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The crystal and molecular structure of bis(ferrocenecarboxylato)(phthalocyaninato)silicdl)(@&/)gported. The
structure is compared to the only other two fully solved Si(Pc) structures. The size of the Si atom is shown to
vary with the nature of the axial ligands. The implications of this finding for the chemistry and structures of the
[Si(Pc)O} materials is discussed. The cyclic voltammogram4 afianifest four couples. One of these is due

to the ferrocenecarboxylato ligands; this indicates that both undergo oxidation and reduction at the same potentials.
Here the first study of the electrochromic behavior of a complex that also contains a redox active ligand in
addition to the electrochromic centet)(is also reported. The effect of the ligand redox properties on the
electrochromic properties of the Si(Pc) center is discussed.

Introduction have been successfully predicted from initial state molecular
_ 3 _ _ orbital energy level3®
The first silicon phthalocyanine was reported in 196thd We have described the electrochromic properties of some

within a few years a number of oligomeric silicon phthalocya- silicon phthalocyanine thin film& prepared from [Si(Pc)G],
nines containing silicoroxygen backbones were reported. [Si(Pc)(OCHCsHs),], and [Si(Pc)(CHCO,),]. Reversible color
Since then there has been considerable interest in such comchanges were observed for films of all three materials on cycling
pounds and similar polymers in solution and in the solid from neutral to negative voltages (to reduce the Si(Pc) entities)
state?14 and back to neutral. As the Si(IV) does not easily reduce under
Electronic and redox properties of both monomeric and the conditions used, the changes in color are ascribed to changes
oligomeric silicon phthalocyanines have been studied, and somein the oxidation state of the phthalocyanine rings. It was
demonstrated that the axial ligands have a major effect on the
* Authors to whom correspondence should be addressed: J.S., thenature of the color change, and so it was thought worthwhile

Ch?%ﬁ%&%ﬁ t%i'ss\'/\'jé'rlzhg ;%Z%'@gﬁ)@;%ﬂ& anion, @ N> to investigate how a ligand capable of undergoing an oxidation
’ 16IN8; ’ . . . .
and cp= the cyclopentadienyl anion, [8s] . cha_nge itself may r_nod|fy_ the reduction colors of the _Sl(P_c)
¥ The University of Greenwich. during electrochromic cycling. To attempt to address this point
$ University of Essex. we have prepared bis(ferrocenecarboxylato)(phthalocyaninato)-
" Roche Discovery Welwyn. silicon(1V), [Si(Pc)(FcCOO)], 1. We report here the electro-
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as supplied but transferred undes. N1,2-Dicyanobenzene (Aldrich)
was dried under vacuum at 7G overnight but used without additional
purification. In all cases any reaction requiring a nitrogen atmosphere

was carried out in a glassware apparatus that was dried under vacuunelectrode.

(107! Torr) and heating the outside with a hot air gun.
1,3-Diiminoisoindoline. 1,3-Diiminoisoindoline was synthesized
from 1,2-dicyanobenzene by a literature modification of the original

proceduré?
Dichloro(phthalocyaninato)silicon(IV). Si(Pc)C}kwas prepared by
the literature methotlbut the product was isolated at 80 by filtration

Silver et al.

of electrolyte solution. A blank ITO plate immersed in electrolyte in
a matched cuvette was placed in the reference compartment. A silver
wire was placed opposite the working electrode and used as the counter
The required potential for the redox (electrochromic)
experiments was supplied manually using a voltage source coupled to
a multimeter in a serial arrangement.

Microanalysis. Elemental analyses were performed in-house using
a Carlo-Erba 1106 analyzer (C, H, N).

Cyclic Voltammetry. Measurements were made with an EG&G
PAR model 362 scanning potentiostat with a Condeconn 310 interface

using a sintered-glass funnel. The product was rinsed with ethanol to and software. A three-electrode cell configuration was used, with a

remove the remaining quinoline and then Soxhlet extracted consecu-

tively with methanol (12 h), acetone (12 h), and chloroform (12 h).

