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CONDUCTING POLY(3-ALKYLTHIOPHENE)-IRON(II) COMPLEX

by JIAN PING GAO

ABSTRACT

The thesis is divided into two parts. In part I, the monomeric and dimeric metal carbonyl
complexes, M(CO)g (M = Cr, Mo, W). CpMn(CO)3 (Cp = n3-CsHs), 6-CgHg)CK(CO)3,
[CpFe(CO)»ly, [CpMo(CO)5l5, Mny(CO)y and  rrans-I(CO)CI(PPh3),, have been
embedded 1nto polystyrene (PS), poly(methylmethacrylate) (PMMA) and poly(styrene-
acrylonitnle) (PSAN) polymer film matrices. The environments experienced by the metal
complexes as a funcdon of the polymer type have been characterized by vibrational
specroscopy and have been compared with those of the structurally-related solvents
toluene, ethyl acetate and acetonitrile, respectively. Several of films have been subjected to
UV 1rradiation 1n order to study the solid-state photochemistry of metal carbonyls in donor
and non-donor polymer matrices and the effect of the polymer microstructure on the
photodecomposition of the complexes. lodine oxidation of the dimeric complexes in
different polymer films and the chemucal reactivity of Vaska's complex in PS upon exposure
to the simple molecular gases, Hy, O, CO, SO, and I have also been examined.

In part II, treatment of an electrically-nonconducting copolymer of 3-methyl- and 3-
hexylthiophene with [CpFe(CO),(H,C=CMe,)]BF4 gave an electrically-conducting
materal (0 = 103104 Q1 cm‘l). The IR, UV and NMR spectra of this material and of
model complexes suggest that [CpFe(CO)2]+ residues, which are attacned to the sulfur

atoms of the thiophene rings of the copolymer backbone, induce the improved conductivity.




FILMS POLYMERIQUES COMME MILIEUX EN CHIMIE ORGANOMETALLIQUE,
ET
PREPARATION ET CARACTERISATION D'UN COMPLEXE
POLY(ALKYL-3 THIOPHENE)-FER(II) ELECTRIQUEMENT CONDUCTEUR

par JIAN PING GAO

RESUME

La these est divisée en deux sections. Premi¢rement, les complexes métal-carbonyle
monomériques et dimériques M(CO), (M = Cr, Mo, W), CpMn(CO); (Cp = n5-C5l{5),
(n8-C¢Hg)Cr(CO)5, [CpFe(CO)4l,, [CpMO(CO)3l5, Mn,COyq et trans-IrCI(CO)PPh,),, ont
été noy€s dans des films polymériques constitués de matrices de polystyréne (PS),
polymétacrylate de méthyle (PMMA) et du copolymére polystyréne/polyacrylonunie
(PSAN). Les interactions entre les complexes métalliques et leur environnement ont été
caracténsées par spectroscopie vibrationnelle et ont €té comparées avec celles obtenues dans
les solvants apparentés: le tolugéne, l'acétate d’éthyle et 'ac€tonitnile respecuvement
Plusieurs films ont ét€ soumis 2 l'irradianon per UV pour étudier la photochimie des
carbonyles métalliques dans différentes matrices polyménques ansi que leffet de la
microstructure du polymcre sur la photodécomposition des complexes. L’oxydauon par
I'iode des complexes dimériques dans différents films de polyméres et la réactuvité du
complexe de Vaska dans le PS suite & I’exposition aux gaz moléculaires sumples tels Hy, O,,
CO, SO, et I, a aussi ét€ examinée.

Dans la deuxiéme partie, le tmaitement avec {CpFe(CO),CH,=CMe,)|BF, d’un
copolymere électriquement non-conducteur constitué de méthyl-3 et d’hexyl-3 thiophene a
donné un matériau conducteur (o = 103.10* Q'em!). Les spectres IR, UV et RMN de ce
matériau ainsi que de complexes modeles suggerent que les résidus {CpFe(CO),|*, qui sont
attachés aux atomes de soufre des anneaux thiophene intégrés dans la chaine du copolymere

induisent ’amélioraton de la conductvité.
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CHAPTER 1. General Introduction

Metal-polymer systems are important from both practical and theoretical standpoints.
Current research 1s directed towards the optical, electrical, photochemical, mechanical,
catalyuc and biomedical applicanons of these matenals.! For example, thermal-
decomposttion of W(CQ)g in polycarbonate polymer solution produces a dark blue muxture
and castings of this polymer solution are capable of absorbing near-IR radiation and are
useful as optical, e.g, ophthalmuc lenses.? Reaction of poly(Vbpy) (Vbpy = 4-Methyl-4'-
vinyl-2,2"-bipynidine) with cis-Ru(bpy)oCl, (bpy = 2,2-bipyridine) gives rise to the polymer
pendant {Ru(bpy)3]2+, which is a potential catalyst for solar energy conversion.3 In
addition, heme and 1-(2-phenylethy!)imidazole embedded in polystyrene reversibly bind Oy
in the presence of water,* while polyacetylene containing ferrocenyl groups becomes a
much better electrical conductor when exposed to 125. From a theoretical point of view, the
latter two examples are valuable as models to understand the biochemical processes
occurring 1n nature and the conduction mechanisms 1n polymers.

There are several different ways of incorporating metal complexes into organic polymers.5
For instance, the metal species can be attached to the polymer via reaction of pendant

functional groups with metal complexes [Scheme 1-1].

1. (a) Zeldin, M.; Wynne, K.J.; Allcock, H.R.(eds) Inorganic and Organometallic Polymers
Amernican Chemical Society, Washington, DC, 1988. (b) Sheats, J.E.; Carraher, C.E,;
Pitman, C.U.Jr.(eds) Metal-Containing Polymeric Systems Plenum Press, New York, 1985.
(¢) Carraher, C.E.Jr.; Sheats, J.E.; Pittman, C.U.Jr. (eds) Advances in Organometallic and
Inorganic Polymer Science Marcel Dekker, Inc. New York, 1982.

2. Vance, J.D. US Patent 4464 525,1984.

3. Kaneko, M.; Yamada, A. In ref. 1(b), p249.

4. Wang, JH. J. Am. Chem. Soc. 1958, 80, 3168.

5. Camus, A.; Faruffini, V.; Furlani, A.; Marsich, N.; Ortaggi, G.; Paolesse, R.; Russo, M. V.
Appl. Organomet. Chem. 1988, 2, 533.

6. Clair, A.K.St; Taylor, L.T. inref. 1(c), p95.




& Rh(PPh;),Cl
x
P(Ph), Ph—li’—-Ph
Rh(PPh;),Cl
Scheme 1-1

Polymerization of the vinyl group attached to metal moieties has been studied extensively,
particularly by Pittman and coworkers.” They have prepared and copolymerized several
monomers such as: (styrene)tricarbonylchromium(0), n-(2,4-hexadien-1-yl acrylate)-
tricarbonyliron(0), and (vinyl-cyclopentadienyl)tricarbonylmaganese(l). They have also
thermally decomposed polymers containing Fe(CO)3 or Cr(CO)3 fragments i wr to give
Fe;03 and Cery as fine powders [Scheme 1-2].8  This 1s an interesting method of

preparing metals or metal oxides highly dispersed in a polymer medium.

—(——-CHg——CH——)—n
_/—\_ _ABN ,C=0
CHj CHz-O"I(I:— CH=CH, CH2

Fo(CO)3 L benzcne Fe(CO),

0,, 200 °C

Crosslinked Polymer + Fe,0,

Scheme 1-2

7. Pittman, C.U.Jr.; Rausch, M.D. Pure & Appl. Chem., 1986, 58, 617.
8. (a) Pittman, C.U.Jr.; Ayers, O.E.; McManus, S.P. Macromolecules, 1974, 7, 737. (b)
Pittman, C.UJr.; Ayers, O.E.; McManus, S.P. J. Macromol. Sci.-Chem. 1973, A7(8), 1563.



Polymers with metal-containing groups on the main chain (e.g., poly-1,1'-ferrocenylene)
can be made by vanous monomer coupling reactions [Scheme 1-3].9 Recently, the metal
vapour deposition method has been applied to the formation of metal-containing polymers

and polymer-supported cluster species (Scheme 1-4].10

o —
CG??‘ Ommr
Fo Ni(PPh,)4 Fle
DMF
- ” -
Scheme 1-3
6 \Y aloms 6 V. oms 6
QT 979
V awoms
\ j 20K
6 v aoms 6
20k Vs
atoms g 9
20K
V collowd
Scheme 1-4 (Adapted from ref.10.)

9. Neuse, EW. in ref. 1(¢), p3.
10. Francis, C.G.; Ozin, G. A. inref. 1(c), pl167.




The chemistry of organometallic complexes embedded in solid polymer matrices is another
interesting area that has received relatively little attenton and consututes the focus of the
first part of this thesis. The practice of embedding organometallic compounds into polymer
matrices tn order to study thewr photochemustry dates back to 1961 Massey and Orgel!!
reported that dissolution of group VIB metal hexacarbonyls (M(CO)O, M = Cr, Mo, Wi a
benzene solution of polymethylmethacrylate (PMMA) followed by evaporation of the
solvent leaves a film containing the organometallic {Scheme 1-3}. This method, known as
solvent casting, has become the most commonly used method to embed organometallic
complexes in polymer films. Subsequent UV wrradiation of the PMMA films at room
temperature caused them to change from colourless to yellowish, presumably because ot the
formation of M(CO)5 photofragments Over the next 15 years, little additional work 12 was
done until Galembeck, De Paoli and coworkers reported their results of the effects of UV
light on polytetrafluoroethylene (PTFE) and polyethylene (PE) films containing Fe(CO)g in
the absence and presence of ligands such as olefins, dienes and acrylic acid.!3.14.15.16 ¢
prepare their samples, they soaked the polymer film first in liquid Fe(CO)g for 24 h, and
then in neat alkene (L), or placed it under alkene gas for 24 h [Scheme 1-6]. On the basis of
their IR spectra in the carbonyl stretching region, the photoproducts were indentified as
Fe,(CO)g, Fe(CO)4L, Fe(CO)3L,. Presumably, the monomenc species have either the high
mobality or the high concentrauon in the polymer bulk necessary for the occurrence of a

bimolecular photoreaction.

11. Massey, A.G.; Orgel, L.E. Nature(London) 1961,1387.
12. Mclntyre, J.A. J. Phy. Chem. 1970, 74,2403.
13. Galembeck,F. J. Polym. Sci. Polym. Chem. Ed. 1978, 16,3015.

14. De Paoli, M.A.; Tamashiro, T.; Galembeck,F. J. Polym. Sci. Polym. Lett. Ed. 1979, 17,
391.

15. Galembeck, F.; Galembeck, S.E.; Vargas, H,; Ribeiro, L.A.; Miranda, L.C.M.; Glizoni,
C.C. In: Surface Contamination Mital, K.L.(ed.), Plenum Press, New York, 1979, Vol. |, p
57.

16. De Paoli, M. A.; Oliveira, M.; Galembeck, F. J. Organomet. Chem. 1980, 193, 105.




Polymer Film

+ evaporation of solvent .
Organometallics - Containing
room temperature
(solution) Organometallics
Scheme 1-5

Film Containing

souked 1n FetCO)s Fe(CO)g in neat or gas alkene
24 h 24 h
PE or PTFE Film Film Containing
Fe(CO)s + Alkene
Scheme 1-6

The low-temperature gas matrix isolation method has been extensively used to study
photochemical processes of transition metal carbonyls and to isolate rather air-sensitive,
unstable species.!” For example, Cr(CO)5-matrix (matrix = Ne, Ar and CHy) can be
generated 1n the corresponding matrix by UV photolysis of Cr(CO)().18 Low-temperature
matrices such as the inert gases, CH4 and N, necessitate expensive cryogenic equipment
and a special high-vacuum system. Matrix isolation in a polymer was first regarded as a
simple and inexpensive potential alternative method that could be used over a wide

temperature range. Rest and colleagues have studied the photochemistry of organometallic

17. (a) Burdett, J.K.; Downs, A.J.; Gaskill, G.P.; Graham, M.A_; Turner, J.J.; Turner, R.F.
Inorg Chem. 1978, 17, 523. (b) Crayston, J.A.; Almond, M.J,; Downs, A.l.; Poliakoff, M.;
Tumer, J.J. Inorg. Chem. 1984, 23, 3051.

18. Perutz, R.N.; Turner, J.J. J. Am. Chem. Soc. 1975, 97, 4791.




complexes in cast polymer films throughout the 12-300K temperature range. ! Thus research
team used poly(vinyl chloride) (PVC),20:21.22 poly(viny! alcohol),23 paratfin wax., and Nujol
mull as matrices.** Intermediates such as CpFe(CO)3FeCp with three bndging carbonyls
and free CO were observed upon wrradiating [Cch(CO)Z]Z in PVC film at low temperature
Photolysis of CpM(CO)3R (M = Mo, W, R = CHj, CH,CH3) mn PV C at room temperature
led to the detection of several products (e.g., CpM(CO)3Cl, CpM(CO) 3H, [CpMCOI3]H)
by IR spectroscopy. Tannenbaum, Goldberg and Flenniken<S have uulized the method of
decomposing Fe(CO)4 1n cast polymer films by UV irradiauon or thermal heating to prepare
uniform composites of polymer and metal or metal oxide with small particle size Finally,
Stufkens, Oskam and colleagues26 have investigated the photochemustry ot the metal-metal
bonded species such as (CO)sReMn(CO)3(i-Pr-DAB) (DAB = 1,4-diaza-1,3-butadiene) 1n
PVC films to yield (CO)3Mn(i-Pr-DAB)Re(CO)3 [Scheme 1-7].

/ \ T / \ M{c-(—)co
/\ \N_H oc\’/co /L———/\F?—/ \co

hv ~N N
Re Mn R A
o | l\ -2CO \Re/
co o™ I o
co co
co
Scheme 1-7

19. Hitam, R.B.; Hooker, R.H.; Mahmoud, K.A.; Narayanaswamy, R.; Rest, AJ. J.
Organomet. Chem. 1981, 222, C9.

20. Hooker, R.H,; Rest, A.J. J. Organomet. Chem. 1983, 249,137.

21. Hooker, R.H.; Rest, A.J.J. Chem. Soc., Dalton Trans.. Chem. 1984, 761.

22. Hooker, R.H.; Mahmoud, K.A.; Rest, A.J. J Chem. Soc., Chem. Commun. 1983, 1022.
23, Bloyce, P.E.; Hooker, R.H.; Lane, D.A,; Rest, A.J. J. Photochem. 1988, 98, 525.

24, Mascetti, J.; Rest, A.J.J. Chem. Soc , Chem. Commun. 1987, 221.

25. Tannenbaum, R.; Goldberg, E.P.; Flenniken, C.L. in ref. 1(b), p303.

26. Kokkees, M.W.; Stufkens, D.J.; Oskam, A. Inorg. Chem. 1988, 24, 4411.



[nuial interest in this area in our laboratory arose from studies of the mechanical spectra of

polystyrene stnps containing organometallic complexes dispersed as solid solutions
throughout the polymer.?7 In addtion, Cr(CO)g embedded 1n PS has been shown to be a
useful cahibrant for IR spectra.?8 Some preliminary work on embedding monomenc metal
carbonyls, such as (n0-CgHg)Cr(COKL (L = CO, P(n-Bu)3), (NO-CgHsNH,)Cr(CO)3,
(n9-0-C¢H4(NH)Me)Cr(CO)3 and CpFe(COJLR (L = CO, PPh3; R = Me, C(O)Me) into
polystyrene (PS), poly(methylmethacrylate) (PMMA), poly(styrene-methyl methacrylate)
(PSPMMA) and poly(styrene-acrylonitnle) (PSAN) polymers was performed by Fong, Uhm

and Kletn.29
hiquid N,, quickly frozen
Polymer + Organometallics Solid Solution

(Benzene Solution)

freeze drying

Homogeneous Film

Containing Organometallics Fluffy Material

~_

pressed a1 120 °C, 3000 psi

Scheme 1.8

27. (a) Eisenberg, A.; Shaver, A.; Tsutsui, T. J. Am. Chem. Soc. 1980, 102, 1416. (b)
Shaver, A.; Eisenberg, A.; Yamada, K.; Clark, A. J. F.; Farrokyzad, S. /norg. Chem. 1983,
22,4154,

28. Butler, L.S,; Shaver, A.; Fong, B.; Eisenberg, A. Appl. Spectrosc. 1984, 38, 601.

29. Shaver, A.; Butler, L.S.; Eisenberg, A.; Gao, J.P.; Xu, Z.H.; Fong, B.; Uhws, H,; Klein, D.
Appl. Organomet. Chem. 1987, 1, 383.
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The embedding process employed in our group involves freeze-drying a benzene solution
of the polymer and complex (1g : 0.05g mixture in 70 mL benzene) and then pressing the
resulting fluffy product above the glass-transition temperature of the polymer at about 3(XX)
pst {Scheme 1-8] to give clear, mechanically-robust films. The techmque 1s quite general
and suitable for a wide range of polymers and complexes

Earlier work has demonstrated that polymer films provide a matrix that can be used over a
wide temperature range for investigating photochemical processes of transition-metal
carbonyls and isolating photogenerated species. Such films also afford an additonal way of
preparing uniform polymer-metal or metal oxide composites. However, many polymers
used in previous studies were restricted to simple and inert ones, such as PE, PTFE, PVC
and PMMA. Most chemical reactions of the complexes embedded in polymer matrices were
photoinduced. The films (cast or soaked) have relatively large amorphous sites and the
embedded compounds have quite a high degree of motion in the matrices. The uniformity of

these types of film are limited because of their mode of preparation.

?Ha
PMMA -(—cHz-c——)r PS —‘é-CH-Z'CH—)-
i n n

COCH,

PSAN - (_ . _}__(_ . _>_
Copolymer CHz-CH - CHp C|H _
CN

scheme 1-9
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In the work presented here, serics of monomeric and dimeric metal carbonyl complexes
have been embedded into PS, PMMA and PSAN polymer matrices [Scheme 1-9]. Most
polymers have a "window" of low absorptivity in the region of the IR spectrum where bands
due to carbonyl stretching vibrations of metal carbonyls are detected. Therefore, it is
reasonable to probe the chemstry of such complexes in polymers using IR spectroscopy. The
objectives of this project were:

(1) 1 charactenze by vibrational spectroscopy the environments experienced by metal
complexes as a function of the polymer type,

(2) to study the photochemistry of metal carbonyls in ron-donor (PS, PMMA) and
donor (PSAN) polymer matrices and the effect of the polymer microstructure on
photodecomposition of the complexes,

(3) to examune iodine oxidation of dimeric complexes, such as [CpFe(CO);],,
[CpMo(CO)3]H and Mny(CO)y(), in different polymer films, and

(4) to invesugate the chemical reactivity of Vaska's complex trans-Ir(CO)CI(PPh3),
embedded in solid PS matrices, when molecular gases, such as Hy, Oy, CO and SO, are

permitted to diffuse through the films.




CHAPTER 2. Vibrational Spectra and Photochemistry of Some Monomeric

Organometallic Carbonyl Complexes in Polymer Matrices

2.1 Introduction

The vibrational spectra of the metal hexacarbonyls M(CO)g (M = Cr, Mo, W) have been
extensively studied over the past thirty years.30 Their photochemical behaviour in low
molecular weight solvents and 1nert polymer matrices has been investigated throughout a
wide temperature range.3132 The photochemustry of CpMn(CO)333 and (n®-
C6H6)Cr(CO)334 in solution has also been examuned thoroughly, but compantively little
work 1n polymer films has been reported. Several denvatives of the metal carbonyl
complexes, such as M(CO)g (CH3CN), (x = 1-3)35 CpMn(CO),(CH3CN),36 mP.
C6H6)Cr(CO)2(CH3CN),37 have been prepared and characterized. Therefore, some simple
monomeric carbonyl complexes M(CO)g (M = Cr, Mo, W), CpMn(CO)3 and (nb-
C6H6)Cr(CO)3 were chosen to be embedded into PS, PMMA and PSAN films for an imtial
study. The FT-IR and ATR-FT-IR spectra of these films and the behaviour ot several ot
them under UV irradiation were examined. The three objectives of this research were. (1) 0
characterize the environments imposed on the metal carbonyl complexes by the three

different plastics; and (2) to probe the surface properties of the complex-embedded films;

30. Braterman, P.S. Metal Carbonyl Spectra, Academic Press, New York, 1975 and
references therein,

31. (a) Boxhoom, G. Matrix Isolation and Photochemstry of Transition Metal Carbonyl
Complexes Krips Repro Meppel, 1980. (b) Martin, M.; Ozin, G.A. Cryochemustry, John
Wiley & Sons, Toronto, 1976.

