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POL YMER FILMS AS MEDIA FOR ORGANOMETALLIC CHEMISTRY, 

AND 

THE PREPARATION AND CHARACTRRiZATION OF AN ELECTRICALL y 

CONDUCTING POLY(3-ALKYLTHHlPHENE).IRON(II) COMPLEX 

by J/AN PING GAO 

ABSTRACT 

The thesls is divided into two parts. In part J, the mOl7lomeric and dimeric metal carbonyl 

complexes, M(CO)6 (M = Cr, Mo, W). CpMn(CO)3 (Cp = ,,5_C5HS)' (,,6_C6H6)Cr(CO)3' 

(CpFe(CO)2h, [CpMo(CO)3h, Mn2(CO)W and tra,\s-Ir(CO)CI(PPh3)2' have been 

embedded Into polystyrene (PS), poly(methylmethacrylalc) cPMMA) and poly(styrene-

acrylomtnle) (PSAN) polymer film matrices. The environments experienced by the metal 

complexes as a function of the polymer type have been characterized by vibration al 

spectroscopy and have been compared Wlth those of the snucturally-related solvents 

toluene, ethyl acetate and acetonitrile, respectlvely. Severa! of films have been subjected to 

UV maruatIon ln order to study the solid-state photochemistry of metal carbonyls in donor 

and non-donor pol ymer matrices and the effect of the polymer microstructure on the 

photodecomposltion of the complexes. Iodine oxuiation of the dimeric complexes in 

different pol ymer films and the cheIllical reactivity of Vaska's complex in PS upon exposure 

to the SImple moiecular gases, H2' 02' CO, S02 and 12 have aiso been exarnined. 

ln part Il, treatment of an eiectrically-nonconducting copolymer of 3-methyl- and 3-

hexylthlOphene wnh [CpFe(CO)2(H2C=CMe2)]BF 4 gave an electrically-conducting 

matena.l l cr = 10-3 -10-4 n- 1 cm -1). The IR, UV and NMR spectra of this material and of 

model complexes suggest that [CpFe(COh]+ residues, which are attacned to the sulfur 

atoms of the thlOphene rings of the copolymer backbone, induce the improved conductivity. 
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FILMS POLYMERIQUES COMME Mn,fEUX EN CHIMIE ORGANOMETALLIQUE, 

ET 

PREPARATION ET CARACTERISATION D'UN COMPLEXE 

POLY(ALKYL-3 THIOPHE~E)·FER(II) ELECTRIQlJEMENT CONDVCTEI!R 

par JlAN PING GAO 

RESUME 

La thèse est divisée en deux sections. Premièrement, les complexes métal-carbonyle 

monomériques et dimériques M(CO)6 (M = Cr, Mo, W), CpMn(COh (Cp -= 115_CsHs), 

(116-CJ16)Cr(COh, [CpFe(CO)2h, [CpMo(COhb Mn2COlO et trans-IrCl(CO)(PPh j)2' ont 

été noyés dans des films polymériques constitués de matnces de polystyrène (PS), 

polymétacrylate de méthyle CPMMA) et du copolymère polystyrène/polyacrylonnnie 

(PSAN). Les interactions entre les complexes métalliques et leur envIronnement ont été 

caracténsées par spectroscopie vlbrationnelle et ont été comparées avec celles obtenueo; dan'i 

les solvants apparentés: le toluène, l'acétate d'éthyle et l' acétomtnle re'ipeCllV~ment 

Plusieurs films ont été soumis à l'irradianon p<!1' UV pour étudler la photochimIe des 

carbonyles métalliques dans dIfférentes matrices polyménques aInsi que l'effet de la 

mlcrosrructure du polyml;re sur la photodécomposltion des complexes. L'oxydation par 

l'iode des complexes dimériques dans différents films de polymères et la réactivité du 

complexe de Vaska dans le PS suite à l'exposition aux gaz moléculalIes SImples tels H2, 02' 

CO, S02 et 12 a aussi été examinée. 

Dans la deuxlème panie. le rraitement avec [CpFe(COhCH2=CMe2)!BF,_ d'un 

copolymère électnquement non-conducteur constitué de méthyl-3 et d'hexyl-3 thlOphène a 

donné un matériau conducteur (cr = 10-3 _10-4 n-lcm- l). Les spectres IR, UV et RMN de ce 

matériau ainsi que de complexes modèles suggèrent que les r6idus {CpFe(COhl+, qui sont 

attachés aux atomes de soufre des anneaux thiophène intégrés dans la chaine du copolymère 

induisent l'amélioration de la conductivité. 



1 

J 

CONTENTS 

ABSTRACT i 

RESUME li 

CONTENTS 
.. , 
111 

ACKN()WLEDGEMENTS vii 

GLOSSARY OF ABBREVIATIONS viii 

FIGURES x 

TABLES xiii 

PART 1. 

POL YMER FILMS AS MEDIA FOR ORGANOMETALLIC CHEMISTRY 

CHAPTER 1. General Introduction 

Page 

1 

CHAPTER 2. Vibrational Spectra and Photochemistry of Some Monomeric 

Organometallic Carbonyl Complexes in Polymer Matrices 

2.1 Introduction 

2.2 Expenmemal 

2.3 Results and Discussion 

2.3.1 Microscopy Studies 

11 

12 

15 

15 



1 

1 

2.3.2 Vibrational Spectra 
16 

a. [R. S pectra 
16 

b. A TR-FT·IR Spectra 
20 

c. Raman Spectra ,., ...... 
2.3.3 PhotolY'iis Experiments 

2.t 
a. Room-temperature Photolysis 

2.t 
b. Low-temperature Photolysis 32 

2.4 ConcluslOns 
34 

CHAPTER 3. Vibrational Spectra, Photochemistry and lodine Oxidation Reactions of 

Dimeric Metal Carbonyl Complexes in Polymer Matrices 

3.1 Introduction 
36 

3.2 Experimental 
37 

3.3 Results and Discussion 
38 

3.3.1 IR Spectra 
38 

3.3.2 Photochemistry 
42 

3.3.3 Iadine Oxidation Reactions 49 
3.3.4 Polarired FT-IR Studies 

52 
3.4 Conclusions 57 

CHAPTER 4. Reactions of Organometallics Embedded in POlystyrene Matrices With 

Gases 

4.1 Introduction 58 



J 

4.2 Expenmental 

4.3 Results and Discussion 

4.3.1 SubstItutIon Reactions of CpRu(COD)CI in PS Films 

4.3.2 AddItIon Reactions of trans-Ir(CO)CI(PPh3)2 in PS Films 

a. H2 addtuon 

b. 02 addmon 

c. sa,., addItion 

d. CO addItIon 

e. 12 additIon 

4.3.3 ATR-IR Studies 

4.4 Conclusions 

PART IL 

S9 

61 

61 

64 

66 

67 

69 

71 

71 

73 

THE PREPARATION AND CHARACTERIZATION OF AN ELECTRICALLY 

CONDUCTING POL Y(3-ALKYL THIOPHENE)-IRON(l1) COMPLEX 

CHAPTER S. General Introduction 

5.1 Conducting Polymers 

5.2 Conductivity Mechanisms of Solid Materials 

a. Electronic Conduetivity 

b. Ionie Conduetivity 

c. Condueting Polymers 

74 

74 

83 

83 

87 

88 



i 
CHAPTER 6. Synthesis and Characterization of an Electrically Conducting PolytJ. 

alkylthiophene).Iron(I1) Complex 

6.1 Introduction 

6.2 Experimental 
91 

6.3 Results 92 

100 
a. Preparanon of 3-Alkylthiophene polymers 

100 
b. I2-Doping 

104 
c. Thiophene-iron Model Complexes 

106 
d. [CpFe(CO)2J+-doping 

107 
6.4 Discusslon 

6.5 Conclusions 
115 

6.6 Suggestions for Future Work 
117 

117 

SUMMARY AND CONTRIBUTIONS TO KNOWLEDGE 
118 

PUBLICA TIONS 
120 

1 

~---------------------



1 

1 

ACK~OWLEDGE~E~TS 

1 would IIke to express my deepfelt gratitude to my two research direc tors , Dr. lan 5 

Burier and Dr. Alan Shaver, for thelI guidance, patience and encouragement during this 

re'iearch. \-1any fnendJy, mteresung dIscussions Wlth them have made my studles at McGill 

UmVer\Hy e.,peclally rewardIng. 

1 would aho hke ta thank: 

~cGIlI Cmverslty for the award of a Major Fellowship (Balbir Bindra) and the 

Department of Chemlstry for financial SUpPO" In the fonn of teaching and research 

asslstantshlpS; 

Dr. J C hm for allowing the use of hlS UV-VIS instrument; 

Dr. A Eisenberg for provHiing the facilities to prepare pol ymer films; 

Dr. G Eccles for his help With various instruments; 

Dr. D FR. Gtlson and Dr. J. Harrod for their suggesnons; 

Dr. A Ismal/ for access of hlS Bomem FTIR instrument and for many useful discussions; 

Dr. B Lennox. for hlS useful suggestions; 

Dr. F Saurio/ for her instruction and aid in running the NMR spectra; 

MISS N Kawlll, B. 500 Lum, H. Uhm, A. Wei and Ms. H.Q. Li, for their friendship and 

.lSSlstance In proofreading this thesis; 

Ors. G. Lord, R.M. Paroli and Z.H. Xu for their considerable help during my early days 

here; 

Mr. J. Demers for translating the abstract of this thesis into French; 

Mr. S. Barnett, G. Emo, Y N. Huang, J. Haines, Dr. 1. Whaifand all the members ofrooms 

335 and 435 of the Otto Maass Chemistry Building for their friendly assistance. 



i 
GLOSSARY OF ABBREVIA TIONS 

Ac acetyl 

AC altemating CUITent 

AlBN a, a'-azobisisobutyronitrile 

ANAL. elemental analysis 

AIR attenuated total reflectance 

br broad 

bridg bridging 

n-Bu20 n-butyl ether 

Calcd calculated 

COD cycloocta-l,5-diene 

COP 3-methy 1-(3-hexy Ithiophene )copoLymer 

Cp 115 -cyclopentadieny 1 

DC direct current 

~ penetration depth 

dppp 1 ,3-bis( dipheny lphosphino )propane 

DTGS deuterium triglycine sulfate 

Eq equation 

Et20 diethyl ether 

Fig figure 

h hour(s) 

Ir/PS PS fùm containing trans-lr(CO)Cl(PPh3)2 

Ir13CO/PS PS fIlm contaÎlùng trans-Ir( 13CO)Cl(PPh3)2 

KRS-5 Tll'TlBr 

J m medium 



min minute(s) 

1 PE polyethylene 

PMMA polymeth ylmethacry late 

pp polypyrrole 

ppp poly(p-phenylene) 

PPS poly(p-phenylene sulphide) 

PT polythiophene 

PS polystyrene 

PSAN poly(styrene-acrylonittile) 

PTFE polytetrafluoroethylene 

pve poly(vinyl chloride) 

s stI'ong 

sh shoulder 

THF tetrahydrofuran 

vs very strong 

vw very weak 

w weak 

1 



.\ 

l Figures 

Figure 

2-t Electron micrograph (6000 X) of transparent PS film embedded with WlCO)6 

(10%). 15 

2-2 The IR spectrum in the v(CQ) region of W(CO)6 in PMMA film. 18 

2-3 Transmission IR and ATR-IR spectra in the v(CO) region of Cr(CO)6 

in PS and (116-CffI6)Cr(CO)3 in PSAN film. 21 

2-4 The Raman spectra in the v(CO) region of (a) crystalline W(CO)6; 

(b) W(CO)6(21%)-PSAN film; (c) W(CO)6(40%)-PSAN film and 

(d) pure PSAN film. 23 

2-5 The IR spectra in the v(CO) region ofW(CO)6 in PS film before 

irradiation, after irradiation (Pyrex filter) for 10 min and after allowing 

the latter sample to stand for 20 min. 28 

2-6 The IR spectra in the v(CO) region of W(CO)6 in PMMA film before 

irradiation, after irradiation (Pyrex filter) for 10 min and after allowing 

the latter sample to stand for 8 h. 28 

2-7 The IR spectra in the v(CO) region of W(CO)6 in PSAN film before 

irradiation. after irradiation (Pyrex filter) for 10 min and after allowing 

the latter sample to stand for 8 h. 29 

2-8 The IR spectra in the v(CO) region of CpMn(CO)2(PSAN) produced 

by UV irradiation (Pyrex tilter) of CpMnt CO)3 in PSAN for 30 min. 32 

2-9 The IR spectra in the v(CQ) region of W(CO)6 in PS film (a) at -14SoC 

before irradiation; (h) aft.er irradiation for 30 min at -145 Oc and (c) 

after allowing the latter sample to wann up to room temperature. 33 

1 



.-:.:. 

1 3-1 The IR spectra in the v(eO) region of [CpFe(CO)2h in PS and PSAN 

showing the effeet of the polymer on the relative arnounts of the cis 

and tranJ' Isomers. 41 

3-2 The IR '1peetra in the v(CO) region of [CpFe(CO)2]2 in PSAN: (a) 

before irradiation; (b) after irradiation for 4 h and (c) spectrum (a) 

subtracted from spectrum (b). 47 

3-3 The IR \pectrum in the v(CO) region of eq-Mn2(CO)9(PSAN) in PSAN. 48 

3-4 The IR specrra in the v(CO) region of [CpFe(CO)2h in PS: before 

exposure to 12' after expJsure to 12 for 1 day and 10 days. 50 

3-5 (a) The parallel polarized IR spectrum in the v(CO) region of 

Mn2(CO)10 soaked in PE film after stretching; (b) dichroic IR 

spectra (A II-Al) of Mn2(CO)10 in PE after stretching and (c) 

before stretching. 55 

3-6 The parallel and perpendicular polarized IR spectra in the low· 

frequency region of Mn2(CO) 10 in PE film after stretching. 56 

4·1 The IR spectra in the v(CO) region of CpRu(CO)2C1 and CpRu( 13CO)2Cl. 62 

4·2 The IR spectra in the v(CO) region of IrIPS upon treatment 

wah H" for 5 days. followed by exposure to vacuum for ... 
3 days and followed by exposure to air for 3 days. 65 

4-3 The IR spectra in the v(CQ) region of IrIPS upon treatment 

with 02 for 5 days, followed by exposure ta vacuum for 

3 days and followed by exposure to air for 3 days. 66 

4-4 The IR spectra in the v(CO) region of IrIPS upon treatment 

with S02 before treatment, tteatment for 3h and followed 

by exposure to vacuum for 15 h. 68 

1 4-5 The IR spectra in the v(CO) region of Ir13CO/PS upon tteatment with 



j 

1 

CO (a) before treatment; (b) after treatment for 20 mm and le) 

followed by exposure to vacuum for 30 min. 

4·6 The IR and A TR-IR spectra ln the v(CO) reglOn of Ir/PS upon 

treatment with 12 for 3 h. 

6-1 Sehematic diagram of the in-Une four-probe eonductivity measurement 

", .. -

70 

72 

apparatus. 99 

6-2 IH-NMR spectrum of 3-methyl-(3-hexylthiophene)copolymer in COCI} 102 

6-3 IR spectra of COP and I2-oxidized COP. 103 

6-4 UV -VIS absorpLÏon speetra of COP in CH2C12 and cast on a quanz surface. 104 

6-5 The IR spectra of (a) COP, (b) [CpFe(CO)2-COP]BF 4' (e) CpFe(CO)21-COP. 

and CpFe(CO)3BF 4-COP. 110 

6-6 UV-VIS speetra of (CpFe(CO)2-COP]BF4' [CpFe(CO)2(3-methylthiophene)]BF4 

and COP. III 

6-7 Log cr as a function of the number of [CpFe(CO)2J+ residues attached 

to every 100 thiophene rings. 112 

6·8 The current of [CpFe(CO)2-COP]BF4 as a funetion of time under constant 

OC conditions (200 V). 113 



, 

! 
Tables 

T.tble 

2-1 Observed carbonyl stretching modes of the monomeric metaI carbonyl 

complexes in vanous ~olvents. 16 

2-2 Observed carbon yi stretching modes of the monomeric meta! carbonyl 

complexes ln pol ymer mm matrices. 17 

2-3 Assignment of the CO stretching modes of the spedes generated 

by UV irradiation of the monomeric metal carbonyl complexes 

embedded in pol ymer matrices. 27 

3-1 Observed carbonyl stretching modes of [CpFe(CO)2h. [CpMo(CQ)3lz 

and Mn2(CO) 10 in different media. 39 

3-2 Consumptlon of metal carbonyl staning material (as percentage) 

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

(mm). 45 

3-3 Consumption of metal carbonyl staning material (as percentage) 

by lodine oxidation (iO ~ys) as a fUI1~tion of polymer and film 

tbckness (mm). 51 

4-1 The carbonyl stretching frequencies of Irans-Ir(CO)Cl(PPh3)2 

and selected adducts and of CpRu(CO)2C1 in PS and orher media. 63 



1 

J 

PART 1. 

POL YMER FILMS AS MEDIA FOR ORGANOMETALLIC 

CHEMISTRY 



1 

., 

CHAPTER 1. General Introduction 

Metal-polymer systems are important from both practical and theoretical standpoints. 

Current research IS directed towards the optical, electrical, photochemical, rnechanical, 

catalyuc and blOmedlCal apphcanons of these matenals. 1 For example, thermal-

decompmmon of W(CO)6 In polycarbonate polymer solution produces a dark blue nuxture 

and ca~tlngs of thiS pol ymer solutIon are capable of absorbing near-IR radiatIon and are 

u~eful as Optlcal. e.g . ophthalnuc lenses.2 Reaction of poly(Vbpy) (Vbpy = 4-Methyl-4'­

vinyl-2,2'-bIpyndine) WIth cis-R'l(bpY)2C12 (bpy = 2,2'-bipyridine) gives rise to the polymer 

pendant [Ru(bpY)312+, which is a potenùal catalyst for solar energy conversion. 3 In 

additIon, herne and 1-(2-phenyleth~,1 )imidazole embedded in polystyrene reversibly bind 02 

In the presence of water;~ while polyacetylene contammg ferrocenyl groups becomes a 

much better elecmcal conductor when exposed to 125. From a theoretical point of VIew, 'the 

latter two examples are valuable as models to understand the biochemical processes 

occumng In nature and the conductIon mechanisms ln polymers. 