Cs4H3aNsO4Fe:Si (1). A 400 mL volume of dry 2-methoxyethyl
ether (dried first with NaOH pellets and then by distillation from Na
metal under reduced pressure) was purged by bubblingpiN~10
min under a Natmosphere A 2 g amount of ferrocenecarboxylic acid
was added and the solution brought to reflux. A 200 mg amount of
[Si(Pc)Ch] was added and the mixture refluxed for 90 min. The
solution was then cooled to room temperature and filtered. The blue-
green filtrate was precipitated into 1000 mL of distilled water giving
a blue solid that was filtered out and dried~af0 °C under vacuum.
The product was purified by column chromatography (silica gel 60)
using dichloromethane as eluent. A 96 mg amount of a dark-blue
powder was obtained (yield 28.5%). IR (Nujeljin cm™; intensities
v = very, s= strong, m= medium, w= weak): 644 (w), 722 (vs),
735 (vs), 760 (m), 772 (w), 822 (w), 913 (m), 1021 (m), 1080 (s),
1336 (vs), 1521 (m), 1610 (w), 1673 (s). IR (KBr disk;in cm™
(intensity): 428 (w), 470 (m), 506 (vw), 536 (m), 575 (w), 694 (m),
736 (vs), 761 (m), 781 (w), 822 (w), 915 (m), 1002 (w), 1024 (m),
1066 (m), 1083 (s), 1124 (vs), 1162 (s), 1290 (vs), 1336 (vs), 1376
(m), 1431 (s), 1455 (m), 1474 (w), 1528 (m), 1674 (vs). UVlvis (1-
chloronaphthaleneimax in Nm (absorbance normalized relative to
Q-band at 690): 690 (1.00), 659 (0.17), 622 (0.18), 302 (0.28). UV/
vis (chloroform;Amaxin nm (absorbance normalized relative to Q-band
at 686): 686 (1.00), 656 (0.13), 616 (0.15), 360 (0.284 NMR
(CDCl5; 6 in ppm (nCH (multiplicity bs = broad singlet, s= singlet,
t = triplet, m = multiplet, qt= quartet), total Kyo): 2.16 (2CH (bs),
AHsubs1d; 2.76 (5CH (S), 10khsubsr); 3.18 (2CH (1), 4Hubsr); 8.39
(8Ha (M), 8Hpy); 9.74 (8H (qt), Bhye). FAB/MS (NOBA; m/z(relative
abundance): 988 (13), 892 (4), 769 (20), 677 (15), 657 (5), 621 (6),
577 (6), 415 (10), 391 (30), 260 (33), 121 (100). Anal. Calcd
(found): C, 64.94 (63.30); H, 3.43(3.44); N, 11.22(10.47). These results
are not good, but the X-ray structure proves the composition of the
compound.

Thin Film Preparation. For the electrochromic studies, thin films
of 1 on indium-doped tin oxide (ITO) transparent glass electrodes were
prepared by vacuum sublimation of the powdered material using an
Edwards E306-A vacuum sublimator. Before deposition, the ITO plates
were cleaned in an ultrasonic bath with isopropyl alcohol first and then

rinsed with acetone and deionized water. Deposition was carried out

at 10°° Torr.
Infrared Spectroscopy. Infrared spectra were recorded on a FT-
IR Perkin-Elmer 938 spectrophotometer. Polystyrene film was used

platinum wire working electrode, platinum wire secondary electrode,
and a silver wire reference electrode. The solvent used was dichlo-
romethane with 0.2 M tetrabutylammonium tetraflouroborate as the
support electrolyte. Potentials were internally referenced to the
ferrocene-ferrocenium couple which was set-#8.45 V to the standard
calomel electrode.

X-ray Diffraction Study of [Si(Pc)(FcCOO),] (1). Crystals suitable
for X-ray diffraction studies were grown from chloroform. The crystals
rapidly lost CHC} so they were freshly grown for the data collection
and frozen to minimize solvent loss. Unit cell determination and data
collection on a Rigaku AFC7R diffractometer with graphite-mono-
chromated Mo K radiation ¢ = 0.710 69 A). The crystal was cooled
to 123 K with an Oxford Cryosystems Cryostream coélet. The
structure was solved with direct methods, SHELXS'9@&nd refined
with full-matrix least squares oR? with SHELXL-93"¢ R-values:

R1 = ||Fo| — |Fdll/|Fol; WR2 = W(Fo? — F2)AwW(F,?)?)%5. A disorder
model was successfully refined for one of the two CkHe&blvent
molecules.

