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3.184(3)4, Pd-N = 1.996(7)4, and the Pd(bqd), units are rigorously planar.
Resonance Raman studies (v, = 4880-64711) of Pd(bqd),],_ .S and
Ni(bqd),L,. s* S indicate that the predominant form of the iodine present is
(Vfundamenta]l = 107 cm~?), hence that the formal oxidation state of

the M(bqd), units is +0.17(2). Iodine -129 MUssbauer studies are also
consistent with the I,” formulation. Optical spectra of these complexes
exhibit a strong, broad transition at 600 nm which is largely, if not
exclusively, due to the polyiodide chains. Crystallization of Ni(bqd),
from benzene containing traces of iodine produces the new orthorhombic
phase Ni(bqd),I, . Single crystal x-ray studies have shown it to
crystallize in the space group D - Ibam with four formula units in a unit
cell of dimensions a = 16.438(2), b = 14.759(4), and ¢ = 6.360(2)4. Full-
matrix least-squares refinement gave a final value of the conventional R
index (on F) of 0. 11 for 1026 reflections having F2 > 30(F2). The structure
contains rigorously planar Ni(bqd), units stacked along the c axis with
each molecule staggered by 68° with respect to its nearest neighbors.

The Ni-Ni distance is 3.180(2)1 and Ni-N = 1.88(10) Structural
relationships are discussed for all M(bqd), and M(bqd),I, compounds;
partial oxidation results in a small contraction of the in?erplanar spacings

of 0.019A(Pd) - 0.027A(Ni). Single crystal electrical conductivity measure-

ments (dc and 100 Hz ac) in the stacking direction show an increase in
conductivity upon partial oxidation of > 10% (Ni) and > 10* (Pd). Maximum
conductivities at 300° K are Ni(bqd),I, 4,°0. 24 toluene = 1.1 x 10-5
(@-cm)-* and Pd(bqd),I, 4°0.52 o-dichiorobenzene = 8.1 x 10-* (Q-cm)-1.
Variable temperature studies show that the electrical conductivity follows,
over the entire range investigated, an exponential temperature dependence
wit(h a single activation energy: 0.54 %0.08 eV(Ni) and 0.22 =0, 03
ev(pd). ; ;
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ABSTRACT

This paper presents a detailed study of crystal structure, stoichiometry,
oxidation state, and electron transport in the materials Ni(bqd),, Pd(bqd),,
Ni(bqd),ky_ o2, Ni(bqd),l, 'S, and Pd(bqd),I, s S, where bqd = o-benzoquinone-
dioximato and S = an aromatic solvent. The compound Pd(bqd),I, 4 0.52 o-
dichlorobenzene has been shown by single crystal X-ray diffraction to
crystallize in the tetragonal space group Dzh-P«i/mcc, with four formula
units in a cell of dimensions a = 16.048(7) and ¢ = 6.367(3)k. Full-
matrix least-squares refinement gave a final value of the conventional R
index (on F) of 0.052 for 1278 reflections having F2 > 3¢ (F&). The crystal
structure consists of stacked Pd(bqd), units, each staggered by 65° with




respect to its nearest neighbors, and disordered chains of iodine atoms
extending in the c-direction. The solvent molecules are disordered throughout
tunnels which extend parallel to c. ; The Pd-Pd distance is

3.184(3)}, Pd-N = 1.996(7)i, and the Pd(bqd), units are rigorously planar.
Resonance Raman studies (v, = 4880-64711)
of Pd(bqd),], 'S and Ni(bqd),], .S indicate that the predominant form of

the iodine present is I, ( = 107 cm™ '), hence that the formal

“fundamental
oxidation state of the M (bqd), units is +0.17(2). Iodine - 129 MUBssbauer
studies are also consistent with the I,” formulation. Optical spectra of these
complexes exhibit a strong, broad transition at 600 nm which is largely, if

not exclusively, due to the polyiodide chains. Crystallization of Ni(bqd),

from benzene containing traces of iodine produces the new orthorhombic

phase Ni(bqd),l, . Single crystal x-ray studies have shown it to crystallize

in the space group Dgg - Ibam with four formula units in a unit cell of

dimensions a = 16, 438(2), b = 14.759(4), and ¢ = 6. 360(2)}. Full-matrix least-squares
refinement gave a final value of the conventional R index (on F) of 0. 11

for 1026 reflections having F2 > 34 (F2). The structure contains rigorously

planar Ni(bqd), units stacked along the ¢ axis with each molecule staggered
by 68° with respect to its nearest neighbors. The Ni-Ni distance is
3.180(2)}. and Ni-N = 1,88(10)k. Structural relationships are discussed for
all M (bqd), amll\d(qu),,lx compounds; partial oxidation results in a small
contraction of the interplanar spacings of 0,019X(Pd) - 0. 027A(Ni). Single
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crystal electrical conductivity measurements (dc and 100 Hz ac) in the

stacking direction show an increase in conductivity upon partial oxidation

of > 10% (Ni) and > 10* (Pd). Maximum conductivities at 300° K are Ni('qu),Io. "y
0.24 toluene = 1.1x 10" (0-cm)™* and Pd(bqd),], ¢ 0.52 o-dichlorobenzene =
8.1x 10" (0-cm)” ' variable temperature studies show that the electrical
conductivity follows, over the entire range investigated,an exponential
temperature dependence with a single activation energy: 0.54 + 0.08 eV(Ni)
and 0. 22 + 0. 03 eV(Pd).
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In an accompanying a.rticle3 we discuss the properties of stacked,
partially axidized bisdiphenylglyoximates of nickel and palladium,

M(dpg)l, A.

O--H"O\
C'H"\C%l(‘\ N= ~Clls
B N g :
S =Y
e’ N CoH,
A
M = Ni, Pd

It was found that the iodine in these materials was present predominantly if
not exclusively as I;, hence that the M(dpg), units possess formal fractional
oxidation states, representable approximately as [M(dpg) ), 'I;_. Though the
iodine axidation produces a 107-10° increase in dc electrical conductivity, the
facility of electron transport in these materials is still less than that of
K;Pt(CN)Br, _, 31-].,04 and several other classes of partially oxidized
metallomacrocycles that we have recently synthesized. o It was thus of
interest to explore the effect of chemical functionalization on the metal
bisglyoximate core. A means to decrease stacking distances and to
elaborate conjugation was evident in the planar nickel and palladium com-
plexes of benzoquinonediaxime, M(bqd),, B.® The

N
/\M N
M = Ni, Pd
\N/ \N/
|
O0..H.. 0
B

- —




earlier work of Keller and co-workers7’ gstablished the existence of quasi-

one-dimensional materials of reported stoichiometry M (bqd),I, , , M=Ni, Pd.

The nickel complex was reported to possess a tetragonal (P4/mcc) crystal
structure with stacks of partially staggered Ni(bqd), units (Ni-Ni =
3.153(3)%) and disordered chains of iodine-containing species running
parallel to the c direction.® It was proposed that iodine was present as
I, , though this conclusion could not be derived from the Bragg diffraction
pattern. The crystal structure of the uniodinated precursor, Ni(bqd),, was
found to be monoclinic (P2,/n) by Leichert and Weiss® and to consist of
canted bis (benzoquinonedioximato)nickel units. In contrast, the structure
of Pd(bqd), is orthorhombic (Imcb) with stacked Pd(bqd), moieties
exbend.ug along the ¢ axis.