There are several different ways of incorporating metal complexes into organic polymers.6 

For instance, the metal species can he attached to the polymer via reaction of pendant 

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

1. (a) Zeldin, M.; Wynne. K.J.; Allcock, H.R.(eds) [norganie and Organometallie Po/ymers 
Amencan Chemical Society, Washington, DC, 1988. (h) Sheats, J.E.; Carraher, C.E.; 
Pimnan, C.U.Jr.(eds) Metal-Containing Polymerie Systems Plenum Press, New York, 1985. 
(e) Carraher, C.E.Jr.; Sheats, J.E.; Pittman, C.U.Jr. (eds) Advanees in Organometallic and 
lnvrganlc Po/ymer Science Marcel Dekker, Inc. New York, 1982. 
2. Vance. J.O. US Patent 4464 525,1984. 
3. Kaneko. M.; Yamada, A. In ref. l(b), p249. 
4. Wang. J.H. J. Am. Chem. Soc. 1958,80,3168. 
5. Camus, A.; Faruftim, V.; Furiani, A.; Marsich, N.; Ortaggi. G.; Paolesse, R.; Russo, M.V. 
Appl. Organomet. Chem. 1988,2,533. 
6. Clair, A.K.St.; Taylor, L.T. in ref. l(c), p95. 

, 
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Scheme 1-1 

Ph-P-Ph 
1 
Rh(PPh3)2C1 
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Polymerization of the vinyl group attached to meral moieties has been studied extenslvely, 

particularly by Pittman and coworkers.7 They have prepared and copolymerized se veral 

monomers such as: (styrene)tricarbonylchromium(O), 1t-(2,4-hexadien-l-yl acrylate)­

tricarbonyliron(O), and (vinyl-\:yclopentadienyl)tricarbonylmaganese(l). They have also 

thermally decomposed polymers containing Fe(CO)3 or Cr(CO)3 fragments ln air to glve 

Fe203 and CrxOy as fine powders [Scheme 1-2].8 This IS an tnteresting method of 

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

AJBN 
• 

benzcne 

1 °2. 2OO
•
C 

Crosslinked Polyrncr + F~03 

Scheme 1-2 

7. Pittman, C.U.Jr.; Rausch, M.D. Pure & Appl. Chem., 1986,58,617. 
8. (a) Pi ttman , C.U.Jr.; Ayers, O.E.; McManus, S.P. Macromolecules, 1974, 7, 737. (b) 
Pittman, C.U.Jr.; Ayers, O.E.; McManus, S.P. J. Macromol. Sci.-Chem. 1973, A7(8), 1563. 
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Polymers with metal-containing groups on the main chain (e.g., poly-l,1'-ferrocenylene) 

can be made by vanous monomer coupling reactions [Scheme 1-3].9 Recently. the merai 

vapour deposiuon method has been applied to the fonnation of metal-containing polymers 

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

@rBr 
n 

1 
Fa • 

8'~ 
DMF 

Scheme 1-3 

0 0 0-v JlOmS V .'oms 
210 K V • V2 

SL ~ 
210K 

~ 
1 v alOms 

~ 
210K 

0 0 
V alDIN v. 
210K 

v) 

SL ~ V.l,oms 

210 K 

Scheme 1-4 (Adapted from ref.10.) 

9. Neuse. E.W. in ref. 1(c), p3. 
10. Francis, C.G.; Ozin, G.A. in ref. 1(c), p167. 



1 

The chemistry of organometallic complexes embedded in solid polymer matrice:; i:: .mother 

interesting area that has received relanvely little anenrion and consututes the focus of the 

fIrst pan of this theslS. The practice of embedding organometalhc cornpounds 1I1to polymer 

matnces ln order to study th el! photochenustry dates back to 1961 Massey and Orgel ll 

reported that russolution of group VlB metal hexacarbonyls (~t(CÜ)b' ~1 = Cr. Mo. W) 11\ a 

benzene solutIon of polymethylmethacrylate (PMMA) followed by evaporauon of the 

solve nt leaves a film contalnmg the organometalhc [Scheme 1-51. This method. known as 

solve nt castIng, has become the most commonly used methcx.i to embed organometalltc 

complexes in polymer tïlms. Subsequent UV Irradiation of the PMMA tïlms at room 

temperature caused them to change from colourless ta yellowlsh, presurnably because ot the 

fonnation of M(CO)S photofragments. Over the next 15 years. httle addItlonal work 12 'Nas 

done until Galembeck, De Paoli and coworkers reponed their results of the d'feets of UV 

light on polytetrafluoroethylene (PlFE) and polyethylene (PE) films eontamtng Fe(CO)5 in 

the absence and presence of ligands such as oletïns, dienes and acryhc aCld.13.14.15.lfl To 

prepare their samples, the y soaked the polymer film first 10 hquid Fe(CO)5 for 24 h, and 

then in neat alkene (L), or placed it under alkene gas for 24 h [Scheme 1-61. On the hasls of 

their IR specrra 111 the carbonyl stretching region, the photoproducts were mdenufied as 

FC2(CO)9' Fe(CO)4L, Fe(CO)3L2' Presumably, the monomenc specles have eIther the hlgh 

mobllity or the hlgh concentrauon in the polymer bulk necessary for the occurrence of a 

bimolecular photoreaction. 

Il. Massey, A.G.; Orgel, L.E. Narure(London) 1961,1387. 
12. McIntyre, lA. 1. Phy. Chem. 1970, 74,2403. 
13. Galembeck,F. J. Polym. Sei. Polym. Chem. Ed. 1978, (6,3015. 
14. De Paoli, M.A.; Tamashiro, T.; Galembeck,F. J. Polym. Sei. Polym. utt. Ed. 1979, /7, 

391. 
15. Galembeck, F.; Galembeck, S.E.; Vargas, H,; Ribeiro, L.A.; Miranda, L.C.M.; Ghzol11, 
C.C. In: Surface Conrammation Mittal, K.L.(ed.), Plenum Press, New York, 1979, Vol. 1, P 
57. 
16. De Paoli, M.A.; Oliveira, M.; Galembeck, F. 1. Organomet. Chem. 1980,193, 105. 
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The low-temperature gas matrix isolation method has been extensÎvely used to study 

photochemical processes of transnion metal carbonyls and to Îsolate rather air-sensitive, 

unstable specles. 17 For example, Cr(CO)5-matrix (matrix = Ne, Ar and CH4> can be 

generated 10 the corresponding matrix by UV photolysis of Cr(CO)6. 18 Low-temperature 

matnces such as the inert gases, CH4 and N2' neeessitate expensive cryogenie equipment 

and a special high-vacuum system. Matrix isolation in a polymer was fIfSt regarded as a 

sImple and inexpenslve potenual alternative method that could be used over a wide 

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

17. (a) Burdett, 1.K.; Downs, A.J.; Gaskill, a.p.; Graham, M.A.; Turner, 1.J.; Turner, R.F. 
lnorg Chem. 1978, 17, 523. (b) Crayston, J.A.; Almond, M.J.; Downs, A.J.; Poliakoff, M.; 
Turner, J.J. lnorg. Chem. 1984,23,3051. 
18. Perutz, R.N.; Turner. ).J. J. Am. Chem. Soc. 1975,97,4791. 
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complexes in cast polymer films throughout the 12-300K temperature r.U1ge. 1Q 11us resean:h 

team used poly(vinyl chloride) (PYC),20,21.22 poly(vinyl alcohol),23 paraffin wax. and NUJol 

mull as matrices. 24 Intennediates such as CpFe(CO) 3FeCp wllh three bndglllg I.:arbonyls 

and free CO were observed upon lrradiating [CpFc(CO)212 III PVC tïlm at low tempcr.\ture 

PhotolYSlS of CpM(CO)3R (YI ::;; ~10, W, R ::;; CH3' CH2CH3) III PYC al room temper.lture 

led to the detectlon of several products (e.g .. CpM(CO)3Cl, CpM(CO)3H. ICpMtCO)312) 

by IR spectToscopy. Tannenbaum. Goldberg and Flenmken 2S have utll11t~d the method of 

decomposlng Fe(CO)S ln cast polymer tilms by UV madlUtlOn or thennal heatlng ln prepare 

umforrn composites of polymer and metal or meraI OXlùe wlth 'imall parucle ~lze Ftn.llly. 

Stufkens, Oskam and colleagues26 have lOvesngared the photochemlstry ot the mctal-mctal 

bonded species such as (CO)SReMn(CO)3(l-Pr-DAB) (DAB = lA-dlaza-IJ-butadlene) ln 

PVC films to yield (CO)3Mn(i-Pr-DAB)Re(CO)3 [Scheme 1-7]. 

Scheme 1·7 

19. Hitam, R.B.; Hooker, R.H.; Mahmoud, K.A.; Narayanaswamy, R.; Rest, A.J. 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.l. 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. PJwlOchem. 1985, 98, 525. 
24. Mascetti, J.; Rest, A.J. J. Chem. Soc, Chem. Commun. 1987,221. 
25. Tannenbaum, R.; Goldberg, E.P.; Aenniken, C.L. in rer. l(b), p303. 
26. Kok.kees, M.W.; Stufkens, 0.1.; Oskam, A. [norg. Chem. 1985,24,4411. 

--~-----
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lmtiallntere~t ln thlS area ln our laboratory arase from studies of the mechamcal specrra of 

polystyrene ')tnps contaIning organometallic complexes dispersed as solid solutIons 

throughout the polymer. 27 ln addmon, Cr(CO)6 embedded ln PS has been shawn to be a 

useful caltbrant for IR spectra. 28 Sorne prelirrunary work on embedding monomenc metal 

carbonyh, ~uch as (T16-C6H6>Cr(CO)2L (L :: CO, P(n-Bu)3)' (116.C6HSNH2)Cr(CO)3' 

(TJ6_()-C6H4(NH2)~e)Cr(CO)3 and CpFe(CO)LR (L = CO, PPh3; R = ~e. C(O)Me) into 

poly~tyrene (PS), poly!methylmethacrylate) tPMMA), poly(styrene-methyl methacrylate) 

(PSPM~1A) and poly(styrene-acryloOltnle) <PSAN) polymers was performed by Fang, Uhm 

and Klein. 29 

Itquid Nz, qUlckly jrozen 

Polymer + Organometallics Solid Solution 

(Benzene Solution) 

Jreeze drying 

Homogeneous Film 

Containing Organometallics Fluffy Material 

~ 
pressed al J 20 oC, 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. 1. F.; Farrokyzad, S. [norg. Chem. 1983. 
22,4l54. 
~8. Butler, I.S.; Shaver, A.; Fang, B.; Eisenberg, A. Appl. Spectrosc. 1984,38.601. 
29. Shaver, A.; Butler, I.S.; Eisenberg, A.; Gao, J.P.; Xu, Z.H.; Fong, B.; Uhw. 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 (lg : 0.05g mixture in 70 mL benzene) and then presslIlg the 

resulting t1uffy product above the glass-transiùon temperature of the polymer al about 3000 

pSl [Scheme 1-8] to give clear, mechanically-robust fllms. The techmque tS qUlle general 

and suitable for a wlde range of polymers and complexes 

Earlier work has demonsrrated that polymer tïlms provlde a matrix that can be used ovcr a 

wide temperature range for investigating photochemical processes of transltion-metal 

carbonyls and isolating phorogenerated species. Such films also afford an addittonal way of 

prepanng uniform polymer-metal or metal oxide composites. However, many polymers 

used in previous studies were restricted te simple and men ones, such as PE, PTFE, PVC 

and PMMA. Most chemical reactions of the complexes embedded in polymer matnces were 

photoinduced. The films (cast or soaked) have relatively large amorphous Sites and the 

embedded compounds have quite a high degree of motion 10 the matrices. The umformity of 

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

PMMA PS -f-e~.eH-+, 

Ô 
PSAN +eH2.eH~CH2.eH-+, 
Copolymer 6~ 1 m n eN 

" 
" 

scheme 1-9 



10 

In the work presented here. series of monomeric and dimeric metal carbonyl complexes 

have been embedded into PS, PMMA and PSAN pol ymer matrices [Scheme 1-9]. Most 

polymers have a "window" of low absorptivlty in the region of the IR spectrum where bands 

due to carbonyl 3tretching vibranons of metal carbonyls are detected. Therefore, it is 

reasonable to probe the chemstry of such complexes in polymers using IR spectroscopy. The 

objectIves of thlS project were: 

(1) to 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 non-donor (PS, PMMA) and 

donor (PSAN) polymer matrices and the effect of the polymer microstructure on 

photodecomposltion of the complexes. 

(3) to exanune iodine oxidation of dimeric complexes, such as [CpFe(CO)2h. 

lCpMo(CO)3h and Mn2(CO)1Q. in different polymer films, and 

(4) to invesugate the chemical reactivity of Vaska's complex rrans-lr(CO)Cl(PPh3)2 

embedded in solid PS matrices, when molecular gases, such as H2' 02. CO and S02 are 

permitted to diffuse through the films. 
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CHAPTER 2. Vibrational Spectra and Photochemistry of Some Monomeric 

Organometallic Carbonyl Complexes in Polymer Matrices 

2.1 Introduction 

The vlbrationa! spectra of the meta! hexacarbonyls M(CO)6 (M ::;; Cr, Mo, W) have been 

extensively studied over the past thuty years)O Their photochemlcal behavlOur 10 low 

molecular welght solvents and Inert pol ymer matnces has been mvesugated throughout a 

wlde temperature range.31,32 The photochenustry of CpMn(CO)3J3 anù (116-

C6H6)Cr(CO)334 in solution has also been exammed thoroughly, but companuvely linle 

work 10 polymer fIlms has been reported. Severa! denvatives of the meta! carbonyl 

complexes, such as M(CO)6_x(CH3CN)x (x = 1-3),35 CpMn(CO)2(CH3CN),36 (,,6. 

C6H6)Cr(CO)2(CH3CN),37 have been prepared and characterized. Therefore, sorne 'iunple 

monomeric carbonyl complexes M(CO)6 CM = Cr, Mo, W), CpMn(CO)3 and (f16. 

C6H6)Cr(CO)3 were chosen to be embedded into PS, PMMA and PSAN films for an II1lt1al 

study. '1 he Fr-IR and ATR-Fr-IR spectra of thesf, films and the behavlOur ot ~everal ot 

them under UV irradiation were examined. The three objecnves of thls research were. (1) ln 

characterize the environments imposed on the meta! carbonyl complexes by the three 

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

30. BratelTIlan, P.S. Metal Carbonyl Spectra. Academie Press, New York, 1975 and 
references therein. 
31. (a) Boxhoom, G. Malrix Isolation and Pholochemstry of Transttlon Metal Carhonyl 
Complexes Krips Repro Meppel, 1980. (b) Martin, M.; OZ1I1, G.A. CryochemlHry, John 
Wiley & Sons, Toronto, 1976. 
32. Hoofer, R.H.; Rest, AJ. J. Organomer. Chem. 1983,249, 137. 
33. Creaven, B.S,; Dixon, AJ.; Kelly, lM.; Long, c.; Poliakoff, M. Organometallu.:s, 1987, 
6,2600. 
34. Domogaiskaya, E.A.; Sketkina, V.N.; Baranetskaya, N.K.; Trembovler, V.N.; Yavorc.;kil, 
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.; Rei3s, K.; Schafer, J. Kluffers, P. J. Organomer. Chem. 1980,193, C40. 
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(3) to çompare the photochemistry of the complexes in donor (PSAN) and non-donor (PS) 

polymer matrices. 

2.2 Experimental 

Malerials. Organometallic compounds M(CO)6 (M = Cr, Mo, W). CpMn(CO)3 and (T\6-

C6H6)Cr(CU)3 were purchased from Strem chemicals. The PS, PMMA and PSAN 

(75:25%) polymers were supphed 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 pol ymer had 

completely dlssolved The solution was men degas~ed by bubbling N2 throught lt for 4-5 

mm. Approxlmately 0.05-0.1 g of organometallic complex was added to the polymer­

benzene mIxture under N2 wim vigrous stirring to produce a 2-3 mol% solution. After the 

complex had dlssolved completely, the solution was rapidly frozen by immersmg the flask 

in a liqUld-N2 bath and then quickly connected to a vacuum line which had two traps on it. 

Benzene was subllmed off over a 24 h period while the flask was placed in an ice bath 

during thIS process. The resulting fluffy material \lias stored in a freezer (-SOC). To make the 

films, a sample of the fluffy material was compression moulded between two alununum 

foil-covered, flat metal plates using a Carver Laboratory Press. The plates were electrically 

heated at about l200e and pressed at 3000 psi (21 x 103 kPa) for 30 min. The temperature 

was momtored by a thermocouple. After turning off me electric heat, the plates were 

allowed to cool to below 800e 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(CQ) region. The 
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films were stored ln ~2-tïlled bottles in the freezer. Special samp1es of PSA~ tlhm Jopc:d 

with large arnounts of WlCO)6 tweight % = 21. 40) were ,ùso prepared for the R.unan 

meas ure me nts. 

Microscopie examination. The transparency and unifomuty of the tilms were ~hc:d.ed 

visually under a stereomicroscope (Wild M650). A PS tïlm embedded wlth W(Cü)h wa~ 

also exammed by electron mlcroscopy tphihps EM 400T). the llitrathlll 'iampk was 

prepared by an Ultracut E uSlng a dlarnond kmfe. 