Crystal Data for 1:2CHCl3: CsgH3eNsO4SiiCleFe, M = 1237.42,
monoclinic, space group2:/n, a = 10.417(6) A,b = 21.046(9) Ac
= 23.130(6) A8 = 94.22(4), V = 5057(4) B,Z=4,D. = 1.625 g
cm=3, F(000 = 2512, u(Mo Ko) = 0.974 mm?, T = 123 K.
Intensities, ,k4I) of a blue-green needle dimensions 04®.20 x
0.40 mm were collected by the—26 scan method to@nax of 54°. A
total of 11 638 reflections were collected of which 11 032 were unique
(Rnt = 0.0212). Data were corrected for Lorentz, polarization, and
decay (4.7%) but not for absorption. All non-hydrogen atoms were
refined anisotropically; hydrogen atoms located by difference synthesis
were included in the model but not refined. Full-matrix least-squares
refinement of 730 parameters gaké = 0.0326 andvR2 = 0.0845
for | = 20(l) andR1 = 0.0471,wR2 = 0.0942, andS= 1.035 for all
data. The largest difference peak and hol8.706 and—0.789 e A3,
respectively.

Further details of the crystal structure investigation can be obtained
on request from the Director of the Cambridge Crystallographic Data
Centre, University Chemical Laboratory, Lensfield Road, Cambridge
CB2 1EW, U.K., quoting the full journal citation.

Results and Discussion

Crystal and Molecular Structure of 1. The molecular
structure ofl (Figure 1) reveals that both the ferrocenecar-
boxylato units are orientated to the same side of the phthalo-

as a reference for calibration. Samples were examined by reflectancecyanine (Pc) ring rather than to opposite sides as commonly

as thin films on ITO glass or by transmission as Nujol mulls between
KBr plates in the range 4501800 cnt?.

Mass Spectroscopy.Mass spectral data were obtained on a double-
focusing KRATOS MS-50 mass spectrometer by the fast atom
bombardment method (FAB) usirggnitrobenzyl alcohol (NOBA) as
a matrix.

NMR Spectroscopy. The proton magnetic resonance spectrum was
recorded on a Jeol EX-270 Fourier transform instrument. TMS was

used as the reference. The solvent was deuterated chloroform. The

spectrum gave accurate integration.

Electronic Absorption Spectroscopy. All UV —visible spectra were
recorded in 1-chloronaphthalene or as thin films on a Perkin-Elmer
Lambda 2 spectrophotometer.

the absorbance was takiersitu by placing the working electrode coated
with 1 in a 1 cmpath-length cuvette filled with approximately 2 mL

For the solution analysis, the same
solvent was used in the reference cell. For electrochromic experiments

found in structures where ferrocene molecules bind to metals
in macrocyclic rings® In 1 we believe this is caused by
molecular packing (Figure 2) forces. Similar forces may also
be responsible for the tilt of the free cyclopentadienyl ring of
the ferrocenes toward the (Pc) ring.

The average bond angles within the Si(Pc) plane are very
similar to those found in [Si(Pc)(OSi(Gh1)2]*2 (2) and in the

(17) (a) Cosier, J.; Glazer, A. M. Appl. Crystallogr.1986 19, 105. (b)
Sheldrick, G. M. SHELXS-90Acta Crystallogr., Sect. A99Q 46,
467. (c) Sheldrick, G. M. SHELXL-93. Program for crystal structure
refinement, Gtiingen, 1993.

(18) (a) Cesario, M.; Giannotti, C.; Guilhem, J.; Zakrzewski,Atta
Crystallograph.1992 C48 798-802. (b) Cesario M.; Giannotti, C.;
Guilhem, Silver J.; Zakrzewski J. Chem. Soc., Dalton Tran$992
3059-3060. (c)lbid. J. Chem. Soc., Dalton Tran&997, 47—53.
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atom of the carboxylate group is more able to compete for the
oxygen than the Si atom.

The possibility of the variation of the SN bond lengths in
Si(Pc) structures is pertinent to both oxidized and nonoxidized
[Si(Pc)O}, polymers such as those studied by Marks and co-
workers?13 Studies on such polymérs3 made extensive use
of X-ray diffraction powder data to establish the positions of
the Si(Pc) molecules. The interplanar distaA®&&along the
c axes suggest SO bonds between the rings range from 1.615
to 1.618 A (but the errors would be around 0.01 A). Hence
changes in the SiO bond lengths that may occur on oxidation
of the polymer were not detectable or taken into account.
Similarly, Pc core contraction changes were also not detectable.
The only full structural investigation reported in the literature
for a [(RSi(Pc))O] system was highly disordered on the axial
ligands and only refined t8 = 12.7%?1! The errors quoted in
that work are around 0.020 A so the authors could not actually
make in-depth analysis of the bond lengths in the Pc plane.