Though the aforementioned work provided an important initial glimpse
of the range of bisbenzoquinonedioximate structures and compositions
obtainable, several important questions remained unanswered. First,
the nature of the iodine in the M(bqd)l,, , species was undetermined. Thus,
it was impossible to say with certainty whether the iodinated nickel
and palladium bisbenzoquinonedioximates were actually mixed valence
(partially oxidized) materials. Second, the available structural data did

not provide a clear picture as to what geometrical changes, if any, (e. g., in the

metal-metal stacking distances) accompanied jodination, The canted

78 10 03 049
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maoclinic Ni(bgd), and stacked tetragonal Ni(bqd),l, ¢ structures could not be
meaningfully compared in the sense that the stacked Ni(dpg), and

Ni(dpg).I structures could. S

In addition, structural data on Pd(bqd),],
were not available for comparison with the existing orthorhombic
Pd(bqd), structure. Finally, little was known about the charge transport
properties of M(bqd),], , single crystals vis —a-vis those of M(bqd),. 11

In a preliminary communicat:lon12

we reported a resonance Raman and
iodine-129 Mtssbauer study of Ni(bqd),J, , which showed the iodine to be
present predominantly as I, , hence that the charge distribution

could be represented by formal fractional oxidation states as depicted

13 of the diffuse

by [Niad),},'I,”. Independent of this work, analysis
X-ray scattering pattern arising from the disordered iodine chain struc-
ture in Ni(bqd),l, s reached exactly the same conclusion concezning the
form of the iodine: I,;”. In this paper we present a full exposition of our
chemical, spectral, structural, and charge transport investigations

within the nickel and palladium bisbenzoquinonedioximate series. This
discussion includes a reformulation of the actual composition of the
M(bqd),I, ; materials, the structural characterization of Pd(bgd),], s+ 0. 52
] O-dichlorobenzene, the synthesis and structure elucidation of a new,

orthorhombic Ni(bqd),l, ., compound, comments on M(qu),lx optical spectra, i

and a comparison of the geometrical, partial oxidation state, and charge transport
characteristics in all of the aforementioned materials.




EXPERIMENTAL

All solvents and chemicals were reagent grade. Benzene, toluene,
and hexane were freshly distilled from sodium-potassium alloy under
nitrogen; o-dichlorobenzene was dried over Davison 4A molecular sieves.
The ligand o-benzoquinonedioxime (bqdH) was synthesized by the reduction
of o-dinitrosobenzene with sodium borohydride as described elsewhere.!”
Elemental analyses were by Ms. H. Beck, Northwestern Analytical
Services Laboratory, Micro-Tech Laboratories, Galbraith Laboratories,
or Alfred Bernhardt Microanalytical Laboratories. Analysis of Ni and I
by neutron activation was performed by General Activation Analysis, Inc.
Mass spectra were recorded on a Hewlett-Packard 5930 instrument by Dr.
D. Hung. Iodinated materials were xoutinely stored at -20° C.

Bis(benzoquinonedioximato)nickel (IT), Ni(bgqd);. This complex was
prepared by the room temperature reaction of NiCl, -+ 6H,O with bqdH in
ethanol-water. The reaction is complete within 0.5 hr. The crude,
dark-brown Ni(bqd), was collected by suction filtration, washed with
distilled water, washed with methanol, and then dried for several hours
at 110°C. The crude product was finally Soxhlet extracted (twice) with
benzene to yield a dark-brown, microcrystalline solid. Yields of Ni(bqd),
from this procedure were typically about 80%. Large crystals (elongated
platelets) for transport studies were grown by very slow cooling of hot
toluene solutions.
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5
Anal. Calcd for CpH, N,O,Ni: C, 43.28; H, 3.03; N, 16.83. Found:

C, 43.21; H, 2,96; N, 16.74.
Infrared data (Nujol mull, cm™): 3090w, 1600s, 1500s, 1265s, 1140m,
1080s, 950s(bx), 820w, 740vs, 610m,
Bis(benzoquinonedioximato)palladium(Il), Pd(bqd),. The procedure

for the synthesis and purification of this compound was analogous to

that described above for Ni(bqd), except that the PdCl, starting material

was solubilized by treatment with a small amount of hydrochloric acid.

The final product, Pd(bqd),, is a dark-green microcrystalline solid, Larger
crystals can be grown by slow cooling of hot toluene solutions.

Anal. Calcd. for C,,;H,,NOPd: C, 37.86; H, 2.65; N, 14.72. Found:
C, 37.78; H, 2.60; N, 14,68,

Infrared data(Nujol mull, cm-l): 1600s, 1520vw, 1490s, 1415s, 1355s,
1285vs, 1185m, 1165m, 1130w, 1060vs, 965w, 880m, 790m, 740s, 730s,
615m,

Bis (benzoquinonedioximato)palladium -0. 30 iadine- 0. 52 o-dichloro-

benzene, Pd(bqd)l, 5« 0.52 g-C.H,Cl;. Solutions of Pd(bqd), in o-
dichlorobenzene (4.5 x 10 M) were heated to 90°C and were then made

4.0 x 10"°M in triply sublimed iodine. The resulting mixture was next
filtered while hot, and the filtrate rewarmed to 90°C. The hot solu-

tion was then snoyed to cool to ambient temperature over a period of
3-5 days. At this time the cooled solution was suction-filtered, and

the solid product was washed repeatedly with cold hexane, and

then dried in air. Dark, needle-ike crystals of the desired product
possessed a golden luster and were typically 3-15 mm. in length.
These crystals were mechanically separated from the noncrystalline
and microcrystalline material. The yield of golden

O S— S — SE—




crystals obtained in this manner was ca. 40%. On the basis of the
elemental analysis, the stoichiometry Pd(bqd), 5 - 0.52 0-GH,Cl, is
assigned.

Anal, Calcd. for C,s ,,H;; oN,OPdl, sCl, o: C, 34.91; H, 2.34;

N, 10.78; 1, 12.13; Cl, 7.06. Found: C, 34.56; H, 2.34; N, 10, 82;

I, 12.19; Cl, 7.09. Analyses (C,H,N, Bernhardt) on each of three single
crystals weighing 0.372 mg., 0.500 mg., and 0.675 mg. , indicated an average
incorporation of o-dichlorobenzene corresponding to: Pd(CaH;N,0,),Pdl, s2(2)
(0- GH;CL,),, 41(2)°

Mass spectra of the above crystals (10 or 70 eV ionizing voltage)
recorded with source and probe temperatures of 200° C and 100°C,
respectively, revealed the parent ions and fragmentation patterns
characteristic of iodine and o-dichlorobenzene. i

Infrared data (Nujol mull, cm™"): 1600s, 1520vw, 1490s, 1415s, 1355s,
1280vs, 1185m, 1160m, 1130w, 1065vs, 970w, 880w, 790w, 740s, 730s,
615m,

When the above synthetic procedure was carried out with increased
iodine concentrations (4.9, 5.9, 6.9, 7.9 x 10"°M) the yield of golden
crystals decreased and the appearance of a dark, shiny, rather flaky
material was noted. By elemental analysis it appears to be Pd(qu),lx
x=15-2,0,

Bis (benzoquinonedioximato)nickel + 0,52 iodine - 0.32 toluene,
Ni(bgd)L, sz - 0.32 C,H,. Solutions of Ni(bqd), (8.0 x 10"°M) and triply
sublimed fodine (4.0 x 10™- 4,4 x 10” M) in toluens at 90°C were treated

—




in a manner analogous to the previously described procedure involving
Pd(bgd), in o-dichlorobenzene. Large needle-like crystals exhibiting
a golden luster could be isolated from the toluene solutions in ca. 20%

yield.