32. Hoofer, R.H.; Rest, A.J. J. Organomet. Chem. 1983, 249, 137.

33. Creaven, B.S,; Dixon, A.J.; Kelly, J.M.; Long, C.; Poliakoff, M. Organometallics, 1987,
6, 2600.

34. Domogalskaya, E.A.; Sketkina, V.N.; Baranetskaya, N.K.; Trembovler, V.N.; Yavorskil,
B.M.; Shteinshneider, A.Y.; Petrovskii, P.V. J. Organomet. Chem. 1983, 248, 161.

35. Kilner, M. Adv, Organomet. Chem. 1972, 10, 115.

36. Haas, H.; Sheline, R.K. J. Chem. Phys. 1967, 47, 2996.

37. Knoll, L.; Reiss, K.; Schafer, J. Kluffers, P. J. Organomet. Chem. 1980, 193, C40.




(3) to compare the photochemistry of the complexes in donor (PSAN) and non-donor (PS)

polymer matrices.
2.2 Experimental

Materials. Organometallic compounds M(CO)g (M = Cr, Mo, W), CpMn(CO)3 and (n6-
CeHg)Cr(CL)3 were purchased from Strem chemicals. The PS, PMMA and PSAN
(75:25%) polymers were supplied by Polysciences. Spectrograde benzene was used as

received.

Preparation of films. The general procedure for preparing polymer films embedded with
organometallic compounds was as follows: a mixture of polymer (~ 1 g) and benzene (70
mL) in a 500 mL round-bottomed flask was stirred overnight to ensure that the polymer had
completely dissolved The solution was then degassed by bubbling N5 throught 1t for 4-5
min. Approximately 0.05-0.1 g of organometallic complex was added to the polymer-
benzene mixture under N, with vigrous stirring to produce a 2-3 mol% solution. After the
complex had dissolved completely, the solution was rapidly frozen by immersing the flask
in a liquid-N» bath and then quickly connected to a vacuum line which had two traps on it.
Benzene was sublimed off over a 24 h period while the flask was placed in an ice bath
during this process. The resulting fluffy material was stored in a freezer (-5°C). To make the
films, a sample of the fluffy material was compression moulded between two aluminum
foil-covered, flat metal plates using a Carver Laboratory Press. The plates were electrically
heated at about 120°C and pressed at 3000 psi (21 x 103 kPa) for 30 min. The temperature
was monitored by a thermocouple. After turning off the elecwric heat, the plates were
allowed to cool to below 80°C at 3000 psi. The pressure was released and the films were
removed after the plates reached ambient temperature. Films produced in this manner are

approximately 0.1 mm thick and have IR absorbances below 2.0 in the v(CO) region. The




films were stored in N-filled bottles in the freezer. Special samples of PSAN filmy doped

with large amounts of W(CO)g (weight % = 21, 40) were also prepared for the Raman

measurements.

Microscopic examination. The transparency and uniformuty of the tilms were checked
visually under a stereomicroscope (Wild M650). A PS film embedded with W(CQ), was

also examined by electron mucroscopy (Philips EM 400T), the ultrathin sample was

prepared by an Ultracut E using a diamond knife.

FT-IR spectra. Most of FT-IR absorption spectra were recorded on a Nicolet model 6000
spectrometer (4000-400 cm’!, KBr beamsplitter) at | em! resolution and using a hquid-
Ny-cooled mercury-cadmium-telluride (MCT) detector. The band positions were

reproducible to within at least 1 em L,
ATR-FT-IR spectra, The surfaces of some films were studied by attenuated-total-
reflectance (ATR) IR spectroscopy on a Bomem Michelson 100 spectrometer at 4 em’}
resolution and using a deuterium triglycine sulfate (DTGS) detector. The spectra were
obtained by placing a film snugly against the surface of a multireflection KRS-5 prism (10 x
5 x 1 mm, 459 entrance angle) through which the spectrometer radiation was directed by a
beam condenser optic accessory (Spectra-Bench from Spectra-Tech, Inc.). The penetranon
depth dp 1s on the order of one wavslength and can be calculated using the formula: 38 dp =
A/ 2nnp(sin29 - (ns/np)z)l/z. In our case, A = 1/2000 ¢cm, 8 = 45°, n, = L6(PS), ny = 24
(KRS-5), 50 . 15 around 5 x 104 mm, i.e., about 1 % of the film thicknesses.

Raman spectra. The room-temperature, micro-Raman spectra were recorded on an

Instruments S.A. Ramanor U-1000 spectrometer with the use of a Spectra-Physics Model

38. Smith, A.L. (ed) Applied Infrared Spectroscopy, John Wiley & Sons, Toronto, 1979.

|




164 5-W argon-ion laser (514.4 nm) line operating at 300 mW power. The films were placed
on a mucroscope slide and laser beam was focused on the area of interest. 1809 scattering

was employed; the typical shit widths were 300 pn.

Photolysis experiments. The room-temperature photolysis experiments were performed in a
closed box (396 cm x 65 cm x 60 ¢cm) lined with alumimum foil. A medium-pressure,
quartz mercury immersion lamp (Hanovia 100 W) 1n a water-cooled quartz cell was used as
the light source. The films were attached onto an IR sample-holder located about 5 ¢cm from
the lamp and N5 gas acting as a coolant was biown over the surface of the film during the
ume ot 1radiation. Irradiation 1nto specific wavelength regions was achieved using filters:
HoNC(S)C(S)NH5 1n ethanol (250-270 nm);3 Pyrex (>310 nm). The photoreactions were
monitored by FT-IR spectroscopy on Nicolet and were recorded immediately after
irradiation.

The low-temperature photolysis experiments were performed in a home-built variable-
temperature, IR sample chamber, which consisted of two round KBr windows (about 5 cm
in diameter) and a cold finger. The polymer film was placed between two rectangular KBr
windows (1.5 cm x 2.5 cm) which were then incorporated into a frame mounted onto the
cold finger inside the sample chamber. Cooling was achieved by pounng liquid N5 into the
cold finger and the temperature was measured by means of a standard thermocouple. The
chamber was purged with N, gas. A water-cooled medium-pressure mercury lamp (450 W

Hanovia) was used as the uradiation source.

39. Robek, 1.F. Experimental Methods in Photochemistry and Photophysics, John Wiley and
Sons, Toronto, 1982, p 891.




2.3 Results and Discussion

2.3.1 Microscopy Studies

Under the stereomictoscope, the films embedded with monome i metal carbon |
complenes appeared highly transparent and unitorm, except tor the PSAN filims contaimime
farge weight percentage of WICO)q The latter tibims showed pactial agwregation of W N
i the PSAN matmnix and were tanslucent The election IHCTOSCOPY PLOLUEe oF a iansparent
PS tilim emibedded with WCO) about 1080y 18 shown i Frpure 1 Phe tine s ipes on the
surface are behiesed 10 be due to kmile vibraton while cuttimg the tourh el No
sienihicant agare gation of WCO), was observed o this cled tronni topraph

Above results indicate that polymer tiims contatng ehly dispersed orpanonietallie s can
be produced by the hot pressing technigue Toswaver, e Tow mok e alat wemht ol s,
the use of polymers as sold solvents will probubly have a solabihiy himtation s weld

Aggreganon of the organometallics will veeun at high coneentration
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Figure 2-1  Electron micrograph (6000 X) of transparent PS film embedded with
W(CO), (10%),




2.3.2 Vibrational Spectra

a. IR Spectra

The IR peak positions observed in the v(CO) region for the organometallic compounds in
some selected solvents and embedded in the polymer matrices are given in Tables 2-1 and 2-
2, respectively. There are shght differences in the peak positions and intensities with
changes 1in polymer film. In several cases, there is some evidence of breakdown in the

formal IR selection rules.

Table 2-1 Observed carbonyl stretching modes of the monomeric metal carbonyl

complexes in various soivents (cm‘l)

Solvents
Assignments

Complex PhMe MeCO,Et MeCN v(CO)
Cr(CO)q 2112vw ayg

2020vw 2022w 2024vw eg

1981s 1980s 1979s u
Mo(CO)g 2021vw 2022vw 2023vw eg

1982s 1981s 1980s ty
W(CO)q 2013vw 2017vw €y

1976s 1976s 1974s My




Table 2-2 Observed carbonyl stretching modes of some monomeric metal carbonyl

complexes in polymer film matrices (cm‘l)

Polymer film

Assignments
Complex PS PMMA PSAN w(CO)
Cr(CO)6 2113vw 2113vw 2113vw a1g
2019w 2020w 2021w g
1980s 1980s 1978s iy
Mo(CO)gq 2117vw 2117vw ag
2021w 2022w 2023vw eg
1981s 1982s 1980s 'ty
W(CO)q 2118w 2118w 2118w ayg
2016w 2018w 2016w ey
1977s 1977s 1974s Ha
(-CHg)Cr(CO), 1970s 1964s 1965s a
1896s 1902s 1934she
1887s 1887s e
1879s
CpMn(CO)3 2018s 2016s 2017s ay
1949ms 1945s 1940sh
1921s 1932s 1929sh } e
1902sh 1919s 1918s
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Figure 2-2 The IR spectrum in the v(CO) region of W(CO)g in PMMA film,

M(CO)4. The group VIB M(CO)g complexes with Oy symmetry have three vibrational
v(CO) modes (a4 + eg + 1), for which only the 7y, mode is expected to be [R-active.30 In
all three polymer matrices, however, there were additional peaks observed. In most cases,
there were two extra peaks above the 1y, mode [Fig.2-2]. Under Oy selection rules, the a,,
and eq modes are Raman-active only. But, if the M(CO)g molecules are distorted, the
molecular symmetry will be lowered and the a, g and eg v(CO) modes will be able to gain
some weak IR activity. Presumably, the hexacarbonyls are slightly distorted by the polymer




matrices leading to the extra IR peaks in the v(CO) region. Hooker and Rest?” have noted
the same effect for the metal hexacarbonyls in PV C cast tilms.

The v(CO) band posiions for the M(CO)q complexes in the vanous polymers are close to
those in the structurally related solvents [Tables 2-1 and 2-2] In a typical case, the IR
spectrum of crystalline W(CO)g 1n Nujol mull has a srong peak at 1980 em! (f1y) and a
very weak band at about 2001 ¢m”1 (eg). In ethyl ucetate and PMMA matnix, the strong 1),
peak appears at 1977 cm™! and the ey mode is shifted to 2017 em’! The ey mode 15 known
10 be sensitive to the medium.3® The above IR analysis indicates that W(CO),, 1 sold
PMMA film 1s "dissolved" since its peak positions match closely with those 1n ethyl acetate
The position of the 1, v(CO) mode decreases by about 2-3 em’! on gomng from PS (Cr,
1980; Mo, 1981; W, 1977 cm’l) 10 PSAN (Cr, 1978; Mo, 1980; W, 1974 ¢m!) These peak
positions are close to those for the M(CO)g complexes in toluene (Cr, 1981; Mo, 1982, W,
1976 ¢cm™!) and acetonimile (Cr, 1979; Mo, 1980; W, 1974 cm™}), respectively In these
solvents, the shift on going from toluene to acetonitrile 1s about 2 cm’! Simular shifts have
been documented previously 1n studies of the effect of solvents on the positions of v(CQO)
bands in metal carbonyis.?04! The observed shifts for the hexacarbonyls to lower
wavenumber 1n the PSAN matnx reflect the increased polanty of the environment around
the metal carbonyl complexes in the PSAN film.

Extra peaks were observed for M(CO)g in PSAN films. They were very weak for M =Cr
(2074, 1936 and 1910 cm™) and weak for M = Mo (2076, 1938 and 1909 ¢cm™) and M = W
(2075, 1938 and 1885 crn‘l). Since the temperature employed to prepare the films (120 “C)
is close to that required to prepare denvatives of the type M(CO)6_X(CH3CN)X, where x =
1-3, these extra bands may be due to the monosubsututed species M(CO)5(PSAN). This

assignment is in accord with the photolysis studies described below The pressing

40. Brown, D.A.; Hughes, F.J. J. Chem. Soc. (A) 1968, 1519.
41. Parker, D J.; Stiddard, M.H.B. J. Chem. Soc. (A) 1968, 2263.




temperature is also in the range needed to prepare complexes of the type (arene)Cr(CO)3.

However, no peaks attributable to PSCr( CO)3 were detected.42

CpliM(CO)3. Complexes of the type of C HM(CO)3 have C3, symmetry for the
M(CO)5 tripod and two strong IR-active v(CO) modes (a and e) are expected. Usually, the
ay band 1s sharp and the ¢ band 15 broad. In all three polymer matrices, the e bands are
much broader than in solution for both CpMn(CO)3 and (T|6-C6H6)Cr(CO)3 complexes
[Tables 2-1 and 2-2. Simularly, because of the hot-pressing process, a new peak at 1865 cm™
! probubly duc to CpMn(CO)7(PSAN) was observed in freshly-prepared PSAN films
containing CpMn(CO) 3. Another new peak around 1934 em™! was overlaped. Weak bands
due to Cr(CO)g were observed in the spectra of (n6-C6H6)Cr(CO)3 embedded in PMMA
and PSAN.

b. ATR-FT-IR Spectra

Several of the metal carbonyl complexes embedded in polymer films were examined by
ATR-IT-IR spectroscopy. The relative intensities of the v(CO) bands and the nearby peaks
due to polymer matrices were measured. The data were compared with those from the
correspondimg transnusston IR spectra The penetration depth (dp) of radiation into a
polymer film 15 proportional to the wavelength.38 Therefore, the intensities of the ATR-IR
peihs merease on going from the near-1R to the far-IR region. In the v(CO) region, dp is
approaimately 5 x 10" mum, that is about 1% of tilm thickness.

Fig.2-3(a) shows the transmission IR and ATR-IR spectra of Cr(CO)g in PS film. With
reference 1o the PS band at 1950-1850 cm'l, the absorption of Cr(CO)6 at 1980 cm-! (t10)

shows no difference m intensity in the IR and ATR-IR spectra. This observation indicates

that the metal hexacarbonyl has a simular concentration at the surface as it does inside the

42, Puuman, C.U.Jr; Grube, P.L.; Ayers, O.E.; McManus, S.P.; Rausch, M.D.; Moser, G.A.,
J. Polvm. Sci., Polym. Chem. Ed. 1972, 10, 379.
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Figure 2-3 Transmission IR (+) and ATR-IR (—) spectra in the v(CO) region of (a)
Cr(CO)g in PS film and (b) (8-CgH)Cr(CO)3 in PSAN film.



were no apparent intensity differences in the carbonyl region. However, for the PSAN film
embedded with (n6-C6H6)Cr(CO)3, there were some significant intensity differences in the
v(CO) region n the IR and ATR-IR spectra [Fig.2-3(b)]. The absorptions of (n6-
CgHg)Cr(CO)3 at 1970 and 1896 cm~! are much more intense in the transmission IR than in
the ATR-IR. This complex is sensitive to air. The result indicates that (nG-C6H6)Cr(CO)3 is

more easily decomposed on the surface of the film than in the interior.
¢. Raman Spectra

Several of the polymer films, as described earlier, containing metal carbonyls were
examuned by Raman spectroscopy. Unfortunately, no peaks were observed in the carbonyl
regton for any of the transparent films. In the case of PSAN films containing a large weight
percentage of W(CO)q, carbonyl peaks were observed, but only if the laser beam was
focused onto areas of aggregauon. Fig.2-4 shows the Raman spectra of crystalline W(CO)g,
W(CO)¢(21%)-PSAN film, W(CO)g(40%)-PSAN film and pure PSAN film. Two Raman-
active peaks (ay, at 2114 and ey at 1996 cm™1) were observed in addition to other weaker
peaks (1956 cm™!, W(CO)513CO; 2016 cm 1, !y +Vn combination). The Raman spectra of
W(CO)g have been extensively studied for both the crystalline form and in solution.*3 For
the crystal, the @y, peak is at 2115 cm™! and ey at 1998-1996 cmL, In solution, the ayq
band appears around 2120-2117 em! and the e peak moves to 2012-2010 em'l. As
mentioned earlicr, the €y mode 15 sensitive to the medium. For W(CO)g embedded in PSAN
(21 and 40%), the ey peak appears at 1996 cm! which is close to that of the crystal. This
observanon provides further evidence of aggregation of W(CO)g in PSAN at high
concentrations and supports the contention that W(CO)6 is "dissolved" at low

concentrations.

43. Jones, L. H.; McDowell, R.S.; Goldblatt, M. Inorg. Chem. 1969, 8, 2349.
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Figure 2-4 The Raman spectra in the v(CO) region of (a) crystalline W(COQ)g; (b)
W(CO)6(21%)-PSAN film; (c) W(CO)g(40% )-PSAN film and (d) pure PSAN film,



2.3.3 Photolysis Experiments
a. Room-Temperature Photolysis

There was no significant absorption above 300 nm for all three pure polymer films in their
UV spectra. The IR spectra of the pure PSAN film was unchanged following UV irradiation
(Pyrex filter) for 30 min

M(CO)g in PS, PMMA and PSAN (250-270 nm). The M(CO)g (M = Cr, Mo, W)
complexes embedded in PS, PMMA and PSAN were irradiated with UV light in the 250-
270 nm region (H,NC(S)C(S)NH,-ethanol solution as filter). In the case of the PS films, the
vw(CO) bands due to the metal hexacarbonyls decreased dramatically in intensity for all three
complexes. No new peaks were observed for M = Cr and Mo, and very weak new peaks
appeared around 1930 and 1897 el for M = W, The latter disappeared rapidly after
placing the film in the dark. No peak attributable to (n 6-phc:nyl)M(CO)'_;, was detected.

Irradiation of M(CO)g 1n PMMA films showed similar behaviour to that observed by
Massey and Orgel!! although they reported no actual data. The parent hexacarbonyl v(CO)
bands decreased in intensity and two new peaks appeared in the spectra at lower
wavenumbers together with one very weak peak at higher wavenumber [Table 2-3]. These
new peaks are very close in position to those of the intermediate M(CO) 5(THF) reported by
Hooker and Rest 32 An oxygen atom of PMMA may act as a ligand in coordinating the
M(CQ)5 species. This supports the proposal that the product of room-temperature irradiation
of the metal bexacarbonyl in PMMA iz M(CO)5(PMMA). The relative intensities of the
vCO) bands due to the M(CO)5(PMMA) species and the corresponding starting
hexacarbonyls recorded immediately after irradiation were: strong for M = W, moderate for
M = Mo and weak for M = Cr. These observations are consistent with the stability of the

appropriate M(CO)gq species. The longer-lived W(CO)s species is more likely to be trapped




by a pendant group from PMMA than the shorter-lived Cr and Mo analogs. All of the
M(CO)5(PMMA) species disappeared with time upon storage of the irradiated films i the
dark.

In the case of the PSAN films, several new bands appeared upon wrradianon together wath a
decrease in intensity of the v(CO) bands of the metal hexacarbonyls |Table 2-3] At the
beginning, the new peaks were very close to those reported tor the complexes
M(CO)s5(NCMe) 44 As the iradiation continued, addinonal bands appeared which were
assigned to the disubstituted complexes c:s-M(CO)4(r\ICMe:)2.44 The intensities of the
bands due to M(CO)4(PSAN), were less 1ntense than those of the monosubstituted species,
but were strong for M = W, moderate for M = Mo and weak for M = Cr. After uradiation of
the PSAN film containing W(CQ)g, the tilm was no longer soluble m toluene, presumably
because cis-W(CO)4(PSAN), functions as a crosslinking agent. For M = Mo, the irradiated
film dissolved in toluene with some difficulty, possibly because Mo(CO)4(PSAN); is less
stable and decomposed in solution. Addition of a large excess of methanol to this oluene
solution caused the polymer to precipitate. The precipitate was washed with methanol and
dried. The IR specttum of this material showed only strong v(CO) bands due to
Mo(CO)S(PSAN). No peaks due to the disubstituted species or the starung Mo(CO)g
complex were detected. This observation confirms the attachment of the complex to the

polymer chain to form an organometallic polymer.

W(CO)g in PS, PMMA and PSAN (no filter). Films containing W(CO)g in PS, PMMA
and PSAN were also irradiated at room temperature through quartz with no filter. The w(CO)
bands due to W(CO)g decreased in intensity much more rapidly than when a filter was used.
In PS [Fig.2-5], weak new peaks at 2074, 1931 and 1897 cm'l, assigned to W(CQ)5(PS)

[Table 2-3], were detected by measuring the IR spectrum immediately after irradsaton.