The Fe-C and C-C bond lengths in the ferrocencarboxylato
ligands of1 are within the usual range found in other structures
containing this ligand? The cp rings in each ligand ih are
eclipsed. The fact that only one oxygen bond to the Si atom
) . o from each ligand makes the nonbonding=C bond lengths
Figure 1. Molecular structure of, (elllpsmds drawn at 50% probability worthy of note. The €0 lengths (1.211(3) and 1.214(3) A)
level, H's atoms omitted for clarity). .

are very small for such ligands and are comparable to those
found in diacetylferrocene (1.217 ®)2but are much smaller
NAERY TR than those reported for ferrocenedicarboxylic &%idthough
L& LA, L) 2 DA / in the latter hydrogen bonding to the acidic H of the neighboring
JM STV NY A molecule lengthens the bond to around 1.26 A). In contrast,
the C-O bonding is much longer. In other compounds
2;% containing ferrocenecarboxylato bonds to métasthe G-0
bond lengths are close to those found in ferrocenedicarboxylic
acid2® so no previous structure shows a-O bond from a
ferrocenecarboxylate bound to a semimetal or metal as long as
1.333(3) or 1.337(3) A as found th  The carboxylate moieties
are nearly coplanar with the cp rings to which they bond (at
angles of 7.51(12) and 6.00(23p the cp planes).

Electrochromic Properties. Thin films of 1 were prepared
by sublimation onto ITO transparent glass electrodes. On
reduction using aqueous KCI (0.1 M) electrolyte the blue-green
(neutral) films changed to blue (Figure 3), but this change was
7 irreversible and usually resulted in film peeling from the
° electrode. The final reduced spectrum had five bands at 378,
500, 612, 688, and 865 nm, respectively. When the potential

+C

L

+a* +b was no longer applied, the spectrum changed and had three main
Figure 2. Packing diagram ofl showing the position of the broad bands at 378, 624, and 867 nm. This final species gives
ferrocenecarboxylato ligands. an IR spectrum that identified it as [Si(Pc)(QH)it gave no

evidence for the presence of a carbonyl stretch (Figure 4) . Thus,
during reduction of the film the axial ferrocenecarboxylato
ligands are replaced.

On oxidation in the same electrolyte some loss of color was
be a consequence of the longer-8§i axial bonds (Table 1) detected (Figure 5) which was not rgversed when the potential
that leave the Si atom needing more electron density. This need"”/@s No I.onger appllgd. The electronic §pectrum of the ret'urned

neutral film was less intense than the original one and manifested

is compensated by the Si atom bonding more strongly to the ) . .
IigatingpN atoms inythe Pc ring. Second? the shorteni%g of the _ashght broadening of the bands. No major new band appeared

Si—N bonds causes a slight lengthening of the adjacer€N " the 350-1100 nm region. No changes in the infrared were
bonds. The other bond lengths in the arene rings are similar toobserved after the oxidation showing that the ferrocenecarboxy-

those in2 and in2a  So overall we see that a contraction away 1) Robers R.M. G- Si N amin B M. Drow M G.B.. Eberhard

from the center in the phthalocyanine core takes plac2tin (19) o2 Jegsr{erﬁ S'SC" %gﬁg*nj+ra?]’;‘érg8 140 rene -G. B.; Eberhardt,

accommodate what must be a “larger” Si atom. The effective (20) (a) Palenik, G. dnorg. Chem197Q 9, 2424-2430. (b) Palenik, G.

size of the Si atom in the Pc plane thus depends on the nature  J.Inorg. Chem.1969 8, 2744-2749.

and distance of the axial ligands. Irthe Si-O bond lengths ~ (21) Churchill, M. R Li, ¥.-J.; Nalewajek, D.; Schaber, P. M.; Dorfman,
A bious| ker than th f J.Inorg. Chem.1985 24, 2684-2687.

of 1.749(2) and 1,751(2) A are obviously weaker than those of 22y cotton, F. A ; Falvello, L. R.; Reid, A. H.; Tacher, J.HOrganomet.

2 (1.678(2) and 1.680(2) A) and provide evidence that the C Chem.1987, 319, 87—97.

two rings of [((CH)3SiO),Si(CHs)OSi(Pc)OSi(Pc)OSi(Pc)OSi-
(CH3(OSi(CHg)s)2]*f (24d), though the bond lengths manifest
some significant differences (Table 1). First, the-Hibond
lengths are significantly shorter in compouhdnd this must




414 Inorganic Chemistry, Vol. 37, No. 3, 1998 Silver et al.

Table 1. Selected Bond Lengths (in A) around the Si Centers in 102,36
the Three [Si(Pc)] Structures 7

1077070 5=

C \
N
NI\C/ \C/Nl

1 / 1

G

c—
/A 6s. : : - . : :
C3 C] 1800 1600 1400 1200 1000 800 600 cm~!
\ . ,
c4/ Figure 4. Infrared spectrum taken from a film df that underwent

C_
) reduction (used for the experiment in Figure 3).