Anal. Caled. for Cy, ,Hy, ,N,ONiL, ;0 C,39,92; H, 2.96; N, 13,08; I, 15.40, |

Found: C, 37.60; H, 2.74; N, 13.07; I, 15.49.
The mass spectrum of the above crystals (10 or 70 eV, 200°C
source, 100°C probe) exhibited a pattern characteristic of iodine and
16b
toluene.
Infrared data(Nujol mull, cm™'): 3090w, 1600s, 1500s, 1265s, 1160m,
1080vs, 980w(br), 830m, 740vs, 615m.

Bis(benzoquinonedioximato)nickel + 0.0177 iodine, Ni(bqdhL, opmp. A

solution of Ni(bqd), (6.2 x 10"°M) and triply sublimed iodine (1.4 x 10™>M)
in benzene was heated to 78°C, filtered while hot, and the filtrate allowed
to cool slowly to ambient temperature. The resulting dark crystals were
collected by suction filtration, washed repeatedly with hexane, and dried
in air. The crystals of this material are dark needles, exhibiting no
golden luster. The C, H, N elemental analysis is experimentally
indistinguishable from Ni(bqd),.

Anal, Calc, for CH N,O,Nil ,.rr: C, 43.00; H, 3.01; N, 16.72. Found:
C, 43.45; H, 3.25; N, 16.23. Calcd for C,,H,N,ONi: C, 43.28; H, 3.03;
N, 16,83,

A determination of the ratio of nickel to iodine in a single crystal
(the X-ray data crystal) by neutron activation analysis gave Ni : I =




1.00 : 0.0177(73).

Infrared data (Nujol mull, cm'x): 3090w, 1600s, 1500s, 1265s, 1140m,
1080s, 950s(br), 820w, 740vs, 610m,
Spectral Measurements

Infrared, resonance Raman, and electronic spectra were recorded in

the same manner and with the same apparatus as described previously. 8

Iodine MUssbauer Studies

The apparatus and data acquisition/analysis procedures employed were
as described previously. S Samples were prepared by weighing ca. 70 mg,
of Ni(bqd), into a small vial, adding the desired amount of ”91,3 in 1-2 ml.
of benzene or o-dichlorobenzene, capping the vial, heating the mixture to
ca. 80°C, and then allowing it to cool slowly overnight. The solid product
was next collected by centrifugation, washed several times with 1¢2 ml.
of hexane, and was then dried under a stream of dry nitrogen. Several
samples were prepared which elemental analysis showed to have a Ni:I
ratio greater than 1,0,

Single Crystal Electron Transport Measurements

The procedures and apparatus for four-probe conductivity measure-

3

ments were those described for the M(dpg),I work.” Contact materials

were colloidal graphite suspended in 1, 3-butylene glycol or Demetron

M8001 cold-setting conductive gold contact paint. Results with these two
contact preparations were indistinguishable. Typical crystalline samples
of the bisbenzoquinonedioxmates were approximately tetragonal needles with




lengths of 2.0-4.0 mm. and widths of 0. 1-0,3 mm. All measurements

were conducted with current flow along the needle axis, i.e., along the
molecular stacking direction. Variable temperature studies employed
measurements taken with both increasing and decreasing temperature

to check for possible hysteresis; none was observed. Room temperature
conductivity measurements were always made after high temperature studies
to ascertain if sample decomposition was taking place.

X-Ray Diffraction Study of Nijqd)l) .

Preliminary film data were consistent with Laue symmetry mmm.
Systematic extinctions are indicative of space groups Ibam or Iba2, Based
on the setting angles of 14 manually centered reflections (40 < 2g g 60°,
CuKa) the cell constants presented in Table I were obtained. Data were
collected at room temperature on a Picker FACS-1 diffractometer using
methods general in this laboratory. Important features of the data
collection are summarized in Table I.

The structure was solved and refined in a facile manner, using proce-

dures and computer programs described before. 5

The centrosymmetric
space group Ibam was assumed on the basis of excellent agreement

among Friedel pairs. The positions of the atoms of the Ni(bqd), species
were obvious from a three~dimensional, origin-removed, sharpened
Patterson function. Included in the final cycle of least-squares refinement
were the contributions from hydrogen atoms on the carbon atoms. The

positions of these hydrogen atoms were cal~ulated, assuming C-H =
0.95&, The hydrogen atom position in the 0(1)-H-O(2) hydrogen bond

———— v ——




10

was not included. This final refinement converged to R indices and an error
in an observation of unit weight given in Table I.

Examination of the final agreement between | F,| and | F,| reveals some
disturbing features: (1) The highest residual peak of 1.36 e/AS3 is located
at 300,but there is a general level of density along the 30z line; (2) There
are some outstanding differences between |F| and|Fc; especially for
hkO reflections (e.g., 510: 8.7, 25.0; 330: 12.3, 1.9 e ). On the bais
of the neutron activation analysis of the data crystal (see above) there
appears to be approximately 0. 02 iodine atoms per nickel atom in the
material. Presumably, the iodine atoms are positioned along the 30z row,
since there are large channels there that could accommodate iodine. Although
a number of attempts were made to approximate the iodine scattering,
none was especially successful. However these calculations did
establish that the overall structural parameters of the Ni(bqd), portion of
the structure are insensitive to models for the iodine scattering. Ultimately
we chose as the final model one that gmre the presence of iodine. Table II
presents the final paramters from this model. Table III presents the
final listing of 10| F,| vs 10| Fc| for those reflections used in the refinement. 18

X-ray Diffraction Study of Pd(bgd)z!. 0 0.52 GH,CL,
Preliminary film data indicated Laue symmetry 4/mmm ,and systematic

extinctions are consistent with space groups P4/mcc and P4cc. The cell
constants (Table I) were obtained from the setting angles of 15 reflections
manually centered on a FACS-1 diffractometer (30< 26 < 40, MoKqy,). Other




11

features of the crystal and data collection are given in Table I.