44. (a) Dobson, G.R.; El-Sayed, M.F.A.; Stolz, LW; Sheline, R.K. Inorg. Chem. 1962, I,
526. (b) Stolz, LW.; Dobson, G.R.;Sheline, R.K. Inorg. Chem. 1963, 2,323. (¢) Ross, B.L.;
Grasselli, J.Y.; Ritchey, W.M.; Kaesz, H.D Inorg. Chem. 1963, 2, 1023,




These new peaks rapidly decreased in intensity upon standing (20 min) with a slight
increase in the intensities of the bands due to W(CO)g, The positions of these new weak
bands do not correspond to those of "naked" W(CO)5.32 In PMMA, strong new bands due to
W(CO)5(PMMA) appeared initially which gradually decreased in intensity on standing (8h),
and the bands due to W(CO)g were substanuially regenerated [Fig.2-6], which is similar to
that observed by Massey and Orgel!l. The CO ligands needed are presumably produced by
decomposition of W(CO)5(PMMA); free CO was not detected in the natrix at room
temperature.43 Irradiation of W(CO)g in PMMA at -150°C, however, did afford evidence
of free CO (at 2133 cm'l). In PSAN, bands due to W(CO)5(PSAN) and cis-
W(CO)4(PSAN)> soon appeared while those of the parent complex completely disappeared
[Fig.2-7]. Upon standing in dark (8 h), the peaks due to the monosubstituted species
continued to 1ntensify at the expense of the disubstituted species.

The photochemical behaviour of M(CO)g in polymer matrices is summarized in Eq.2-1.
The relative concentrations of the major products are dependent on M and the polymer

matrix concerned.

hy
M(CQ); (in polymer) ==== M(CO)s (polymer) + CO

‘ hv Decomposition

M = Cr, Mo, W M(CO), (polymer) + CO ~

Eq. 2-1

45. Hooker, R.H.; Rest, A.J. J. Cher:r. Phys. 1985, 82, 3871.




Table 2-3 Assignment of the CO stretching modes of the species generated by UV

irradiation of the monomeric metal carbonyl complexes embedded in polymer matrices

(em1)

Local
Species symmetry ¥(CO)em1)
Cr(CO)5(PMMA) Cay 1932sh(e) 1884w(a,)
Cr(CO)5(PSAN) Csy  2074vw(a)) 1936s(e) 1914sh(g))
Mo(CO)5(PMMA) Cay 1932sh(e) 1884w(a))
Mo(CO)5(PSAN) Cs4y 2076mw(ay) 1941s(e) 1903 mw(g,)
cis-Mo(CO)4(PSAN), C,, 2020mw(a;)  1918s(a;) 1911s(b;)
1850m(by)
W(CO)s! Csy  2080w(a)) 19465(e) 1910w(ay)
W(CO)5? Csy  2079w(a)) 1940s(e) 1910w(a))
W(CO)5(PS) Cyy  2074w(ay) 1931s(e) 1897m(a,)
W(CO)5(PMMA) Csy  2074w(ay) 1930s(e) 1884m(a,)
W(CO)5(PSAN) Csy  2075vw(a)) 1938s(e) 7 (ay)
cis-W(CO)4(PSAN), C,, 2015mw(g;)  1901s(a;) 1885s(h,)
1851m(by)
n6-CgHECrCO),(PSAN)  Cs  1891s(a) 1835s(a’)
CpMn(CO), (In PS) Cyy  1953s(a) 1896s(by)
CpMn(CO),(PSAN) C,  1934s(d) 1864s(a”)

IIn PS film at -145°C. 2In PMMA film at -150°C.30verlapped with cis-W(CO)4(PSAN),

bands.
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Figure 2-5 The IR spectra in the v(CO) region of W(CO)g in PS film (—) before
irradiation, (—) after irradiation for 10 min and () after allowing the latter sample
to stand for 20 min.
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Figure 2-6 The IR spectra in the w(CO) region of W(CO)g in PMMA film (—) before
irradiation, (—) after irradiation for 10 min and () after allowing the latter sample
to stand for 8 h.
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Figure 2-7 The IR spectra in the v(CO) region of W(CQO)g in PSAN film (—) before
irradiation, (—) after irradiation for 10 min and (-+) after allowing the latter sample
to stand for 8 h.

(m0-C4HgCHCO)3 (>310 nm).  Room-temperature irradiation of (9-CgHe)Cr(CO)3
in PS, PMMA or PSAN using a Pyrex filter (>310 nm) led to the parent v(CO) bands
decreasing in intensity. In PS and PMMA, new bands due to Cr(CO)g appeared, consistent
with earlier studies. It has been reported that, while the initial product of photolysis at low
temperature in an inert matrix 1s (né’-C(,H6)Cr(CO)2,46 the final product at room

temperature in methyl methacrylate*” and in other solvents®® 1s Cr(CO)q In addition, new

46. Rest, A.J.; Sodeau, J.R,; Taylor, D.J. J. Chem. Soc., Dalton Trans. 1978, 651.

47. Bamford, C.H.; Al-Femee, K.Y.; Konstantinov, C.J. J. Chem. Soc., Faraday Trans
1977, 1, 1406.

48. Trembovler, V.N.; Baranetskaya, N.K.; Fok, N.V.; Zaslavskaya, G.B.; Yavorskn, B.M.;
Setkina, V.N. J. Organomet. Chem. 1976, 117, 339.
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bands at 2062 and 1930 cm™! were also observed in PMMA. Their frequencies are similar to
those of the Cr(CO)5X species observed earlier during the irradiation of Cr(CO)g in
polymer films and are not in the range appropriate to those expected for (T]6-
CgHg)Cr(CO)(PMMA) 4749 New bands due to Cr(CO)gX disappeared upon standing (one
day) with a slight increase in intensity of the band due to Cr(CO)g. It is worth noting that the
proposed mechanism for the photo-production of Cr(CO)g from (n6-C6H6)Cr((CO)3 in
solution involves aggregation of two or more chromium species.3%47 However, non-volatile
metal complexes, at the concentrations used here, are assumed to be well isolated in
polymer films30 and unable to aggregate. Therefore, it is reasonable to assume that Cr(CO)q
results from the scavenging of CO molecules generated by decomposition of (n6-
CeHg)Cr(CO)s.

In PSAN, new bands of a major product appeared at 1891 and 1835 em™, but Cr(CO)q
was not detected. In addition, weak bands due to Cr(CO)5(PSAN) were observed. The
bands due to the major product largely decreased in intensity upon standing for a few days
with little increase in the intensities of the other bands. The unstable complex (n6-
CeHg)Cr(CO)5(NCMe) displays v(CO) bands in the IR 1n hexane solvent at 1915 and 1814
cm™137 The new bands appearing in PSAN film are 1n the appropniate range and are
tentatively assigned to (n6-C6H6)Cr(CO)2(PSAN). The photochemical behaviour of (n6-
Cgllg)Cr(CO) 3 in polymer matrices is summarized in Eq.2-2, the relative concentration of

the major products 1s dependent on the polymer properties.

49. Black, J.D.; Boylan, M.J.; Baranerman, P.S. J. Chem. Soc., Dalton Trans. 1981, 674.
50. Mascetti, J. Rest, AJ. J. Chem. Soc., Chem. Commun. 1987, 221.




3

Z hv 7
L —crco)
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Cr(CO)s (polymer)

|

CT(CO)6

: Cr(CO)5 (Polymer) + CO

Eq. 2-2

CpMn(CO0);. Irradiation of CpMn(CO)3 in PS, PMMA and PSAN at room temperature
through Pyrex led to a decrease in the intensities of the parent bands. In PS, two new v(CO)
bands appeared at 1953 and 1896 cm™l. These bands were also detected, although with
lower relative intensities, in PMMA. The new bands were stable upon standing, even for
several days. Their positions are in agreement with those repored#6:49 for CpMn(CO); and
are assigned accordingly. In PSAN, the parent bands disappeared after only 30 min

irradiation and were replaced by two new sttong bands (1934s and 1864s cm™!) attributable
to CpMn(CO),(PSAN)36 [Fig.2-8] [Eq.2-3].

CpMn(CO); + PSAN L CpMn(CO),(PSAN) + CO Eq. 2-3
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Figure 2-8 The IR spectrum in the v(CO) region of CpMn(CO),(PSAN) produced by
UV irradiation (Pyrex filter) of CpMn(CO)5 in PSAN for 30 min.

b. Low-Temperature Photolysis

On lowering the temperature of the polymer films embedded with W(CO)g, the IR spectra
of the hexacarbonyl became slightly less smooth than the spectra taken at room temperature.
No sigmficant shifts in band positions were observed. Following irradiation of W(CO)g in a
PS matrix at -145°C for 30 min, the film turned yellow. New peaks appeared at 2080 (w,
sharp), 1946 (s, br) and 1910 (w, br) cm'l, together with a broad, weak band due to free CO
at 2133 em™!. The parent band at 1977 cm™! had almost totally vanished [Fig.2-9]. These

three new bands are shifted to higher wavenumbers compared to the peaks assigned to
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Figure 2-9 The IR spectra in the wCO) region of W(CO)g in PS film (a) at -145°C
before ireadiation, (b after irradiation for 30 min at -145°C and (c) after allowing the

Iatter samiple {o warm up to room temperature,
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W(CO)5(PS) photogenerated at room temperature. Unlike the analogous system at room
temperature, the 'naked’ W(CQ)g is believed to be present here. On slowly warmung the
film, the strong band due to W(CO)q was regenerated rapidly together with the total
disppearance of the three new bands and the free CO peak.

A W(CO)g-embedded PMMA film showed similar behaviour upon irradiation at -150°C
for 30 min. Tre film turned yellow and three new peaks grew at 2079 (w, sharp), 1940 (s,
br), 1910 (w, br, sh) cm‘l, together with a free CO peak at 2135 (w, br) cm‘1 and a decrease
in intensity of the parent hexacarbonyl v(CO) bands. As in the previous case, the three new
peaks are assigned to W(CQ)g species. But, the thermal regeneration of W(CO)g in PMMA
occurs much slower than 1t does in PS. On slowly warming the film, a very weak, sharp
peak appeared at 2075 cm™! with a concomtant decrease 1n intensity of the peak at 2079
cm L The peaks at 1940 and 1910 cm! shifted to 1930 and 1890 eml, respectively. The
three new bands (2075, 1930 and 1890 cm'l), which are very close to the peaks generated
by uradation of W(CO)g 1n PMMA at room temperature, are assigned to W(CO)sPMMA.
As the film 1s being warmed up, the C=0 ligand from the PMMA chain interacts with the

W(CO)5 species to form W(CO)s(PMMA). The latter then gradually decomposes upon

standing at room temperature with the regeneration of W(CO)¢.

2.4 Conclusions

The hot-pressing technique employed in our work for embedding organometallic
complexes into polymers 1s very flexible, quite general and reasonably non-destructive. The
films generated are transparent and the organometallics are highly dispersed in the solid
polymer matrices at a reasonable concentration. The polymers PS, PMMA and PSAN
approximate the solvents toluene, ethyl acetate and acetcnitrile, respectively, in their

intfluence on the shapes and positions of the IR bands of metal carbonyls. A comparision of
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the ATR-IR spectra of the films with their transmission IR spectra indicates that there are no
significant differences between the internor and surfaces of the films in the case of relatively
stable complexes. The photochemical result indicates simple decomposition of monomeric
complexes in PS, which suggusts that PS functions as an inert matrix. PMMA has weakly
coordinating C=O groups on the chain that can subilize coordinatively-unsaturated
intermediates such as W(CO)S to form W(CO)sPMMA. PSAN contains donor mitrile
ligands that can form fairly stable organometallic polymers upon irradiation of

organometallics in the solid PSAN matrix.
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CHAPTER 3. Vibrational Spectra, Photochemistry and Iodine Oxidation Reactions of

Dimeric Metal Carbonyl Complexes in Polymer Matrices

3.1 Introduction

In the previous chapter, a general method for preparing polymer films containing
organometiallic complexes was described. The transmission IR and ATR-IR spectra of
several monomeric metal carbonyl complexes embedded in PS, PMMA and PSAN films
were investigated, as well as their photochemustry. The results indicate that the IR peak
positions of metal carbonyl complexes in the v(CO) region are affected by the properties of
the polymers. The band shifts are similar to those in structurallv-related low molecular
weight solvents. Dimeric organometallic complexes, such as [CpFe(CO)y],, are good
solutes for studying solvent properties, since the positions of their IR absorptions are
sensitive to the solvent polanty.3! Presented in this chapter are the IR spectra of the dimenc
metal carbonyl complexes |CpFe(CO)ql,, [CpMo(CO)3], and Mny(CO)y embedded in
PS, PMMA and PSAN matrices, and their photochemical behaviour. In the addition, the
oxidation reactions of the dimers in different polymer films with I, vapour have been
examined and compared. The polarized IR spectra of Mny(CO) () soaked in polyethylene
(PE) film before and after stretching have also been investigated. The overall objectives of
the rescarch work were: (1) to extend our efforts to characterize the environments in
different polymer matrices imposed on the metal carbonyls; (2) to develop "room
temperature matnces” for the study of solid-state chemucal reactions of organometallic
complexes; (3) to investngate the orientational behaviour of a linear metal carbony! dimer in

an orentable polymer matrix.

51. Manning, A.R. J. Chem. Soc. (A), 1968, 1319.
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3.2 Experimental

Materials. The starting materials [CpFe(CO);l;, [CpMo(CO)3]4 and Mn5(CO) ¢ were
purchased from Strem Chemicals, while the polymers were supplied by Polysciences. Low-
density polyethylene (0.9142 g,/cm3. m.p. = 106°C) was employed for the polerized IR
measurements. The trans stereochemistry of the iron complex was contirmed by its IR
spectrum in a KBr disk.’! Films containing the embedded dimers were prepared as
described in the previous chapter. Most of the FT-IR spectra were recorded on a Nicolet

model 6000 spectrometer.

Iodine oxidation reactions. These reactions were performed at ambient temperature on thin
films of comparable thickness (usually about 0.05 mm); thick films (0.11 mm) were also
used for the iron dimer. The films were attached to plastic IR mounts by means of "Scotch”
tape and then placed in screwtop jars (280 cm3 capacity) containing 4.6g of pulvenzed
crystalline iodine. The pure polymer films and those containing the dimers were expesed to
[, vapour in the sealed jars over a period of 10 days. The oxidation reactions were
monitored by FT-IR spectroscopy. No significant changes 1n the IR spectra of the pure

polymer films were observed.

Photolysis. The room-temperature photochemical studies were conducted using a water-
cooled, medium-pressure quartz mercury unmersion lamp (Hanovia 450 W) following a
similar procedure to that described earlier. Irradiation with wavelengths above 310 nm was
achieved using a Pyrex filter. The photolysis of the metal carbonyl dimers embedded in

polymer films was monitored by FT-IR spectroscopy.

Polarized FT-IR study. A PE film containing Mn,(CO)( was prepared by soaking the PE
film in a Mny(CO)/CH,Cl; solution (about 1 g /100 mL) for 10 h, washing it with




acetone and then drying under vacuum. The dimer was aligned by stretching the film to

about 5 times its onginal length. Polarization of the IR beam was achieved with a rotatable
AgBr wire-gnd polarizer (Perkin-Elmer Corp.) The dichroic spectra (A ||-A 1) were obtained
by direct subtracuon of the perpendicular specra A | (recorded with the electric vector of
the IR beam rotated 900 with respect to the direction in which the film had been stretched)
trom the parallel spectra Aj| (recorded with the elecmc vector parallel to the direction of
stretching). The spectra were measured on a Bomem Michelson 100 spectrometer operating
at 4 cm™! resolution and using a DTGS detector. The spectra of the films were recorded both

before and after stretching.

3.3 Results and Discussion

3.3.1 IR Spectra

As mentioned in the earlier chapter, the polymers employed have an IR-window in the
metal carbonyl stretching region; even the strong PMMA band centered at 1750-1720 cm!
did not interfere with the bands due to the bridging CO ligands in [CpFe(CO),]9. Table 3-1
lists the v(CO) peak positions for the dimeric metal carbonyls embedded in the three
polymers as well as 1n the three organic solvents which have similar structural features to

cach of the polymers.
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Table 3-1 Observed carbonyl stretching modes of [CpFe(CO)3 15, [CpMo(CO) 3l and
Mn,(CO) in different media (cm'l)

Complexes PS PMMA PSAN Assignment
[CpFe(CO)s 1 1996s 1993s 1992s ay (cis)
1953m 1952s 1950m b, (trans)
1782vs 1782vs 1777s dy.b (bridg)
[CpMo(CO)3l5 2013vw 20l 1m 2010m I8
1955s 1956s 19575 114
1903s 1911s 1910s }
12
1888s
Mny(CO)19 2044s 2043s 2044m by
2008s,br 2010sh 2008s,br e
1981m 2000s,br 1983w by
Ethyl -
Toluene acetate Acetonitrile
[CpFe(CO)z 1y 1997s 1995s 19925 ay (cis)
19535 1954m 1952w b, (trans)
1783vs 1783s 1775s a,.b (bridg)
[CpMo(CO)3]y 2015vw 2013w 2011m 13
19565 1958s 19575 12
1912s 1914s 1911s 2
Mn,y(CO) 10 2046m 2047m 2047m by
2010s 2011s 2011s 2
1981w 1982w 1981w by

aNo vibrational assignments have been proposed for these peaks.
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[CpFe(C0)y],. The complex [CpFe(CO);l, exists in solution at room temperature as an
equilibrium mixture of cis (C,,) and trans (Cyy) isomers®! [Scheme 3-1]. Each isomer
contains two terminal and two bndging CO groups. The barrier to interconversion is
appproximately 40 kJ mol~1.52 The cis/trans ratio increases as the solvent polarity increases.
The staring matenal had trans stereochemistry as confirmed by its IR spectrum in KBr
which showed two broad bands at 1950 and 1770 em!, both split into doublets. The IR
spectra in the polymers exhibit two terminal v(CO) bands: one around 1990 cm’! due to the

ay mode of the cis isomer and the other around 1950 cm™! belonging to the b, mode of the

52. Bullitt, J.G.; Cotton, F.A.; Marks, T.J. Inorg. Chem. 1972, 11, 671 and references
therein.
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trans isomer, together with a bridging v(CO) band at 1774 em™! {Table 3-1, Fig 3-1}.
Obviously, this indicates the existence of both the cis and trans isomers n polymer
matrices. Fig.3-1 also shows that the cis/trans ratio increases with increasing polarity of the

polymer film. As in solution, the most polar polymer PSAN, gives a cis-nch distnbution.

=L

20S0 2010 1870 1830 1880 1850 1810 1370 1%
WAVENUMBERS t7%  18a0

Figure 3-1 The IR spectra in the w(CO) region of [CpFe(CQ)4]5 in PS (---) and PSAN
(—) showing the effect of the polymer on the relative amounts of the cis and trans
isomers.

[CpMo(CO)3]5. Unlike the iron dimer, (CpMo(CO)3], has no bridging CO groups and the
two CpMo(CO)3 fragments are held together by a single Mo-Mo bond. The molecule has
C,y, symmetry (staggered trans, Scheme 3-1) for which three IR-active v(CO) modes (a,, +
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2b,) are predicted.” Usually, however, only two bands (11, III) are observed in solution with
the lower-cnergy band (III) being broad and split into two components in hydrocarbon
solvents and in Nujol mull. There 1s an additional peak (I) observed at higher energy in
polar solvents, which has been attributed to the presence of non-centrosymmetric
rotamers. > Table 3-1 lLists the IR peak positions of this dimer embedded in the three
polymers, Two strong bands (ILIII) are observed, together with band 1. Band III is broad in
PMMA and PSAN, and spht into a doublet in PS. The intensity of the highest energy band
(I) deereuses as the polanty of the polymer decreases in the following order: PSAN >

PMMA > PS, consistent with the solution studies.

Mny(CO)pq. There1s a single Mn-Mn bond between the two Mn(CO)5 moieties which are
staggered with respect to one another. The molecular symmetry of Mny(CO)qq 15 Dgg33
[Scheme 3-1} and three IR-active v(CO) modes (2b) + e,) are expected in the terminal
carbonyl region |Table 3-1]. The IR spectra in the three polymer films and in the organic
solvents show little vanation in shape and peak position, except for the band at 2010-2000

cm’l in PMMA which was broader.