[((CH3)3SiO)Si(CHs)OSi(Pc)OSi(Pc)-

OSi(Pc)OSi(CH(OSI(CHy)s):] (28) e
[SiPc(OSi(CH)3)2] cent of outer
1 ()] Pcring Pcring 2.0000
Si—0 1.749(2) 1.678(2) 1.666(4) 1.657(4)
Si—0 1.752(2) 1.680(2) 1.666(4) 1.706(5) 1. 5000
Si—N 1.900(2) 1.924(2) 1.926(5) 1.928(3)
Si—N 1.905(2) 1.922(2) 1.926(5) 1.914(6) A
Si—N 1.907(2) 1.918(2) 1.924(5) 1.924(4) 1. 0000
Si—N 1.911(2) 1.915(2) 1.924(5)  1.921(6)
N—C; (av) 1.385(2) 1.375(4) 1.377(8)  1.379(7)
N:—C; (av) 1.319(2) 1.32(4) 1.316(7) 1.320(8)  ©-so0
C1—C; (av) 1.448(3) 1.449(4) 1.448(8)  1.441(7)
C,—C; (av) 1.391(3) 1.386(5) 1.381(9) 1.383(7) o = \ N
C,—C3 (av) 1.399(3) 1.391(3) 1.390(9) 1.386(7) > ) - ST
Cg_ C4 (aV) 1388(3) 1380(6) 1376(10) 1376(8) 400.0 500.0 600.0 700'.“"0 800. 0 800.0 1000.0 1100.0
Ca=Ca(av) 1.4003) 1.385(2) 1.382(11)  1.387(8) Figure 5. Electronic absorption spectra of a thin fim bon an ITO
a Av = average of the distances. transparent glass electrode under positive potentials dgltg V for
the final spectrum (oxidation) in 0.1 M KCl aqueous elecrolyte showing
2 oooo a loss of color. Arrows indicate the direction of change.
2. 4000 1. 5000 ——
1. 2000 J
1. 8000
i 0.9000  ~ T
1. 2000
Ao b
0. 6000 -1
0. 6000
0. 0000 0.3000 ? ?
400.0 500.0 £00. D 700.0 B0D.D 900.0 1000.0 1100.0 B
nm 0. D000 T T T T T T T a—
Figure 3. Electronic absorption spectra of a thin film dbn an ITO 400.0  S00.0 8000 700.0  ©00.0  900.0 1000.0 1100.0
transparent glass electrode during the process of reduction using a 0.1 "

M KCI aqueous electrolyte. The original blue green film (labelled a) Figure 6. Electronic absorption spectra of a thin film bfon an ITO
changes to blue (labeled b). Arrows indicate the direction of the band transparent glass electrode under oxidation (potentials uplt@ V
changes under negative potentials (up-tb.0 V) in the penultimate for the final spectrum) in a 0.1 M KBr aqueous electrolyte. Arrows
spectrum. The final spectrum obtained after cessation of the negativeindicate the direction of change.

potential shows three broad bands labelled b.

lato ligands remained on the complex. There were some verythe reduction process was identical to that in the KCl case. This

minor changes around 46600 nm in the oxidized spectrum  Was expected as the same fons would enter the film for
(Figure 5) that may be due to the oxidized ligand. These then charge.balance in each case. However, on oxidation the results
disappeared when the potential no longer applied. It seems thatvere different (Figure 6). New bands were observed at 580
the presence of the ferrocenylcarboxylato ligands affects the@nd 884 nm, and the band in the Soret region increased
stability (on reduction) and properties of the films. More significantly in intensity. (We believe this latter band grows
evidence for this was found from the cyclic voltammetry due to the formation of bromine). There was a smaller change
analysis carried out on compoufid The films could be voltage i the 406-500 nm region which may again be associated with
cycled between the oxidized and neutral state arousdirh@s the ferrocenecarboxylato ligand being oxidized or may be part
before the films manifest obvious fading. of the tail of the bromine spectrum. These changes in oxidation
When the aqueous electrolyte was changed to 0.1 M KBr, were also found when a film df was exposed to bromine vapor
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Figure 7. Electronic absorption spectra of a thin film dfon glass. g
The film was oxidized by Brvapor, and then removed from the vapor. om0 1o00 0o 1200 1000 a0 o0 ot
Spectra were then taken at 100 min intervals. They show the changes
occurring as the Brvapor is released from the film.