The structure was solved and refined as described above. Examination

of Friedel pairs strongly suggested that the centrosymmetric space
group P4/mcc is the correct one. The Pd(qu)Ix portion of the structure
was located from a Patterson function and subsequent difference Fourier
maps. In the final refinement of this portion of the structure variable
occupancy of the iodine atom was included. The resultant formula was
Pd(qu)zlo. 444 and the final values of R, wR, and an error in an observation
of unit weight were 0.070, 0.102, and 3.63 e¢”. Again there were some
individual examples of poor agreement betwe en | Fo| and !Fcl , in this
instance not restricted primarily to the hk0 reflections. A difference
Fourier map showed as its main features a peak of height 1. 28 e/A?® at
approximately 0.06, 0.13, 0. 15 and a ring of electron density about

x =0, y =0in the z = % plane.

At this point it was discovered (see above) that the crystals of this
compound contain varying amounts of o-dichlorobenzene, the average
amount being 0. 52 solvent molecule/palladium atom. Consequently, a
number of attempts were made to account for the residual electron density
as arising from a variable amount of 0- CgH,Cl, in the 0,0 , z channel.
Because of the 4-fold symme try imposed on this channel and the fact that
the solvent molecule does not intrinsically possess such symmetry, the
disordering of the solvent is considerable. Although a cal culation of the
contributions of a C,H,Cl, rotor, constrained to lie in the z = 4 plane, led

'
——————




12

to some improvement between |F°, and chl , this model did not account

for the main residual peak. Ultimately, a Cl atom was placed at the

position of this residual peak and in subsequent cycles the occupancy and
isotropic thermal parameter of this Cl atom were varied, along with the

other variables of the Pd(qu),lx portion, This refinement ultimately con-
verged to the formula Pd(bqd),l,, 0. 91 o-dichlorobenzene and agreement
indices present in Table I. Because of correlation between occupancy and
thermal parameter of the Cl atom and because of the very approximate nature
of the model for solvent scattering, the ratio of solvent to Pd(bqd),I derived
from these data is very uncertain. We will henceforth refer to this compound,
based upon the elemental analysis (vide supra), as Pd(bqd),I, s 0. 52
o-dichlorbenzene. Placement of a Cl atom at this position is made chemically
reasonable by the resultant Cl. .. Cl distance of 3.05}, a value to be expected
in 0-GH,Cl,. The improvement in agreement indices is considerable as is
more importantly, the removal of outstanding, individual discrepancies
between IF 2 |and [Fcl . Table IV presents the final parameters from this
model. Table V gives a listing of 10 'Fo ' vs 10 Fc for the reflections

used in the refinement. 18
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RESULTS AND DISCUSSION
Chemistry and Stoichiometry

The slow crystallization of Ni(bqd), and Pd(bqd), from certain hot
aromatic solvents in the presence of an approximately 10-fold molar
excess of I, produces iodinated crystalline materials with a golden luster
(eq. (1)). In the case of Pd(bqd),, iodination in o-dichlorobenzene

Mbqd), +1, + S &= M(bqd)," xI-nS (1)

M = Ni, Pd
S = aromatic solvent

yields a crystalline compound of approximate composition Pd(bgd),l, ,,°
0.52 0-GgH,Cl,. The presence of the solvent could be demonstraed by
elemental analysis and mass spectrometry(see Experimental Section). In
our hands, Ni(bqd), was too soluble in o-dichlorobenzene to give good
yields of a crystalline iodination product. However in toluene,golden
lustrous crystals of approximate composition Ni(qu),io.,,'o. 32 toluene
could be isolated. The solvent incorporation was again assigned by
elemental analysis and mass spectrometry. For Pd(bqd),, the solubility
in hot toluene was too small to allow isolation of crystalline iodinated
materials in sufficient quantities for complete characterization. The above
formulations differ from previous iodination studies on the nickel and pal-
ladium bisbenzoquinonedioximates where solvent incorporation (o-

7,8,13

dichlorobenzene) was apparently not detected. In our experiments,

iodination of Pd(bqd), in o-dichlorobenzene with a greater than 10-fold

—
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excess of iodine produced a dark flaky solid which analyzed approximately
as Pd(qu),&, x =1,5-2,0. Iodination of Ni(bqd), in hot benzene with a
two-fold excess of iodine yielded a dark (not golden) crystalline material
which contained little or no iodine according to standard elemental
analyses. For the crystal of this material chosen for X-ray diffraction
studies (vide infra), neutron activation analysis revealed a nickel /iodine
ratio consistent with the stoichiometry Ni(bqd),, . Thus, our chemical
results indicate that the M(qu)._.Ix stoichiometry has considerably greater
variability than previously thought, both in terms of halogen content and
in terms of the tendency for solvent incorporation. It will be seen that
both characteristics are understandable in terms of the crystal structures
of these materials.

Resonance Raman and Iodine-129 MUssbauer Measurements

Raman spectra of the M(qu),lx- nS materials are presented in Figure 1;
data are set out in Table VI. As was discussed in depth for the M(dpg),I

studies,3 different polyiodide species give rise to characteristic, resonant-

5a, 19

enhanced Raman scattering spectra. Spectra of Ni(bqd),l, s ° 0. 32

toluene and Pd(bqd),l, 5 0.52 o-dichlorobenzene are essentially identical;

a strong emission is observed at 107 cm * and an overtone at 215 cm ™%

These bands are absent in the uniodinated materials. Such a Raman
scattering pattern is characteristic of I,”, the 107 cm™* vibration

corresponding to the totally symmetric I-I-I streteh. %2 19,20
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There is no evidence for free I,, weakly coordinated L,, or any more than

trace amounts of I, in these spectra. As was discussed in the M(dpg),I

work, such species are readily detected in resonance Raman spectra. 3,%a,19

Unlike the diphenylglyoximate systems, no scattering from the M (bqd),
units could be discerned in the iodinated materials. In the iodine-rich
compounds of stoichiometry Pd(qu),lx, x = 1,5-2.0, strong scattering
at ca. 180 cm™! was observed, indicative of weakly coordinated L,

5a, 19

as found in the structures and spectra of materials containing L,

and I, units in close proximity (e. g. (phenacetin),H+I,'- 123’ ' la’
(CB+),(I,-),'I, 5a,19,21b (C,I-l,).N+I," 21’5a, 19,21c

material, Ni(bqd),l, ,,5, no Raman scattering attributable to a polyiodide

). In the iodine-poor

species could be observed.

