 4. 