FT-IR spectra. Most of Fr-IR absorption specrra were recorded on a Nlcolet mode! 60()() 

spectrorneter (4000-400 cm-l, KBr beamsphtter) at 1 cm- l reSOllltlOn and usmg a III.luld­

N2-cooled mercury-cadmium-telluride (MCT) detector. The band positIOns were 

reproducible to wlthin at least ±l cm- l. 

ArR-Fr-IR spectra. The surfaces of sorne tïlms were studied by auenuated-Iotal­

reflectance (A TR) IR spectroscopy on a Bornem Michelson 100 spectrometer at 4 cm- 1 

resolution and USlng a deuterium triglycine sulfate (DTGS) detector. The 'ipectra were 

obtained by placing a film snugly against the surface of a multireflectJon KRS-5 pnsm ( \0 )( 

5 x 1 mm, 450 entrance angle) through which the spectrometer radIauon was directeù by J 

bearn condenser op tic accessory (Speccra·Bench from Spectra-Tech, Inc.). The penetmtlon 

depth '1> IS on the order of one wavelength and Carl be calculated usmg the fonnula:3X dp :: 

1..1 21tnp(sin2e -(ns/np)2)112. ln our case, 1.. :: 1/2000 cm, e = 45°, n'i = I.6(PS). np = 2 4 

(KRS-5), so ~ 15 around 5 x 10-4 mm. i.e., about 1 % of the film thlcknesses. 

Raman spectra. The room-temperature, rrucro-Raman spectra were re'-corde<1 on an 

Instruments S.A. Ramanor U-l000 spectrometer with the use of a Spectra-Physlcs Model 

38. Smith, A.L. (ed) Applied Infrared Spectroscopy, John Wiley & Sons, Toronto, 1979. 
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164 5- W argon-ion la~er (514.4 nm) Hne operaung at 300 mW power. The fIlms were placed 

on a mIcrmcope ~hde and laser beam was focused on the area of interest. 1800 scattenng 

wa~ employed; the tYPlcal sht widths were 300 jJm. 

Photolysis experiments. The room-temperature photolysis experiments were performed in a 

clo~ed box 096 cm x 65 cm x 60 cm) lined with alumimum fOlI. A medium-pressure, 

ljuartz rnercury ImmerSIOn lamp (Hanovla 100 W) In a water-cooled quanz cell was used as 

the hght 'lource. The films were attached onto an IR sample-holder located about 5 cm from 

the lamp and N 2 gas acung dS accolant was blown over the surface of the film during the 

ume of lITadIauon. IrradIatlOn mto specifie wavelength reglons was achleved using filters: 

H.,NC(S)C(S)NH" ln ethanol (250-270 nm);39 Pyrex (>310 nm). The photoreactions were .. -
momtored by Fr-IR ~pectroscopy on Nicolet and were recorded lnlIDediately after 

irradiatIon. 

The low-tempemture 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 mm was placed between two rectangular KBr 

windows (I.S cm x 2.5 cm) WhlCh were then incorporated into a frame mounted onto the 

co Id tïnger lnside the sample chamber. Cooling was achieved by pounng liquid N2 iuto the 

cold t'inger and the temperature was measured by means of a standard thennocouple. The 

chamber was purged with N" gas. A water-cooled medium-pressure mercury lamp (450 W 

1 {anovla) was used as the Irradiation source. 

39. Robek, I.F. Experimental Methods in Photochemistry and Photophysics, John Wiley and 
Sons, Toronto, 1982, p 891. 
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2.3 RC~l1lts and J>i~cu~sion 

2.3.1 :\ 1icrO\tOpy Studics 

Undel tht' ~tl·Il'Ol1licl0~(..'Opl', the film,> l'Illhedded \\1111 1lI01Hlllll'IIL 1I1l'!.t1 l"'ll'l'IIII 

I.:ompk:>.e~ apl'\..',treJ highly tran:-.parent .mi.! \ll\lhltl\\. \.'\ù.'1'1 IIH litt' l'S,\'.; Ilhl]', lPIlI.\llll\1:' 

111 the PSA\ m:ltllx anti \Vere tI,lIl'lluCL'llt lllL'l'ln'lIIHl 111IlIU'llll'\ plllllll' III .1 It.IIl\I',111'111 

Aggrl')!:\ltOIl of tht: urg,II11111Il'tdllIC't \vlllllCl'11I .II IlIgh 1l1l1l'L'IIILIIIOII 

, , '. 
r ~. .. , 

Fi~Uf(' 2-1 Electron micro~raph (60UO X) of tran'lpan.·nt PS fillll l'IIIIH'cJdt.'d \\ il Il 
W( CO)(j (1()~Ic,), 
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2.3.2 Vibrational Spectra 

3. IR Spectra 

The IR peak. positions observed in the v(CO) region for the organometallic compounds in 

sorne selected sol vents and ernbedded in the polyrner matrices are given 10 Tables 2-1 and 2-

2, respectively. There are shght differences in the peak positions and intensities wlth 

changes 10 pol ymer tilm. In se veral cases, there is sorne eVldence of breakdown in the 

fonnal IR selection rules. 

Table 2-1 Observed carbonyl stretchlng modes of the monomeric metaJ carbonyl 

complexes in various sol vents (cm-1) 

Solvents 

______________ Assignments 

Complex PhMe MeCN v(CO) 

Cr(CO)6 21 12vw alg 

2020vw 2022w 2024vw eg 

1981s 1980s 19795 tlu 

Mo(CQ)6 2021vw 2022vw 2023vw eg 

1982s 1981s 1980s llu 

W(CO)6 2013vw 2017vw eg 

1976s 1976s 19745 tlu 
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Table 2·2 Observed carbonyl stretching modes of sorne monomeric metal carbonyl 

complexes in polymer film matrices (cm- I) 

----- ---~ -

Polymer film 

Assignments 

Complex PS PMMA PSAN v(CQ) 

-------

Cr(CO)6 21l3vw 2113vw 2113vw alg 

2019w 2020w 2021w eg 

1980s 1980s 1978s tl u 

Mo(CO)6 2117vw 2117vw alg 

2021w 2022w 2023vw eg 

1981s 1982s 1980s tl u 

W(CO)6 21l8w 2118w 2118w al g 

2016w 2018w 2016w eg 

1977s 19775 19745 tl u 

(Tl6.C6H6)Cr(CO)3 1970s 19645 19655 al 

1896s 1902s 1934she 

18875 1887s }e 
18795 

CpMn(CO)3 2018s 2016s 2017s al 

1949ms 19455 1940sh 

1921s 1932s 1929sh }e 
1902sh 1919s 19185 
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Figure 2-2 The m spedrum in the v(CO) region of W(CO)6 in PMMA film. 

M(CO )6' The group vm M(CO)6 complexes with Oh symmetry have three vibrational 

v(CQ) modes (alg + eg + Elu)' for which only the Elu mode is expected to be IR-active.30 In 

all three polyrner matrices, however, there were additional peaks observed. In most cases, 

there were two extra peaks above the Elu mode [Fig.2-2]. Under Oh selection rules, the aig 

and eg modes are Raman-active only. But, if the M(CQ)6 molecules are dis toned , the 

molecular symmetry will be lowered and the aig and eg v(CQ) modes will be able to gain 

sorne weak IR activity. Presumably, the hexacarbonyls are slighùy distoned by the polymer 

i 
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matrices leading to the ex.tra IR peaks ln the V( CO) reglon. Hooker J.nd Resr J2 ha ve not~d 

the same effect for the meraI hexacarbonyls ln PYC ~ast tilms. 

The v(CO) band poslt1ons for the \1(CO)b complexes ln the vanous polymers are dose to 

those In the stnlcturally related solvents [Tables 2-1 and 2-21 ln J typICal ç'lse, the IR 

spectrum of crystallIne W(CO)6 m Nujol mull has a srrong peak at 19XO (111- 1 ((lu) .Inù a 

very weak band at about 2001 çm- 1 (eg). In ethyl acetate .md P~t~tA matm .• the ,>trong (lu 

peak appears at 1977 cm -1 and the e g mode is shifted to 2017 cm -1 The e g Ill(xle 1'> knnwn 

tO be sensltlve ta the medlUm. 30 The above IR analysls mJlcates that WtCO)() 111 ,oltt! 

PMMA fùm IS "dissolved" ~lnce Its peak. positions match ciosely wuh those ln ethyl acetate 

The positIon of the tl u V(CO) mode decreases by about 2-3 cm-Ion gomg t'rom PS (Cr, 

1980; Mo, 1981; W, 1977 cm- l ) to PSAN (Cr, 1978; Mo, 1980; W, 1974 cm- 1) These peak. 

positions are close to those for the M(CO)6 complexes 111 toluene (Cr, 1981; Mo, 1982; W. 

1976 cm- 1) and acetonitnle (Cr, 1979; Mo, 1980; W, 1974 cm- 1), respectlvely ln these 

solvents, the shift on gOlng from toluene to acetoOltrile IS about 2 cm- 1 Smular shlfts have 

been documented prevlOusly ln studies of the effect of sol vents on the poslIlOns of vICO) 

bands ln metal carbonyis.40,41 The observed shlfts for the hexacarbonyls to lower 

wavenumber ln the PSAN mamx reflect the mcreased polanty of the enVlf{)I1ment aroul1d 

the mera! carbonyl complexes in the PSAN film. 

Extra peaks were observed for M(CO)6 in PSAN films. They were very weak for M :: Cr 

(2074,1936 and 1910 cm- 1) and weak for M:; Mo (2076,1938 and 1909l:m- l) and M = W 

(2075,1938 and 1885 cm- 1). Sinee the temperature employed to prepare the tilm.'i (120 oC) 

is close to that required to prepare derivatives of the type M(CO)6_x(CH3CN)x' where x = 

1-3, these extra bands may be due to the monosubstltuted species M(CO)S(PSAN). This 

assignment is in accord WIÛl the photolysis studies descnbed below The pre~"'lng 

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

1I0wever, no peaks altribulable tu PSCr(CO)3 were detected.42 

Cn ll"M(CO)3' Complexes of the type of C.J-lnM(CO)3 have C3v symmerry for the 

M(CO)j lripou and two :-'lrong IR-active v(CO) modes (a 1 and e) are expected. Usually, the 

a 1 band 1'> ~harp and the e band II) broad. In aIl three polymer matnces, the e bands are 

much broader th an III ~oluuon for both CpMn(CO)3 and (1l6-C6H6)Cr(CO)3 complexes 

IT<lok:s 2-1 and 2-21. Smlllarly, because of the hot-pressIng process, a new peak at 1865 cm­

t probably dut.: to CpMn(CO)2(PSAN) was observed ln freshly-prepared PSAN films 

c()nt~lIn1ng CpMn(CQ) 3' Another new peak around 1934 cm- 1 was overlaped. Weak bands 

due to Cr(CO)6 werc obscrved in the spectra of (116-C6H6)Cr(CO)3 embedded in PMMA 

and PSAN. 

b. ATI{·FT-IR Spectra 

Sever.iI of the metal carbonyl complexes embedded in pol ymer films were examined by 

ATR-VJ'-lR spectroscopy. The relative intensities of the v(CO) bands and the nearby peaks 

duc to polymcr malriœ~ were measuœd. The data were compared with those from the 

colTespondlllg tran!\I1lIS!\IOn IR spectra The penetration depth (dp) of radiation into a 

POlYIIll'f l'dm II) proponiol1aI !O the wavcIength.3R Thcrefore, the intcnsities of the ATR-IR 

peaks mcrease on gOing from the near-IR to the far-IR reglOn. In the v(CO) region, dp is 

appro,\imatdy 5 x 10-4 I11m, that is about 1 % of tilm thlckness. 

Fig.2-3(a) shows the U'4H1smission IR and ATR-IR spectra of Cr(CO)6 in PS film. With 

refen:ncl' to the PS band at 1950-1850 cm-l, the absorption of Cr(CO)6 at 1980 cm- l (tl u) 

shows no lhfferenct' III intensity in the IR and ATR-IR spectra. This observation indicates 

that the ml'tal hexacarbonyl has a sinular concentration at the surface as il does inside the 

42. Plttman, C.U.Jr.; Grube, P.L.; Ayers, O.E.; McManus, S.P.; Rausch, M.D.; Moser, G.A. 
J. Polym. Sci., Polym. Chem. Ed. 1972, JO,379. 
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Figure 2·3 Transmission IR ( .... ) and ATR·IR (-) spectra in the v(CO) region of (a) 
Cr(CO)6 in PS film and (b) (1l6.C6"6)Cr(CO)3 in PSAN film. 
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werc no apparent mtemlly differences in the carbonyl region. However, for the PSAN film 

embedded with (Tj6_C6H6)Cr(CO)3' there were sorne significant intensity differences in the 

v(CO) reglon In the IR and ATR-IR spectra [Fig.2-3(b)]. The absorptions of (Tj6_ 

C6H6)Cr(CO)3 at 1970 and 1896 cm- 1 are much more intense in the transmission IR than in 

the ATR-IR. This complex is sensitive to air. The result indicates that (Tj6-C~6>Cr(CO)3 is 

more ea~I1y decomposed on the surface of the film than in the interior. 

c. Raman Spectra 

Several of the polymer films, as described earlier, containing metal carbonyls were 

exammed by Raman spectroscopy. Unfonunately, no peaks were observed in the carbonyl 

rcglon for uny of the transparent films. In the case of PSAN films containing a large weight 

percentage of W(CO)6' carbonyl peaks were observed, but only if the laser beam was 

focuscd onto areas of aggregauon. Fig.2-4 shows the Raman specrra of crystalline W(CO)6' 

W(CO)6(21 %)-PSAN film, W(CO)6(40%)-PSAN film and pure PSAN film. Two Rarnan­

active peaks (al g at 2114 and eg at 1996 cm- 1) were observed in addition to other weaker 

peaks (1956 cm-l, W(CO)513CO; 2016 cm-l, tl u +vn combination). The Raman spectra of 

W(CO)6 have been extensively studied for both the crystalline form and in solution.43 For 

the cry~tal, the alg peak is at 2115 cm- l and eg at 1998-1996 cm- 1. In solution, the aig 

band appears around 2120-2117 cm-1 and the eg peak. moves to 2012-2010 cm- l . As 

menlloned earhcr, the eg mode is sensiuve ta the medium. For W(CO)6 embedded in PSAN 

(21 and 40%), the eg peak appears at 1996 cm- 1 which is close ta that of the crystal. This 

observation provldes further evidence of aggregation of W(CO)6 in PSAN at high 

concentrations and supports the contention that W(CO)6 is "dissolved" at low 

concentrations. 

43. Jones, L. H.; McDawell, R.S.; Goldblatt, M./norg. Chem. 1969,8,2349. 
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Figure 2-4 The Raman spectra in the v(CO) region of (a) crystalline W(CO)6; (h) 

W(CO)6(21 % )-PSAN film; (c) W(CO)6(40% )-PSAN film and (d) pure PSAN film. 
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2.3.3 Photolysis Experiments 

a. Room.Temperature Photolysis 

There was no slgmficlm absorption above 300 nm for aU three pure polymer films in their 

UV spectra. The IR spectra of the pure PSAN film was unchanged following UV irradiation 

(Pyrex tilter) for 30 min 

M(C0I6 in PS, PMMA and PSAN (250-270 nm). The M(CO)6 (M = Cr, Mo, W) 

complexes embedded in PS, PMMA and PSAN were irradiated with UV light in the 250-

270 nm reglOn (H2NC(S)C(S)NH2-ethanol solution as mter). In the case of the PS films, the 

v(CO) bands due to the metal hexacarbonyls decreased dramaucally in mtensity for all three 

complexes. No new peuks were observed for M = Cr and Mo, and very weak. new peaks 

appeared around 1930 and 1897 cm- l for M = W. The latter disappeared rapidly after 

placing the film in we dark. No peak attributable to (,,6_phenYl)M(CO)3 was detected. 

Irradiation Ol MtCO)6 ln PMMA films showed similar behaviour to that observed by 

Massey and Orgel 11 although they reported no actual data. The parent hexacarbonyl v(CO) 

bands decrca~ed in mtensity 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 intennediate M(CO)S(THF) reported by 

Hooker and Rest 32 An oxygen atom of PMMA may act as a ligand in coordinating the 

M(CO)S lIpecles. This supports the proposai that the product of room-temperature irradiation 

of the metal hexacarbonyl In PMMA i~ M(CO)S(PMMA). The relative intensities of the 

vt CO) bands due to the M(CO)5(PMMA) species and the corresponding starting 

hexa~arbonyls 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 

appropria te MtCO)S specles. The longer-lived W(CO)5 species is more likely to be trapped 
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by a pendant group from PMMA than the shoner-lived Cr and Mo analogs. Ail of the 

M(CO)S(PMMA) species disappeared with time upon storage of the irradlated mOlS III tht" 

dark. 

ln the case of the PSAN films, several new bands appeared upon mudiauon togethl'r wnh il 

decrease in intensity of the v(CO) bands of the metal hexacarbonyls ITabk 2-JI At the 

beginning, the nrw peaks were very close to thme reported for th~ complcx.t"s 

M(CO)S(NCMe) 44 As the madiation continued, additlOnal baml .. appeart"d wlllch Wl'J'l' 

assigned 10 the disubstituted complexes cls-M(CO)4(NCMe)2.44 The lIltensiues of the 

bands due to M(CO)4(PSAN}2 were less mtense than those of the monosubstttuted speCICS, 

but were strong for M = W, moderate for M = Mo and weak for M := Cr. After lrralllalion uf 

the PSAN film containing W(CO)6' the film was no longer soluble III toluene, presumably 

becau5e cis-W(CO)4(PSAN)2 functions as a crosslinking agent. For M = Mo, the irradiated 

film dissolved in toluene with sorne dl fficulty, pmslbly because Mo(CO)4(PSAN)2 is le~s 

stable and decomposed in solution. Addition of a large excess uf methanol lo this loluenc 

soluùon caused the pol ymer to precipitate. The precipitate was washed wilh methan(ll and 

dried. The IR spectrum of this material showed only strong v(CO) band'i due lO 

Mo(CO)S(PSAN). No peaks due to the dhubstituted species or Ihe 'ilartIng Mo(CO)6 

complex were detected. This observauon confirms the attachment of the complex to the 

polymer chain to form an organometallic pol ymer. 