3.3.2 Photochemistry

‘The photochemustry of the iron,5 molybdenum>? and manganese38 carbonyl dimers has

been studied intensively in solution. Several papers concerning photolysis of the dimers in

53. Fischer, R D., Noack, K. J. Organomet Chem 1969, 16, 125.

54. Inret. 30, p 85.

55. Parker, D.J., Suddard, M.H.B. J. Chem. Soc. (A), 1966, 695.

56. (1) Goldman, A S.; Tyler, D.R. Inorg Chem. 1987, 26, 253. (b) Blaha, J.P.; Bursten,
B.E.; Dewan, J.C; Frankel, R.B.; Randolf, C.L.; Wilson, B.A.; Wrighton, M.S. J. Am.
Chem Soc. 1988, 107, 4561. (¢) Tyler, D.R.; Schmidt, M.A..; Gray, H.B. J. Am. Chem. Soc.
1983, 105, 6018. (d) Caspar, 1.V.; Meyer, T.J. J. Am. Chem. Soc. 1980, 102, 7794. (e)
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low-temperature, rigid media have also been reported.5%%0 There are two prumary
photoproducts: one 1s a binuclear intermediate formed by reversible CO dissoctation, e.p.,
CpyFe»(CO)3 and Mn(CO)g; while the other is a 17-¢lectron fragment such as Cple(CO)

and Mn(CO)4 formed by reversible homolytic metal-metal bond scission [Scheme 3-2].

h
[CPFe(CO),l; === Cp,Fe,(CO); + CO

or

h
[CPFe(CO),l; ==== 2 CpFe(CO),

Scheme 3-2

The final products depend on the media and the possiblility of ligand involvement. Fluid
solution favours the homolytic cleavage of metal-metal bond. Irradiation 1n the presence of

nucleophilic ligands (such as PR3) favours the formation monosubstituted binuclear

Abrahamson, H.B.; Palazzolto, M.C.; Reichel, C.L.; Wnghton, M S. J. Am Chem. Soc.
1979, 101, 4123.

57. (a) Philbin, C.E.; Goldmand, A.S.; Tyler, D.R. Inorg. Chem 1986, 25, 4434. (b) Hooker,
R.H.; Mahmoud, K.A.; Resat, AJ. J. Organomet. Chem 1983, 254, C25 (c) Wnghton,
M.S.; Ginley, D.S. J. Am. Chem. Soc. 1975, 97, 4246.

58. (a) Hepp, A.F ; Wrighton, M.S. J. Am. Chem. Soc. 1983, 105, 5934. (b) Rothberg, L. J.;
Cooper, N.J.; Peters, K.S.; Vaida, V.JAm Chem. Soc. 1982, 104, 3536. (¢) Wegman, R W ;
Olsen, R.J.; Gard, D.R.; Faulkner, L.R.; Brown, T L. /. Am. Chem. Soc. 1981, 103, 6089. (d)
Fox, A.; Poe, A. J. Am. Chem Soc. 1980, 102, 2497. (¢) Wnghton, M S ; Ginley, D.S. J
Am. Chem. Soc. 1975, 97, 2065.

59. Hepp, A.F.; Blaha, J.P; Lewis, C.; Wnighton, M.S. Organometallics 1984, 3, 174.

60. Hooker, R.H.; Mahmoud, K.A; Rest, A.J.J Chem Soc., Chem Commun 1983, 1022,




complexes. The complexes CpFe(CO)7X and Mn(CO)sX are the dominant products when

the dimers are photolyzed in the presence of halocarbons (CCl4 for example).

In PS and PMMA films. Irradiation of the three dimers embedded in PS and PMMA at
room temperature does not result in any new bands being detected in the v(CO) region, only
decomposition occurs.

The rate of decrease in intensity of the bands in the carbonyl region upon irradiation was
much slower in PMMA than 1n PS for all three dimers [Table 3-2]. As discussed in Chapter
2, photogenerated CO easily diffuses out of polystyrene. Any coordinatively-unsaturated
intermediates that are formed are expected to be unstable under the reaction conditions
(room temperature, continued 1rradiation) and n the absence of any stabilizing donor ligand.
Theretore, further decomposition leads to the rapid decrease i intensity. The C=0 groups of
PMMA can parnally stabilize photogenerated intermediates and this may decrease the rate
of further decomposition. PMMA is also much less permeable®! than PS and
photogenerated free CO should escape less easily from PMMA film than from PS film. This
would increase the possibility of reversing the reaction in PMMAL. Thus, the relatively slow
photodecomposition of the dimers embedded in PMMA is quite reasonable.

In the case of [CpFe(CO)s]5, the terminal v(CO) bands due to the cis and frans isomers,
and the associated bndging carbonyl band all decrease in intensity at approximately the
same rate. It has been reported that the cis and rrans isomers differ dramatically in
photosensitivity at low temperature in tnert media.®C In CHy (12K) and PVC (12-77K), only
the trans derivauve undergoes photoreaction and the cis one remains unchanged.
Przsumably, the cts 1somer undergoes CO loss too, but, because of lack of movement of the
Cp nng at low temperature, the reaction 1s rapidly reversed. By embedding in the rigid

polymer tilm, the complexes are unable to diffuse transversely inside the media as they can

61. (a) Lee, WM. Organmic Coanings and Plastics Chemistry, ACS Adv. Chem. Ser. 1978, 39,
M1 (b) Salame, M. Polymer Prepr. (Am. Chem Soc. Div. Polym. Chem.), 1967, 8, 137.
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in fluid solurions. However, unlike in the low-temperature matrices, the dimers and the

photogenerated intermediates can sull rotate rapidly at room temperature in the polymer

cage and free CO can diffuse out of the film. Therefore, the cis and rrans isomers nay be

expected to photodecompose in a similar manner under such conditions.

Table 3-2 Consumption of metal carbonyl starting material (as a percentage) by

photoreaction (30 min) as a function of polymer and film thickness (mm)

Complex Polymer Thickness Reaction
(mm) (%)
[CpFe(CO)s]» PS 0.06 70
0.11 25-35
PMMA 0.06 10
PSAN 0.10 10
[CpMo(CO)3], PS 0.06 25
PMMA 0.06 0-5
PSAN 0.06 30
Mn,(CO)1q PS 0.06 100
PMMA 0.06 5-10
PSAN 0.07 70-80
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In PSAN films. Upon irradiation, new v(CO) peaks were observed in the IR spectra for
both [CpFe(CO); |5 and Mny(CO)yy in PSAN [Figs.3-2 and 3-3, respectively].

In the case of the 1ron dimer, the new peaks appeared in both the terminal (1935 cm'l) and
bnidging (1745 cm"l) v(CO) regions. A parallel experiment in CH4CN showed similar
spectral changes The new peaks in PSAN are consistent with the formation of the
monosubsututed dimer,52 CpoFey(CO)3PSAN [Eq.3-1] with one terminal and two bridging
carbonyl groups. Auempts to isolate this particular polymer-supported species by dissolving
the wrradiated film 1n toluene and adding ethanol failed because of its instability. A polymer

was precipitated which displayed no v(CO) band.

[CpFe(CO)sly + PSAN — [Cp,Fes(CO)3(PSAN)]+CO  [Eq.3-1]

Mny(CO)jg + PSAN — Mny(CO)(PSAN) + CO  [Eq.3-2]

On dissolving the irradiated PSAN film containing Mn(CO) () in toluene and adding
ethanol, a polymer was precipitated which displayed v(CO) bands in the IR at 2090(w),
2023¢s), 1990-1981(s,br) and 1957-1944(s,br) cm L. [Fig.3-3]. These new peaks indicate
that the polymer 1s free of the parent Mn5(CO) | complex and they agree reasonably well
with those reported®3 for eq-Mny(CO)g(NCCH3) [Eq.3-2] and are thus assigned to its
PSAN analog.

62. Haines, R.J.; DuPreez, A.L. Inorg. Chem. 1969, 8, 1459.
63. (2) Ziegler, M.L.; Hass, H.; Sheline, RK. J. Inorg. Nucl. Chem. 1962, 24, 1172. (b)
Koelle, U J. Organomet. Chem. 1978, 155, 53.
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Figure 3-2 The IR spectra in the v(CO) region of [CpFe(CO)3]5 in PSAN: (a) before
irradiation; (b) irradiation for 4 h and (c) spectrum a subtracted from spectrum b.
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Figure 3-3 The IR spectrum in the »(CO) region of eq-Mn»(CO)g(PSAN) in PSAN.

Reactions involving binuclear intermediate pathways are proposed for both cases here.
The dimers apparently lose one terminal CO upon irradiation which is then replaced by a
pendant mitnle higand from the PSAN copolymer. This result further suggests that polymers
contming potennial ligands can scavenge photogenerated intermediates leading to the
formation of polymer-supported complexes in the solid polymer matnces.

The peaks due to [CpMo(CO)3], n PSAN gradually diminished and no significant new

peaks appeared during the irradiation. The failure to detect analogous products for
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molybdenum 15 of interest 1in view of the photochenucal preparation of complexes such as

CpyMoy(CON5{P(CgHg)3]. The photochemustry of [CPMo(COV3la 15, however, very

sensitve to reaction conditions, Y@

3.3.3 lodine Oxidation Reactions

[CpFe(CO)3]3 in PS. The tron carbonyl dimer 15 oxidized rapidly i PS tilm by 15 vapour
at room temperature, as evidenced by the appearance after only one day of 4 new v(CO)
band at 2040 ¢ ! and an increase in intensity of the band at 1996 ¢’ L, concomutant with a
decrease in the intensities of the other parent bands [Frg 34 The film turned deep brown
after 10 days and only two strong bands at 2044 and 2003 ey’ I were detected, which are m

agreement with those for the oxidation product CpFe(COI® {Eq.3-3].
[CpFe(CO)zlz + IZ - 2CpFe(CO),l [Eq.3-3}

[CpMo(CQ)3]y in PS. lodine oxidation of the molybdenum dimer in PS tilm leads simular
behaviour to that above, except the oxidation product is less stable  After one day's exposwe
to I vapour, a new peak appeared at 2038 em™! which reached its maximum mtensity aler
five days. At the same time, the parent peaks greatly dumnished revealing additional new
peaks at 1961 and 1939 cm!. The product with three peaks at 2038, 1961 and 1939 ¢n !
was idenufied as CpMo(CO)3104 [Eq 3-4]. After extended oxidation (10 days), no v(CO)

peaks were detected, which indicates that further decomposition occurred to give products

containing no CO ligands.

[CpMo(CO)3); + I — 2CpMo(CO)3l  [Eq.3-4)

64. Sloan, T.E.; Wojcicki, A. Inorg. Chem. 1968, 7, 1268.



Mny(CO);qg in PS. On exposure of the PS film embedded with Mny(CO)y to I vapour,

new peaks gradually appeared at 2045 and 2028 cm”!, while the peaks at 2008 and 1982
em slowly decreased 1n intensity. The final bands observed after exposure for 10 days at

2128m, 2045¢ and 2008 cm-! are consistent with the formation of Mn(CO)5165 [Eq.3-5].

Mny(CO)j9 + I — 2Mn{CO)sl [Eq.3-5]
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Figure 3-4 The IR spectra in the »(CO) region of [CpFe(CO),l; in PS : (—) before
exposure to I; (=) after exposure to I, for 1 day and (---) 10 days.

65. Kaesz, H.D.; Bau, R.; Hendrickson, D.; Smith, JM. J. Am. Chem. Soc. 1967, 89, 2844.
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In PMMA, PSAN and thick PS films. Similar oxidation reactions were pertormed for all
three dimers in PMMA, PSAN and PS films. Table 3-3 lists the extent of oxidation of the
three dimers in different films. The oxidations took place more slowly 1n thick PS films than
in thin PS ones, and they were also slower in PSAN. However, virtually no oxidation
occurred in the PMMA films during the 10-day exposure period. The differences in
oxidation rates among these three type of films illustrate that the polymer microstructures
play an important role in the reactions of the organometallics with 15 1n sold polymer
matrices. Presumably these differences depend on the rates of 15 diffusion into the films,
which are believed to be related to the relative gas permeabilities of the polymers. This

suggestion is consistent with the results since PMMA has the lowest permeabulity.6!

Table 3-3 Consumption of metal carbonyl starting material (as percentage) by iodine

oxidation (10 days) as a function of polymer and film thickness (mm)

Complex Polymer Thickness Reaction
(mm) (%)
[CpFe(CO)1 ] PS 0.05 100
0.11 20-30
PMMA 0.05 0-5
PSAN 0.09 20-30
[CpMo(CO)3), PS 0.05 90-95
PMMA 0.05 0-5
PSAN 0.08 20-30
Mny(CO) 1o PS 0.05 506-60
PMMA 0.05 0-5
PSAN 0.06 20-30




3.3.4 Polarized FT-IR Studies

The intensity of an IR absorption band is proportional to the square of the transition
moment (or change in dipole moment) of the molecular vibration causing the band. In the
case of polanzed IR radiation, the 1ntensity also depends on the relatve directions of the
transition moment and the electric field vector of the incident radiauon. The square of the
component of the transiton moment in the direction of the electric field vector is
proportional to the absorbance.%0 Therefore, polarized IR spectroscopy measurments can be
used 1o reveal some information about the molecular orientation in the solid if the band
assignments are known To do these measurements, it 1s necessary to cut thin, transparent
wafers from single crystals of the material of interest. An alternative approach is to orient
the compound i i nematc ligquid crystal solvent, a procedure that has been successfully
used 1 studying the polarized IR spectra of transition metal carbonyl complexes.%7 Liquid
crystal solvents are somewhat hmited 1n their use because of the complexity of their IR
spectra

Upon stretching a polymer film containing an embedded material, partial onentation of the
material can occur.® PE has a very simple IR absorption, which makes it convenient for
studying the polanzations of embedded metal carbonyls. As mentioned earlier, under the
established D 44 symmetry of an(CO)IO, only two by modes (at 1981 and 2043 cm'l) and

one ¢; mode (at 2012 cm'l) are IR active [Fig.3-5(a)], with z- and x,y-polarizations,

66. Colthup, N. B,; Daly, L.H.; Wiberley, S. E. Introduction to Infrared and Raman
Spectroscopy Academic Press, New York, 19758, p 105.

67. (2) Butler, 1.S;; Sedman, I. App!. Spectrosc 1988, 42, 497. (b) Levenson, R.A.; Gray,
H.B.; Caesar, G.P.J Am. Chem. Soc. 1970, 92, 3653.

o8. (1) Hoshi, T, Ota, K.; Yoshino, J.; Murofushi, K.; Tanizaki, Y. Che.n. Lett. 1977, 357.
(b) Frackowrak, D, Gantt, E; Hotchandani, 5.; Lipschultz, C. A.; Leblanc, R. M.
Photochem. Photobiol 1986, 43, 335.
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respectively [Scheme 3-3].67 Therefore, two (b,) bands with the same polarization and
another one (e;) with opposite polarization are expected in the polarized IR spectra of
oriented Mn(CO);() in the carbonyl region. Such a pattern was observed in the dichroic IR
spectrum of an(CO)m soaked 1n PE film after stretching | Fig.3-5(b)]. The intensity of the
peak at 2012 cm! (ey, x)y-polarization) measured perpendicular to the directuon of
stretching (A1) is greater than that measured parallel (A]|) and so (A]|-A]) 1s negauve.
While A| 1s greater than A for other the two bands at 1981 and 2043 ¢m’! (hy, 2-
polarization), which have positive (A|[-Al) values. The degree of onentation of this dimer
S, is about 0.1. Dichroic IR spectra of unstretched sample showed no peak 1n the v(CO)
region (A]|-Al 1s zero).

Fig.3-6 depicts the parallel (—) and perpendicular (---) polanized IR spectra in the low-
frequency region of Mny(CQ)q in PE after stretching. There are two bands, the one at 649

cm™! has been assigned to an e; 6(MnCO) mode with x, y polanzation and the other at 643
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cm! due 0 a by 3(MnCO) mode with z polarization.® The spectra show clearly that the
two bands have opposite polanzations: A || is greater than A for the peak at 643 cm™! and
Al is smaller than A] for the band at 649 cm™l. The polarizations of the peaks at 649 and
643 cm™! are 1n agreement with their assignment as e; and by dMnCO) modes,
respectively The week peak around 670 cm! exhibits parallel polarization suggesting b,
symmetry. On symmetry grounds, however, there should only be one b5 mode observed in
the 8(MnCO) region% The addinonal peak 1s best atmbuted to a B, symmetry
combination, e.g , 643 (by) + 39 cm’! (a,, lattice mode®9),

The above results indicate that Mn,5(CO) () 1s parually onented in polyethylene matrix
after sretching The polarized IR data show that the Mny(CO) 1 molecule tends to align
with 1ts long axis (z-axis) parallel to the direction in which the polymer is being swretched.
The measurements of the polanzed IR spectra of oriented metal carbonyls in PE can provide
useful information on band assignments and their polarization characteristics. The method
employed here 15 very simple and the matrix used has a wide IR window. Since earher
results have demorstrated that polymer films are useful media for chemically transforming
organometallic complexes in the solid plastics, it would be interesting to study solid-state

chemical reactions of onented metal carbonyls in polymer matnces.

69. D.M.Adams and 1.D.Taylor, J.C.S., Faraday Trans I 1982, 78, 1065.
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Figure 3-6 (a) The parallel polarized IR spectrum in the v(CO) region of Mn,(CO) 9
soaked in PE film after stretching; (b) dichroic IR spectra (A}-A ) of Mn,(CO)yq in
PE after stretching.
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Figure 3-7 The parallel (—) and perpendicular (---) polarized IR spectra in the low-
frequency region of Mny(CO)y ¢ in PE film after stretching.
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3.4 Conclusions

The three polymer matrices examined afford chemical environments sumilar to those n
structurally-related organic solvents with respect to the relauve intensities and shapes of the
IR bands in the v(CO) region of the three metal carbonyl dimers. PSAN polymer is capable
of stabilizing photogenerated binuclear intermediates by coordination of pendant nutrile
groups and thus acts as both the matrix and reactant. The I, oxidation reactions in PS film
show the ability of small molecules diffusing into polymer matrices to undergo reaction with
embedded complexes. The photolysis and oxidation results demonstrate additional methods
of transforming organometallic complexes embedded 1n sohd polymers. Since these useful
plastics can be pressed into any desired shape, it should be possible to transform embedded
complexes after fabrnication. These are useful for the synthesis of organometalhic polymers
and unstable complexes in solid state. The photochemical and oxidation reactions i
different polymers indicate that PMMA offers a more protective environment for the metal
carbonyl dimers than PS does. This ilustrates that the chermcal reactivities of embedded
organometallics are strongly affected by the polymer microstructures Finally, the polarized
IR spectral study indicates that Mny(CO)q can be parually onented 1in PE film by

stretching.
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CHAPTER 4. Reactions of Organometallics Embedded in Polystyrene Matrices With
Gases

4.1 Introduction

Investigations of the chemical reactions occurring at gas-solid interfaces are important
from both the praucal’® and theorencal’! standpoint. For instance, there is considerable
interest with respect to gas separation /%@ and the study of reaction mechanisms?1(ab) The
knowledge obtained from such studies may also provide valuable informanon 1n connection
with photosynthesis and other biochermucal reactions, which occur in rigid environments An
analogy between the environment surrounding a metal complex in a metal-protein and that
of a complex embedded 1n a polymer has long been recognized. For example, heme and 1-
(2-phenylethyl) imidazole embedded in PS reversibly binds O, in the presence of water 4
Recently, Kenneth et al. have synthesized a series of copper(I) complexes containing ligands
that are covalently attached to cross-linked polystyrene and investigated the reversible
binding of CO gas to these complexes.’%@ This ability shows considerable potential for
applicattons 1n membrane or pressure-swing recovery of CO from gas streams. Finally,

polymer-trapped mucro particles of PbS possessing unusual band gaps have been prepared

—

by treatment of lead acetate embedded in ethylene-15% methacrylic acid copolymer with
H,8.72
In addition to our investiganons of the FT-IR spectra of organometallic carbonyl

complexes embedded in various polymer films (PS, PMMA and PSAN) and their

70. (a) Balkus, K.J.Jr.; Kortz, A.; Drago, R.S. Inorg. Chem. 1988, 2, 9. (b) Hirai, H.; Hara,
S.; Komiyama, M. Bull. Chem. Soc. Jpn. 1986, 59, 109. (¢) ibud. 1986, 5v, 1051. (d) Hirai,
H; Woda, K ; Komiyama, M. Bull Chem Soc. Jpn. 1986, 1043.