b

(see time scans taken every 100 min showing release of vapor =
(Figure 7) and further discussion after the following paragraph).
Infrared spectra of the species obtained after releasing the
oxidation potential in the KBr electrolyte had a number of
changes compared to the original neutral film; particularly, the
C=0 stretch moved to 1684 cthfrom 1670 cm! and several
other changes were apparent, with several bands changing
position or relative intensity. However, this neutral to oxidized
species can be cycled. Thus we suggest that the changes in
the infrared of the returned to neutral species that occur through
release of the oxidation potential are likely to be the result of
either a phase change caused by theiBns entering the films
when they oxidize, or at least they indicate more porous films. ..} .

1

T T T T
1200 1000 800 600 em!

RS

Such phase changes generated by electrochromic cycling have ** 1000 w0
been observed previoust§?® &¢ In addition the ferrocen- ~ Figure 8. (a) Infrared spectrum of a thin film df on glass before
ecarboxylato ligands which are also oxidized during this process &xPosure to Brvapor. (b) As in (a) except after exposure te Bapor.

Note change in position of the=€0 stretch to 1689 cnt compared

will remain oxidized on release of the potential and some Br to that in (a).

ions will remain in the film to balance this charge. On oxidation
the Br ions in the lattice (not associated with the oxidized change is due to film expansion and manifests itself in the
ferrocenecarboxylato entities) near the electrode lose electronsinfrared spectra more than the electronic spectra. If it had been
to generate bromine. When the potential is no longer applied, a full phase change, we would have expected more change in
then the oxidized species are slowly reduced by the surroundingthe electronic spectra as seen for instanae &amd-[Fe(Pc)]23¢

chemical environment in solution. The Bions flow out of It should be noted that oxidized ferrocenecarboxylato groups
the film during this process, and the Bmnolecules probably  would not be expected to alter the electronic spectra of the
first reoxidize some of the molecules bbecoming Br ions. complex much as the extinction coefficients of the ferrocene
These ions then flow out as the reoxidized molecule$ afe type molecules are very small. From these observations we
in turn reduced. However, the Biions balancing the charge  conclude that when an oxidizable ligand is present on Si(Pc) it
on the oxidized ferrocenecarboxylato ions remain. takes part in the oxidation cycle and if stable in its oxidized

The infrared spectrum obtained after the chemical oxidation form remains in that state causing changes in the film structure
process has had time to reverse is also different to that of theif the potential is released. However if it is cycled back to
original neutral film (Figure 8a) though the electronic spectrum neutral under an applied potential, it will be reduced.
is very similar. The €O band in this case is at 1689 ch Cyclic Voltametry. Four redox processes were observed for
and other changes are apparent (Figure 8b). ThenBfecules 1 (Table 2). By comparison to ferrocenecarboxylic acid itself,
instantaneously oxidize the exposed filmsloks they enter  the redox process due to the latter ligand in compobiiglat

becoming Br ions and then on removal of the films from the = 0.69(2) V relative to the S.C.E. Hence, the other three redox
Br, environment the process slowly reverses. Thus on oxidation processes are due to the macrocyclic ring.

the films expand to accommodate the Bons. Again, as seen In the main group pthalocyanines the first oxidation potential
from the C=O stretch in the final infrared spectrum, the s separated from the first reduction by around 1.5 V which is
ferrocenecarboxylato ligands are still oxidized. said to correspond to the magnitude of the energy difference

From the changes in the final infrared spectra and the lack petween the HOMO and LUMO (except for the cases where
of change in the final electronic spectra of both the electro- the metal ions are not in the macrocyclic plane, for example
chemical and chemically oxidized films when returned to their pr+ or Cc8*).14 However, it has been established that the
neutral states, we conclude that the films are more porous. Thisindividual potentials for the first ring reduction and first ring
oxidation do vary and are functions of the polarizing potential

23 ia)Bzii\fgég';(lﬁ;lfgisd Pl'ég'fyz’ Péﬁfg]ﬁ’ 'E’L')Jrs"\if\?éfr' Jc.hfﬂl‘(leiglp _ of the central metal ion (taken as charge/radzestf). It has
Houlton, A.: Howe, S.. Hey, P.; Ahmet, M. T. Mater. Chem1992 ~ been shown that the more polarizing the central metal ion, the