W(CO)6 in PS, PMMA and PSAN (no ji/ter). Films containing W(CO)6 in PS, PM MA 

and PSAN were aIsa irradiated. at room temperature through quartz with no filter. The v(CO) 

bands due to W(CO)6 decreased. in intenslty much more rapidly than when a filter was used. 

In PS lFig.2-5], weak new peaks at 2074, 1931 and 1897 cm-l, assigned to W(CÛ)S(PS) 

[Table 2-3], were detected by measunng the IR spectrum IInmec.hately after madlutlon. 

44. (a) Oobson, G.R.; El-Sayed, M.F.A.; Stolz, LW.; Sheline, R.K. [M'g. Chem. 1962, /, 
526. Cb) Stolz, LW.; Oob50n, G.R.;Sheline. l<..K. /norg. Chem. 1963,2,323. (C) RO'is, B.L.; 
Grasselli, lY.; Ritchey, W.M.; Kaesz, H.D [norg. Chem. 1963,2, 1023, 
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These new peaks rapidly decreased in intensity upon standing (20 min) with a slight 

increase in the mtensities of the bands due to W(CO)6' The positions of these new weak 

bando; do not correspond to those of "naked" W(CO)5.32 In PMMA, strong new bands due to 

W(CO)S(PMMA) appearcd initially which gradually decreased in intensity on standing (8h), 

and the bands due to W(CO)6 were substanually regenerated [Fig.2-6], which is sirnilar to 

that observed by Massey and Orgel il . The CO ligands needed are presurnably produced by 

decompositlon of W(CO)5(PMMA); free CO was not detected in the matrix at room 

ternperature.45 Irradiation of W(CO)6 in PMMA at -ISOoC, however, did afford evidence 

of free CO (at 2133 cm-!). In PSAN, bands due to W(CO)5(PSAN) and cis­

W(CO)4(PSAN)2 soon appeared while those of the parent complex cornpletely disappeared 

(Fig.2-7/. Upon standing in dark (8 hl, the peaks due to the monosubstltuted species 

continued to lfitenslfy at the expense of the disubstituted species. 

The photochemlcal behaviour of M(CO)6 in polymer matrices is summarized in Eq.2-1. 

The relauve concentratlons of the major products are dependent on M and the polymer 

matrix concemed. 

hv 
M(CO)6 (in polymer) -- M(CO)s (pol ymer) + CO 

" 11 hv Decomposition 

M(CQ)4 (pol ymer) + CO / M = Cr, Mo. W 

Eq. 2-1 

45. Hooker, R.H.; Rest, AJ. J. Chem. Phys.198S. 82, 3871. 
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Table 2-3 Assignment of the CO stretching modes of the species generated by UV 

irradiation of the monomeric metsl carbonyl complexes embedded in pol ymer matrices 

(cm- l ) 

Local 

Species symmetry v(CO)(cm- 1) 

----,---~. ~--

Cr(CO)S(PMMA) C4v 1932sh(e) 1884w(at) 

Cr(CO)5(PSAN) C4v 2074vw(at) 1936s(e) 1914sh(at) 

~o(C(»S(P~)\) C4v 1932sh(e) 1884w(a\) 

~o(C(»S(PSAN) C4v 2076mw(al) 1941s(e) 1903mw(a\) 

cis-Mo(CO)4(PSAN)2 C2v 202Omw(a\) 1918s(at) 1911s(b\) 

1850m(b2) 

W(CO)Sl C4v 2080w(at) 1946s(e) 191Ow(at) 

W(CO)S2 C4v 2079w(a\) 1940s(e) 191Ow(al) 

W(CO)S(PS) C4v 2074w(at) 1931s(e) U~97m(al) 

W(CO)S(PMMA) C4v 2074w(at) 1930s{e) 1884m(a\) 

W(CO)S(PSAN) C4v 2075vw(at) 1938s(e) {J (al) 

cis-W (CO)4(PSAN)2 C2v 201Smw(al) 1901s(at) U~gS!'l(bl) 

1851m(bV 

Tl6-C6H6Cr(CO)2(PSAN) Cs 1891s(a') 1835s(a") 

CpMn(CO)2 (In PS) C2v 1953s(at) 1896s(b2) 

CpMn(CO)2(PSAN) Cs 1934s(a') 1864s(a") 

lIn PS film at -145°C. 2In PMMA mm at -150°C.30verlapped with cis-W(CO)4<PSAN}2 

bands. 
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Ibo lésa lè80 

Figure 2-5 The IR spectra in the v(CO) region of W(CO)6 in PS film (-) before 

irradiation, (-) after irradiation for 10 min and ( .... ) after allowing the lalter sample 
to stand for 20 min. 
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Figure 2-6 The IR spectra in the v(CO) region of W(CO)6 in PMMA film (-) before 

irradiation, (-) after irradiation for 10 min and ( .... ) after allowing the laUer sample 
to stand for 8 h. 
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Figure 2-' The IR spectra in the v(CO) region of W(CO)6 in PSAN flIm (-) before 

irradiation, (-) after irradiation for 10 min and ( .... ) after allowing the laUer sample 

to stand for 8 h. 

(Tl6_C6H~Crl.CO)3 (>310 nm). Room-temperature irradiation of (Tl6-C&-I~Cr(CO)3 

in PS, PMMA or PSAN using a Pyrex tilter (>310 nm) led to the parent v(CO) b.lOds 

decreasing in intensity. In PS and PMMA, new bands dut' to Cr(CO)6 appeared, consi'itent 

with earlier studies. It has been reported that, while the initial product of photolysis at low 

temperature in an inert matrix IS (116-C()li6)Cr(CO)2,46 the fmal product at room 

temperature in methyl methacrylate47 and in other solvents48 IS Cr(CO)6 In additIon, new 

46. Rest, A.J.; Scxleau, J.R.; Taylor, DJ, 1. Chem. Soc., Dalton Trans. 1978, ()SI. 
47. Bamford, C.H.; AI-Femee, K.Y.; Konstantmov, C.J. J. Chem. Soc., Faraday Trans 
197', l, 1406. 
48. Trembovler, V.N.; Baranetskaya, N.K.; Fok, N.V.; Zaslavskaya, G.B.; Yavorskll, B.M.; 
Setkina, V.N. J. Organomet. Chem. 1976, 117,339. 

, 
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bands at 2062 and 1930 cm- 1 were also observed in PMMA. Their frequencies are similar to 

tho'ie of the Cr(CO)SX species observed earlier during the irradiation of Cr(CO)6 in 

polymer films and are not in the range appropriate ta those expected for (,,6_ 

C6H6)Cr(CO)2(PMMA).47,49 New bands due to Cr(CO)6X disappeared upon standing (one 

day) with a slight mcrease in intenslty of the band due ta Cr(CO)6- It is worth noting that the 

proposcd mechanlsm for the photo-productIon of Cr(CO)6 from (116-C6H~Cr«CO)3 in 

solution Involves aggregatIon of two or more chrormum species. 34,47 However, non-volatile 

metai complexes, at the concentrations used here, are assumed to be weIl isolated in 

polymer fiIms 50 and unable to aggregate. Therefore, it is reasonable to assume that Cr(CO)6 

results from the scavenging of CO molecules generated by decomposition of (,,6_ 

C6H6)Cr(CO)2' 

In PSAN, new bands of a major product appeared at 1891 and 1835 cm-l, but Cr(CO)6 

was not detected. In addition, weak bands due to Cr(CO)S(PSAN) were observed. The 

bands due to !he major product largely decreased in intensity upon standing for a few days 

with httle increase in the intensities of the other bands. The unstable complex (116-

C6H6)Cr(CO)2(NCMe) displays v(CO) bands in the IR In hexane solvent at 1915 and 1814 

cm- 1)7 The new bands appearing in PSAN film are In the appropnate range and are 

tentatively asslgned to (116-C6H~Cr(CO)2(PSAN). The photochemical behaviour of (116-

C6H6)Cr(CO) 3 in polymer matrices is summarized in Eq.2-2, the relative concentration of 

the major products IS dependent on the pol ymer properties. 

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

-
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G Cr(CO)3 « 
hv G,I Cr(CO)2 (Pol ymer) + co 

1 
Cr(CO)s (polymer) 

1 
Cr(CO)6 

Eq. 2-2 

CpMn(CO)3' 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 aiso detected, although wilh 

lower relative intensities. in PMMA. The new bands were stable upon standing, even for 

se veral days. Their positions are in agreement WIth those reponed46,49 for CpMn(CO)2 and 

are assigned accordingly. ln PSAN, the parent bands disappeared after only 30 min 

irradiation and were replaced by two new strong bands (1934s and 1864s cm- I) attributable 

to CpMn(CO)2(PSAN)36 [Fig.2-8] [Eq.2-3]. 

CpMn(CO)3 + PSAN 
hv 

CpMn(CO)2(PSAN) + CO Eq. 2-3 
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Figure 2-8 The IR spectrum in the v(CO) region of CpMn(CO)2(PSAN) produced by 

UV irradiation (Pyrex fllter) of CpMn(CO)3 in PSAN for 30 min. 

b. Low-Temperature Photolysis 

On lowering the temperature of the pol ymer films embedded with W(CO)6' the IR spectra 

of the hexacarbonyl became slightly less smooth than the specrra taken at room temperature. 

No sigllltïcant shifts in band positions were observed. Following irradiation of W(CO)6 in a 

PS matnx 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 ta free CO 

at 2133 c01- l . The parent band at 1977 cm- 1 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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W(CO)5(PS) photogenerated at room temperature. Unlike the analogous system at room 

temperature, the 'naked' W(CO)5 is believed LO be present here. On slowly warrrung the 

tilm, the strong band due to W(CO)6 was regenerated rapidly together with the total 

disppearance of the three new bands and the free CO peak. 

A W(CO)6-embedded PMMA film showed simllar behaviour upon rrradiation at -ISOoC 

for 30 mm. Tr.e 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 Intemlty of the parent hexacarbonyl v(CO) bands. As in the previous case, the three new 

peaks are a~slgned to W(CO)S specles. But, the thermal regeneration of W(CQ)6 in PMMA 

occurs mw..:h slower than lt Joes in PS. On slowly warming the film, a very weak, sharp 

peak appcared at 2075 cm- l wlth a concomitant decrease In intenslty of th~ peak at 2079 

cm- 1. Tht: peak~ at 1940 and 1910 cm- 1 shifted tG 1930 and 1890 cm-l, re'lpectively. The 

lhree ncw bands (2075, 1930 and 1890 cm- 1), which are very close to the peaks generated 

by Irradiation of W(CO)6 In PMMA at roum temperature, are assigned tG W(CO)SPMMA. 

As the film IS being wanned up, the C=O ligand from the PMMA cham interacts WIth the 

W(CO)S ~pecles tu form W(CO)S(PMMA). The latter then gradually decomposes upon 

standing at room temperature with the regeneration of W(CO)6' 

2.4 Conclusions 

The hot-pressing technique employed in our work for embedding organometallic 

complexes into polymers IS very flexible, quite general and reasonably non-destructive. The 

tïlms generated are tram parent and the organornetallics are highly dispersed in the solid 

polymer matnces at a reasonable concentration. The polyrners PS, PMMA and PSAN 

approximate the solvents toluene, ethyl acetate and acetcnitrile, respectively, in their 

intluence on the shapes and positions of the IR bands of metal carbonyls. A comparision of 



l 
the ATR-IR spectra of the fùrns with their transmission IR spectra indicates that there are no 

significant differences between the intenor and s'lrfaces of the tilms in the case of relatively 

stable complexes. The photochemical result indicates simple decomposition of monomenc 

complexes in PS, which suggusts that PS functions as an inen matrix. PMMA has weakly 

coordinating C=O groups on the chain that can stabllize coordinauvcly-unsaturateu 

intennediates such as W(CO)S to fonn W(CO)SPMMA. PSAN contams dunor Ilitrik 

ligands that can form fairly stable organometallic polymers upon irrathauon of 

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

Dimeric Metal Carbonyl Complexes in Polymer Matrices 

3.1 Introduction 

ln thc prcVIOUS chapter, a general method for preparing polymer films containing 

organoll1ctalhc complexes was described. The transmission IR and ATR-IR spectra of 

several monomenc metal carbonyl complexes embedded in PS, PMMA and PSAN films 

were mvesugated. <l'i weIl as their photochenustry. The results indicate that the IR peak 

positions of metal carbonyl complexes in the v(CO) region are affected by the properties of 

the polymcrs. The band shifts are similar to those in structurally-related low molecular 

wClght '101vent~. Dimenc organometallic complexes, such as [CpFe(CQ)2h. are good 

solutes for 'itudymg solvcnt propenies, since the positions of their IR absorptions are 

~enslllvc to the ~olvent polanty.51 Presented in this chapter are the IR spectra of the dimenc 

rnetal carbonyl complexes ICpFe(CO)2h. [CpMo(CO)3h and Mn2(CO)1O embedded in 

l'S. PMMA and PSAN matrices, and their photochemical behavlOur. In the addition, the 

oXlllatlon reaetIons of the dm1ers in dl fferent pol ymer films with 12 vapour have been 

examined and eompared. The polarized IR spectra of Mn2(CO) 10 soaked in polyethylene 

{PE) film bcfme and after stretching have also been mvestigated. The overall objectives of 

the rcscarch work were: (1) to extend our efforts ta characterize the environments in 

Olffcrent polymcr matnces imposed on the metai carbonyls; (2) to develop "room 

temperature matnces" for the study of solid-state chenucal reactions of organometallic 

complexes; t3) to lllvesugate the orientational behaviour of a linear metal carbonyl dimer in 

an onentable polymer matnx. 

51. Manning. A.R. J. CIzt!m. Soc. (A), 1968, 1319. 
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3.2 Experimental 

Materials. The staning materials [CpFe(CO)2b. [CpMo(CO)312 and Mn2(CO) 10 were 

purchased from Strem Chemicals. while the polymers were slIpphcd by Polysl.:icnccs. Low­

density polyethylene (0.9142 g/cm3• m.p. = 106°C) was employed for the polgrîzed IR 

measurements. The trans stereochemisrry of the troll complex was wnfinncd by its IR 

specrrum in a KBr disk.51 Films containîng the embedded di mers were preparcd as 

described in the previous chapter. Most of the Fr-IR spectra were recorded on a Nicolet 

model 6000 spectrometer. 

lodine 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 di mer. The films were attached to plastic IR mOllnts by means of "Scotch" 

tape and then placed in screwtop jars (280 cm3 capal.:ity) eontaining 4.6g ot pulvenzcd 

crystalline iodine. The pure pol ymer films and those contairllng the dimers were exposed to 

12 vapour in the sealed jars over a period of 10 days. The uxidauon reaetions werc 

monitored by Fr-IR spectroscupy. No significant changes m the IR spectra of the pure 

polymer films were observed. 

Photolysis. The room-temperature photochemical studies were conducted usmg a water­

cooled. medium-pressure quartz mercury Immersion larnp (Hanovia 450 W) following a 

sirnilar procedure to that described earlier. Irradiation Wlth wavelengths above 310 nm wa'i 

achieved using a P}TeX filter. The photolysis of the metal carbonyl di mers embedded in 

polymer films was monitored by FT-IR spectroscopy. 

Polarized FT-IR study. A PE film containing Mn2(CO>!O was prepared by soaking the PE 

film in a Mn2(CO) 1(y'CH2C12 solution (about 1 g /100 mL) for 10 h, washing it with 

..... _-----------------------------_._---~.-. 
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acetone and then drymg 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 wlre-gnd polarizer <Perkin-Elmer Corp.) The dichroic spectra (A II-Al) were obtained 

by dlfl~ct ..,ubtractlon of the perpendicular spectra Al (recorded Wlth the electric vector of 

the IR beam rorated 'JOo with respect ta the direction in which the film had been stretched) 

trom the para Il el ~pectra A Il (recorded with the elecUlc vector paraUel to the direction of 

stretchmg). The "'pectra were measured on a Bornem Michelson 100 specrrorneter operating 

at 4 cm- I rcsolulion and u~mg a DTGS detector. The spectra of the films were recorded both 

before and after ~tretchmg. 

3.3 Results and Discussion 

3.3.1 IR Spectra 

As nentioned in the earlier chapter, the polymers employed have an IR-window in the 

metal carbonyl stretchmg region; even the strong PMMA band centered at 1750-1720 cm- l 

did not interfere with the bands due to the bridging CO ligands in [CpFe(CO)212. Table 3-1 

Itsts the V( CO) peak positions for the dimeric metal carbonyls embedded in the three 

polymers a~ weil as In 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)2h, [CpMo(CO)3)2 and 

Mn2(CO)10 in ditl'erent media (cm- I) 

- -. ~- ._-- --
Complexes PS PMMA PSAN Assignment 

.- -.----------------

[CpFe(CO)2h 1996s 1993s 19~2s (lI (ds) 

1953m 1952s 1950m bu (lrans) 

1782vs 1782vs 1777s au,b l (bridg) 

[CpMo(CO)3h 2013vw 2011m 2010m P 

1955s 1956s 1957s lia 

1903s 1911s 1910s } ilia 
1888s 

Mn2(CO)10 20448 2043s 2044m b2 

2008s,br 2010sh 2008s,br el 

1981m 2000s,br 1983w b2 

----
Ethyl 

Toluene acetate Acetonitrile 

------------_. ----

[CpFe(CO)2]2 1997s 1995s 1992s al (cis) 

1953s 1954m 1952w bu (lrans) 

1783vs 1783s 1775s au,b) (bridg) 

[CpMo(CO)3h 2015vw 2013w 2011m la 

1956s 1958s 19575 lia 

1912s 1914s 1911s IlIa 

Mn2(CO)10 2046m 2047m 2047m b2 

2010s 2011s 2011s el 

1981w 1982w 1981w b2 

.. aNo vibrational assignments have been proposed for the se peaks . 
t 
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Scheme 3-1 

[CpFe(CO)212' The complex [CpFe(CO)2h exists in solution at room temperature as an 

equilibrium mixture of ris (C2v) and trans (C2h) isomersSl [Scheme 3-1]. Each isomer 

contains two tenninal and two bndging CO groups. The barrier to interconvers~an is 

appproxlnlately 40 kJ mor1.52 The cls/rrans ratio increases as the solvent polarity increases. 