71. (a) Sedlacek, A.J; Mansueto, E.S.; Wight, C.A. J. Am. Chem. Soc. 1987, 109, 6223. (b)
Sedlacek, AJ; Wight, CA. J. Phys Chem. 1988, 92, 2821. (c) Burdett, J.K.; Downs, A.J;
Gaskill, G.P.; Graham, M. A ; Turner, J.J.; Tumer, R F. Inorg. Chem. 1978, 17,523,

72. Mahler, W. Inorg. Chem. 1988, 27, 435.



photochemical reactivities, some of these films embedded with metal carbonyl dimers have
also been exposed to 15 vapour. The oxidation rates are dependent on the polymer with the
.caction 1n polystyrene being the fastest and PMMA the slowest These observations have
prompted further studies of the reactions of gases with oganometalhics n sohd polymer
matrices. Reported here 1s the chemustry of CpRu(COD)Cl (COD = cycloocta-1,5-diene)

and Vaska's compound trans-Ir(CO)CI(PPh3); embedded in PS with the gases Hy, Oy, 1o,
€0, 13O and 50,

4.2 Experimental

The complex trans-Ir(CO)CI(PPh3)5 was purchased from Strem Chemical Inc. and was
used without further punfication. CpRu(COD)CI was kindly provided by Dr. Eric Singleton
and was punfied by recrystallizanon from CHaCly/hexanes. Polystyrene (MW = 125 000-
250,000) was obtained from Polysciences. The gases 507 (99 98%, Matheson), H>, 05, CO
(Linde) and 13C() (Icon) were used as recieved. The films contaning organometalhics (wi%
=5, 0.06-0.08 mm thickness) were prepared as descnibed previously and kept under N,
prior 0 use. The FT-IR absorption spectra were recorded on a Bomem Michelson 100
spectrometer at 4 em ! resolution using a DTGS detector Spectra were recorded both
before and after gas treatment. The relative intensities of the individual reactant and product
bands, as well as those of nearby polystyrene bands were used to determine the extent of

reaction and 1ts reversibility.

I5-Oxidation. The iodine oxidation reactions were performed as descrnibed tn Chapter 3. The

oxidation reactions were monitored by FT-IR spectroscopy over a period of months,

Other gas reactions. The other gas reactions were carmed out at room temperature 1n Canus

tubes. The following experimental procedure was employed. A film was placed 1n a Canius



tube under N+ and the vessel was quickly connected to a vacuum (about torr 0.2 mmHg) for

a few munutes. Then, the tube was closed off, removed from the vacuum line ard subjected
to the desired gas at about 2 atm pressure controlled by a regulator. The tube was closed
and kept at room temperature 1n the dark for a certain peniod of ume. The gas pressure was
released and the FT-IR spectrum of the film was recorded immmediately. For the
reversibility studies, the gas-treated films were kept either under vacuum or 1n air at room
temperature in the dark The degassing reactions were monitored by IR spectroscopy.

The films containing trana-lr(13CO)Cl(PPh3)2 were obtained by keeping trans-
Ir(CO)CI(PPh 3)p-embedded films under a Bco atmosphere for long periods of time (one
day) and then placing them under vacuum. The CO addition and CO exchange reactions of
trans-Ir( 13C())Cl(PPh3)2 in PS were performed 1n a specially designed IR gas-flow-through
cell, smce the 1eacuon rates were very fast. The cell consisted of a stainless-steel holder
cquipped with two stainless-steel valves and two NaCl windows mounted by screws within
the holder Good vacuum or pressure was achieved by placing rubber gaskets between the
windows and the steel holder. The films containing zrans-lr(13CO)C1(PPh3)2 were placed
mside the cell under Ny ind then the cell was connected to a vacuum line. After closing the
vacuum valve, the cell was filled with CO gas at about 1 atm The IR spectra were recorded
immediately after filling the cell with CO and the reactions were monitored with time. The
cell was eventually reconnected to the vacuum line in order to check the reversibility of the

reactions

ATR-FT-IR. The surface properties of some of the gas treated films at different stages were
exanmuned by ATR-IR spectroscopy. The spectra were obtained by using the multireflection
KRS-5 crystal (10 x 5 x 1 mm3, 45° entrance sngle) and the beam-condenser optical
accessory described in Chapter 2. The penetration depth dp was about 1% of the film
thicknesses (5 x o mm). Transmission IR absorption spectra of the same films were also

measured.




4.3 Results and Discussion
4.3.1 Substitution Reactions of CpRu(COD)Cl in PS Films

CpRu(COD)CI contains an easily displaced cyclooctadiene higand and has been shown to
be a versaule and highly reactive precursor to a wide range of ruthenium compounds. 73@)
Ligands, such as CO, PPh3 and CN(CH;)¢NC, substitute the COD higand n solution 1o give
neutral products of the type CpRuL,Cl in high yelds. 73@ PS filins embedded with
CpRu(COD)Cl are brown-orange and transparent. After treating such a film with CO gas for
two days, there 1s no significant difference in colour, but there 15 a dramauc change 1n the IR
spectrum 1 the v(CO) region [Fig 4-1(a)] This observation suggests that CO ligand
substitution has occurred. Two strong peaks appeared at 2050 and 1998 em'! [Table 4-1];

these are in excellent agreenment for those of CpRu(CO)szlﬂ [Eq.4-1].

CpRu(COD)YCl (inPS film)+ CO - CpRu(CO),C1 [Eq.4-1]

CpRu(COD)CI (in PS film) + 13CO - CpRu(13C0),C1 [Eq.4-2)

A similar reaction took place upon placing a CpRu(COD)Cl-embedded film in the Beo.
filled Carius tube. In the IR spectrum, two new bands in the v(CO) region (2003 and 1955

cm']) [Table 4-1, Fig.4-1(b)] were detected, which are consistent with the formaton of

CpRu(13CO)2Cl [Eq.4-2]. The intensities of the carbonyl peaks showed little change when

73. (a) Albers, M.O,; Robinson, D.J.; Shaver, A.; Singleton, E. Organometallics 1986, 5,
2199. (b) Blackmore, T.; Cotton, J.D.; Bruce, M.1.; Stone, F.G.A. J. Chem. Soc. (A) 1968,
2931.
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the treated films were left in the air at room temperature for months. The above results

demonstrate that labile ligands on organometallic complexes embedded in solid polymer

matrices can be substituted by stronger ligands in gas diffusion reactions.

L IE TR

R

el

Figure 4-1

e e

1955

ey

[x3
E 3
t
——

P S N N . |

¥
199 B 13

WAVENUMBERS

T
1943

A
NS

eL .
0

The IR spectra in the »(CO) region of (a) CpRu(CO),Cl and (b)
cprul3CO)001




(4R

Table 4-1 The carbonyl stretching frequencies of trans-Ir(CO)YCI(PPh 3)2 and selected

adducts and of CpRu(CO),Cl in PS and other media (cm*!)

Complexes Medium v(CO)
r(CO)CI(PPh3), PS 1964
toluene 1967
Nujol 1952
I1r(13CO)CI(PPh3), PS 1917
Ir(CO), CI(PPh3)y PS 1964, 1928
Ir(13C0),CI(PPh3), PS 1917, 1884
1(CO)(13CO)CIPPhy), PS 1950, 1905
I(CO)(H5)CI(PPh3), ps? 1990
benzeneb 1983
Nujol¢ 1970
Ir(CO)(O4)Cl{PPh3), PS 2006
I(CO)(SO7)CI(PPh3), PS 2019
I CO)(SO4)CI(PPh3), PS 2049
I1(CO)(15)CI(PPh3)- PS 2066
CpRu(CO)4Cl PS 2050, 1998
Cpru(13C0),Cl PS 2003, 1955

a) v(Ir-H): 2202, 2092 cm}

b) v(Ir-H): 2220, 2095 ¢cm™!; Ref.75
¢) v(Ir-H): 2190, 2100 cm!; Ref.75




4.3.2 Addition Reactions of lr(C())Cl(PPh3)2 in PS Films

Vaska's compound trans-I(CO)CI(PPh3)5 is a d8-system with square-planar geometry and
two trans PPhy hgands. It can readily undergo addition reactions in solution with many
neutral gases, such as Oy, Hp, CO, I, SO, and these reactions are reversible in some
cases. ™ The reaction mechanisms have been extensively investigated and most of the
adducts have been fully charactenized. The IR spectrum of trans-Ir(CO)Cl(PPh3), 1n Nujol
mull has a strong v(CO) peak at 1952cm‘1. while trans-Ir(CO)Cl(PPh3)2 embedded in PS
film shows a strong absorption at 1964 cm-! [Table 4-1], close to that observed in toluene

solution.
a. H, addition

The yellow colour of the film became lighter upon treatment with H2 (~2 atm) in a Carius
tube for | h, but 1t did not fade further over a period of 5 days. Two new v(Ir-H) bands at
2202w and 2092vs cm! and a new v(CO) peak at 1990s cm™! were observed in the IR
spectrum, together with a concomitant decrease 1n intensity of the band due to the parent
complex {Fig.4-2]. These new bands are consistent with cis addition to give the dihydride

product which has an octahedral structure shown below:75 [Eq.4-3].

Cl PPh PPhj
~ 3
Ph P/”: + H _— OC>||r<H [Eq.4-3]
3 CcO Cl I H
PPh,

74. (2) Vaska, L. Acc Chem. Res. 1968, 1, 335. (b) Collman, J.P. Acc. Chem. Res. 1968, I,
136.

75. (@) Vaska, L., DiLuzio, JW.; J. Am. Ckem. Soc. 1962, 84, 679. (b) Vaska, L.; J. Am.
Chem Soc. 1966, 88, 4100. (¢) Chock, P. B.; Halpern, J. J. Am. Chem. Soc. 1966, 88, 3511.
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The IR peak positions of the dihydride in the PS matrix are closer to those in benzene than
to those in Nujol mull [Table 4-1], consistent with earlier proposals concerning the
environment provided by PS.

It has been reported that the dihydride remains unchanged in the solid state even when kept
under vacuum at 25°C for 16 hr but it loses Ho in solution.”> When the Hj-treated film was
kept under vacuum for 3 days, the IR bands due to the dihydride dimimshed significantly
with strong recovery of the peak due to Vaska's compound. This indicates the reversibility
of the H, addition reaction in PS film |Fig.4-2]. The dehydrogenation reaction m PS also
takes place when H-treated film was left standing in air. There was some trans-

I(CO)CI(PPh3)y regeneration (1964 cm'l) and O5-adduct (2006 cm” l) formation [Fig.4-2].

Lt S saaen Sl ceesnmet edanell SalEL 4

T s v e T \d T r r -
2260 2190 2120 2050 1980 1910 oMy

WA VENUMBERS

Figure 4-2 The IR spectra in the v(CO) region of Ir/PS upon treatment with Hy (—)
for 5 days; (wm=) followed by exposure to vacuum for 3 days and (--) followed by
exposure to air for 3 days.



Figure 4-3 The IR spectra in the v(CO) region of Ir/PS upon treatment with 03 (—)
for § days; (mmm) followed by exposure to vacuum for 3 days and () followed by
exposure to air for 3 days.

b. ()2 addition

Atter Ir/PS was placed in an O-filled tube for 5 days, the Oy-adduct was produced’8 with
the appearance of a new peak at 2006 cm™! and the decrease of the original peak at 1964

em™ ! in the IR spectrum [Fig.4-3, Eq.4-4].

76. (a) Vaska, L. Science 1963, 140, 809. (b) Reed, C.A.; Roper, W.R. J. Chem. Soc.,
Dalton Truns. 1973, 1370. (c) McGinnety, J.A.; Payne, N.C.; Ibers, J.A. J. Am. Chem. Soc.
1969, 91, 6301.
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The complex Ir(CO)O7)CI(PPh3)y has a structure similar to that of the Hay-adduct wath a
distorted octahedral configuation. The IR band in the v(CO) region due to the O»-adduct
decreased gradually upon standing in aur, but rapidly 1n vacuo. The deoxygenation reaction

takes place much faster in vacuo than in arr [Fig.4-3].

?Phg
Cl PPh3 oC 0
>Ir< + O = il [Eq 4 4]
PhsP co c” 1o
PPh;
¢. S04 addition

Exposure of Vaska's compound embedded in PS film to SO in a Carius tube quickly led
to a colour change from yellow to green-yellow. The IR absorpuon due to trans-
Ir(CO)Cl(PPh3)2 vanished and a new strong peak at 2019 em1 appeared [Table 4-1], which
is assigned’” to IrC(CO)SO,)(PPh3)s, [Eq 4-5, Fig.4-4]. The molecular structure of this
complex determined that the SO, is bonded to the metal vig the sulfur atom and the
coordination geometry around the Ir 1s that of a tetragonal pyramud as shown below It was
reported that the SO- adduct in the crystalline state releases SO+ upon heaung above 1509C
and reverts to the starting material in boiling benzene.”7®@ At ambient condiuons in
vacuum, SO, dissociated from the SO5-adduct in PS film quite quickly with regeneration of

the starting material [Fig.4-4].

Upon exposure of the Oy-adduct to SO, the sulfate compound Ir(CO)(SO4)CI(PPh3),
was produced [Eq.4-6] as evidenced by the IR peak at 2049 cm’l, which is in agreement

77. (a) Vaska, L; Bath, S.S. J. Am. Chem. Soc. 1966, 88, 1333. (b) La Placa, S.].; Ibers, j.A.
Inorg. Chem. 1966, 5, 405.




with that reported’8 [Table 4-1]. The band due to the iridium sulfate complex remained

unchanged when the film was kept under vacuum for hours or in air over the period of a
month.

S
oS, P e, . c|\||r _PPhg (Eq 45]
P
PhyP co PhaP” CO
PPhy
a ] o ONOS® g
It -
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Figure 4-4 The IR spectra in the v(CQO) region of Ir/PS upon treatment with S0, (—)

before treatment, () treatment for 3 h and (wsm=) followed by exposure to vacuum for
15 h.

78. (a) Valentine, J.; Valentine, D. Jr.; Collman, J.P. Inorg. Chem. 1971, 10, 219. (b) Hom,
R.W_; Weissberger, E.; Colman, J.P. Inorg. Chem. 1970, 9, 2367.
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d. CO addition

As in solution,’”® the CO addition reaction of Vaska's compound 1n PS film was very rapid
and reversible. Treatment of the films with gaseous CO or Bco gave two pair of peaks at
1964 and 1929 cm™! and at 1916 and 1884 cm™!, respecuvely, consistent with the formation
of Ir(CO),CI(PPh3); and the 13€0 analogue. The structure of the CO-adduct was proposed
to be trigonal bipyramid and the two PPhy were in the axial poswons, [Eq4 7.4-8]
Exposure of !r(CO)zCl(PPh3)2 or the 13CO analogue in PS to vacuum resulted in quick
dissociation of a carbonyl. The bands due to the staruing matenals trans-ICOYCIPPhy),

(1964 cm!) and Ir(13C0O)CI(PPh3) (1917 e 1) were observed, respectively.

. e,
PPh,
Sil rc0 === geyye® (Eq 47
PPhy
Tphs
13
ci PPh Co
N o T8 13 S—— ~
PhsP” Nco ! ;;“’co
3

When trans«lr(wCO)Cl(PPh:;)z in PS was treated with CO gas in a gas-flow-through IR
cell, the IR spectrum of the film changed markedly n a few munutes with several new peaks
appearing [Fig.4-5]: one strong band appeared at 1964 em™! which overlapped with a band
around 1950 cm‘l; another strong band at 1917 em ! had shoulders at each side, around
1928 cm™! and 1905 em'1, together with 4 weak shoulder at 1884 em b Atter the film was
placed in a vacuum for 30 min, all the shoulders disappeared with only two strong bands
left, one at 1964 cm™! assigned to trans-Ir(CO)CI(PPh3), and the other at 1917 cm ! due w0
[r(lSCO)Cl(PPh3)2. There are five possible complexes produced duning the tme the film
was expored to the CO gas [Eq.4-9] [Table 4-1, Fig.4-5].

79. (a) Vaska, L. Science 1966, 152, 769; (b) Payne, N.C.; Ibers, J.A. Inorg. Chem. 1969, &,

2714,
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Figure 4-5 The IR spectra in the »(CO) region of Ir Bcorps upon treatment with CO
(a) before treatment; (b) after treatment for 20 min and (c) followed by exposure to
vacuum for 30 min.
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e. 12 addition

Reaction of Vaska's compound in PS film with I occurs more slowly than with other
gases. Exposure of the film embedded with Ir(CO)CL(PPh3)5 10 1» vapour at ambient
condinons over a 3-day period led to the gradual growth of a new peak at 2066 cm! due 10
the lz—adductgo, together with a strong band at 2006 cm ! belonging to the Oy-adduct and a
peak due to the onginal compound. After two months 1n the I5 jar, the band due to the I-
adduct was the only one remaning. Clearly, Vaska's compound 1n PS film s oxidized
quickly by O i air and the slowly by I. However, because of the reversibility of the 0,

addition, the final product 1s eventually the [5-adduct |[Eq.4-10]

PPhy
Cl_ _PPh + Op oc | _o
Sl =% S
PhsP” co » o’ 1o
PPhy
slow |2
Tphg
oC I
N
ir [Eq. 4-10)
1N
PPhs

Exposure of trans-lr(CO)Cl(PPh3)2 embedded in PS film to I for 3 h affords a low yield
of the [5-adduct since only a very weak peak at 2066 cm™! was detected in the transmission
IR absorption spectrum, together with a moderate peak at 2006 em™! due to the 05 adduct
and a strong band due to the starting material. An ATR-IR spectrum of this same film i1n the

V(CO) region, however, showed a very strong I5-adduct absorpuion with a weak Oy-adduct

80. Bennett, M.A ; Clark, R.J.H.; Milner, D.L. Inorg. Chem. 1967, 6, 1647.




band |F1g.4-6]. No band due to the original complex was detected. This result indicates that

most of the compound on the film surface has been oxidized by I5 during the short
exposure tune. After exposure of the film to I for two months, no significant difference was
observed between the IR and ATR-IR spectra of this film.

For the Oy-treated film containing a small amount of the O5-adduct, no difference was
observed between the transmiussion IR and ATR-IR spectra. Similar results were obtained
for the ATR-IR and IR spectra of fulms embedded with CpRu(COD)ClI which had been
treated with CO gas

These results indicate that Iy with s relauvely large molecular size has a low diffusion
rate 1nto PS films This probably results 1n the observation that the Vaska's compound on the
film surtace s more easily oxidized by 15 than that in the interior of the film. Conversely,
the smaller O5 and CO molecules can readily diffuse into PS films and therefore no

differences are observed between the transmission IR and ATR-IR spectra.

R e A A o e RS S e e e S
2160 2100 2040 1980 1920 1860 CM-1
WAVENUMBERS

Figure 4-6 The IR () and ATR-IR (—) spectra in the ¥(CO) region of Ir/PS upon
treatment with I for 3 h.
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4.4 Conclusions

The IR peak positions in the v(CO) region of Vaska's complex and s adducts 1in PS
matrices are close to those found in benzene. The complexes are apparently embedded in PS
such that they are highly dispersed and the environment surrounding them v simular to that
in solution. Addition and substitution reactions of the complexes with gaseous reagents, s
well as the reverse reactions, are easily performied in PS films This demonstrates that
polymers are useful media for "sohd-state” syntheses. ATR-IR and IR studies suggest that
the PS matrix may modify the relative rates of reactions by hindering the ditfusion of large
gaseous molecules in the plastic. This observation provides an extra element of selectivity
not possible with normal solvents. These types of materials are potentially usetul in gas
separation, as gas sensors and indicators of gas permeability since they are easily prepared

and the reactnons can be momtored by IR spectroscopy.
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PART II.
THE PREPARATION AND CHARACTERIZATION OF AN
ELECTRICALLY CONDUCTING POLY(3-ALKYLTHIOPHENE)-
IRON(I) COMPLEX




CHAPTER §. General Introduction

5.1 Conducting Polymers

The term “polyvmer” has long been associated with compounds having insulating
properties. The low conductivities (0) of polymers range from 1010 Q1 cm ! tor
polyvinylchlonde to 10718 QL cm! for polyietrafluoroethylene. these values are many
orders of magnitude below those for metals and orgamic senuconductors [Scheme 5
1].81.82.83 The insulaung properties result from electrons in the polymer framework bemng
localized in individual bonding molecular orbitals and the large band gaps existing between
the valence and conduction bands.