2, 849-855. more difficult it is to oxidize and the easier it is to reduce the
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Table 2. Main Group Element Pthalocyanines Exhibiting Redox Processes Occurring at the Ring Alone, the Metal or Metalloid Center

Remaining Invariant (All in V versus SCE)

oxidn potentials

redn potentials

compd 2nd 1st other oxié@n 1st 2nd solvent ref
1 1.23(2) 0.69(2) —0.55(2) -1.02(2) CHCI, this work
4 —0.54 —1.14 DMF 14
3 1.00 —0.90 —1.48 CHCl, 24
CIGd"Pc 0.86 —0.74 —1.14 DMF 14
Clin"Pc 0.83 -0.72 —0.95 DMF 14
Cd'Pc 0.88 0.54 -1.17 DMF 14
Hg"Pc 0.25 —-1.30 DMF 14
Mg"Pc 1.26 0.65 —0.92 —1.26 DMF 14

a Oxidation potential of the ferrocenecarboxylato group4.in

macrocyclic ringt* Linear plots of ze/r against the first
oxidation and first reduction potentials have been obtained for
many M(Pc) speciek¥’ On the reduction plot [(GAM),Si(Pc)]
(O*Am = tert-amyloxy) with a reduction potential 6f0.540

V fitted very well, though no oxidation potential was given for
the compound?

Compoundl has a first reduction potential 6f0.55(2) V,
which is in keeping with the above, and its first oxidation
potential of 1.23(2) V is not too far from the straight line
established for the first oxidation potentidfs.However for
compoundl the separation between the first reduction and
oxidation potential is 1.79(4) V. This separation value is close
to that of [((n-GH13)3SiO)Si(Pc)] () which has a value of 1.90
V.24 |t is worth noting that such separations of 1.79 and 1.90
V match well the splitting of 1.86 eV between thg, and g
levels seen in ref 26 and of 1.80 eV (see discussion of the
electronic spectrum) in this work fdr. We note in agreement
with Leveret al1425that the first reduction potential f@&does
not fit the polarization plot, whereas thoseloflo. It might be
expected that compourlhas a geometry around the Si atom
very similar to that of2, whereas we expect the-SD bond
length in [(O! Am),Si(Pc)] @) is more likely to be similar to
that found inl1 as in 4 the O atom bondsota C atom.
Compoundsdl and4 would then be expected to have oxidation

of 1 in aqueous media (due to its insolubility) so it could not
be compared to the thin film on reduction. In &, 1 could
be reversibly cycled betweenl.5 and 1.0 V without serious
change to the cyclic voltamogram. So in the absence of water
no evidence was found for the replacement of the ferrocen-
ecarboxylato ligands. This was quite different from the thin
films.

Electronic Spectrum. The UV—visible absorbance spectrum
of 1in 1-chloronaphthalene shows the Q band at 690 nm which
corresponds to 1.80 eV. This corresponds to the difference
between the HOMO and the LUMO orbitals and therefore to
the difference between first oxidation and first reduction
potential 0f1.2526 The spectrum in the thin films (Figure 3)
show that in the solid state the Q band is centered at 710 nm.

NMR Spectra. The positions of théH resonance’s i are
in keeping with the presence of large ring-current effé¢gs?
The resonances of the ferrocene carboxylate groups all show
substantial high-field shifts compared to the positions of such
moieties in the absence of a macrocyclic ring current. Itis worth
comparing théH resonances of the ferrocenecarboxylate group
with those reported for the related [GeTPP@F¢»). The inner
cyclopentadienyl rings il give rise to an AABB' multiplet
that arises as the ring is fixed as%nthough inl the overall
the shifts caused by the macrocyclic rings currents are less as

and reduction potentials that are close to each other, and Weihe cyclopentadienyl ring is further from the macrocycle. The

would expect compounglto have different values. The shorter
Si—0O bonds in3 would mean the polarizing power of the Si

atom in this compound is less great in the Pc ring and hence it

is more difficult to reduce.