The starUng matenal had trans stereochemistry as confrrrned by its IR spectrum in KBr 

WhlCh showed two broad bands at 1950 and 1770 cm-l, both split into doublets. The IR 

spectra in the polymers exhibit two termmal v(CO) bands: one around 1990 cm-! due to the 

a 1 mode of the cis isomer and the other around 1950 cm -1 belonging to the bu mode of the 

52. Bulhtt, J.G.; Cotton, F.A.; Marks, T.J. [norg. Chem. 1972, JI, 671 and references 

therem. 

J 
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crans isomer, together with a bridging v(CO) band at 1714 cm- 1 [Table 3-1, Fig 3-1). 

Obviously, this indicates the existence of bath the CIS and trans isomers 10 polymer 

matrices. Fig.3-l also shows that the cis/rrans ratio increases with increasmg pola.rity of the 

polymer film. As in solution, the most polar polymer PSAN, gives a L'I.~-n~h dlstnbution. 
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Figure 3-1 The IR spectra io the .,(CO) region of [CpFe(CO)212 in PS (---) and PSAN 

(_) showing the etTect of the polymer 00 the relative amounts of the cis and trans 

isomers. 

ICpMo(CO)J12' Unlike the iron dîmer, [CpMo(CO)3h has no bridging CO groups and the 

two CpMo(CO)3 fragments are held together by a single Mo-Mo bond. The molecule has 

C2h symmetry (staggered trans. Scheme 3-1) for which three IR-active v(CO) modes (au + 
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2bu) are predicted. 53 Usually, however, only two bands (II, nI) are observed in solution witll 

the lower-energy band (III) being broad and split into two components in hyd.rocarbon 

~olvents and in NUJol mull. There 1S an addîtional peak (1) observed at higher energy in 

polar ,>olvent", WhlCh has been attributed to the presence of non-centrosymmetric 

rotamer~. 54 Table 3-1 hsts the IR peak posuions of thlS dîmer embedded in the three 

polyrner-;. Two ~trong bands (JI,III) are observed, together WIth band 1. Band III is broad in 

PMMA and PSAN, and ~pllt Into a doublet in PS. The 10tensity of the hlghest energy band 

(1) d'~\..rei.he') a -; the polanty of the polymer decreases in the following order: PSAN > 

PMMA> PS, coml~tent WIth the solution stuilles. 

M"2(C0J]O' Thcre IS a SIngle Mn-Mn bond between the two Mn(CO)5 moieties which are 

staggered wlth re~pect to one another. The molecular symmetry of Mn2(CO) 10 lS D4d55 

1 Scheme 3-11 .tnd three IR-acuve v(CO) modes (2h2 + el) are expected in the terminal 

carbonyl reglon ITable 3-11. The IR spectra 10 the three polymer films and in the organic 

solvents ~how !tttle van.ttlOn in shape and peak position, except for the band at 2010-2000 

crn- I In PM MA which was broader. 

3.3.2 Photochemistry 

The photochenllStry of the iron,56 molybdenum57 and manganese58 carbonyl dimers has 

becn ~tudled intenslvely in solution. Se veral papers conceming photolysis of the dimers in 

:B. h~(her, RD., Noack. K. 1. Organomet Chem 1969,16, 125. 

54. In ref. 30, p 85. 

55. Par \...e r, D.1 .. Suddanl, M.B.B. 1. Chem. Soc. (A), 1966,695. 

56. ~a) Goldman. A S.; Tyler, D.R. /norg Chem. 1987, 26, 253. (b) Blaha, 1.P.; Bursten, 

B.E.: Dcwan, J.c.; Frankel, R.B.; Randolf, c.L.; Wilson, B.A.; Wrighton, M.S. J. Am. 

Chem Soc. 1985. 107.4561. (c) Tyler, D.R.; Schmidt, M.A.; Gray, H.B. J. Am. Chem. Soc. 

1983. 105. 6018. td) Cas par, J.V.; Meyer, T.J. J. Am. Chem. Soc. 1980, 102, 7794. (e) 
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low-temperature, rigid media have also been reported. 59,60 There are twu pnmary 

photoproducts: one IS a binuclear imennediate fonned by reverslble CO diss()\;lation. e.g., 

CP2Fe2( CO)3 and Mn2(CO)9; while the other is a 17 -electron fragment sm:h as CpFe( ('0)2 

and Mn(CO)S fonned by reversible homolytic metal-ruetal bond scission 1 Scheme .L'! 1. 

[CpFe(COhh 
hv 

or 

hv 
2 CpFe(CO)2 

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 ln the presence of 

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

--- ---- --- - - ----

Abrahamson, H.B.; Palazzolto, M.C.; Relchel, CL.; Wnghton, M S. 1. Am Chem. Soc. 

1979, 101,4123. 

57. (a) Phtlbin, C.E.; Goldmand, A.S.; Tyler, D.R. Inorg. Chem 1986,25,4434. (b) Hooker, 

R.H.; Mahmoud, K.A.; Resat, A.J. J. Organomel. Chem 1983, 254, C25 (c) Wnghton, 

M.S.; Ginley, O.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 1.; 

Cooper, ~.J.; Peters, K.S.; Vaida, V.JAm Chem. Soc. 1982,104,3536. (c) Wegman, R W; 

OIsen, RJ.; Gard, D.R.; Faulkner, L.R.; Brown, TL. J. Am. Chem. Soc. 1981, 103, 60H9. (ct) 

Fox, A.; Poe, A. J. Am. Chem Soc. 1980, 102, 2497. (e) Wnghton, MS; Glnley, D.S. J 

Am. Chem. Soc. 1975,97,2065. 

59. Hepp, A.F.; Blaha, J.P.; Lewis, C.; Wnghton, M.S. Organomelalllc:, 1984, J, 174 . 

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



complexe~. The complexes CpFe(CO)2X and Mn(CO)5X are the dommant products when 

the dimer\ are photolyzed in the presence of halocarbons (CCI4 for example). 

ln PS and PM~/A films. IrTadlation of the three dlmers embedded in PS and PMMA at 

room ternpcrature doe~ Ilot re'mlt in any new bands being detected in the v(CO) region, only 

decornpO'>ltlOn OCCUf\. 

The rate 01 decrea~e In lntensHy of the bands in the carbonyl region upon irradiation was 

rnllch \lower JO PMMA than ln PS for all three dtmers [Table ':;-2]. As discussed in Chapter 

2, photogenerated CO easily dIffuses out of polystyrene. Any coordinatively-unsaturated 

mtermellIatc'i that are fom1ed are expected to be unstable under the reaction conditions 

(room temperature, contmued IrradIation) and In the absence of any stabilizing donor ligand. 

Thcrcfore, further decomposltIon leads to the rapid decrease ln intensity. The C=O groups of 

PMMA can parually \tabdile photogenerated intennediates and this may decrease the rate 

of further decompmiüon. PMMA is also much less permeable61 than PS and 

photogenerated free CO should escape less easlly from PMMA film than from PS film. TIlÎs 

would mcrea~e the pm~lbility of reversing the reacuon in PMMA. Thus, the relauvely slow 

photooecomposmon of the illmers embedded in PMMA is quite reasonable. 

ln the case of 1 CpFetCO)2J2, the terminal v(CO) bands due to the cis and trans isomers, 

and the as),oclated bndging carbonyl band all decrease in mtensity at approximately the 

saille rate. lt has becn reported that the ris and lrans isomers differ dramatically in 

pholOSen~ltlvIty at low tempcr..lture in mert media.60 In CH4 (l2K) and PVC (l2-77K), only 

the cralls den'vatlve undergoes photoreactlon and the cis one remams unchanged. 

Pr:~umably, the ClS lsomer undergoes CO loss too, but, because of lack of movement of the 

Cp nng at low temperature, the reaction IS rapldly reversed. By embedding in the rigid 

plllymer t lIm, the complexes are unable ta diffuse transversely inslde the media as they can 
---------------

61. (a) Lee, W.M. Orgamc Coatzngs and Plastics Chemisrry, ACS Adv. Chem. Ser. 1978,39, 

341. tb) Sahune, M. Po/ymer Prepr. (Am. Chem Soc. Div. Polym. Chem.), 1967,8,137. 
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in fluid solutions. However, unlike in the low-temperature matrices. the di mers .md the 

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

cage and free CO can dlffuse out of the film. Therefore. the CIS and rrans isomers may be 

expected to photodecompose in a similar manner under such \.:Ondiuons. 

Table 3-2 Consumption of metal carbonyl starting material (as a percenta~e) by 

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

Complex Pol ymer Thickness Reaction 

(mm) (%) 

.-------- --

[CpFe(CO)212 PS 0.06 70 

0.11 25-35 

PMMA 0.06 10 

PSAN 0.10 10 

[CpMo(CO)31z PS 0.06 25 

PMMA 0.06 0-5 

PSAN 0.06 30 

Mn2(CO)10 PS 0.06 100 

PMMA 0.06 5-10 

PSAN 0.07 70-80 

-------
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ln PSAN films. Vpon irradiation, new v(CQ) peaks were observed in the IR spectra for 

both /CpFe(CO)2 J2 and Mn2(CO)1Q in PSAN [Figs.3-2 and 3-3, respectively]. 

In the ca..,c of the Iron di mer, the new peaks appeared in both the tenninal (1935 cm- 1) and 

bndgmg (! 745 cm- 1) v(CO) regions. A parallel experiment ln CH 3CN showed similar 

..,pcctral change.., The new peaks 10 PSAN are consistent with the fonnatlOn of the 

lIIono\uh..,t1ltlted daner.62 CP2Fe2(CO)3PSAN IEq.3-l] with one tenninal and two bridging 

carbonyl groups. Attempb to isolate thlS particular polymer-supported species by dlsso1ving 

the IrratiJated film ln toluene and addmg ethanol failed because of its lflstabIlity. A pol ymer 

was prcclpllated WhlCh displayed no v(CO) band. 

[Eq.3-11 

[Eq.3-2] 

On th~solving the irradmted PSAN mm containing Mn2(CO) 10 in toluene and adding 

ethanol. a polymer was preclpitated which displayed v(CQ) bands in the IR at 2090(w), 

202.~(s). 1990-1981(s,br) and 1957-1944(s,br) cm- l . [Fig.3-3]. These new peaks indicate 

that the polymer 15 free of the parent Mn2(CO) 10 complex and the y agree reasonably well 

wllh those reported63 for eq-Mn2(CO)9(NCCH3) [Eq.3-2] and are thus assigned to its 

PSAN ~malog. 

62. Hames, RJ.; DuPreez. A.L. /no'g. Chem. 1969,8, 1459. 

63. (a) Ziegler, M.L.; Hass, H.; Sheline, R.K. J. [norg. Nucl. Chem. 1962, 24. 1172. (b) 

Koelle. U J. O'gllnomet. Chem. 1978, /55, 53. 
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1950 1 900 1 éso 1 éoo 1 '550 1 ~OO 1 èso 
WAVENUMBERS 

Figure 3-2 The IR spectra in the v(CO) region of [CpFe(CO)2]2 in PSAN: (a) before 

irradiation; (b) irradiation for 4 h and (c) spectrum a subtracled from spectrum b. 
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l''i~ure J.J The IR spectrum in the v(CO) region of eq-Mn2(CO)9(PSAN) in PSAN. 

Rca(tions involvmg binuclear intennediate pathways are proposed for both cases here. 

The dimers apparenlly lose one tenninal CO upon lITadiation which is then replaced by a 

pendant Illtnle ligand from the PSAN copolymer. 1his result funher suggests that polymers 

Œntallllng potennal ligands can scavenge photogenerated intennediates leading 10 the 

fonnanon of polymer-supported complexes in the sohd polymer rnatrlces. 

The pe,lks due to 1 Cp~10, CO)3lz ln PSAN gradually dimimshed and no significant new 

peaks appeared during the lrradiation. The failure to deteet analogous products for 
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molybdenurn 1S of lnterest ln Vlew of the photO\:hemlcal pn:p.rrallon of ~omple\es sud\ .IS 

CP1~to:!(CO)5lP(C6H5)31. The photochenuscry of [CpMotCO)~I~ lS. ll\\wc\cr. verv 

senSItlve to reactIon condlùons,57(J) 

3.3.3 Iodine Oxidation Reactions 

(CpFe(CO)zlz in PS. The tron carbonyl dimer I~ I..lxldlzed rapldly 111 PS film hy l~ vapollf 

ut room temperature, as eVldenced by the appearanœ ,\t'ter lll\ly one day of ,\ Ile\\' \'~('()\ 

band at 2040 Clli- 1 and an increase 10 tntensity of the band al 1446 cm -1. COIKlHIlII,\IIt \\ 1111 a 

decrease in the llltensnies of the other parent h,H1Ù'" IFt~ '-.ll. l'Ill' tïlm (urlll'd dl'c:p hl\lWII 

after 10 days and only twO strong bands at 2044 alld 20m (ln- 1 \\l're dCIC'\.:ted. Wllldl art' III 

agreement with those for the oxidation prodw.:t CpFe(COhIM 1 Eq,J-JI. 

ICpMo(CO)31Z in PS. Iodine oxidation of the molybdcnum dllner III PS film leatls slIllIlar 

behaviour to that abovc, except the aXldation product is k~s ,table Afler olle day's ~"'P()SIIIt: 

to 12 vapour, a new peak appeared at 203H cm- I whl\.:h reached It~ maXllllum IIIlCII'illy alll'I 

five days. At the same time, the parent peak'i greally dUllIfiI\hcd rcveallIIg adlllllollai IICW 

peaks at 1961 and 1939 cm- l . The product wlth three pcab al 20 UL 1 % 1 and 1 (nt) Lill 1 

was idennfied as CpMa(CO)3164 IEq 3-41. After cxtendcd oXlllatJon (10 day ... ), IlO v('() 

peaks were detected, WhlCh mdicates that further decompol)ltlon <x;<.:urred to glvc produch 

containing no CO lIgands. 

[Eq.3·4) 

64. Slaan, T.E.; Wojcicki, A./norg. Chem. 1968,7. 126R. 
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Mn2(CO) JO in PS. On exposure of the PS film ernbedded with Mn2(CO)1O to 12 vapour, 

new peaks gradually appeared at 2045 and 2028 cm~ 1, while the peaks at 2008 and 1982 

cm- l 'olowly decrea'led In intenslty. The fini\! bands observed after exposure for 10 days at 

212Xm, 2045'\ and 20Œ cm- I are consistent with the formation of Mn(CO)SI65 [Eq.3-5]. 

Mn2(CO)IO + 12 ~ 2Mn(CO)SI 

2 

.\ 
" l' 
1 \ 

Il , 
I! Il 
I~' 1 1 
:: \ 1 \ 
1 \ 1 1 
", 1 1 
(' i : 1 

:i r. : \ i 
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[Eq.3-S1 
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Figure 3-4 The IR spectra in the v(CO) region of [CpFe(CO)212 in PS : (-) before 

exposure to 12; ( .... ) aner exposure to 12 for 1 day and (---) 10 days. 

65. Kaesl. H.D.; Bau, R.; Hendrickson, D.; Smith, lM. J. Am. Chem. Soc. 1967,89,2844. 
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ln PMMA, PSAN and thick PS films. Similar oxidation reactions wcre perfonncd for ail 

three di mers in PMMA, PSAN and PS films. Table 3-3 lists the extent of oXldarion of the 

three dimers in different tilms. The oxidauons took place more slowly 111 thick PS tilms than 

in thin PS ones, and the y were also slower in PSAN. Howevcr, vmually no oXldatlOn 

occurred in the PMMA films during the lO-day exposurc penod. The liifferenccs in 

oxidation rates among these three type of films illustrate that the pol ymer microstructures 

play an important role in the reactions of the organometallic~ wlth 12 III sohJ polymer 

matrices. Presumably thcse differences depcnd on the rates of 12 dlffuslOn into the tilms. 

which are bclieved to be related to the relative gas penneabilitlcs of the polymcr~. This 

suggestion is consistent wuh the results since PMMA hall the lowest permeabtlity.61 

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 

[CpFe(CO)212 PS 

PMMA 

PSAN 

[CpMo(CO)312 PS 

PMMA 

PSAN 

Mn2(CO)10 PS 

PMMA 

PSAN 

Thickness 

(mm) 

0.05 

0.11 

0.05 

0.09 

0.05 

0.05 

0.08 

0.05 

0.05 

0.06 

Reaction 

(%) 

100 

20-30 

0-5 

20-30 

90-95 

0-5 

20-30 

50-60 

0-5 

20-30 



1 

52 

3.3.4 Polarized FT-IR Studies 

The Inten~ity of an IR absorption band is proponional to the square of the transition 

moment (or change ln dl pole moment) of the molecular vibration causing the band. In the 

case of polanzed IR radiatIon, the mtemity aJso depends on the relauve direction~ of the 

tranSition moment and the ekctnc field vector of the mCldent radiatIon. The square of the 

cornponent of the tran'iltIon moment III the directIon of the electric field vector is 

pmpol1lOnal to the ab:-,orbanœ.66 Therefore, polarized IR spectroscopy measunnents can be 

lIsed to reveal sorne IllfonnatIon about the moleeular orientation in the saUd if the band 

a~slgnmenr ... are known To do these measurements, it B necessary ta eut thin, transparent 

wafcr ... from ... mgle crystal'i of the rnaterial of mterest An alternative approach is to orient 

the compound III a ne matie liquui crystal solvent, a procedure that has been successfully 

uscd III ~tudylf1g the polanzed IR spectra of transition metal carbonyl complexes.67 Llquid 

cry~tal 'lolvent:-, are 'lorncwhat hmlted In their use because of the complexity of their IR 

spectra 

Upon 'itn:lch1l1g a polymer film containing an embedded material, partial onentation of the 

malenal l'an occur./lX PE has a very simple IR absorption, which makes il eonvenient for 

studYlllg the polanlanons of embedded metaI carbonyls. As mentioned earlier, under the 

cSlabh~hed D4d symm:.:try of Mn2(CO)10' only two b2 modes (at 1981 and 2043 cm-!) and 

one el mode (at 2012 cm- 1) are IR active [Flg.3-5(a)], with z- and x,y-polarizations, 

-- -------- -----

66. Colthup, N. B.; Daly, L.H.; Wiberley, S. E. Introduction ta Infrared and Raman 

Spt'ctrcJ.\'copy Academie Press, New York, 1975, p 105. 