The 1dea of making senuconducting or even metal-like conducting polymers, whereby the
electrical properties of metals and the advantages of plastes can be combined has been a
sumulus for polymer science for more than 20 years.® The first conducung polymers were
mostly refractory pyropolymers resembling graphites, such as heat-treated polyacrylonunle
(PAN) {Scheme 5-2].880 In the carly 70, single crystals of highly-conjugated morganic
poly(sulphur nmitnide) -(S=N)-, were found to be metallc conductors?? and  even

superconductors at very low temperature®®. The ntrinsic conductivity arses trom the

81. Bowden, M.J.(ed.); Turner, S.R.(ed.) Electronic and Photonic Applications of Polymers
American Chemical Society: Washington, D C., 1988.

82. Potember, R.S.; Hoffman, R.C., Hu, H.S.; Cocchiaro, J E , Viands, C A., Murphy, R.A;
Poehler, T.O. Polymer 1987, 28, 574.

83. Bryce, M.R , Chem. Br. 1988, 781.

84. Goodings, EE P. Chem Soc Rev. 1976, 5, 95.

85. Topchiev, A.V.J Polym Sci. Part A 1963, I, 591.

86. Suzuki, M.; Takahashi, K, Mitan, S. Japan. J. Appl. Phys. 1915, 14, 741.

87. Hsu, C.H.; Labes, M M. J. Chum. Phys. 1974, 61, 4640.

88. Greene, R.L.; Street, G.B.; Suter, L.J Phys Rev Letters 1978, 34, 577.
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presence of one unpaired electron associated with each sulfur-nitrogen unit which can move
under the effect of an apphed electric field.89 It was also found that introduction of mixed
valence states 1nto polymer chains, such as polypyndine containing pendent osmuum(II/IIT)
groups,™ can induce semiconductivity through redox behaviour. While the ferrocene(Feu)
polymer 1s practically an msulator, the mixed-valence ferrocene-fem'cimum(FeU/Fem)
polymer has a conductivaty of 1076-1073 Q1 cm™! upon partial oxidation [Scheme 5-3].91

Polymenc stacked, planar metal complexes, such as [Pt(CN)4J2', can also be partially

89. Greene, R.L Street, G B. Science 1984, 226, 651.
90. Jeigan, J.C.; Murray, RW. J. Phys. Chem. 1987, 91, 2030.
91. Pitman, C.U.Jr.; Surynarayanan, B. J. Am. Chem. Soc. 1974, 96, 7916.
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oxidized 1o give one dimensional, mixed-valence type crystals with high conductivity along
its stacking directions. %2 Some highly-crvstal'ing, charge-transter (CT) complexes and 1on
radical salts are known 1o be anisotropic orgaaie conductors. 838993 Several of them have
been icorporated into polvmer chains, e.2., the TCNQ-poly(2-vinylpyndine) complex (6 =
12x 102 Qtemly  Scheme 5-4).9% Although the conductivities are sometimes lower
thuan those of the monomenc complexes, the rigid stacks are plasticized by the flexible, o-
honded polvmer backbone

Conducting polymers, however, became an extremely active area about 10 years ago.93:96
when MacDianmd,  Heeger and coworkers discovered that polyacetylene -(CH=CH)-,
becomes highly conducuve upon oxidauon or reduction. Since then, many chemusts,
physicists and material scienusts have been attempting to synthesize new types of
conducting polymers and to develop theonies to explain the conduction mechanisms. A few
conterences have been held on this specific topic, there are also several books and a vast
number of papers 31.97.98

Considerable etfort has been made in search of new types of conducting polymers
tollowing the development of a number of conjugated organic polymer systems which
exhibir sinular electrical properties. Several approaches have been developed to synthesize

stable. processible, and hghly  conducting polymers. More than ten different types of
92. Schultz, A.J; Williams, J. M., Brown, R. K. i ret. 1(c), p313.

93. Ferrans, J J Am. Chem. Soc. 1973, 95, 948.

94 Goodings, E P Disciss Faraday Soc. 1971, 51, 157.

95. Shirakawa, H, Lows, EJ.; MacDiarmud, A.G.; Chiang, C.K.; Heeger, A.J. J. Chem. Soc.
Chem. Commun. 1977, 578,

96. Chiang, C.K: Druy, M.A., Gau, S.C., Heeger, A.J.; Louis, E.J.; MacDiarmid, A.G.;
Park, Y W ., Shirakawy, H.J Am Chem. Soc. 1978, 100, 1013.

97. Skotheim, T.A.(ed.) Handbook of Conducting Polymers Vol. 1 and 2, Marcei Dekker,
New York, 1986.

98 Kuzmany, H, Mehnng, M.; Roth, S. (eds) Electronic Properties of Conjugated
Polvmers Springer Sers. Solid-State Sci. 76, New York, 1987.
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conjugated polymers have been shown to be conducting [Scheme 5-1]. Among them,
polypyrrole (PP), polythiophene (PT), poly(p-phenylene) (PPP), poly (p-phenylene sulphide)
(PPS), und thetr copolymers have received a great deal of attention.

Polyacetylene 1s sull considered the prototype for conducting polymers and 15 the most
extensively studied. Recently, a stable, copperlike conducting polyacetylene has been
synthesized by BASF scienusts with a conductuvity ot 1.5 x 10° Q7! eml, a sigmticant
imprevement compared to the value of 200 Q! cm™! tor the iust wodine-doped
polyacetylene 10 years ago. This new type of -(CH)-, polymer has fewer -CHi- defects and
a much higher degree of order than those made previously.

The first conducting polyheterocycle, polypyrrole, dates back 20 years, when a black
powder called "pyrrole black" with a cenductivity of 8 71 cm™# was miade by Dall’Olio and
cuworkers by the oxidation of pyrroie in sulfuric acid.?? Ten years later, this work was
considerably extended by Street and his colleagues, who made films of the polymer in a
one-step electrochemical pelymenzauon.!® The tilms can be cycled electrochencally

between a conducting (doped) state and an insulating (undoped) state | Scheme 5-5].

}l'! H
SOV AY

Z—T

[\

Scheme 5-5

99, Dall'Olio, A.; Dascola, Y.; Varacco, V.; Bocchi, C.R. C. R. Seances Acad. Sci., Ser C
1968, 267, 43.).

100. Kanazawa, K.K.; Diaz, A.F.; Gess, R H.; Gill, W D ; Kwak, J F.; Logan, J.A_; Rabolt,
J.E.: Street, G.B.J. Chem. Soc., Chem. Commun. 1979, 854.




Polythiophene and its derivatives afford another class of technologically important
conducting polyheterocycles. They can be synthesized chemically!01.102
electrochemically103:104. The most interesting aspect of this class of heterocyclic polymer is
the case of 3-substitution. Several 3-substituted polymers have been prepared with high
conductivities and stabilities. 103 Substitution renders them soluble in many organic solvents
and sometimes even in water.

3-Alkyl sulfonate-substituted thiophene and N-alkyl sulfonate-substituted pyrrole polymers
can form "self-doped" systems in which the counter anion is covalently bound to the
conjugated polymer chain [Scheme 5-6].105106 These types of polymer have generated

considerable theoretical interest and have opened up new avenues of possible applications,

R + +
l I S% w’ ‘

2
SOy M* SOy M* d d

(conducting)

Scheme 5-6

101. Adel, A.; Zimmer, H.; Mulligan, K.J.; Mark, H.B.Jr,; Pons, S.; McAleer, I.E. J. polym.
Sci. Polm. Lett. Ed. 1984, 22, 77.

102. Jen, K.Y.; Miller, G.G.; Elsenbaumer, R.L. J. Chem. Soc., Chem. Commun. 1986,
1346.

103. Hotta, S.; Rughooputh, S.D.D.V.; Heeger, A J.; Wudl, F. Macromolecules 1987, 20,
212.

104. Roncali, J.; Garreau, R.; Yassar, A.; Marque, P.; Garnier, F.; Lemaire, M. J. Phys.
Chem. 1987, 91, 6706.

105. Audebert, P.; Bidan, G.; Lapkowski, M.; Limosin, D. in ref.98, p366.

106. Reynolds, J. R. CHEMTECH, 1988, July, 440.
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Poly(p-phenylene) has been known for many years and can be synthesized in various
ways, including reaction of benzene with AICI3-CuCl,!97 or Grignard coupling of
dihalobenzenes using nickel salts as catalysts.!08 The product 1s a non-melting, insoluble
brown or yellow powder with high heat-resistance and electrical insulation. Very strong
oxidizing or reducing agents (AsFg, K) are required to produce highly conducting materials
(50-500 Q! em1).109 Lately, electropolymerization of benzene leading to the direct
formation of conducting polymer films has been reported.!!0 The reactions take place in
solvents such as HF, SO, and nitrobenzene, because benzene 1s oxidized at a very positive
potential(+2.4 V vs. Ag/AgCl).

Poly(phenylene sulphide) is one of the commercial polymers that can be oxidized to form
conducting species. Strong oxidizing agents such as AsFg are necessary to achieve highly
conducting PPS. A stable conducting polymer solution with an AC conductivity of 2 x 1072
Q! cm! has been produced when a dispersion of PPS powder in liquid AsF3 was exposed
o gaseous AsFg vapour.!®® The solution conducts electricity both ioaically and
electronically, while films of the oxidized polymer have pure electronic conductivities. 106

The development of useful conducting polymers must confront special problems, such as
low stabtlity and poor processibility, which put limits on their potential application. Many
efforts directed towards the synthesis of environmentally stable and tractable conducting
polymers have been made recently. Techniques, such as encapsulation, the use of barrier

resins, coattng with sacrificial layers, and addition of antioxidanis have been used to to

107. Speight, J.G.; Kovacic, P.; Koch, EW. J. Macromol. Sci. 1971, C5, 298.

108. Yamamoto, T.; Yamamoto, A. Chem. Lett. 1977, 353.

109. Frommer, J.E.; ElsenBaumer, R.L.; Chance, R.R. In Polymers in Electronics
Davidson, T. (ed.), ACS Symposium Series 242, American Chemical Society: Washington,
D. C, 1984, 447.

110, Dietrich, M.; Mortensen, J.; Heinze, J. J. Chem. Soc. Chem. Commun. 1986, 1131. and
references therein.




stabilize conducting polymers.!!l For example, conducting polyacetylene shows much
better stablility when it is coated with poly(p-xylylene). Pure polyacetylene, which is very
sensitive to O», can be stablized by the addition of antioxidants, such as hindered anmunes
(e.g., N-bromosuccinmide NBS) which act as free radical traps. A NBS-treated
polyacetylene exhibits a higher conductivity than an untreated one after doping with 1.

In term of tractability, several approaches have been explored.!!! Conducting-insulating
polymer alloy=, such as polypyrrole-polyvinylchloride! 12 and polythiophene-polystyrene, 113
have been prepared and examined. Some of them are highly conducung and ftlexible.
Random, graft and block copolymerization of conjugated polymers with other flexible
polymers can also improve the solubilities of intractable polymers. An acetylene-
phenylacetylene (26%) random copolymer is soluble in CH»Cl,, while the conductivity is
lower than that for homopolyacetylene.!!! The designed synthesis of soluble precursor
polymers, which can be easily punfied in solution and then go on to ywield conducting
polymers with the desired shape, could be an innovattive and useful process.
Polyacetylenelll, polyphenylene!!4, and several other poly(arylene vinylene)
derivatives!15» have been synthsized via soluble precursors. 3-Alkylthiophene polymers
have been shown to be soluble in many solvents and are highly conducung after being

doped.

111. Baker, G. L. inref. 81, p271 and references therein.

112. Niwa, O.; Kakuchi, M.; Tamamura, T. Macromolecules 1987, 20, 749.

113. Hotta, S.; Rughooputh, S.D.D.V.; Heeger, A.J. Synth. Met. 1987, 22, 79.

114, Ballard, D.G.H.; Courtis, A.; Shirley, LM.; Taylor, S.C. J. Chem. Soc. Chem. Commun.
1983, 954.

115. Murase, L.; Ohnishi, T.; Noguchi, T.; Hirooka, M. Polym. Commun. 1984, 25, 321.
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5.2 Conductivity Mechanisms of Solid Materials®1.116

Clectrical conduction results from the flow of charged particles through a medium under
the influence of an electric field. The conductivity © is dependent on the number of charge

carriers n (cm™3), their charge e and their mobilities # (cm? V-1 s°1) [Eq.5-11:

G =neu [Eq.5-1)

Usually, in a solid, charge carriers may be electrons or ions, and conduction may therefore

be electronic or ionic.

a. Electronic Conductivity

Band conduction. When a large number of atoms are brought together in a crystalline
lattice, the valence atomic orbitals can overlap and mix to form bands. Electrons in such a
band move essentially independently of the atomic nuclei. A partially or completely
occupied band is called the valence band, while an empty band is called the conduction
band. Only electrons in a partially-filled valence band or those promoted into a conduction
band can conduct electricity. The energy gap separating the two bands is termed the band-
gap, and its magnitude determines whether such a material is a metal, semiconductor or an
insulator [Scheme 5-7].116() The more orbitals that overlap, the wider the bands and thus

the gap will be smaller which leads to higher electronic conductivity.

116. (a) Pollock, D. D. Electrical Conduction in Solids: An Introduction American Society
For Metals, Ohio, 1985. (b) Bolter, H.; Bryskin, V. V. Hopping Conduction in Solids VCH
Verlagsgesellschaft: Akademie-Verlag, Berlin, 1985. (c) Weller, P. F. (ed), Solid State
Chemistry and Physics Vol. 1, Marcel Dekker, Inc. New York, 1973.




Valence

(a) Normal metai

Part filled

Y

{b) Insulator

Empty ~

Gap —_
™~y

Filled \ ,

{c) Semiconductor  Simular to insylator

{d) Divalent mezral

Empty

Overlap

Filled

{e) Transition metal

s doverlap . ¥
~f

Conduction

Band

Scheme 5.7

A level

Band
p-type

[T TTTTT

Scheme 5-8

(Adapted from ref,116(a).)

10

\ o- D level

17777777777
n-type




In the case of metals, the valence bands are either only partially-filled [Scheme 5-7(a)] as

for the monovalent metals Na and K, or they overlap with the empty conduction bands in
energy [Scheme 5-7(d)] as observed for the divalent alkaline-earth metals. For transition
metals, both conditions apply [Scheme 5-7(¢)]. Thus for metals, there is n.. gap between the
highest occupied and lowest unoccupied levels, and the electrons can readily move upon
application of an elecric field, giving rise to metallic conductivity.

If a matenal has a full valence band and an empty conduction band separated by an energy
gap, energy must be supplied (either thermal or photo) to cause some electtons to jump
across the gap nto the conduction band (promotion) in order to achieve conductivity. Solids,
such as pure silicon and germanium, having energy gaps in the order of 1 eV, are called
intrinsic semiconductors [Scheme 5-7(c)]. Ordinary energies are sufficient to excite
electrons from the valence band to the conduction band. Both the electrons in the comJuction
band and the resulting holes (absence of electrons) in the previously filled valence band act
as charge carriers 1n the conduction process. They move freely under an applied electric
field.

The conductivity properties of semiconductors can be modified by the presence of
impurities and such materials are called extrinsic semiconductors. For example, doping
sihcon with a small amount of boron (acceptor) or phosphorus (donor) produces p- or n-
type semiconductors, respectively [Scheme 5-8]. The doping agents are of the appropriate
size to fit into the silicon lattice. The boron atoms have only three valence electrons, one
less than Si, thus leading to the occurrence of isolated empty energy levels just above the Si
valence band. Electrons can be excited from the valence band into these levels, leaving the
holes created 1n the valence band to act as positively charged carriers, ie, p-type
semiconductors. On the other hand, the phosphorus atoms have one extra electron located in
isolated energy levels just below the Si conduction band. These electrons are easily

promoted to the conduction band to act as electronic carriers, ie, n-type. Such doping gives



rise to unpaired electrons, which can be detected by electron spin resonance (ESR)
techniques.

Most organic compounds and polymers have very narrow bands and large encrgy gaps
[Scheme 5-7(b)]. Normal energies cannot promote electrons in filled valence bands to the
conduction band. Therefore, no electrical conduction 1s possible by electrons under these
conditions and the materials are termed insulators.

Hopping conduction. When the orbitals on neighboring sites do not overlap appreciably,
the valence electrons are strongly affected by the atomic nucleus and become much more
localized. In this case, electronic conduction may result from electron hopping. Electrons
can hop between adjacent sites by either a thermally-activated jump over a barmer or a
phonon-assisted tunnelling through the barrier |Scheme 5-9].116(b.¢) Hopping conduction is
likely to occur in compounds having the metal in more than one oxidation state. For
example, in the mixed- valence compound, MxVZOS (M = Na, K), the vanadium ton c¢an be
v4* or V3t and an electron can jump between them to produce an effective means of

electron transport.

Periodic Potential
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Scheme 5-9
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b. Ionic Conductivity

In most 10nic crystals, molecular crystals and polymeric solids, the valence electrons are
tightly bound to their respective nucler and there are large energy gaps between the valence
and conduction bands. No measurable electronic conductivity occurs in such materals at
room temperature. However, electrical conduction 1n ionic crystals can result from diffusion
of 1ons in an apphed electric field. This is called ionic conduction. Most crystalline solids
contain lattice imperfections, such as vacancies or foreign atom substitutions of higher or
lower charge. For example, cation vacancies in AgCl can be created by CdCl, doping
[Scheme 5-10] 17 The presence of such imperfecuions could greaily increase the diffusion
rate of tons through the lattice. Thus, the vacancies move 1n the direction opposite to those
of the wns. Weakly-bound mmpurity ions present in molecular crystals and polymeric
matertals can also act as charge carriers. However, ions are generally about 109 times as
large as elecrrons and their ionic mobilittes are therefore much lower. Thus, ionic
conductivity is usually lower than electronic conduction. For most dielectric materials, 10nic
conductivity decays with tume. That 1s, when these solids are subjected to constant voltages
at intermediate temperatures, the DC current diminishes after a few seconds or a few
minutes 0 a lower, steady-state value with a corresponding higher residual DC resistance R

due to the removal of all of the readily available ionic carriers. 116()

Ag* Cr Ag* Cr Agt Cl-
Cr Agt Cr Ag* Crr Ag*
Ag* Cl Cl Ag* Cr
Cr Cd2+ ol Agt Cl-  Agt

Scheme 5-10 (Adapted from ref.117.)

117. Butler, 1. S.; Harrod, J. F. Inorganic Chemistry: Principle and Applications The
Benjamin/Cummings Publishing Company, Inc. Redwood City, California, 1989.
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¢. Conducting Polymers

The metallic behaviour of some polymers, such as graphite polymers and -(S=N)-n,
arises from the overlapping of the valence and conduction bands or1s due to the presence of
a partially-filled valence band.8%!!'7 The conductvity of the nuxed-valence polymer
[P(CN),4] (II/IV) occurs by the formauon of a partally-filled valence band along the
stacked direction 92 Electron hopping domimates the conductivity of ferrocene-ferricentum
(II/11T) polymers.3? In the case of conygated polymers doped with oxidizing or reducing
agents, iy engin of the conductivity s a source of controversy. Imtially, the conductivity
was ¢xploined by drawing an analogy with the doping of inorganic semmconductors such as
silicon doped w ith B or P atoms. It was assumed that removing electrons from the valence
band (oxidation) or adding ¢ievtions 1o the conduction band (reduction) led to conduction ¥3
However, this was an oversimplification singe fhe conductivity 1s far greater than that can be
accounted for on the basis of free spin alone. To acceunt tor Jhe phenomenon of spinless
conductivity, physicists have introduced the concept of transport via structural defects in che
polymer chain. It is believed that the situation 1s very ditferent from the generauon of charge
carriers by doping as understood for inorganic semiconductors. Doping of polymers 15 more
appropriately seen as a chemical modificaton. The dopant perurbs the polymer chain
extensively, not only because of its large size, but also because ot the extensive charge
transfer taking place between the polymer chain and the dopant. This causes the polymer to
become ionic and leads to changes 1n the geometry of the chain. The charge carners are
believed to be related to charge transfer-induced geometric modifications of the polymer
chains. This leads to the formation of polarons, bipolarons or solitons, or in chemical
terminology, radical ions, di-ions and ions.?!