The oxidation potential of the ferrocenecarboxylato groups
in 1is 0.69(2) V; they apparently undergo simultaneous rather
than sequential oxidation and reduction. By the cyclindlof
between 0 and- 1.2 V, it was established that the ferrocen-
ecarboxylato ligand could be reversibly oxidized without
decomposing the complex. This is in keeping with the oxidation
of the thin films which were also reversible. The oxidation
potential of the ligand is close to that of ferrocenecarboxylic
acid, 0.65(2) V, in the same solvent. It is therefore just harder
to oxidize this moiety when it is complexed to Si(Pc) than it is
uncomplexed. In ChC1; the ferrocenecarboxylic acid is likely

to be partially deprotonated, but it has not been established

whether it is a monomer or not. The second reduction potential
of lisat—1.02(2) V. It was not possible to verify the behavior

(24) De Wulf, D. W.; Leland, J. K.; Wheeler, B. L.; Bard, A. J.; Batzel,
D. A.; Dininny, D. R.; Kenney, M. Elnorg. Chem.1987, 26, 266—
270.

(25) Lever, A. B. P.; Milaeva, E. R.; Speier, G. Ihthalocyanines,
Properties and Applicationd_eznoff, C. C., Lever, A. B. P., Eds.;
VCH Publishers: New York1993 Vol. 3, pp 1-69.

outer cp ring protons ol give rise to a singlet showing the
rings rotate freely in solution just as found %72

Mo'ssbauer Spectroscopy.Compoundl manifests a quad-
rupole splitting AEg) of 2.33(1) mm s?, which is closer to
that of ferrocene itself (2.37(1) mmY than it is to ferrocen-
ecarboxylic acid (2.23(1) mmg). These data, which while
showing that il the ferrocenecarboxylato ligands are electron
deficient at the iron center compared to ferrocene itSefft
also show that the deficiency is only small. This shows that
the [Si(Pc)] moiety inl is not pulling as much electron density
from the ferrocenecarboxylato ligands as the proton does in the
parent acid. This finding is in keeping with the long—%)

(26) Hush, N. S.; Woolsey, |. ol. Phys.1971 21, 465-474.

(27) (a) Maskasky, J. E.; Kenney, M. E.Am. Chem. So&971, 93, 2060—
2062. (b) Wheeler, B. L.; Nagasubramamian, G.; Bard, A. J,;
Schechtman, L. A,; Dininny, D. R.; Kenney, M. E.Am. Chem. Soc.
1984 106, 7404-7410.

(28) Houlton, A.; Miller, J. R.; Roberts, R. M. G.; Silver,d.Chem. Soc.,
Dalton Trans.199Q 2181-2184.

(29) Houlton, A.; Miller, J. R.; Roberts, R. M. G.; Silver,dl.Chem. Soc.,
Dalton Trans.1991, 467—470.

(30) Houlton, A.; Brown, R. A.; Roberts, R. M. G.; Silver, J.; SladeJE.
Chem. Soc., Dalton Tran§993 1519-1523.

(31) Brown, R. A.; Houlton, A.; Howe, S. D.; Roberts, R. M. G.; Silver,
J.J. Chem. Soc., Dalton Tran%993 3329-3332.
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bond and the resulting SN bonds found in the structure. Thus tions as the influence of such an effect has not been considered
the carboxylate groups need little electron density from their in the structure of [Si(Pc)@Jpolymers when partially oxidized.

ferrocenes. ) . . . The electrochromic properties dfare very different from

We have previously found a linear relationship between oy previous findings due to the presence of the ferrocenecar-
oxidation potential and\Eq * for substituted ferrocenes. The  poxylato ligands. During reduction of the films bthis ligand
oxidation potential and\Eq for 1 does not fit this relationship,  pecomes electron rich and is replaced on the the Si(Pc) by OH
and indeed the oxidation potential is close to that of the parent,,s  The fate of the ferrocencarboxylato species when the

ferrocenecarboxylic acid. We believe this is due to the fact replacement takes place was beyond the scope of this work.
that on oxidation there will be a total change in the bond lengths On oxidation of the films of1 in aqueous solution the

of the Si-O(C=0)Crrocencareas of the molecule. We note
that a similar oxidation potential for the ferrocenecarboxylates
was found in the Cu sal®;we found that the latter compound
also has a\Eg value close to that of ferrocene itséif.Thus it
appears that when oxidation potentials are affected by bonding
remote from the iron atom in the ferrocene, then the relationship
we previously found breaks dowA.

ferrocenecarboxylato ligands become oxidized and appear to
remain oxidized when the potential is released. However if the
films are reduced from the oxidized state to the neutral state,
the ligands are also reduced. The latter observation is in keeping
with the cyclic voltammetry results in Gi&l,. In CH.Cl, 1
could be cycled between the oxidized and reduced states
reversibly.

Conclusions i ) )
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