67, (a) Butler, I.S.; Sedman, J. App/. Spectrosc 1988,42,497. (b) Levenson, R.A.; Gray, 

B.B.; Cac~ar, G.P. J Am. Chem. Soc. 1970,92,3653. 

t'IX. (a) 1I0~hl, T., Ota, K.; Yoshmo, J.; Murofushi, K.; Tanizaki, Y. Che,.,. L.eu. 1977,357. 

(b) Frac~owlak, D. Gantt, E; Hotchandani, ~.; Lipsehultz, C. A.; Leblanc, R. M. 

Photoclzcm. PllOCOblO1 1986,43, 335. 
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Scheme 3-3 

respectively [Scheme 3-3).67 The refare, twa (bi) bands with the same polari7.auon and 

another one (el) with opposite polarization are expected in the polarized IR spectra of 

ariented Mn2(CO)10 in the carbanyl reglOn. Such a pattern was observed 10 the dlChrolc IR 

spectrum of Mn2(CO)10 soaked lfi PE fdm after stretching IFig.3-5(b)l. The mten<;lly (lI the 

peak at 2012 cm- l (el' x,y-polarization) measured perpemltcular tu the du't!ttlOn of 

stretching (AD is greater than tha: measured parallel (A ID and <;0 (A Il-A J) 1S negauve. 

While Ail IS greater than Al for other the two bands at 19R1 and 2043 cm- 1 (b2, z­

polarization), which have posltlve (A II-Al) values. The degree of onentatlon of thl'i dl/ner 

Szz is about 0.1. Dichroic IR spectra of unstretched sample ~howed no peak In the v(eo) 

regian (Ail-Ails zero). 

Fig.3-6 depicts the parallel (-) and perpendicular (---) polanzed IR "pectra ln the low-

frequency reglon of Mn2(CO)10 in PE after stretching. There are Iwo band'), the one at 649 

cm- l has been assigned ta an el b(MnCO) mode with x, y polanzauon and the other at 643 
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cm- 1 due to a b2 ô(MnCO) mode with z polarization.69 The spectra show clearly that the 

two bands have opposite polanzations: A Il is greater than Al for the peak at 643 cm- 1 and 

Ail is smaller than Al for the band at 649 cm- l . The polarizatlOns of the peaks at 649 and 

643 cm- 1 are m agreement with thelr assignment as el and b2 ô(MnCO) modes, 

respectively The week peak around 670 cm- j exhlbits parallel polarization lIuggesting b2 

symmetry. On symmetry grounds, howt!ver, there should only be one b2 mode observed in 

the Ô(MnCO) reglOn.69 The addmonal peak IS best atmbuted to a 8 2 symmetry 

combmatlon, e.g, 643 (b2) + 39 cm- J (a}, lattice mode6"). 

The above results Indicate that Mn2(CO)1O IS pamally onented ln polyethylene matrix 

alter stretching The polarized IR data show that the Mn2(CO) 10 molecule tends to align 

wllh Il'. long axis (z-axis) paraUel to the dIrection in WhlCh the polymer is being stretched. 

The mea~urernents of the polanzed IR ~peçtra of oriented metaI carbonyls In PE can provide 

useful mfonnation on band asslgnments and their polarizarion characteristics. The method 

employed here IS very simple and the matrix used ha..; a wlde IR window. Since earher 

results have demonstrated that polymer tilms are u~eful medta for chemically transfonning 

organometalhc complexes in the solid plastics, it would be interesttng to study solid-state 

chcmical reactions of on~nted metal carbonyls in polymer matnces. 

69. D.M.Adams and I.D.Taylor. J.C.S., Faraday TransJ/1981, 78. 1065. 
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F1aure 3-6 (a) The parallel polarized IR spectrum in the v(CO) region of Mn2(CO)lO 

soaked in PE film after stretching; (b) dichroic IR spectra (A I-Al> of Mo2(CO)lO in 

PE after stretching. 
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Figure J·7 The parallel (-) and perpendicular ( •.. ) polarized IR spectra in the low­
frequency region of Mn2(CO)lO in PE film arter stretching . 



1 

.. 

3.4 Conclusions 

The three pol ymer matrices examined afford chemical envlronments slImlar 10 lhose III 

structurally-related organic sol vents with respect 10 the relative mtensltles and 'ihapes of the 

IR bands ln the v(CO) region of the three metal carbonyl dllner~. PSAN polymcr is l'.\pable 

of stablllzmg photogeneraled binuclear mtennedlates by coordll1:1l1on 01 pcndant IUlnlc 

groups and thus aets as both the matrix and reaetant. The 12 oXldauol1 reaetIons In PS film 

show the ablhty of ~mal1 molecules diffusing mto pol ymer matrices lO undergo reactIon wlth 

embedded complexes. The photolysis and oXldauon results demonstrate addluonal methods 

of transfonning organometallic complexes embedded ln so11d polymers. Smce the~e useful 

plasnes can be pressed into any de~ired shape, It should be posslbk to transfonn cmbedded 

complexes after fabneatIol1. These are useful for the synthesis of organometallIC polymcrs 

and unstable complexes 10 so11d ~tate. The photochernu;al and oXldatlon reaCIlOfl'i 111 

different polymers mdicate that PMMA offer~ a more protectlve enVlf()f1ment for the metal 

carbonyl thmers than PS does. ThiS Illustrates thal the chenucal rcactlVltie'i of cmbedded 

organometalhcs are strongly affeeted by the pol ymer mlcrostructure~ Fll1ally, the polarlJ'ed 

IR spectral study lndicates that Mn2(CO) 10 can be parually onenled In PE fIlm by 

stretching . 
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CHAPTER 4. Reactions or Organometallics Embedded in Polystyrene Matrices With 

Gues 

4.1 Introduction 

Investigations of the chemical reactions occurring at gas-solid interfaces are important 

from both the prauca170 and theorencal71 standpoint. For instance, there is considerable 

interest wlth respect to gas separatIon 70(a) and the study of reaction mechanîsms 71 (a,b). The 

knowledge obtalOed from such ~tudles may also provlde valuable mforrnanon ln connection 

with photosynthesls and other biochenucal reactions, whîch occur ln rigid enVlfonments An 

analogy between the enVlfonment surrounding a metai complex ln a metal-protein and that 

of a complex embedded ln a polymer has long been recogmzed. For example, heme and 1-

(2-phenylethyl) lmldazole embedded in PS reverslbIy binds 02 ln the presence of water.4 

Recently, Kenneth et al. have synthesized a series of copper(l) complexes contaming ligands 

that are ~ovalently attached to cross-lmked polystyrene and mvestigated the reversible 

bmdlng of CO gas 10 these complexes.70(a) This abtllty shows conslderable potential for 

applications 10 membr.u1e or pressure-'iwing recovery of CO from gas streams. Fmally, 

polyrner-trapped mIcro parucles of PbS possesslng unusual band gaps have been prepared 

by treatment of lead acetate embedded in ethylene-15% methacrylic aCld copolymer with 

II-,S.72 

ln additlOn to our investigations of the FT-IR spectra of organometallic carbonyl 

complexes embedded in various pol ymer films (PS, PM MA and PSAN) and their 

70. (a) Balkus, K.J.Jr.; Kortz, A.; Drago. R.S. Inorg. Chem. 1988,2,9. (b) Hirai, R; Hara, 

S.; Komiyama, M. Bull. Chem. Soc:. Jpn. 1986,59, 109. (c) Ibid. 1986,5':1, 1051. (d) Hirai, 

H ; Woda. K; Komlyama, M. Bull Chem Soc. Jpn. 1986, 1043. 

71. (a) SeJbcek. AJ.; Mansueto, E.S.; Wight, C.A. J. Am. Chem. Soc. 1987,109,6223. (b) 

Sedlacek, AJ ; Wight, C.A. J. Phys Chem. 1988, 92,2821. (c) Burden, J.K.; Downs, AJ.; 

Gaskill. a.p.; Graham, M.A.; Turner, J.J.; Turner, R F./norg. Chem. 1978, 17,523. 

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



photochernical reacuvities, sorne of these t1lrns embedded wlth metal carbonyl dimers have 

aIso been exposed to 12 vapour. The oXldation rales are dependent on the polymer wlIh the 

.-:actlon ln polystyrene bemg the faste~t and P\lMA the 'ilowest 111ese observal1ons haH~ 

prompted further ~tudles of the reaetIons of gases wlth oganomet;ÛlIcs III .. ohd pol ymer 

matrices. Reported here IS the chemlstry of CpRu(COD)Cl (\OD :: cydoocta-I,5-dll'nd 

and Vaska's compound lrans-Ir(CO)Cl(PPh3)2 embedd~'d in PS wlth the gasc'i H2- °2- 12' 

CO. 13CO and S02 

4.2 Experimental 

The complex trans-lr(CO)Cl(PPh3)2 was purchased from Strem ChemlCal Ine. ,md was 

used wuhout further puntïcation. CpRu(COD)CI was kindly provided by Dr. Ene Smgleton 

and was punfied by recrystalhzauon from CH2C1 2/hexanes. Po)y'Hyrene (M W = 12"i,O()()-

250,OüO) was obtallled from Polysclences. The gases S02 (99 9X%, Mathe\o!l). H 2- ()2- CO 

(Linde) and 13CO (Icon) were used as reCleved. The tïlms contaml/lg organolllCldlllC\ (wt(~) 

= 5. 0.06-0.08 mm thlckness) were prepared as descnbed prcvlou'Ily and kept 11I1Jer N ') 

pnor tu U'ie. The Fr-IR absorptIon spectra were rewrded on a Bornem Mlchel\on 100 

spectrometer at 4 cm- 1 resolution using a DTGS detcetor Spectm were rccorded both 

before and after gas treatment. The relatIve mtensltles of the mdlvlduaJ reaetant and prodw.:t 

bands, as well as those of nearby poly~tyrene bandç; were u'ied to detemllne the extent 01 

reaction and lts reversibihty. 

12-0xidation. The iodine oxidation reacuons were performed as desenbed III Chapter 3. The 

oxidatlon reacuons were monitored by FT-IR spectroseopy over a penod of month'\. 

Other gas reactions. The other gas reaCHons were camed out at room temperature ln Canuli 

tubes. The t'olloWlnl! experimental procedure was employed. A film was placed ln a Canus 
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tube undcr ~ 2 and the ve~sel was quickly connected to a vacuum (about torr 0.2 mmHg) for 

a few ll11f1utes. Then. the tube was c10sed off. removed from the vacuum line ar.Û subjected 

lO the dc..,lred ga\ Jt about 2 atm pres'iUre controlled by a regulator. The tube was closed 

and kept at mom temperature ln the dark for a cenmn penod of ume. The gas pressure was 

rclca'lcd and the FT-IR "'pectrum of the film was recorded Immmedlately. For the 

rcver'llbIllty '1tudle~. the ga~-lreated films were kept elther under vacuum or In arr at room 

tcmperalure ln the dark The degas~lng reaCl10ns were momtored by IR ~pectroscopy. 

The film.., contalnIng lran.~-Ir( 13CO)Cl(PPh3)2 were obtamed by keeping trans­

Ir(CO)CUPPhJ)2-embedded tïlms under a l3CO atmosphere for long periods of time (one 

day) and lhen placmg them under vacuum. The CO addmon and CO exchange reacrions of 

trWH-lr( UCO)CI(PPh~)2 ln PS were performed ln a speclally deslgned IR gas-tlow-through 

œil. "Ince the ICacl10n rates were very fasr. The cell conslsted of a stamless-steel holder 

cqUlPIK'd wnh (wo ~talC1k~'1-sted valves and two NuCI Windows mounted by screws wlthm 

the hokkr Good vacuum or pre~::,ure was achleved by placmg rubber gaskets between the 

wllulmv .. and the '1tee! holder. The films contammg crans-Ir( l3CO)Cl(PPh3)2 were placed 

1Il1.,Ilk lhl: cell unùer :--.12 anù then the cell was connected to a vacuum lIne. After closmg the 

v.lcuum v.llve. the œil was filled wnh CO gas at about 1 atm The IR spectra were recorded 

11lll11eùlatdy after lilhng the œil wIlh CO and the reactlons were monitored Wlth time. The 

cell \\a~ l:\l:nlually reconnected to the vacuum line in order to check the reverslbility of the 

rcaCHons 

A.TR-FT-/R. The surface properties of sorne of the gas treated films at different stages were 

e '\amlll~d by A TR -IR spectroscopy. The spectra were obtained by using the multireflection 

KRS-) cry~tal (10 x 5 x 1 mm3, 450 cntrance :mgle) and the bearn-condenser optical 

acces~ory ùe~(flbed ln Chapter 2. The penetratIon depth dp was about 1 % of the tilm 

(hicknes~e~ {5 x 1O-~ mm). Transmission IR absorption spectra of the same films were also 

mC;lsureù. 



1 

-------------------------------------------------------------.............. .. 

4.3 Results and Discussion 

4.3.1 Substitution Reactions ofCpRu(COD)CI in PS Films 

CpRu(COD)Cl comalns an ea~!ly dl~placed cyclooctaJlene ItganJ and has heen shown 10 

be a versatile and highly reactive precursor to a wlde range of ruthcmum (Ompounds. n(a) 

Ligands, such as CO, PPh3 and CN(CH2)6NC, ~ub~tltute the COD ligand ln ,>olulion 10 glve 

neutral products of the type CpRuL2Cl ln tugh ylt"lds. 7 3(a) PS films cmbedded wllh 

CpRu(COD)CI are brown-orange and transparent. Alter lœallng ~lu.:h a film wllh CO gas for 

two days, there lS no slgmficant dIfference in colour. but there IS a dramauc change 111 the IR 

spectrum ln the v(CO) region [Fig 4-1(a)1 This observatIOn ~uggests Ihat CO ligand 

substItution has occurred. Two mong peaks appeared at 2050 and 1998 cnf 1 ITable 4-11; 

these are in excellent agreenment for tho~e of CpRu(CO)2Cl71IEq.4-II. 

CpRu(COD )CI (in PS film) + CO -t CpRu(CO)2CI [Eq.4-I] 

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

A similar reaction took place upon placing a CpRu(COD)CI-embedded film in the 13CO_ 

filled Carius tube. In the IR spectrum, two new bands in the v(CO) region (2003 and 1955 

cm- 1) [Table 4-1, Fig.4-1(b)] were detected, which are comlstent with the fOll1llitlon of 

CpRu(13CO)2C1 [Eq.4-2]. The intensiues of the carbonyl peaks showed Imle change when 

73. (a) Albers, M.O.; Robinson, D.1.; Shaver, A.; Singleton, E. Organomelallics 1986,5, 

2199. (b) Blackmore, T.; Cotton, J.D.; Bruce, M.I.; Stone, F.G.A. J. Chem. Soc. fA) 1968, 

2931. 
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the treated films were left in the air at room temperature for months. The above results 

demon~trate that labile ligands on organomerallic complexes embedded in soUd polymer 

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

"II 

1 

---r- ---r------.---,..,--r-j ~----.-i --,..-, --.-~.----,j--.--.--.--,-~ 
~I 19111 1971 1943 1915 CM-\ 

Figure 4-1 The IR spectra in the v(CO) region of (a) CpRu(CO)lC1 and (b) 
CpRu( 13CO)2C1. 
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Table 4.1 The carbonyl stretching frequencies of trans-lr(CO)CI(PPh ':;)2 and selected 

adducts and of CpRu(CO)2C1 in PS and other media (cm- I ) 

Complexes 

Ir( 13CO)Cl(PPh3)2 

Ir(CO)2C1(PPh3)2 

Ir( 13CO)2Cl(PPh3)2 

Ir(CO)( 13CO)Cl(PPh3)2 

Ir(CO)(H2)Cl(PPh3)2 

Ir(CO)(02)Cl(PPh 3)2 

Ir(CO)( S02)Cl(PPh 3)2 

Ir~CO)(S04)CI(PPh3)2 

Ir(CO)(I2)Cl(PPh3)2 

CpRu(CO)2C1 

CpRu( 13CO)2C1 

a) v(Ir-H): 2202,2092 cm- 1 

b) v(Ir-H): 2220, 2095 cm- 1; Ref.75 

c) v(lr-H); 2190. 2100 cm- 1; Ref.75 

Medium 

PS 

toluene 

Nujol 

PS 

PS 

PS 

PS 

benzeneb 

NujolC 

PS 

PS 

PS 

PS 

PS 

PS 

\/(CO) 

1964 

1967 

1952 

1917 

1964. 192H 

1917.1884 

1950. 1905 

1990 

1983 

1970 

2006 

2019 

2049 

2066 

2050.1998 

2003, 1955 
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4.3.2 Addition Reactions or Ir(CO)CI(PPh3)2 in PS Films 

Va.,ka\ cumpound truns-Ir(CO)CICPPh3)2 is a d!Lsystem with square-planar geometry and 

lWO lmm PPh3 ligands. It can readily undergo addition reactions in solution with many 

nClJlral ga ... e'l, 'luch al) 02, H2' CO, 12' S02 and these reaetions are reversible in sorne 

cases,?4 The reactlon mechanisms have been extenslvely Investigated and most of the 

adum:b have been tully charactenzeù. The IR speetrum of trans-Ir(CO)Cl(PPh 3) 2 In Nujol 

mull ha, LI '\trong v(CO) peak at 1952cm- 1. while trans-Ir(CO)Cl(PPh3)2 embedded in PS 

mm ~how~ LI 'ltrong ab~orption at 1964 em -1 [Table 4-1], close to that observed in toluene 

solullon. 

a. 112 addition 

The yellow colour of the film became lighter upon treatment with H2 (-2 atm) in a Carius 

tube for 1 h, but It diù not fade further over a period of 5 days. Two new v(Ir-H) bands at 

2202w and 20l)2v, cm- l and a ncw v(CO) peak at 1990s cm- 1 were observed in the IR 

spectrulll, logelher with a concomitant decrease In llltensity of the band due to the parent 

complex 1 hgA-:n The~e new bands are consIstent wah ris addmon ta give the dihydride 

product wtllch has an octahedral structure shawn below: 75 [Eq.4-3]. 