Conjugated polymers can be divided into two groups:8! those with degenerate ground
states, such as trans-polyacetylene, and those with non-degenerate ground states, such a$

polythiophene and nearly all other conjugated polymers. The degenerate ground states of
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trans-polyacetylene are related by the interchange of double and single bonds. The polymer
can be oxidized by removal of an electron and the lattice distorts around the resulting
positive charge on the polymer chain forming a polaron [Scheme 5-11]. Removal of a
seeond electron from the same chain by further oxidation gives a bipolaron. It is
energetically favorable for two polarons to form a spinless bipolaron through dimerization.
Bipolarons can lower their energy further by dissociating into two isolated spinless solitons.
This charge separation does not cost energy 1if the energy of the two polyene segments
generated are the same (A = B). This effectively lowers the Coulombic repulsion between
the two charges. However, most conducting polymers have nondegenerate ground states.
For example, the thiophene units in phase A are aromatic and are lower in energy than the
non-aromatic units in phase B {Scheme 5-12]. Thus, separating a bipolaron into two solitons
would require addiional energy since a polyene segment of higher energy would form.

The polaron-bipolaron model 1s a general model for conjugated conducting polymers. The
presence of these excitations has been confirmed experimentally. For example, polaron,
bipolaron and soliton absorptions in UV spectra have been observed. The precise
mechanisms by which charges are transported in conducting polymers are still being
disputed. Nevertheless, it does seem that these polarons, bipolarions or solitons act as the
charge carriers and 1t is their movement under the influence of an applied electric field that

causes electrical conductivity.
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CHAPTER 6. Synthesis and Characterization of an Electrically Conducting Poly(3-

alkylthiophene)-Iron(1I) Comple:.
6.1 Introduction

As discussed in Chapter 5, certain organic polymers such as polyacetylene, polypyrrole and
polythiophene become electrically conductive when doped with strong oxidizing agents
such as Iy or HySOy, or with strong reducing agents such as sodium or potassium
metal. 102,118 However, most of the systems reported are unstable in the long term due to the
reactive nature of the dopants. This has led to difficulties in processing these materials and
in investigating their physical properties and nternal structure. The technological promise of
such materials has encouraged the development of additional doping techniques and
reagents. Our interest in organometallic complexes embedded in polymers led us to consider
them as possible dopants for polythiophene polymers. The ability of a complex to modify
the electronic structure of a conjugated polymer should be a function of the metal, the
organic higands present and the mode of bonding to the polymer (for example ¢ or ).
Hence, complexes mught prove to be tunable probes to study the mechanisms of conduction
in such matertals. The work presented in this chapter is the preparation and characterization
of a conductive 3-alkylthiophene copolymer-iron complex.

Thiophene can coordinate to transition metals via the S atom, but, relatively few such S-

bonded complexes have been isolated.119:120 Recently, Goodrich and coworkers have

118. (a) Patil, A.O.; Heeger, AJ.; Wudl, F. Chem. Rev., 1988, 88, 183. (b} Kaner R.B;
MacDiarmud, A.G. Scientific American, 1988, 258, 106. (¢) Yamamoto, T.; Sanechika, K.;
Yamamoto, A, J. Polym. Sci., Polym. Lert. Ed. 1980, /8. 9. (d) Bocchi, V.; Gardini, G.P. J.
Chem. Soc Chem Commun. 1986, 148.

119. Angelict, RJ. Acc. Chem. Res. 1988, 21, 394.

120. Guerchais, V.; Astruc, D. J. Organomet. Chem. 1986, 316, 335.




prepared Fe-S bonded thiophene-iron complexes of the type [CpFe(CO)4(T)IBFy (T =
thiophene, dibenzothiophene) via displacement of isobutene from
[CpFe(CO),(HyC=CMe»)|BF, by thiophene and 1ts denvatives.!2! Since 3-substituted
polythiophenes have shown high conductivity after being doped, a polythiophene-iron
system was chosen for study. Electrochemical polymerization of thiophene!03.104 g
appropriate for the formation of conducting polymers on the surfaces of electrodes, which
can become electrically insulating by reversing the potential. Soluble polymers with high
molecular weight (40,000-50,000) can be synthesized in this way, but only a small amount
of material can be obtained. Chemical polymerization!01.102 is performed via magnesium
induced coupling of 2,5-dihalothiophene in the presence of nickel salt promoters or by
utilizing n-butyl lithium and copper(II) chloride induced coupling of 2,5-dihalothiophene.
The resulting polymers are in their neutral form and require doping to become conducting, It
is difficult to obtain high molecular weight, soluble polyrers via chemical polymerization,
but a large quantity of material can be obtained. The Grignard coupling method which
proceeds under relatively mild conditions and usually gives the coupling product in high

yield was employed in our work,122,123

6.2 Experimental

3-bromothiophene(97%) was purchased from the Chemical Dynamics Co. and was used
without further purification. n-Hexylmagnesium bromide (2.0 M solution in diethy! ether),
3-methylthiophene(99%), 2,2":5',2"-terthiophene(99%), Mg, NaBF4 ana Bry were obtained
from Aldrich Chermical Co. I and FeSO4 were purchased from BDH. Dichloro[1,3-bis-

121. Goodrich, J.D.; Nickias, P.N.; Selegue, J.P. Inorg. Chem. 1987, 26, 3426.

122.(a) Kumada, M.; Tamao, K.; Sumitani, K. Org. Synth. 1978, 58, 127. (b) Pham, C.V;
Mark, H.B.Jr.; Zimmer. H. Synth. Commun., 1986, 16(6), 689.

123. Tamao, K.; Kodama, S.; Nakajima, L.; Kumada, M. Tetrahedron. 1982, 38, 3347,
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(diphenylphosphino)propanenicke (1) 122(2) (NiCl,(dppp)), [CpFe(CO),-
(H,C=CMe,)|BF,4124 and poly(p-phenylene)198 were prepared according to the literature
procedures. Dichloromethane (CH,Cl,, Spectrograde) was distilled over PyO5 under Nj. n-
Buty! cther (n-Buj0), diethyl ether (EtzO) and tetrahyrdrofuran (THF) were dried over
KOH and distilled over sodium wire. Acetic acid and Spectrograde methanol (CH3OH)

were used us recelved.

3-Hexylthiophene.

n-Hexylmagnesium bromide (220 mL) was added via syringe to 3-bromothiophene
(52.0 g, 0.31 mol) and NiCly(dppp) (1.0 g, 1.8 mmol) in Et;0 (500 mL) at 0°C. The
reaction was then refluxed for 3 h, cooled in an ice bath, and cautiously hydrolyzed with 2N
HCIL. Afier extracting with Et;O and drying with MgSOy, distillation gave 49.4 g (92.2%
yield) of 3-hexylthiophene: b.p. 105°C/35 mumHg (Ref.122(b): 65°C/0.45 mmHg); IH-
NMR (CDCl3): 0.92-0.98 (m, 3H, -CHjy), 1.33-1.40 (m, 6H, -(CHj)3-), 1.66-1.74 (m, 2H,
B-CHjy-),2.68 (t,J = 7.6 Hz, 2H. a-CHj-), 6.95-7.02 (m, 2H, CH), 7.26-7.28 (m, 1H, CH).

2,5-Dibromo-3-hexylthiophene.

A solution of 3-hexylthiophene (49.4 g, 0.29 mol) in acetic acid (100 mL) was treated
dropwise over 15 min with Br, (107.8 g, 0.67 mol, in 50 mL acetic acid) while cooling the
reaction flask with an ice bath. After stirring a further 2 h, the product was poured onto ice,
neutralized with sodium hydroxide and extracted with Et70. The extract was dried over
MgSO, and fractionated to give 71.5 g (74.6% yield) of the product: b.p. 130-140°C/0.3
mmHg; H-NMR (CDCl3): 092-1.00 (m, 3H, -CH3), 1.30-1.55 (m, 8H, -(CH»s)4-), 2.35-
2.60 (m, 2H, a-CH»-), 6.75 (s, H, CH).

124. Rosenblum, M.; Giering, W.P.; Samuels, S-B.; Fagan, P.J. Inorg. Synth. 1986, 24, 163.
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2,5-Dibromo-3-methylthiophene.

A solution of 3-methylthiophene (24.8 g, 0.25 mol) in acetic acid (100 mL) was treated
dropwise over 20 min with Bry (105.0 g, 0.66 mol, in 50 ml acetic acid) while cooling the
reaction flask with an ice bath. After stirring a further 2 h, the product was poured onto ice,
neutralized with sodium hydroxide and extracted with Et5O. The extract was dried over
MgSQO4 and fractionated to give 53.6 g (82.7.6% yield) of the product: b.p. 134-136°C/40
mmHg (Ref.125: 130-132°C/40 mmHg); 'H-NMR (CDCly): 2.22 (s, 3H, -CHj), 6.81 (s,
1H, CH).

3-Methyl-(3-hexylthiophene)copolymer, (COP).

Refluxing 2,5-dibromo-3-hexylthiophene (33.83 g, 0.10 mol), 2,5-dibromo-3-
methylthiophene (26.55 g, 0.10 mol), magnesium (5.04 g, 0.20 mol) and n-Bu,0 (70mL) in
THF (50mL) under N for 3 h gave a homogeneous dark brown solution. After cooling to
room temperature, NiCly(dppp) (0.57 g, 1.0 mmol) was added to the solution with vigorous
stirring. The polymerization was performed for 1 h under reflux and the cooled mixture was
then poured into CH3OH (150 mL). The solid precipitate was washed repeatly with hot
MeOH and collected on a fritted-glass filter. Extraction of the copolymer with THI in a
Soxhlet extractor for 2 days gave 10.0 g of the dark-red soluble copolymer. The THF
insoluble (raction was 145 g. Total yield is 45.1% ANAL. celed for
(C15H1882)6(C15H8S2Bry): C, 63.16%; H, 6.36%; S, 22.48%; Br, §.00%. found: C,
63.88%; H, 6.46%: S, 21.19%; Br, 7.94%. IH-NMR (CDCl3): 0.90 (m, br, 3H, hexyl-CHj),
1.34 (m, br, 6H, hexyl-(CHjp)3- ), 1.64 (m, br, 2H, hexyl-8-CH;-), 2.22 (m, 1H, a-CHjy),
2.44 (m, 2H, a-CHy), 2.56 (m, 0.5H, hexyl-a-CHy-), 2.77 (m, 1.5H, hexyl-a-CHj-),
6.94-6.98 (m, 2H, CH).

125. Meth-Cohn, O; Gronowitz, S. Acta Chem. Scand. 1966, 20, 1577.



lodine-doping of COP.

lodine doping was carried out at ambient temperature in a sealed glass jar containing
pulverized 10dine, in a similar manner to that described in Chapter 3. The disk was held 1
cm above the I, powder for a period of time and the uptake of dopant vapour was

determined by the weight difference of the disk.

(T]5 -Cyclopentadienyl)dicarbonyl(3-methyl-(3-hexylthiophene)copolymer)iron(II)
tetrafluoroborate, [CpFe(CO)y-COP|BF 4

The compounds [CpFe(CO)z(H2C=CMf'2)]BF4 (0.20 g, 0.63 mmol) and 3-methyl-(3-
hexylthiophene)copolymer (0.28 g, 2.1 mmol) were stirred vigorously in refluxing CH,Cl,
(12 mL) under N fo: 80 min. The colour changed from dark-red to dark yellow-green. The
reaction nuxture was evaporated to a sticky residue and a solid was precipitated by adding
CH3OH; this solid was collected on a glass filter. The resulting solid was ground into a fine
powder and washed with MeOH several times. It was further purified by dissolving the
polymer in a small amount of CH,Cl, under N5 and precipitating it quickly by addition of
MeOH. Drying the resulting solid in vacuo gave a brown-black powder (0.20 g). IH.-NMR
(CDCly): 0.96-1.67 (m, 11H, alkyl), 2.2-2.8 (m, 5H, alkyl), 5.0-5.5 (s, br, 0.6-1.0H, Cp),
6.7-7.1 (s, br, 2H, CH). IR (v(CO)), as a film cast on the surface of a NaCl plate: 2065, 2021
em™ b (CHCly): 2071, 2026 em™).

(n5 -Cyclopentadienyl)dicarbonyl(3-methylthiophene)iron(II) tetrafluoroborate, [CpFe-
(CO)y(methylthiophene) |BF 4.

The compounds [ CpFe(CO)4(H,C=CMe,) |BF4 (0.32 g, 1.0 mmol) and 3-methylthiophene
(1.0 g, 10.2 mmol) were stirred in refluxing CH»Cly (20mL) under N5 for 4 h. The colour
changed from orange-yellow to red-purple. The reaction mixture was evaporated to a sticky
solution. The solid was precipitated by adding Et50 and collected on a glass filter. The
resulting solid was purified by dissolving it in CH,Cly (SmL) and reprecipitating it by

addition of Et,O. Drying the solid in vacuo gave a gold-orange, microcrystalline product




e

(0.38g, 84.3% yield). IH-NMR (CDCl3): 2.28 (s, 3H, CH3), 5.49 (s, SH, Cp), 7.07-7.12 (m,
2H, CH), 7.55-7.59 (m, 'H, CH); IR (v(CO)), (solid state, ATR): 2069, 2016 cm"l;
(CH5Cly): 2072, 2031 cm™ L.

( n5 -Cyclopentadienyl)dicarbonyl(2,2':5',2"-terthiophene)ircn(!l) tetrafluoroborate,
[CpFe(CO)z(terthiophene)]BF4.

The compounds [CpFe(CO)z(H2C=CMe2)]BF4 0.10 g, 0.32 mmol) and 2,2':5,2"-
terthiophene(0.10 g, 0.42 mmol) were stirred in refluxing CH,Cly (15mL) under N5 for -4 h.
The colour of the solution changed from orange-yellow to red-purple and a red precipitate
formed. The solid was collected on a glass filter and washed with EtyO and CH4Cls nuxture
solvent. Drying the solid in vacuo gave a red solid (93.6 mg, 57.2% yield). The resulung
solid was puritied by dissolving it in CH3NO5 and reprecipitating it by addition of ether.
IH-NMR (CD3NO,): 5.48 (s, 1.5H, Cp), 5.52 (s, 3H. Cp), 5.57 (s, 2H, Cp), 7.16-7.75 (m,
8H, CH); IR(v(CO)), (solid state, ATR): 2073, 2065, 2031, 2017 cm‘l; (CH3NO»): 2073,
2031 cm'l.

Other Systems.

COP and [CpFe(CO)y(3-methylthiophene)]BF 4 mixture.

The polymer COP (104.0 mg) was dissolved in CH,Cly (15mL) under N, and
[CpFe(CO),(3-methylthiophene)]BF; (340 mg) was added. The resulting solution was
stirred under N for 1 min at room temperature. The solution was frozen with liquid-N, and

freeze dried under vacuum overnight to give a powder which was then pressed into a disk.

COP-NaBF 4, COP-FeSO 4.
COP (104.1 mg) and NaBF4 (105.8 mg) were stirred 1n refluxing CH,Cl, under N for
about 1 h (or THF for 30 min). The salts were not very soluble in the solvents. The refluxed

slurry was evaporated to dryness and pumped on overnight. The same procedure was
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carried out using COP (138.9 mg) and FeSO4'7H,0 (156.2 mg). The resulting materials

were pressed into disks.

PS-[CpFe(CO)y(H)C=CMe))]BF 4, PPP-[CpFe(CO)y(H,C=CMe,)]BF 4.

PS (2245 mg) and [CpFe(CO),>(HyC=CMe,)|BF, (112.4 mg) were stirred in refluxing
CH5Cl, under Ny for 80 min. The colour of solution changed from orange-yellow to red-
purple. After cooling, the solution was evaporated and dried in vacuo. The same procedure
was carrted out using PPP (102.4 mg) and [CpFe(CO)z(H2C=CMe2)]BF4 (74.9 mg). The

conductivity was measured before and after washing by CH30H.,

Spectroscopic Measurements.,

FT-IR absorpuon spectra were recorded on a Bomem Michelson 100 spectrometer (see
Chapter 2). The solution spectra were obtained using a NaCl liquid cell and were ratioed
agawnst neat solvents. Solid state spectra were obtained by casting CH,Cl, solutions on
NaCl surtaces or by the ATR technique.

The low temperature (-60°C) macro-Raman spectrum of the I5-doped COP was recorded
on an lustruments S A. spectrometer equipped with a Jobin-Yvon U-1000 monochromator
and using the 514.4nm line of an Argon laser to excite the sample (50 mW power). The
sample was sealed in a capillary tube, which was mounted on the cold finger of a Cryostat
using indium foil as the conducting junction. Low temperature was obtained with the aid of
a Cryodyne Model 21 Cryocooler (Cryogenics Technology, Inc.) and a silicon-diode
temperature sensor attached to a Cryophysics Model 4025 controller.

The proton NMR spectra were recorded on either a Varian X1.-200 or XL-300 NMR
spectrometer at room temperature. The data were reported in 8 units (ppm) using the
following abbreviations: s-singlet, t-triplet, m-multiplet and br-broad. The solvents were
stored over molecular sieves before use.

UV-VIS spectra were measured on a UV-VIS instrument with a Hewlett-Packard 8451

diode array spectrophotometer equipped with a Lauda RM6 thermostat. The solution spectra




were obtained with the use of a rectangular quartz cell and were ratioed against neat

solvents. Solid-state spectra were obtained by casting CH5Cl, solutions on to the surface of

the quartz cell.

Conductivity Measurements,

The disks (13 mm in diameter) were prepared by placing fine powder in an IR-die and
pressing it in a Riic C-30 hydraulic press at 7616 kgs/cm2 pressure at room temperature tor
3-4 min. The DC conductivities of samples pressed into thin disks were measured via a
standard, in-line four-probel26 apparatus [Fig.6-1] using a Harrison 6516A DC power
supply and Keithley 169 multimeters. The distance between the nearest probes (Sp) was 1.6
mm. The four probes were centered on the surface of the disks. The equipment was kept in a
plastic glove bag filled with Ny gas during the time of measurement. The measured values
(voltage(V) and current(I)) were converted into the appropriate conductivity values ¢ (Q“l
cm'l) according to Eq.6-1 when Sp / T >> 0.2.126 The thickness of disk T was measured

with a digital caliper (Ultra Cal) ( T ~ 0.3 mm, AT ~30.01 mm).

In2

v [Eq.6-1]

— 1T
I

Q
i

By our apparatus, the lowest current which can be recorded properly was around 1 pA and
the highest voltage across the two center probes was less than 10 V. Therefore, the lowest ©
which can be measured is of the order of 10°¢ (! cm™!). Foro > 104 Q! em!, current
(I) was kept around 0.1 mA when the data were taken. Al /T and AV / V are < 10%, Ad/c 18
approximately 20%.

126. (a) Wolf, H.F. Semiconductors, Wiley-Interscience, Toronto, 1971, Chapter 7, p497.
(b) Uhlir, A Jr. BSTJ, 1955, 34, 105.
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Figure 6-1 Scheme diagram of the in-line four-probe conductivity measurement

) apparatus.
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6.3 Results
a. Preparation of 3-Alkylthiophene Polymers

Scheme 6-1 shows the synthetic route to the 3-alkylthiophene polymers. Alkylatuon ot 3-
bromothiophene with the Grignard reagent n-hexylmagnesium bromide in the presence of
NiCly(dppp) n anhydrous Et7O gave 3-hexylthiophene at 92.2% yield. Further treatment of
3-hexylthiophene with Bry in acetic acid gave 2,5-dibromo-3-hexylthiophene, which was
purified by vacuum distillation. The copolymer 3-methyl-(3-hexylthiophene) (COP) was
prepared by a NiCl,(dppp)-catalyzed Grignard coupling of 2,5-dibromo-3-methylthiophene
and 2,5-dibromo-3-hexylthiophene in a 1:1 mole ratio following a procedure simular to that
reported for the synthesis of polythiophene.!!8(¢) The polymerization was performed n a
mixture of THF and n-BuyO under Nj in order to achieve a high yield. 127 The black sohd
obtained was washed repeatedly with hot MeOH. Soxhlet extraction of the solid with THF
gave a soluble fraction with a molecular weight around 2000 (i ¢., 14 rings) on the basis of
elemental analysis of the residual bromo-terminal groups.!28 The material was dark red n
the solid state and could be cast into a film or pressed into a disk. It was soluble at room
temperature in common organic solvents such as THF, CHCly and CH»Cly. In our hands,
the polymer poly(3-methylthiophene) was too insoluble i those common solvents and

poly(3-hexylthiophene) was too soft and rubbery to carry out the desired experiments.