In an effort to explore the possibility that Raman-inactive I" was

present in the jodinated M (bqd), materials, iodine -129 Mbssbauer>>

studiess’ ba were undertaken. 12 In a cubic or approximately cubic

environment, I” gives a characteristic singlet (s=-0.51 mm /sec, €2qQ=0) -
in the iodine MUssbauer spectrum. Because of the expense of iodine -129

and the very large excesses of iodine necessary to prepare practical
quantities of Ni(bqd),l, .so» 032 toluene or Pd(bqd)ls, ,; 0.52 o-dichloro-
benzene as crystalline samples, it was necessary to study polycrystalline
powders. Several iodinated nickel specimens were prepared by stirring
Ni(bqd), compounds with a stoichiometric amount of 2%, in benzene or
o-dichlorobenzene, then removing the supernatant and washing the solid
product with pentane (see Experimental Section for details). The Raman
spectra of these samples exhibited the characteristic I,” fundamental at
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ca. 108 cm™ and no evidence of appreciable I, or I,. Elemental analysis
showed a Ni:I ratio greater than 1.0. The MUssbauer spectra of these
materials were somewhat broader than normal,3 apparently reflecting
macroscopic or microscopic sample inhomogeneity arising from the
preparative procedure. For this reason the derived polyiodide spectral
parameters are not as accurate as in the M(dpg),I studies,3 and exhaustive |
data refinement was not carried out. Most important, however, is the
information these MUssbauer data provide on the possible presence of I”
or, also, free L, (8 ~ + 0. 98 mm/sec, eqQ ~ -1586 MHz).zzA conserva- ;
tive estimate of the amount of I" which could be present is ca. 3 mole % ;

for free L, this number is ca. 5 mole%.
As already noted, a diffuse X-ray scattering study'> of Ni(bqd),L,

concluded that the form of the iodine present was I,” in agreement with

our spectral results. We find that the diffuse scattering pattern exhibited

by Pd(bqd),L,, g- 0. 52 0-GyH,Cl, (vide infra)is identical to that of Ni(bqd)l, 5, 13
indicating that an identical form of jodine is present, namely I,".

Ni(bgd stal Structure

The crystal structure of Ni(bqd),I, o, is composed of individual Ni(bqd),
units which exhibit no unusual non-bonded contacts. The Ni(bqd), units are
stacked along the crystallographic c-axis, such that the coordination planes
of the Ni atoms are perpendicular to the stacking direction. A view of the
unit cell is presented in Figure 2. Each Niqd), moiety is staggered by approxi-

mately 68° with respect to its nearest neighbors along the stacking axis. - The
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iodine atoms, whose presence was established by neutron activation analysis
of the crystal used in the X-ray diffraction experiment, are presumed, based

upon analogous structures, to be positioned in the channelss’sa""s’ 13 alo

ng
#, 0, z, which exhibit residual electron density.

The Ni atoms in Nibqd),], o, occupy the 4c special positions in the
orthorhombic space group lbam; thus, all Ni atoms are equally spaced along
the stacking axis by c/2 (3.180(2)f). This Ni-Ni distance can be compared with
values of 3. 856(2)% for Ni(bqd), (a monoclinic, slipped-stack sl:mcl:ure)9 and
3.153(3)3 for Ni(bqd),Ly_ 5. . Partial oxidation typically results in a contraction
in the metal-metal distance as illustrated by the nickel metallomacrocycles
Ni(dpg), and Ni(dpg),I (3.547} vs. 3.271(1)},° as well as NiPc24 and NiPel, %% & 1
Pc = phthalocyanine (4. 79} for a slipped-stack structure vs. 3.244(3)1).
Nickel-nickel separations for stacked, unoxidized glyoximate systems are
as short as 3.24} in Ni(CHD),, 2% CHD = 1,2-cyclohexanedionedioximato and
3.25} in Ni(dmg),, 26 dmg = dimethylglyoximato. The shortest Ni-Ni
distances are found in the dimeric, eclipsed face-to-face structures of nickel

macrocyclic compounds A (Ni-Ni = 3,083(1)3)*" and B(Ni-Ni=2.788(2)3.. 28

N/\N
O ’“
N'/ \N‘
N N> -, N
A Rt
In these complexes the nickel atoms are displaced slightly out of the ligand

planes (as defined by the four coordinated nitrogen atoms) toward each other.
Thus, the interplanar spacings are estimated to be 3, 195 (4)27 and 3. 003 (B). 28
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The metal-metal separation in nickel metal is 2.49}. i

The Ni(bqd), unit in Ni(bqd)l, o, has crystailographically imposed symmetry
2/m and is therefore planar. Figure 3 shows the structure of the
molecule and the atom numbering scheme. The bond léngths and angles in
the Ni(bqd), unit are in good agreement with the parameters reported in
Nl(qu),g, and Ni(bqd),], 5. & These values are set out in Table VII.
Pd(bad),],,  * 0.52 0-CyH,Cl, Crystal Structure

The structure of Pd(bqd)l, 4 ‘ 0. 52 0-C,H,Q1, is composed of individual
Pd(bqd), units and I atoms exhibiting no unusual non-bonded contacts.
A view of the unit cell is presented in Figure 4. The Pd(bqd),
moieties are stacked along the crystallographic c-axis, such that the
coordination planes of the Pd atoms are perpendicular to the stacking
direction. Each Pd(bqd), moiety is staggered by approximately 65° with respect to its
nearest neighbors along the stacking axis. The iodine atoms also stack
one above the other in the ¢ direction, filling the "tunnels" along gz created
by the benzo rings of the benzoquinonedioximato ligands. The observed
diffuse X-ray scattering pattern, which is identical to that reported for
Ni(ad),. 5, *° is attributable to the disorder of the iodine atoms along the
stackisg direction. In addition, the o-dichlorobenzene molecules are

believed to reside, in a disordered fashion, in the: tunnels of larger
diameter (along 00z) created by the oxygen atoms and benzo rings of
the benzoquinonedioximato ligands.

s e s il
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The Pd atoms occupy the 4f special positions in the space group P4/mcc;
thus, all Pd atoms are equally spaced along the stacking direction by c/2
(3.184(3)1). This Pd-Pd distance is comparable with the Pd-Pd distances
found in the partially oxidized stacked glyoximate compounds Pd(gly),I
3. 264)1), ¥ g1y = glyoximato, and Pd(dpg)I (3. 26%) ° 2P
are significantly shorter than the Pd-Pd distances found in the corresponding
precursors Pd(gly), (3.558 1)32 and Pd(dpg), (3. 521)31(’ and is only
slightly longer than the Pd-Pd distances in the unoxidized complexes
Pd(bad), 3. 202(1)A); 10 Pd(dme),@. 2531), 2® and

These distances

Pd4(CHD), (3. 2501)25 . All of the above distances are considerably longer
than the metal-metal distance in palladium metal (2. '151).29
The Pd(bqd), unit has crystallographically imposed symmetry 2/m and is required
to be planar. The molecular geometry is essentially that shown for Ni(bqd),- '
L o2 in Figure 3; the atom numbering scheme is the same. The bond lengths
and angles in the Pd(bad), unit of the Pdbad),L, s° 0. 52 o- CyH,Cl, crystal
structure are in good agreement with the parameters reported in Pd{qd),, 10
and these values are given in Pable VII. The most significant differences
in the param eters of the Pd(bqd), units in the two structures are in the
Pd-N(1)-C(1) and Pd-N(2)- C(2) bond angles, 114.0(6) and 115.8(8) in
Pd(bqd),L, w° 0. 52 0-G,H,Q1, and 122(1)° and 124(1)° in Pd(bqd),. 10
Electronic Spectra
Figure 5 presents electronic spectra of the M(bqd), and M(qu),lx compounds
as polycrystalline specimens. Data are compiled in Table VIII, Several
features are noteworthy. For both nickel and palladium systems, iodination
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does not produce a detectable change in the spectra at wavelengths shorter
than ca. 500 nm. Considering the drastic structural change which occurs
upon iodination of Ni(bqd), (monoclinic slipped stack structure with Ni-Ni=
3.856(2)1° —»  tetragonal  stacked structure with Ni-Ni = 3. 153(3)A%)
it seems unlikely that these bands are metal—meta13 (intramolecular