[Eq.4-3] 

74. (a) Vaska. L. AL'C Chem. Res. 1968, l, 335. (b) Collman, J.P. Acc. Chem. Res. 1968, l, 
136. 

75. ta) Vasll.a. L.. DILuZIO, J.W.; J. Am. Chem. Soc. 1962, 84, 679. (b) Vaska, L.; J. Am. 

Chen! Soc. 1966,88, .. BOO. te) Chock, P. 8.; Halpern, J. J. Am. Chem. Soc. 1966,88,3511. 



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 eartier proposals cOl1cerning the 

environment provlded by PS. 

It has been reported that the dihydride remains unchanged in the solid stlue even when kept 

under vacuum at 25°C for 16 hr but il loses H2 in solutlon.75 When the H2-trcated tilm was 

kept under vacuum for 3 days, the IR bands due to the dihydride dimullshed ~tgnitïcantly 

with strong recovery of the peak due to Vaska's compound. This Il1Jlcatcs the revcfSlbllity 

of the H2 addition reaction in PS film [Fig.4-21. The dehydrogcnation rc:\(uon III PS alsu 

takes place when Hrtreated film was le ft standing in air. There was some tflltl.'i­

Ir(CO)Cl(PPh3)2 regeneration (1964 cm- 1) and 02-adducl (2006 cm- l) formation 1 Fig.4-21. 

------- ------- ----- - - --

1 

1 
-+I---'--"--~--T""~--'-----rl ~-~-....---,------,-- ~~- r-

2260 2:90 21<'0 <'050 1980 
T r r--t 

1910 1:14 1 

WA VENlIMIIDI 

Figure 4-2 The IR spectra in the v(CO) region of Ir/PS upon treatment with 112 (-) 

for S days; (-) followed by exposure to vacuum for J days and ( ... ) followed by 

exposure to air for J days. 
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-r---r---T- ,-----..- ~-..----,- ~- r -,- 1- -.-J 
1- l 'lé! 4 1180 C~"I 
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Figure 4·3 The IR spectra in the v(CO) region of Ir/PS upoo treatmeot with 02 (_) 

for 5 days; (-) followed by exposure to vacuum for 3 days and ( .... ) followed by 

exposurc 10 air for 3 days. 

b. 0.., addition .. 

Aftl:r IrlPS was plaœd in an 02"filled tube for 5 days, the 02-adduct was produced76 with 

the appearance of a new peak at 2006 cm"l and the decrease of the original peak at 1964 

cm- 1 
111 the IR spcl:trum [Fig.4-3, Eq.4-4). 

76. (a) Vaska. L. Science 1963, 140, 809. (b) Reed, C.A.; Roper, W.R. J. Chem. Soc., 

Dallon Trans. 1973. 1370. (c) McGinnety, J.A.; Payne, N.e.; Ibers, lA. J. Am. Chem. Soc. 
1969,91,6301. 

• 



i The cornplex Ir(CO)(02)Cl(PPh3)2 has a structure similar to that of the H2-adduct wlIh a 

distoned octahedral configuauon. The IR band m the \-'(CO) region due to the 02-addu~t 

decreased gradually upon standing 10 atr, but rapldly 10 VllCUO. The dcoxygcnatlon reaclion 

takes place much faster 10 vacuo than ln au IFigA-3 J. 

+Ch 

c. S02 addition 

PPh3 

oc .... l ..... o 
Ir 1 cr ..... l .... o 
PPh:l 

[Eq 44) 

Exposure of Vaska's compound embedded in PS film to S02 in a Canus tube quickly led 

to a colour change from yellow to green-yellow. The IR absorpuon due 10 tmns­

Ir(CO)Cl(PPh3)2 vanished and a new strong peak. at 2019 cm- 1 appeared (Tahle 4-11. which 

is assigned77 to IrCl(CO)(S02)(PPh3)2' (Eq 4-5, FtgA-41. Th~ molecular structure ot Ihls 

complex deterrmned mat the S02 is bonded to the metal Via the sulfur atom and the 

coordination geometry around the Ir IS that of a tetragonal pyranlll.l as o,;hown below Il WU"i 

reported that the SO:; adduct in the crystalhne state releases S02 upon heaung above 150('(: 

and reverts to the startmg material in bOlling benlene.77(a) At amblent condltu)f}s in 

vacuum, S02 dissocIated from the S02-adduct in PS film qUlte quickly wlth regcncra110n of 

the staning material [FIg.4-4 J. 

Upon exposure of the 02-adduct to S02' the sulfate compound Ir(CO)(S04)CUPPh3)2 

was produced [Eq.4-6] as evidenced by the IR peak at 2049 cm-l, which is in agreement 

77. Ca) Vaska, L; Bath, S.S. J. Am, Chem, Soc. 1966.88. 1333. (b) La Placa. SJ.; lbers, lA. 

Inorg. Chem. 1966,5,405. 
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with that reported78 [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. 
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PPha 

CI ...... ' .... O, ....... 0 
....... Ir, ....... 5 ....... 

OC 1 ° 0 
PPh3 

, • T • 1 

(Eq 4·5) 

{Eq 4-6) 

• , 1 

, .. 
1924 1880 U~-I 

Figure 4 .... The IR spectra in the v(CO) region of IrlPS upon treatment with S02 (-) 

before trcatment, ( .... ) trcatment for 3 h and (-) followed by exposure to vacuum for 

15 h. 
~---~---~- ,-------

n. (a) Valentine, l; Valentine, D. Jr.; Collman, J.P. Inorg. Chem. 1971, JO, 219. (b) Hom, 

R.W.; Weissberger, E.; Colman, lP./norg. Chem. 1970,9,2367. 
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d. CO addition 

As in solution,79 the CO addition reaction of Vaska's compound ln PS film was very rapid 

and reversible. Treannent of the films wlth gaseous CO or 13CO gave two pair of pca~s at 

1964 and 1929 cm·} and at 1916 and 1884 cm-l, respecuvely, wnslstent with the fOnlHltlOn 

of Ir(CO)2Cl(PPh3)2 and the l3CO analogue. The structure of the CO-adduct was proposed 

to he trigonal blpyramid and the two PPh3 were 111 the aXial pOSItiOnS, IEl! 4 7,-t-KI 

Exposure of Ir(CO)2Cl(PPh3)2 or the 13CO analogue lf1 PS lU vacuum resliited If\ qlm:k 

dissociation of a carbonyl. TIle bands due to the slartmg matenals trans-Ir{CO)CI(PPh,)2 

(1964 cm- l ) and Ir( 13CO)Cl(PPh3)2 (1917 Cln- l ) were observed, respectively. 

+ co --

ft 

PPhJ 
l ...... cO 

CI-Ir 
l'CO 
PPhJ 

PPh3 
1 13CO 
/' 

CI-I{, 13CO 

PPh3 

(Eq 47) 

{Eq 48\ 

When trans-Ir( 13CO)Cl(PPh3)2 In PS was treated wlIh CO gas 10 a gas-flow-through IR 

ceU, the IR spectrum of the film changed markedly ln a few mmutes wlth <.;cvcral new peak ... 

appearing [Fig.4-5]: one strong band appeared at 1 %4 cm-! WhlCh overJappcd wlth a band 

around 1950 cm- l ; another strong band at 1917 cm- l had ~holilder ... Ul cach .,Ide, arollnd 

1928 cm- 1 and 1905 cm-t, together wuh Il weak ~houlder al 1 KK4 cm -1 Alter the hlm wa" 

placed in a vacuum for 30 min, ail the ~houlders dhappeared wllh only Iwo .. Irong band~ 

left, one at 1964 cm- l assigned ta tranJ-Ir(CO)Cl(PPh3)2 and the other at ISll7 cm- I duc 10 

Ir( 13CO)Cl(PPh3)2' There are five pos<.;ible complexes produœd dunng the IJlTlC the Iilm 

was expored [0 the CO gas [Eq.4-91ITable 4-1, FtgA-51. 

79. (a) Vaska, L. Science 1966, /52, 769; (b) Payne, N.e.; Ibers, J.A. lnorg. Chem. 1969,8, 

2714 . 
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PPh3 _ 13
00 CI, ...... PPh3 +CO l ...... cO CI, ...... PPh3 

1 r 1 r CI-lr'13 Ph3p ...... 'CO Ph3p ...... '13CO 1 CO 
(917) PPh3 (1964) 

+ "CO II 
PPh3 
1 13CO 
,./ 

CI-lr'13 
1 CO 
PPh3 

(1916, 1884) 

1 

(l9S0,190S) 
+CO 

PPh3 
l ...... cO 

[Eq 4-9] CI-Ir, 
1 CO 
PPh3 

(1964, 1929) 

T -,...--y- ..... --r-T'-..---r- .. - -y--_._-;-.. , 

1 

1 
1 

• 
c 

A 

-+1---.-,.---...-, ~--r-~"'----y.--r,---r---'-"'--r--'---'-----r--'-1 ---.--~ ~ J 
21111 1.1 1147 1913 1171 1145 CM- S 

Figure 4-5 The IR spectra in the v(CO) region of Ir 13COIPS 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 Va~ka's ~ompound in PS film with 12 occurs more slowly than wilh other 

gases. Exposure of the tilm embedded wnh IrtCO)CltPPh 3)2 10 12 vapour Olt .lInlHent 

conditIons over a 3-day period led to the gmdual growth of a new pe.l\... al 20tl6 Œf 1 du\.' to 

the 12-adductHO, together wah a strong band at 2006 cm- 1 belonglIlg to the 02-.ldùlll'l and .i 

peak due to the ongmal compound. After two months 1Il the 12 Jar, the band dut' to the 12-

adduct was the only one remammg. Clearly, Vaska's compound 1Il PS tïlm l~ ll'\ldllt~d 

quickly by 0" 111 air and the slowly by h. However, because 01 the n:ver~lbli1ty of Ihe 0" - ~ -
addition, the final product lS eventually the 12-adduct 1 Eq.4- lOI 

fast 

(Eq. 4-10} 

4.3.3 ATR-IR Studies 

Exposure of trans-Ir(CO)Cl(PPh3)2 embedded in PS film to 12 for 3 h affords a low yield 

of the 12-adduct sinee only a very weak peak at 2066 cm- 1 was detected ln the trammi'l ... lon 

IR absorption speetrum, together with a moderate peak at 2006 cm -1 due 10 the 02 adduct 

and a strong band due to the starting material. An ATR-IR spectrum of this ~ame film ln the 

v(CO) reglOn, however, showed a very strong 12-adduct absorptlon with a weak 02-adduct 

80. Bennett, M.A.; Clark, RJ.H.; Milner, D.L./norg. Chem. 1967,6, 1647. 
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band 1 hg.4-6j. No band due to the original complex was detected. This result mdicates that 

most of the compound on the film surface has been oXHiized by 12 during the short 

expmure tlIl1e. After expo'iure of the filll'. to 12 for two months, no slgnificant difference was 

obscrvcd between the IR and A TR-IR 'ipectra of thls film. 

For the 02-treated fIlm contaimng a .,mall amount of the 02-adduct, no difference was 

ob\ervcd betwccn the transml~~lon IR and ATR-IR spectra, Slmllar results were obtained 

for the ATR-IR .md IR \pectra of ftlm~ ernbedded wlth CpRu(COD)CI which had been 

trealcd wlth CO ga~ 

The.,c re\ult\ mdlC:lte that 12 wlth ilS relatlvely large rnolecular Size has a low diffusion 

raie mtn PS tïlms Thl') probably re~ults ln the observanon that the Vaska's compound on the 

film \urtJCC 1" more ea~Jly oXldlZed by 12 than that In the Intenor of the film. Conversely, 

the \Buller 02 .md CO molecules can readily thffu'ie mto PS films and therefore no 

differcncc~ are observed between the transmission IR and A TR -IR spectra, 

l ' , 

:\ 
1 \ 

1 \ 

IJ\ 
1 - " 1 \ 

1 
1 

, 
1--···.---"..-_." 
~ 

+-~-~ ~~~'~I-T'~f~'~'~'~~~'~'~~--'~~'~~ 
2160 2100 20.0 1910 19é!O 111&0 CM-I 
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Figure 4-6 The IR ( .... ) and ATR·IR (-) spectra in the v(CO) region of Ir/PS upon 

treatment with 12 for 3 h. 
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4.4 Conclusions 

The IR peak pOSItlOns in the v(CQ) region of Vaska's complex and liS addul'ts III PS 

matrices are close to those found in benzene. The complexes are apparently embedded 11\ PS 

such that they are highly dlspersed and the environment ~urrollndlllg them 1 .. ~mlllar to that 

in solutIon. Addmon .md substitution reactlOns of the complcxt': .. wllh ga~eoll'\ reagent .. , a, 

weil as the rever~e reactlons, are eastly perfonlled III PS tilms '1'11\1, demonstratc:\ that 

polymers are useful media for "sohd-'itate" .,yntheses. ATR-IR and IR '\tudlt~1\ suggest that 

the PS matrix may modlfy the relative rates of reactlOm by hmdenng the lhthll\lon of large 

gaseous molecules 10 the plasuc. This observation provldes an extra element of 'iclccuvlty 

not pos~lble wuh nomm! sol vents. The'ie types of matenals are potenually lIsciul ln gas 

separation, as gas ~ensors and indicator'i of gas pemleabllity ... mee they are e.mly prcpared 

and the reacnons can be mOnItored by IR ~pectro~copy. 
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PART II. 

THE PREPARATION AND CHARACTERIZATION OF AN 

ELECTRICALL y CONDUCTING POLY(3-ALKYLTHIOPHENE)­

IRON(II) COMPLEX 



CHAPTER S. General Introduction 

S.I Conducting Pol) mers 

The tcnn "pol ymer" has long been a'isoclated wlth compollnds havlIlg lIl'iulal1ng 

properties. The low wnductlVlties (0) of pol ymer ... range from 10 Il) U-I l'Ill 1 lor 

polyvinykhlonde to lO-IS 12- 1 1:111-\ for polytetrat1uoroethyknc. tlll' .... e v,duc!'! an,' lII.IIlY 

orders of magmtuùe bdow those for metal ... and lIlorgaIllc .... cIlIlLOnductor!\ ISdlcllle 'i 

Il.XI,82.S3 The Insulanng propenies n~sult t'rom electroll'i ln the polymcr framcwork h~lIIg 

localizeù ln tndlVIÙUJI bondmg molccular orbitais and the large band g.lp'i e\I'il1ng hClwcen 

the valence and condul:l1on bands. 

The laea of makll1g .... t:nuconductlng or even melal-hke condl1l.:ung polymers, whcrcby the 

electrical propertles of metals and the advantage .... of pla~t1cs l'ail be COl1lhlfWd has becn ,1 

stimulus for polymer ..,Clence for more than 20 year..,.H~ The flr .... t wnducllllg polymer .... were 

mostly refractory pyropolymers resembhng graphites, ~uch as hcat-treareù polyacrylollllnic 

(PAN) [Scheme 5-21. H5.H6 In the early 70\, 'Ilngle cry"tab ot hlghly-cor1Jugawd 1I1orgarllc 

poly(~lliphur mtnue) -(S=N)-n were found tu be metalllC wndllctor..,~n and CVCII 

superconductors at very low temperature XX . The IIltnmilC conductlvlly ame, lrom the 

81. Bowden, M.J.(ed.); Turner, S.R.(ed.) E/ectromc and PhOlOnlC AppllLatwn.\· of Pofyma.\ 

American Chemical Society: Washlllgton, D c., 1988. 

82. Potember, R.S.; Hoffman, R.C., Hu, H.S.; Cocchlaro, JE, Vlands, C A., Murphy, KA.; 

Poehler, T.o. Po/ymer 1987, 2R. 574. 