The 'H-NMR spectrum of the 3-methyl-(3-hexylthiophene) copolymer in CDCly1s shown
in figure 6-2. The protons of a-CH- (at 2.22 and 2.44 ppm) and hexyl-at-CHy- (at 2,56 and

2.77 ppm) each appears to resonate as tw. sets. Integration shows that one predominates

127. Yamamoto, T.; Sanechika, K.; Yamamoto, A. Chem. Lent. 1981, 1079.
128. Amer, A.; Zimmer, H.; Mulligan, K.J.; Mark, H.B.Jr.; Pons, S.; McAleer, J.F. J. Polym.
Lett. Ed., 1984, 22, 77.
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Scheme 6-1

over the other. A plausible explanation of the IH-NMR spectrum is the presence of a
mixture of head to tail and head to head forms, I and II [Scheme 6-2]. One would assume
that the probability of symmetrical coupling of the thiophene ring (II) is lower than the

prabability of unsymmetrical coupling (I).128 The ratio of integration of a-CH; and hexyl-

a-CHy- is 3:2, which indicates that COP has a 1:1 ratio of methyl- and hexyl-thiophene in

its chain.
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Figure 6-2 1H.NMR spectrum of 3-methyl-(3-hexylthiophene) copoymer in CDCl3,
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The IR spectrum of COP has a strong band at 800 cm™! which is due to the characteristic
out-of-plane C-H deformation mode of the thiophene ring;!08 it also shows bands at 1420
and 1490 cm! which are caused by the ring stretching vibration of 2,5-substituted
thiophene [Fig.6-3].

The UV-VIS absorption spectra of COP in CH»Cly and COP cast on a quartz surface are
compared 1in Fig 6-4. The absorption peak (Ap,q) of the n-n" transition is shifted from 470
nm for the cast film to 450 nm for that in solution, analogous to what is observed in other 3-
substituted polythiophenes. 103 This blue-shift is believed to be brought about by
localization of the molecular orbitals as a result of the disorder introduced by a more random
conformation of the macromolecules in solution.12 Casting into solid films restores a more
ordered backbone with an associated delocalization of the molecular orbitals. This
observation implies that the solid copolymers assume a higher degree of order with longer

average conjugation lengths,!29

ABSORBANCE
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Figure 6-3 IR spectra of (—) COP and (---) I,-oxidized COP.

129. Hotta, S.; Rughooputh, S.D.D.V.; Heeger, A.J. Synth. Met. 1987, 22, 79.
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Figure 6-4 UYV-VIS absorption spectra of (—) COP in CH,Cl, and (....) cast on a

quartz surface.
b. I5-Doping

COP powder was pressed into a thin disk at room temperature. The sample exhibited
insulating properties since the instrumentation available to us was not sensitive to
conductivity values below 1060 Q1 cml. Poly(2,5-thiophene) prepared in this way 15
reported to have conductivity values in the range 10-10.10- 11 -l g 1127

Polythiophene polymers have a high affinity towards iodine!30. When the disk or film of
this copolymer was exposed to Iy vapour, it absorbed iodine and oxidation reactions took

place!30 [Eq.6-2]. At the same time, the oxidation (about 1 day in I5 vapour) resulted in a

130. Kim, D.-U.; Reiss, H. J. Phys. Chem. 1988, 89, 2728.




COP + 321, === ([COPI* [I3I" [Eq.-2]

characteristic increase in electrical conductivity and the weight % of the disk increased as
much as 200. The absorption of 15 was reversible. When the doped-COP was kept in air, the
conductivity first increased steadily and reached a maximum value of around 5-10 Q!
em! (after 1-3 days), with the weight % decreasing to 50-80 %. The conductivity then fell
gradually, accompanied by a further loss of iodine. On the other hand, under constant DC
conditions, the current decreased rapidly at the beginning and reached a relatively constant
value after a few min. The remaining residual current was relatively constant, but still
gradually decreased under DC conditions.

The low-temperature (-65°C) Raman spectrum of Iy-doped COP gave a I3” peak around
110 em! and a [, band at 170 cm™, consistent with those reported.131 The latter peak
disappeared upon prolonged scanning probably due to sublimation of 15 from the matrix.
The IR spectrum of I5-doped COP [Fig.6-3] showed strong new peaks around 1000-1400
em !, smlar 1o those reported by Cao!'32 and Hayes!33. These authors measured the IR
spectra of 15-doped and electrochemically-doped polythiophenes and found four intense
vibrational new peaks 1n the 1000-1400 cml region. The bands appearing in this region are

mainly due to C-C, C=C and C-§ ning stretching vibrations and have been attributed to the

presence of the charged polythiophene chains, or the so-called charged polarons.

131. Ferraro, J.R.; Furlani, A.; Russo, M.V. Appl. Spectrosc. 1987, 41, 830.

132. Cao, Y.; Qian, R.Y. Solid State Communications, 1985, 54, 221.

133. Hayes, W.; Pratt, F.L.; Wong, K.S.; Kaneto, K.; Yoshino, K. J. Phys. C: Solid State
Phys. 1985, 18, L55S.
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¢. Thiophene-iron Model Complexes

When a CH,Cl5 solution of [CpFe(CO)7(HyC=CMe,)|BF4 was heated in the presence of
3-methylthiophene or 2,2:5'2"-terthiophene, ligand exchange occurred, yielding
respectively the orange-red [CpFe(CO),(3-methylthiophene)|BFy or the purple
[CpFe(CO)»(2,2":5',2"-terthiophene)|BF 4 [Egs. 6-3, 6-4]. Integration of the aryl region of
the |H-NMR spectrum of [CpFe(CO)»(2,2":5'2"-terthiophene)|BF, relative to that of the
Cp region suggested that 30% of the terthiophene had two [(}ch(CO)z]+ cations attached.
The IR spectra of [CpFe(CO)y(3-methylthiophene)]BFy and [CpFe(CO),(2,2":5',2"
terthiophene)]BF,4 in CH5Cl, showed two strong v(CO) bands at 2072 and 2031, and 2073
and 2031 cm'l, respectively, which are very close to those reported for analogous
complexes. The two complexes were very soluble in polar solvents, such as CH3NO and
MeOH, and were fairly stable in the solid state under N5 or in & vacuum, but decomposed in

air at room temperature. Heating the complexes to 80°C gave the decomposed product

CpFe(CO)3BF,.121
@:\:—Y } BF¢ e
+ Cg : P
C{ "’ [Eq.6-3]
=
r +
[[532'? —‘Y } - |
CK X;o CH,Clx BF4 (Eq.6-4]
+ —_— cé )
\; /; (appears (NMR) 1o be a muxture of isomers)
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Freshly ~ prepared  [CpFe(CO),(H,C=CMe,)|BF4 and  [CpFe(CO),(3-
methylthiophene) |BF, were pressed into disks and their conductivities were measured. The
conductivities of these maternals were below the detection limit of the instrumentation (<10°
6 (-1 ¢m1). Under 500 V DC power supply, only very low initial currents were detected
(about 1 pA), which disappeared in about 5-10 seconds. Similar results were also obtained
for [CpFe(CO)»(2,2"5',2"-terthiophene) |BF4. The disks became soft and the conductivities
increased after standing in air, but the current of these disks decreased very rapidly under

the DC conditions.
d. [CpFe(CO),]*-doping

The COP was treated with the iron(II) complex [CpFe(CO),(H,C=CMe,)IBF,4 (3:1 mole
ratio) under N5 1n refluxing CH,Cl, for 80 min following a procedure similar to that for
preparing |CpFe(CO),(thiophene)]BF4.121 The colour of the solution changed from dark-
red to dark-yellow-green. The residue upon evaporation of CH,Cl, was washed with
CH3OH and dried under vacuum to give the brown-black material [CpFe(CO),-COP]BFy.
The conductivity of the disk pressed from this material was of the order of 10-3-10"4 Q-1
em L,

The [CpFe(CO),-COPIBF,4 complex in CH,Cl, exhibited two strong IR bands in the
v(CO) streching region at 2071 and 2026 cm"l, consistent with the presence of the
CpFe(CO) residue [Fig.6-5]. Interestingly, there were a few new strong bands in the 1000-
1400 ¢! region which were also observed in the IR spectrum of the conducting, I5-doped
copolymer but which did not appear in the spectrum of pure COP. The percentage of the
thiophene rings ot COP attached to organoiron cations was determined by integration of the
IH NMR spectrum. Integration of the aryl and alkyl regions of the NMR spectrum relative
to that of the Cp region suggested that 7% of the thiophene rings were attached to an

organowon cation. Comparison of the UV-VIS spectrum of the [CpFe(CO),-COP]BF,
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complex to that of pure COP [Fig.6-6] revealed that the single broad band at 470 nm
observed for COP was split into two bands with A, at 400 nm and approximately 570 nm
due to complexation. Clearly, the attachment of the organoiron cation perturbs the electronic
configuration of the copolymer.

The de-doping process was done by either stirring [(Cple(CO),-COP)|BE, with Nal in
CH,Cl, under N5 at room temperature for about 30 min, or by heating the disks at 80-
100°C for 3 h. Heating solid [CpFe(CO),-COPIBE, 1o 1009C gave a non-conducting
material whose IR spectrum [Fig.6-5] was characteristic of |CpFe(CO) 3IBE 4 in the v(CO)
stretching region (2123, 2068 and 2006 cm‘l), which is simtlar 1o the thermal
decomposition of [CpFe(CO)5(3-methylthiophene)|BF4 or decomposition solution, 121
The dark-red colour of the original pure COP returned. Treatment of [Cpl"c((‘())z»(‘()l’Ilil“ 4
in CH5Cl5 with Nal gave, upon evaporation of solvent, a dark-red, non-conducting residue,
whose IR spectrum [Fig.6-5] in the carbonyl region (2044 and 2002 em 1y 15 charactenstic
of CpFe(CO),l embedded in COP and whose IH-NMR spectrum in CDCLy s consistent
with a mixture of CpFe(CO)5l and COP. Its UV spectrum in CHoCly 15 the same as that of
COP [Fig.6-6). This further indicates that the original COP had been regencrated. The
thiophene ligand of the complex has been substituted by I", which is consistent with the
result reported that thiophene ligands of [CpFe(CO)5('T)]BF4 arc labile and can be displaced
by ligands such as CH3CN or acetone.12! The preparation of [Cple(CO)-COP[BIYy and it
subsequent transformations are depicted in Scheme 6-3. It is reasonable to conclude that the
[Cch(CO)21+ residues bind to the sulfur atoms of some of the thiophene rings of the

copolymer backbone.
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Figure 6-5 The IR spectra of (a) COP, (b) [CpFe(CO),-COP]BFy, (c) CpFe(CO),l-
COP and (d8) CpFe(CO)3BF4-COP

on



111

e

rr - - - T T T T e T e T
H
l
{

VAVELENGTH (rw)

Figure 6-6 UV-VIS spectra of (..) [CpFe(CQ)y-COPIBF4, (---) [CpFe(CO)y(3-
metkylthiophene)]BF 4 and (—) COP.

Changing the ratio COP : [CpFe(CO)o(HoC=CMe,)]BF, in the preparation of
[CpFe(CO),-COPIBF, changes the number of iron-functionalized thiophene rings. Figure
6-7 shows the log ¢ as a function of the number of [CpFe(CO)z]+ groups attached to every
100 thiophene rings. The conductivity reached its maximum value at relatively low
loadings (about 3-5%). These correspond to 6-10 weight percentage of iron doping agent.
The conductivity only decreased slightly from 8 x 104Q T em 103 x 104 Q1 em'! after
the disk had been stored in vacuo at room temperature for 6 months. The conductivity

decreased dramatically after the disk was exposed to water vapour in a sealed flask
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containing some liquid water for about 1 week, while the conductivity increased slightly

following storage in air.
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Figure 6-7 Log o as a function of the number of [CpFe(CO)2]+ attached to every 100

thiophene rings.

Under constant DC conditions the current carried by a disk of [CpFe(CO),-COP|BF,
decreased rapidly at the beginning [Fig.6-8]. This decrease moderated for the next few hours
and then the current stablized at a relatively constant value although a gradual decrease
continued. However, the conductivity of this material remained was relatively stable. This

behaviour was similar to that of I,-doped COP.
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Figure 6-8 The current of [CpFe(CO),-COPBF4 as a function of time under constant

DC conditions (200 V).
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Several other experiments were performed for comparison purposes.

1) Refluxing COP with finely powdered NaBF 4 or FeSO . in CH»Cly or THF, gave non-

conducting residues upon evaporation of solvent. No colour or IR spectral changes were

noted.

2) COP and freshly prepared |CpFe(CO)5(3-methylthiophene)|BE 4 (3:1 weight ratio) were
stirred in CH2C12 under N, for 1 min and freeze-dried under vacuum. No detectable

conductivity of the disk of this mixture was measured.

3) Refluxing PS and [CpFe(CO)»(H,C=CMe,)IBF, in CH,Cly under Ny gave a red
residue. The colour was very easily extracted by CH30H, eventually giving a colourless
solid which had no absorption in the v(CO) region of its IR spectrum and no peak in the Cp

region of its TH-NMR spectrum. This solid material was an insulator.

4) Upon refluxing PPP (soluble) and [CpFe(CO)y(HoC=CMe,)|BF4 in CHyCl, under Ny
for 2 h, the colour of solution changed from orange-yellow to red-brown. The residue upon
evaporation of this solution was dried under vacuum and pressed into a disk. Very low
conductivity was detected which disappeared after a few seconds. Similarly, the colour of
the residue was easily extracted by CH3OH. The washed material was an insulator and

showed no absorption in the v(CO) region of its IR spectrum and no peak in the Cp region of

its IH-NMR spectrum.
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6.4 Discussion

In the case of CpFe(CO),(T)BF4 model complexes and several other systems, (i.e., COP-
{CpFe(CO),(3-methylthiophene)]|BF4 mixture, refluxed PS-[CpFe(CO)y(H,C=CMe,)]BFy
and PPP-[CpFe(CO),(HyC=CMe,)|BF,}, the DC conducuvity measurements show very
low initial currents which disappear after a few seconds. As discussed in Chapter 5, ionic
conductivity of most dielectric matenals, decays with time. The current diminishes after a
few seconds or a few minutes under DC conditions.116(8) Therefore, the materials behave
as low ionic conductors and the initial currents are likely due to the contribution of ionic
carriers.

For I5-doped COP and [CpFe(CO)2]+-doped COP, under a constant DC power supply, the
current decreased quickly in the first few minutes. Ionic carriers probably carry part of the
current at the beginning, but they are swept out of the disk soon under DC conditions.

The remaining conductivites are relatively stable for I,~ and [CpFe(CO)2]*-doped COP.
The ongin of the electrical conductivity of I,-doped polythiophene polymers has been
widely studied. As mentioned in Chapter 5, the most acceptable mechanism is that the
doping process creates polarons and bipolarons, which act as charge carriers. The UV
spectra of doped polythiophene polymers have shown bands due to the absorptions by
polaron and bipolaron species.81.118(2) However, the exact mechanism of the conductivity is
still not clear.

It is difficult to determine the mechanism of conduction of [CpFe(CO),-COP]BF based
on the data in hand. However, its conductivity is relatively stable under the constant DC
power conditions. This indicates that the conductivity of [CpFe(CQO),-COP]BF, is likely to
be via an electronic mechanism.

The IR spectrum of [CpFe(CO),-COP]BF, shows several new bands around 1000-1400

em'l. These bands are also observed in the IR spectrum of Iy-oxidized COP and
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electrochemically-doped polythiophene and have been assigned to the charged
polythiophene chains or the so-called polarons and bipolarons.!32.133 The UV spectrum of
the oxidized-polythiophene shows a new band around 750 nm with a large decrease of the n
— n* absorption of the polymer around 470 nm.!'8@ Following doping of COP with
[Cch(CO)2]+, the band at 470 nm splits into two new bands at 400 and 570 nm. Because of
this spectroscopic sirmlarity, the [CpFe(CO)2]+ residue may be regarded as mumicking the
action of an oxidizing agent such as I on COP leading to improved electrical conduction.

The introduction of [CpFe(CO):;_]+ moieties into the conjugated COP chamn may lead to the
interaction of the d-electrons of the metal with the n-electron system of the polymer.! ™ The
lowest energy bands of the complexes [Cch(CO)z(T)]BF4 in the UV-VIS spectra |[Fig.6-6]
shift from 460 nm (T = methylthiophene) to 570 nm (T = COP). It 1s not clear 1f the bands
are due to the CT (charge transfer) absorptions. However, the CT bands have been observed
for the complexes such as CpMn(CO),(pyridine).!33 It 1s possible that the d-electrons can

be excited into the conduction 1t band of COP to carry electron flux [Scheme 6-4].134.135

| | 7* conduction band

i T valence band

Scheme 6-4

134, Ashby, M.T.; Enemark, J.H.; Lichtenberger, D.L. Inorg. Chem. 1988, 27, 191.

135. Geoffroy, G.L.; Wrighton, M.S. Organometallic Photochemistry Academic Press,
Toronto, 1979.
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The [CpFe(CO),-COP]BF4 may also be viewed as a complex with a long conjugated
ligand whereby conduction occurs via a combination of inner- and outer-sphere redox

reactions. 136
6.4 Conclusions

Treatment of an electrically non-conducting copolymer of 3-methyl- and 3-hexylthiophene
with [CpFe(CQO)y(HyC=CMe,)]BF, gave [Cch(CO)z-COP]BF4, a material with a
relatively stable conductivity (6 = 103104 Q! cm'l). The presence of [CpFe(CO)2]+
residues covalently bonded to the thiophene-sulfur atoms of 5-10% of the rings of the
polymer has been established. The attachment of the organoiron cations perturbs the
electronic configuration of the copolymer in a manner not yet understood. However, it is
clear that the [CpFe(CO)2]+ residues, attached to the thiophene rings of the copolymer

backbone, are the source of the improved conductivity.
6.5 Suggestions for Future Work

One possibility is to vary doping reagents, such as [CpRu(CO)2]+, [(R5Cp)Fe(CO)2]+, to
see if these can form more stable metal-S bonded complexes and also improve the
conductivity. Variation of conjugated polymers, such as the polypyrrole type polymers, is
another possibility to form a CpFe(CO),-N(pyrrole) complex in order to induce

conductivity in polypyrrole.

136. Cotton, F.A.; Wilkinson, G. in “Advanced Inorganic Chemistry”, Fifth edition, Wiley-
Interscience, Toronto, 1988, p1307-1316.




SUMMARY AND CONTRIBUTIONS TO KNOWLEDGE

PARTI

1) A variety of polymer films (PS, PMMA and PSAN) containing monomeric and
dimeric metal carbonyl complexes were prepared through hot-pressing. The technique
was simple, general and reasonably non-destructive. Films generated were examined by
IR, ATR-IR, Raman and microscopy techniques. They were uniform and ransparen: and
the organometallics embedded were highly dispersed 1n the polymer matrices.

2) Infrared data of metal carbonyls in polymer films were recorded in the w(CO)
stretching region. The polymers PS, PMMA and PSAN appeared to approximate the
common solvents toluene, ethyl acetate and acetonitrile, respectively, in their influence
on the shapes and positions of the IR bands of metal carbonyls.

3) Several of the films were subjected to UV irradiation and some of the photoproducts
formed were identified by IR spectroscopy and were subsequently 1solated. Irradiation of
the embedded complexes led to decomposition, rapidly in PS and slowly in PMMA, The
PSAN polymer was capable of stabilizing photogenerated intermediates by coordination
of pendant nitrile groups to form organometallic polymers such as W(CO)s(PSAN),
CpMn(CO)»(PSAN) and Mny(CO)g(PSAN). These are useful for the synthesis of
organometallic polymers and unstable complexes in the sohd state.

4) lodine oxidation of dimeric complexes in PS, PMMA and PSAN matrices gave
CpFe(CO)51, CpMo(CO)3l and Mn(CO)sl. The oxidation rate was dependent on the
polymer, with the reaction in PS being the fastest and that in PMMA the slowest.

5) The addition reactions of trans-Ir(CO)CI(PPh3)y embedded in PS with CO, Hy, 5O,,

O, and 1, gases were monitored by IR and appeared to be similar to those reactions in



toluene. These reactions demonstrate additional methods of transforming organometallic
complexes in solid polymer films.

6) A polarized IR spectral study indicated that Mno(CO)( can be partially oriented by
stretching a PE film doped with the complex. This technique is useful for vibrational

band assignments.
Part 11

Treatment of an electrically non-conducting 3-methyl-(3-hexylthiophene)copolymer
with [CpFe(CO),(HyC=CMe,)IBF, gave the new conducting material [CpFe(CO),-
COP]BF4 (0 = 1073-104 ! cm'l). The IR, UV and NMR spectra of this material and
of model complexes suggested that [Cch(CO)2]+ residues, which were artached to the
sulfur atoms of the thiophene rings of the COP backbone, induced the improved
conductivity. The result opens a new avenue for the development of conducting

polymers.
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