ndz? - (n + 1)p, transitions with borrowing of intensity from metal —
metal charge transfer transitions 83) in origin. Rather, these are, in

all likelihood, M(bqd), molecular transitions. The second noteworthy
feature of the electronic spectra is the appearance of a broad transition

in the 600 nm region upon iodination. We assign a major part of this
absorption to the I;” chains. As discussed elsewhere, such intense

optical transitions are typical of delocalized polyiodides. 3’ 3%

The spec-
trum of (benzamide),H'L,”, which is also a triiodide chain compound >°

is presented in Figure 5 for comparison. A recent polarized single crystal
reflectance si:udy14 of Ni(bqd),k, soand Pd(bqd),k,. soreached the conclusion
that reflectance maxima at 1.6-1.7 eV (775-730 nm)36 in these materials,
which were polarized in the chain direction, were metal-metal (dz* band —
Pz band) in origin. Although such an assignment for the M(bqd), stacks is
reasonable, it must be noted that the intense polyiodide transition should
also be polarized in the chain directionS2Cand that the presence of the k.

chains cannot be ignored in such analyses.




21

Comparison of Metal Bisbenzoquinonedioximate Crystal Structures.

The metrical and oxidation state information contributed by the present
investigation now allows a detailed assessment of the crystal structural
consequences of partial oxidation. A comparison of unit cell data for the
series is compiled in Table IX; bond distances and angles are set out in
Table VII. Inthe nickel system, the unoxidized material, Ni(bqd),, has
a slipped-stack structure. ? A packing diagram, which has not previously
been shown, is presented in Figure 6. As has been noted elsewhere ,8’ e this
arrangement of the planar molecules within the unit cell allows more
efficient packing (as judged by the density) than a stacked arrangement
where the molecular planes are perpendicular to the stacking direction.

In contrast to the Ni(bqd), result, the Ni(qu),,l‘,.02 structure is an

orthorhombic stacked one. Figure 7 compares the packing of all stacked
M('qu),gK structures. The change in crystal structure on proceeding from
Ni(bqd), to Ni(bqd)L, ,, includes a decrease in the interplanar spacing of
0.22}, and a decrease in the metal-metal distance of 0.68%. There is no
significant alteration in metrical parameters within the Ni(bqd), unit

(Table VII). The crystal structure of Ni(qu),lo_o, evidences large tunnels
extending in the stacking direction which contain only a small amount of

iodine, but which may have contained larger quantities of material at some
time during the crystallization process. That polyiodide species (L, I, etc)
were not detected in the resonance Raman examination of this material suggests
the predorhinant presence of iodine ag I” and that the solid state charge distribution
can be formally represented as Ni(bqd), ** '(I')ol a- The presence of undetected

polyiodides (e.g. I,”) would mean that the degree of partial

P ST ST T
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oxidation was lower. Further oxidation of Ni(bqd),

produces'Ni (bqd),], 5! With iodine present predominantly

as I,, indicating a formal charge distribution of Ni(bad), ™ ™ (I, ")y, s0 s -

The oxidation state change is accompanied by an additional 0.0271 contraction

in the Ni-Ni distance. There is no perceptible change in the internal

Ni(bqd), dimensions. Interestingly, the angle of eclipsing between Ni(bqd), units
changes only slightly upon further oxidation(68°-» 65°); however, the relative orien-
tation of the stacks changes appreciably. As can be seen in Figure 7, the effect is to

_provide two sets of tunnels which are nonequivalent in size and in surrounding
environment. The smaller tunnel, which contains the iodine, is of approximate

cross-sectional dimensions ca. 4.8} x 4.8} and is lined with hydrophobic C-H
residues. The larger tunnel is ca. 7.4} x 7.4} in size and is surrounded

by C-H groups as well as more polar oxygen atoms(which are engaged in
hydrogen bonding). These tunnels contain the solvent molecules. In con-
trast to this result, the tunnels in Ni(bqd),, ,, are all crystallographically
equivalent, have both polar and non-polar regions, and d:ffer in size

ca. 5§ x 6}) from those in Ni(bqd),I, s .

The structure of Pd(bqd), is orthorhombic with molecular planes perpen-
dicular to the stacking direction and a 90° eclipsing angle between neighboring
Pd(bqd), units (Figure 7). The degree to which this structure differs from that
of monoclinic Ni(bqd), may not be energetically significant since there ls.evtdenceu(aa
yet unpublished) that Pd(bqd), can also be crystallized in the same monoclinic form
observed for Ni(bqd),. Upon partial oxidation to Pd(bqd), ™" ™(L,),. s Ay the
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Pd-Pd distance decreases by 0. 0191 and the eclipsing angle between the

stacked metallomacrocycle moieties decreases by 25°. A spreading out -

of the lattice in the a-b plane provides tunnels for jodine and solvent

inclusion. The arrangement of groups within the unit cell of Pd(bqd),l,. 5"

0.52 0-GC,H,Q, is identical with that in Ni(bqd),l; 4. Indeed, our refinement

the published Ni(bqd),l,. ,, crystallographic data, 8 reported for a crystal grown from
g—dichlorobeuzene,8 indicates residual electron density in the larger

set of lattice tunnels, i.e.,those which contain solvent in Pdbqd),], 4

0-GeH,Q,. The internal structural parameters of the Pd(bqd), unit

insignificantly upon partial oxidation(Table VII).

Electrical Conductivity

Four-probe, variable temperature c-axis conductivity data for Ni(bqd),-
L, =" 0.32 toluene and Pd(qd),l, & 0.52 o-dichlorobenzene single crystals |
are shown in Figures 8 and 9, respectively. These'and related data are summarized in ‘

Table X. The range of conductivities observed for the Ni(bqd), L, 4 0.32
toluene crystals is fairly narrow for all samples examined. The wider range for

the Pd(bqd),], s 0.52 0-GH,Cl, data includes a single sample of particularly poor
conductivity. Nearly all other values were clustered at the high conductivity end
of the range. Table X also compared the dc conductivity of selected M(bqd),l, ¢ S
crystals with measurements at a frequency of 100 Hz. For M = Pd, there is good
agreement between the techniques. For M = Ni, there is less good agreement,
which is attributed to the integrity of the electrode contacts. The
nickel-containing specimens presented the greatest measurement
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difficulties, .and a large number of crystals were rejected owing to
fractures and to non-ohmic electrode behavior.

It can be seen in Table X that the conductivities of the uniodinated
M(qd), materials are immeasurably low. As has been observed for the
metal bisdiphenylglyoximates and similar macrocycles, partial oxidation

such as to M(qu),"o' kS

results in a large increase in electrical conductivity.
The enhancement for the bisbenzoquinonedioximates is ca. 10° - 108,
Interestingly, considerably lov;rer conductivities are observed for the
Ni(bqd),I, o crystals than for the Nifbqd)o se* 0- 32 toluene crystals.

This may reflect the differences in crystal structure as well as the decreaseil
number of charge carriers generated by the smaller degree of partial
oxidation. In the only other case to date where it has been possible to vary
the apparent degree of metallomacrocycle oxidation, i.e., Ni(OMTBP)Ix,
GMTBP = 1,4,5,8,9,12,13, 16-octamethyltetrabenzoporphyrin,

x = 1.05(1) and 2. 9(3) (odine present as I,"), " the x = 2. 9 materials

appear to be slightly less conductive. The difference is not nearly so

large as in the present case.

The dc conductivities of the M (bqd),],, ' S materials obey eq. (2)

e @)

o =00

over the range of temperatures shown in Figures 8 and 9. The M(dpg),I
compounds exhibit similar behavior. 3
M(bqd),, 4, 8 samples did display a tendency toward levelling-off in the iny. vs.

1/T plot, Efforts to confirm "metal-like"behavior, i.e., decreasing conductivity

At the highest temperatures some

with increasing temperature, by acquiring additional data at even higher
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temperatures, resulted in irreversible sample decomposition. Table X
contains apparent activation energies, A, obtained by a least-squares
fit to eq. (2). The range indicated represents the largest deviation

from the average for the samples plotted. ~As was noted in the discussion

of the M(dpg),I conductivity data, . the thermally activated tempemture
dependence of charge transport in these materials is consistent with either
of two theoretical descriptions: phonon-assisted carrier hopping between
states localized by static disorder, 38 or an activated carrier concentration
in a system with a Mott-Hubbard or some other type of gap. » For the
former model, the disorder in the L, chains would presumably be the
source of the disorder, while for the latter model, the classical Mott-

Hubbard gM)S&l 3%b

is inappropriate for the M(bqd),I, 5,'S bands, which
are ca. 92% filled.

Table X also compares the M(bqd),], ,°S conductivity data with those for
M(dpg),I materials. Even after adjusting the transport behavior for crystal

structure by using the carrier mean free path (eq. (3)), it can be

L - S
seen that the bisbenzoquinonedioximate materials are less conductive.

Apparent activation energies are, however, more comparable (Table X),
and in each bisglyoximate series the , values for the

highest conductor and lowest conductor are similar.

i
|
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CONCLUSIONS

The results of the present investigation indicate that the M(qum@
materials, M = Ni, Pd, are best formulated as M(qu);-s materials
where S represents various amounts of the aromatic solvent employed for
crystallization. As deduced from resonance Raman, I-129 M¢ssbauer,
and diffuse x-ray scattering measurements, che iodine is present as

K7, and thus the M(qu-s materials are indeed partially oxidized.
The formal fractional oxidation state of the M(bqd), units is +0, 17. Bases\
upon estimated uncertainties in stoichiometry and I,” content we assign to

this oxidation state an uncertainty of 0. 02 charge units. It is interesting to

note that the degree of charge transferred in the present case is identical
within experimental error, to that deduced in the bisdiphenylglyoximate

materials, M(dpg),], M = Ni, Pd. Here iodine was present predominantly
as I;” so that the formal oxidation state of each M(dpg); moiety was
+0.20(4). 3

In both benzoquinonedioximate and diphenylglyoximate systems,
partial oxidation is accompanied by contraction in the interplanar stacking
distances. The shortest metal-metal distance observed for a stacked,
partially oxidized metal bisdioximate is 3.153(3) in Ni(bqd),L, 4 S with the

distance in Pd(bqd),l,, ;. 0, 52 O-dichlorobenzene being only slightly longer, i. e. ,
3.184(3)1. Contacts in the M(dpg),I species are somewhat longer with

Ni-Ni = 3.271(1)A and Pd-Pd = 3.25.% These metal-metal distances are greater thar
in K,Pt(CN),Br,, ,,(2.8904'40;3 well as in the integral oxidation state face-to-face
metallomacrocycle dimers [Ni(C, H,,N,)}* (A, Ni-Ni =38 088(1)&)27 and

[NI(C,H, Ny}, (B, Ni-Ni = 2, 788(2) - However, since the nickel atoms
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in the latter two compounds are significantly displaced from the ligand
plmes41 (and toward each other) it is more meaningful to discuss the
interplanar spacing. This value for A is 3.19}, and for B is 3. 004, which
is in better agreement with the stacked bisdioximate parameters. The
attractive forces in the face-to-face dimers are considered to involve
both metal-metal o and § bonding as well as ligand-ligand - bonding. 2 1* 28
It is likely that similar effects are operative in the stacked bisdioximates,
with the result of partial oxidation being to depopulate orbitals (bands) which
are metal-metal (e.g. ndz,42) or ligand-ligand antibondi.ng43 in character.
The lengths of the Ni-Ni and Pd-Pd contacts as well as the relative insensitivity
of the stacking distances to metal identity suggests that the metal-metal
bonding is rather weak. That the interactions do not persist in solution
indicates that the overall attractive forces are not very great. As a point
of reference, the interplanar spacing in Ni(Pc)I is 3.244(3)}, St in graphite
is 3.35%, " and in the TCNQ stacks of typical organic conductors is
3.17-3.30}. - In the absence of some attractive forces, distances in the
3.0} range are considered to be moderately repulsive.46

Partial oxidation of the M(bqd), and M(dpg), materials to the 0, 17-0, 20
formal oxidation state results in an electrical conductivity increase of
10° - 10° in the molecular stacking direction. For Ni(bqd)yl, s,
the small degree of oxidation results in a greatly diminished electrical
conductivity. For the partially oxidized M(bqd), and M(dpg), materials,
there is no clear-cut dependence of the charge transport facility on metal

or interplanar spacing. The approximate order of conductivity is
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Ni(dm)’l > m(dm).l ~ m(md)'lo. 50. s > Ni(md).lo. 50’ s. mere lB no
evidence in the present case that the chains of metal atoms provide the
major conductive pathway, and judging from results on macrocyclic systems

Sb dtbenzotetraazaannulenese) where both metal and metal-

(phthalocyanine,
free species are conductive when partially oxidized, it is likely that the
ligand (i.e., molecular orbitals which are largely ligand in character)

plays an important if not predominant role in the conductivity of the
bisdioximate materials. The temperature dependence of the conductivity

in the present materials is thermally activated with slight, if any, onset

of "metal-like" behavior at highest temperatures. The functional dependence
is reminiscent of "intermediate conductivity'' TCNQ salts, 456 and is
consistent with phonon-assisted hopping of the carriers between states

38

lozalized by disorder,” or with a weakly localized system having a gap

and a temperature-dependent carrier concentration. i
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Table I

Crystal Data and Details of Data Collection and Structure Refinement

Compound

Formula

Formula weight, amu
a, A

b, A

c, A

Vv, A®

Space Group

Z

Ocalc’ B/cm®

Radiation
Crystal shape

Crystal dimensions, mm
Crystal volume, mm?

b
W, cm
Transmission factors
Takeoff angle, deg

Aperture, mm

Scan speed, deg/min

Ni(bqd),L, s

CrHyl,. 02N, NiO,
355. 19
16. 438 (8)
14.759(4)

8. 360(2)

1543. 2

26
Doy,

4

- Ibam

1.443

CuKa

{001} {110} faces,
needle axis[001]
0.8x0.1x 01 F
0.0062

21.9

0.703 to 0.864
4.2

5.5x4.8 32cm
from x1

2.0

Pd(bqd),l; 4 (CeH,Qj)o. 01

Cl'l. “HB. “al. 8210. 478N404Pd

575.07
16. 048(7)
16. 048(7)
6.367(3)
1639.6
Dzh- P4/mcc
4
2.320
MoKa
{001}{110} faces, needle
axis [001]
0.8x0.2x0.2
0.030
23.4
0.619 to 0.697
2.5
4,0x 4.8 32 cm from x1

2.0




Scan range, deg

Background counting times

28 range
Data collected

P

Unique data with F,’ > 34(F2)
Number of variables

R index

34

0. 85 below Ky, to
0. 85 above Ka,

20 sec with rescan
option

3 to 160°

h, k, +¢

0.04
1026
65

0.11

0.85 below X5, to 0. 85 above Ka,
20 sec with rescan option

3 to 80°

hak, ¢ with £ odd terminated at
55° hak, -¢ to 40°

0.03
1278
74

0.052




Table II. Positional and Thermal Parameters for the Atoms of Ni(bqd),L,, .,

a1se X ! TR R IO RS NG —— -
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[ {$ Y] 0.11201102) “0.010920(6 0 ] 3000300 [T24%0 1) 2%5.0020 0. 73008 B <
[ 113] 2.0293%1%) BA247317 ) ] [N 3131 V7559 23.0031 N ALY ) - .
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: Table IV. Positional and Thermal Parameters for the Atoms of Pd(bqd),], 0. 91

o-dichlorobenzene. .
o
A 8
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o 0.90200037) 0.68220(3%) 0 7.380(30) 3.95(23) 35.6019) 1.68023) L} L}
LLEY 0.12319(41) 0.6820061(061) 0 62527 SeT4(s0) 16.5015) 0.76(23) L} (]
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LILY 0.27% 0.757 L} 7.9
nis) 0.3%2 0.664 L] 8.0
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cL 0.068508(96) 012536477 0.1631(18) 27.86(66)
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TABLE VI. Raman Data for Metal Bisbenzoquinonedioximates.

Ni(bqd),: none detected

Ni(bqd),I, ,,: none detected

Ni(bqd),L,, 5,° 0. 32 teluene: 322w, 215w, 153w, 107s
Pd(bqd),: none detected

Pd(bqd),],, 5 0.52 0-GH,ClL,: 322w, 215m, 155w, 107s

®polycrystalline samples, 5145} excitation

P cm ', s = strong, m = medium, w = weak
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- TABLE VII. Electronic Spectral Data for Metal Bisbenzoquinonedioximates in nm (kK).

Compound Nujol mull CHCl, solution
Ni(bqd), 238 (43.0)
318 (31.4) 308 (32.5)
420sh  (23.8) 417 (24.0)
472 (21.2) 455 (22.0)
590 (16.9) 553sh (18.1)
Ni (bqd),1, sa° 0. 32 toluene 220sh  (45.5)
260 (38.5)
315 (31.7)
450 (22.2)
540 (18.5)
650br (15.4)
802 (12.5)
Pd(bqd), 235 @2.6)
295sh  (33.9)
325sh  (30.8) 335 (29.8)
385 (26.0) 393 (25. 4)
440sh (22.7) 505sh (19. 8)
680 (14.7) 650br (15.4)
Pd(bqd),1, ., 0.52 o-C,H,C, 295sh  (33.9)
320sh (31.2)
390 (25.8)
440sh (22.7)

805sh  (18.5)
685br  (14.86)

a
sh = gshoulder, br = broad.

- A albar 4 g .
dos ot un hadia S Sadithanie ol al.
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TABLE IX. Comparison of Unit Cell Parameters for Various Metal Benzoquinonedioximates

a b c d
Compound  Ni(bgd), Ni(bad)l, ;2 Nitbadll, ,,  Pdbad),  Pd(bqd)l,
Space Group Czi-le/n Dzzl? -Ibam D 4‘21-P4/mcc Dgg-lmcb D 4121-P4 /mcc
yA 2 4 4 4 4
a, 1 3.856(3) 16. 438(2) 15. 553(4) 6.405(1) 16.048(7)
b, )1 9.461(6) 14.759(4) 15. 553 (4) 9.728(1) 16.048(7)
&, | 16. 542(12) 6.360(2) 6.307(3) 20. 649(2) 6.367(3)
B,deg 90. 45(6) 90 90 90 90
v, 13 603.5 1543. 2 1525.6 1286 1639.6
Symmetry 1 2/m 2/m 2/m 2/m
imposed on
M (bad),
a‘Refemnce 9
bThis work

CReference 8

d'Reference 10.
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Figure 1. Resonance Raman spectra (v, = 51451) of A. Pd(bqd),L, 5 0. 52
o-dichlorobentene, B. Pd(bqd),, C. Nifbqd),], " 0.32 toluene, D,
Ni(bqd),. Weak transitions in B. and D. at 117 and 77 cm™ " result

~from laser plasma emission.
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Figure 2. View of the unit cell of Ni(bqd),, o, along the stacking direction.

The a-axis is vertical from bottom to top, the b-axis is horizontal to the
right, and the ¢ -axis is towards the reader. The vibrational ellipsoids
are drawn at the 50% level.
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Figure 3. A drawing of the Ni(bqd), molecule in Ni(bqd),, ,, showing the
atom numbering scheme. The vibrational ellipsoids are drawn at the
50% level.







Figure 4. View of the unit cell of Pd(bqd),l, 5,0.52 g—dichlorobenzene

along the stacking direction. The a- and b- axes are in the plane of ﬁe
page, and theg -axis is towards the reader. The vibrational ellipsoids
are drawn at the 50% level; the dark ciréle is an iodine atom.







Figure 5. Electronic spectra of polycrystalline (Nujol mulls) samples of
A. Pdpqd)l, & 0.52 0-GH,Cl;, B. Pdbqd),, C.: Nifbqd)L, s-0.32
toluene, D. Nipbqd),, E. (benzamide),H'L .
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Figure 8. Packing diagram of Ni(bqd), plotted from the data of reference 9.
- Vibrational ellipsoids are drawn at the 50% level.
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Figure 7. Comparison of metal bisbenzoquinonedioximate crystal structures
viewed along the stacking direction.
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Figure 8. Electrical conductivity (dc) of representative Ni(bqd),I, o 0.24
toluene crystals as a function of temperature. Data are measured in the '
crystallographic ¢ direction.
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Figure 9. Electrical conductivity (dc) in the crystallographic ¢ direction of

rq:presénlatlve Pd(bqd),],, s 0.52 o-dichlorobenzene crystals as a function
of temperature.
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