83. Bryce, \1.R , Chem. Br. 1988,781. 

84. Goodlng~, E P. Chem Soc Rev. 1976,5, Y5. 

85. Topchlev, A. V. J Pulym Sei. Part A 1963, l, 591. 

86. Suzuki, M.; Takaha .. hl, K , ~itam, S. Japan.1. Appt. Phy!1. 1975, /4,741. 

87. Hsu, CH.; Labes, M M. 1. Ch/m. Phys. 1974, t5/, 4640. 

88. Greene, R.L-; Street, G.B.; Suter, L-J Phy!J Rev Lctlers 1975.34,577. 
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presence of one unpaired dectron associated wlth each sulfur-nitrogen unit which can move 

unuer Ihe d'fcct of .111 apphed electric field.. 89 It was also found that Introduction of mixed 

valenl'c ~tates 11110 pol ymer chains, such as polypyndine contJ.ining pendent osnnum(II/IIl) 

group<)() can Illullœ ~et11lC()ndllCtlV1ty through redox behaviour. Whlle the ferrocene(Fe II) 

polymer lS practlcally .lll Ulsulator, the mlxed-valence ferrocene-ferricimurn(Fell/Fe III) 

polymer has a condUi.:tlVlty of 1O-6_lO-3 n- 1 cm- l upon partial oXldation [Scheme 5-3}.91 

Polymenc staàed. planar metal complexes, such as lrt(CN)412-, can also be partially 
----------

89. Greene. R.L Street, G B. Science 1984,226,651. 

90. Jemigan. J.C.; Murr,lY, R.W. J. Phys. Chem. 1987,91,2030. 

91. Pittman. C.U.Jr.; Surynarayanan, B. J. Am. Chem. Soc. 1974,96, 7916. 
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OXldw:d to glve one dmlem.ional, ITIlxed-valeilce type crystals wuh hlgh conductivlty along 

lt~ ~ta~ktng dlrel:tlom.n Sorne htghly-crvsta11me, charge-transfer (Cf) complexes and Ion 

radll:aJ ""db are known to be anl'iOlfOiJIC orgaml: conductors. H3,89,93 Several of them have 

hcen Irlcorporateo I!1to pol ymer chaim, e.g., the TC~Q-poly(2-vlnylpyndme) complex (cr = 

1 2 x 10-2 il- l cm- 1 1 Sl:heme 5-41,94 Although the conductlVltIe'i are sometlmes lower 

than thow of the l1H>rIOll1cnc complexe~, the rigid ~tacb are plasticlzed by the flex.ible, cr-

hO/llled pol viller b.1Lkbom: 

CondllCl1ng pol) 111er.." howcver, became an cxtremely active area about 10 years ago,95,96 

when \tacUlamud, 1 keger JnlÎ coworker'l dl<,covered that polyacetylene -(CH=CH)-n 

hccoll1c", hlghly condul:Ilve upon oXldatlon or relÎuctlon. Since then, many cheml~ts, 

phy\lcl"t'" ,lI1d Ill.ltcnal )clentl~ts have been attempting 10 "'ynthesize new types of 

conoudll1g polymer:-. Jnd to dcvelop theones to e\;plalll the conduction mechanisms. A few 

COlllcn:I1Cl"'" have hcen held on thlS ~peclfic topic, there are also severa! books and a vast 

Ilumbcr of papeI) Sl,()7.9X 

Cmmderable etfon h,l'" been made in search of new types of conducting polymers 

tllllowl!\g the dl'\doplllent of a number of conjugateJ orgamc polymer systems WhlCh 

exlllbll "lI1Hlar electncaJ propertlt!s. Several approache~ have been developed to synthesize 

~tahle, proce .... lble, ,tnd htghly conductmg polymers. More th an ten different types of 

92. Schultz, A. J ; Wllharns, J. M., Brown, R. K. ll1 ref.1 (c), p313. 

93. Ferran~, J J Am. Chem. Soc. 1913,95, 94g. 

94 GooJlI1gs, E P DI.H'lI.\.\ FaraJaySoc. 1971,5/, 157. 

95. Slmakawa, II , LOUIS, El.; MacDiarnud, AG.; Chiang, C.K.; Heeger, AJ. J. Chem. Soc. 

Chem. Commun. 1977. 5n. 
96. Chl,mg, C.K; Druy, M.A., Gall, S.c., Heeger, AJ.; Louis, EJ.; MacDiannid, A.G.; 

Park, Y W . Shlrak,lw:.!. IL J Am Chem. Soc. 1978,100, 1013. 

97. Sk,HhclIll, T.A.led.l JlanJbook of ConJuctzng Polymers Vol. 1 and 2, Marcei Dekk.er, 

New York, 1986. 

9S KUllllany. Il, \.1ehnng, M.; Roth, S. (eds) Electronic Properties of Conjugated 

Polymas Spnnger Sers. Solid-State Sei. 76, New York, 1987. 



i conjugated polymers have been shown to be conductmg [Scheme 5-lj. Among them, 

polypyrrole (PP), polythiophene (PT), poly(p-phenylene) {PPP), pol} (p-phenylene sulphide) 

(PPS), and thelr copolymers have reCt'ived a great deal of attention. 

Polyacetylene IS sull c011sH.lered the protOlype for condlli~tjng pnlyn1t'rs and IS the must 

extensively studil>d. Reœntly, a ~table, copperlike t:ondu(ting polY'II:ctylene ha~ been 

synthesized by BASF SClenusts wah a condUCtlVHy ot 1.5 x 1(}5 n- I cm-l, a sigfllltc.lnt 

imprcvement compared ta the value of 200 n- I cm-) lor the lll'it lOdill\:-doped 

polyacetylene 10 years aga. ThIs new type of -(CH)-n p\}lymcr has r~wrr -CII2- dcfel't'i and 

a much higher degree of arder than thase made prevlOusly. 

The first canducting polyheterocycle, polypyrrole, dates back 20 years, when a blul.:k 

powder called "pyrrole black" with a cCf1duct!vtty of 8 0- 1 cm": was nl,H!c hv Oall'Olio and 

cuworkers by the oxidauon of pyrraie in sulfune acid.99 l'en years later, thls work was 

cansiderably extended by Street and his colleague." who made tïlrl1.'; of Ihe polylllcr in .1 

one-stcp electrochemlcal polymenzauon. 100 The tilms can he cyckd dectrochcIlIlcally 

between a conducting (doped) Slate and an lI1s111ating (llndoped) ,tate 1 Scheme 5-51. 

-2e 1 +2e 

Scheme 5-5 

99. Dall'Olio, A.; Dascola, Y.; Varacco, V.; Bocchi, c.R. C. R. Seances Acad. Sci., Ser C 

1968,267,43.1. 

100. Kanazawa, K.K.; Diaz, A.F.; Gelss, RH.; GIll, W 0; Kwak, J F.; Logan, lA.; Rabolt, 

J.F.; Street. G.B. 1. Chem. Soc., Chem. Commun. 1979. gS4. 
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Polythiophene and its derivatives afford another class of tcchnologically important 

conducting polyheterocycles. They can be synthesized chemically 101.102 or 

electrochemicallyI03,104. The most interesting aspect of this class of ht!tcrocydic polymcr is 

the case of 3-substltution. Several 3-substnuted polymers have been preparell wlth Illgh 

conductivities and stabilities. 103 Substitution renders them soluble in many orgamc sol vents 

and sometimes even in water. 

3-Alkyl sulfonate-substituted thlOphene and N-alkyl sulfonate-suhstituted pyrrole polymers 

can fonn "self-doped" systems in which the counter anion is covalently bound to the 

conjugated polymer chain [Scheme 5-6].105,106 These types of polymer have generatc-ù 

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

• + + 

1 a CJ S02' M+ S02' Mt 

Scheme 5-6 
(conducting) 

101. Adel, A.; Zimmer, H.; Mulligan. K.J.; Mark, H.B.Jr.; Pons, S.; McAleer, J.F. J. polym. 

Sei. Po/m. Lert. Ed. 1984,22, 77. 

102. Jen, K.Y.; Miller, G.G.; Eisenbaumer, R.L. J. Chem. Soc., Chem. Commun. 19H6, 

1346. 

103. Hotta, S.; Rughooputh, S.D.D.V.; Heeger, AJ.; Wudl, F. Macromolecules 1987, 20, 

212. 

104. Roncali, J.; Garreau, R.; Yassar, A.; Marque, P.; Garnier, F.; L.emaire, M. J. Phys. 

Chem. 1987,91,6706. 

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

106. Reynolds, 1. 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 AlCI3-CuClZ107 or Grignard coupling of 

dihalobenzenes u~ing !1lckel ~alts as catalysts. 108 The product IS a non-melting, insoluble 

brown or yellow powder WIth hlgh heat-resistance and electrical insulation. Very strong 

oXldizmg or redu~mg agents (AsFS' K) are required to produce highly conducting materials 

(50-500 n- I cm- I).109 Lately, electropolymerizatlon of benzene leading to the direct 

formation of conductlng pol ymer films has been reponed. 110 The reactions take place in 

solvcnts 'illch as HF, sa.., and mtrobenzene, because benzene IS oxidized at a very positive 

potcntlal( +2.4 V V.\. Ag/Agel). 

Jloly(phenylenc ~ulphide) is one of the commercial polymers that can be oxidized to [onn 

conducting species. StrOllg oxidizing agents such a'l AsF5 are necessary to achieve highly 

cOlldllcttng PPS. A stable conducting polymer solution with an AC conductivity of 2 x 10-2 

n- I cm- 1 has been prodllced when a dispersion of PPS powder in liquid AsF3 was exposed 

to gaseous AsF5 vapour. 109 The solution conducts electriclty both iOtlically and 

electronically, whlle tilms of the oxidized polymer have pure electronic conductivities. 106 

The development of useflll conducting polymers must con front special problems, such as 

low stabtlity and pOOf processibility, which put limits on their potential application. Many 

efforts JirecteJ tuwards the synthesis of environmentally stable and tractable conducting 

polymers have been made recently. Techniques, such as encapsulation, the use of barrier 

resins, coaung WIth sacriflcial layers, and addition of antioxidams have been used to to 

107. Speight, J.O.; Kovacic, P.; Koch, F.W. J. Macromol. Sei. 1971, CS, 298. 

1O~. Yamamoto, T.; Yamanloto. A. Chem. Lett. 1977, 353. 

109. Frommer, J.E.; ElsenBaumer, R.L.; Chance, R.R. In Polymers in Electronics 

Davidson, T. (cd.), ACS Symposium Series 242, American Chemical Society: Washington, 

D. C., 198",,447. 

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

references therein. 



stabilize conducùng polymers. 1l1 For example, conducting polyaœtylene shows mm:h 

better stablility when it is coated with poly(p-xylylene). Pure polyacetylcne, whleh is very 

sensitive te 02' can be stablized by the addiuon of antiox.idants, sueh as hllldered illllllles 

(e.g., N-bromosuccinmlde NBS) which Ilet as free radical traps. A N BS-treatl'd 

polyacetylene exhibits a higher conductivity th an an untreated one after doping with 12' 

In term of tractability, several approaches have been explored. 111 Conductlllg, -lI1sulating 

polymer alloy.-, such as polypyrrole-polyvmy1chloridc 112 and polythtnphcnc-poly~tyll'ne,11 ~ 

have been prepared and examined. Sorne of them are highly condueung and fkxible. 

Random, graft and block copolyrnerization of conjugated polymers with other tlexible 

polyrners can also improve the solubilities of intractable polymers. An acetylene-

phenylacetylene (26%) random copolymer is soluble in CH2Cl2' while the conductivity is 

lower th an that for homopolyacetylene. 111 The designed synthesls of soluble precursor 

polyrners, which can be easily punfïed in soluùon and then go on to yldd conducting 

polymers with the desired shape, COli Id be an innovallve and uscflll process. 

Polyacetylene Ill, polyphenylene 114, and several other poly(arylene vinylene) 

derivatives 115, have been synthsized via soluble precursors. 3-Alkylthiophene polymers 

have been shown to be soluble in many sol vents and are highly conducung arter bcing 

doped. 

111. Baker, G. L. in ref. 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.l. Synth. Met. 1987,22,79. 

114. Ballard, D.a.H.; Courtis, A.; Shirley, LM.; Taylor, S.c. 1. Chem. Soc. Chem. Commun. 

1983,954. 

115. Murase, 1.; Ohnishi, T.; Noguchi, T.; Huooka, M. Polym. Commun. 1984,25, 327. 
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5.2 Conductivity Mechanisms of Solid Materials81 , 116 

nIectrical conduction results from the flow of charged particles through a medium under 

the influence of an electric field. The conductivity a is dependent on the number of charge 

carriers n (cm-3), their charge e and their mobilities u (cm2 v-t sol) (Bq.5-l]: 

CJ=neu [Eq.S-l] 

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

be elecrronic or ionic. 

a. Electronic Conductivity 

Band conduction. When a large number of atoms are brought together in a crystalline 

lattice, the valence atomic orbitaIs 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 caIled 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 tenned the band-

gap, and its magnitude determines whether such a material is a metaI, semiconductor or an 

insulator [Scheme 5_7].116(a) The more orbitais 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) BoIter, H.; Bryskin, V. V. Hopping Conduction in Solids VCH 

Verlagsgesellschaft: Akademie-Verlag, Berlin, 1985. (c) Weller, P. F. (ed) , SoUd Stace 

Chemisery and Physics Vol. l, Marcel Dekker, Ine. New York, 1973. 
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ln the ca~e 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 

cncrgy ! Schemc 5 -7 (cl)! as observed for the divalent alkaline-earth metaIs. For transition 

metals, both comÜtlOm apply [Schcme 5-7(e)J. Thus for metals, there is nL gap between the 

highest occupicd and lowest unoccupled levels, and the electrons can rea\.tily move upon 

application of an ekctnc field, glving nse ta metallic conductivtty. 

If a matcnal has a full valence band and an empty conduction band separated\ by an energy 

gap, energy must be ~upplied (either thermal or photo) to cause sorne electmns to jump 

acro~s the gap lOto the conduction band (promouon) in arder to achieve conductl\~ity. Solids, 

such as pure ~ihcon and gennanium, having energy gaps in the order of 1 eV, are called 

intrinsic semiconductors lScheme 5-7(c)]. Ordinary energles are sufficient '\.') excite 

e1ectrons from the valence band ta the conduction band. Both the electrons in the COI\\l.Ïuction 

band and the resulnng holes (absence of electrons) in the preyiously filled valence ba.'1d act 

as charge carriers Hl the conduction process. They moye freely under an applied electric 

tïelù. 

The conductlvlty propertIes of semiconductors can be modified by the presence of 

impllfltICS and such materials are called extrÎnsÎc semiconductors. For example, doping 

sih~on wHh a small amollnt of boron (acceptor) or phosphorus (don or) produces p- or n­

type senllconduc(ors, respectively [Scheme 5-8]. The doping agents are of the appropriate 

size 10 fit into the SIlicon lattice. The boron atom~ have only three valence electrons, one 

less than Si, thus leaùing to the occurrence of isolated empty energy levels just aboye the Si 

valence band. Electrons cao be excited from the valence band into these levels, leaving the 

holes ~rcated 10 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 lcvds just below the Si conduction band. These electrons are easily 

promoteu to the conduction band to aet 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 n .. UTOW bands and large encrgy gaps 

[Scheme 5-7(b)]. Normal energies can'lot promote e1ectrons in filled valenœ bands to the 

conduction band. Therefore, no electrical conduction IS possible by dectrons under thcsc 

conditions and the materials are tenned insulators. 

Hopping conduction. When the orbitais on nelghboring sites do not overlap appreciabl y, 

the valence electrons are strongly affected by the atomlC nucleus and becomc mueh more 

localized. In this case, electronic conduction may result from electron hopping. Electrons 

can hop between adjacent sites by either a thermally-actlvated jump over a bamer or a 

phonon-assisted tunnellmg through the barner lScheme 5-91. 116(b.c) Hoppmg conduction is 

likely to occur in compounds having the metal m more than one oxidation state. For 

example, in the mixed- valence compound, Mx V 205 (M = Na, K), the vanadIum ion can bl; 

y4+ or y5+ and an electron can jump between them to produœ an effectIve means of 

electron transport. 
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E 
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b. Ionie Conductivity 

ln mmt IOnie crystals, molecular crystals and polymerie sohds, the valence electrons are 

tightly hound to their respective nuclel and there are large energy gaps between the valence 

and conduction band~. :-';0 measurable electromc conductivity occurs in such matenals at 

room tcrnpcrature. lIowever, electncal conduction 10 ionic crystals can result from dIffusion 

of Ions ln an applIed electnc field. This is called ionic conduction. Most crystalline solids 

contam lattIœ unperfcctIons, ~llch as vacanCIes or forèign atom substitutions of higher or 

lower charge. For example, callon vacancies 10 AgCI can be created by CdCl2 doping 

ISçhemc 5-101 117 The pre,>em:e of such ImperfeCtIons could greatly increase the diffusion 

rate of I()n~ through the lattIce. Thus, the vacanClCS move ln the direction opposite to those 

of thl~ Ions. Weakly-bound Impunty ions present in molecular crystals and polymerie 

lll:ttenal, can also act a~ charge carners. However, ions are generally about 105 rimes as 

large as elecrrom and thclr ionic mobilities are therefore much lower. Thus, ionic 

conductIVIty is llsually lower than electronIc conduction. For most dlelectric materials, IOnie 

conduclIvlty decays wlth ume. That IS, when the se solids are subjected ta constant voltages 

at mtcrmcdwte temperatures, the OC current diminishes after a few seconds or a few 

minutes to a lower, steady-state value with a corresponding higher residual OC resistance Rr 

due to the removal of ail of the readily available iomc carriers. 116(a) 

Ag+ Cl- Ag+ CI- Ag+ CI-

Cl- Ag+ Cl- Ag+ Cl- Ag+ 

Ag+ Cl- Cl- Ag+ CI-

Cl- Cd2+ Cl- Ag+ Cl- Ag+ 

Ag+ Cl- Ag+ CI- Ag+ Cl-

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

117. Butler, 1. S.; Harrod, J. F. 1 norganic C hemistry: P rinciple and Applications The 

Benjamin/Cummings Publishing Company, Inc. Redwood City, Califomia, 1989. 

, 
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c. Conducting Polymers 

The metallic behaviour of sorne polyrners, such as graphite polymers and -(S=N)-n, 

arises from the overlapping of the valence and conductIon bands or IS dut' (() the presen~e of 

a parually-filled valence band.84.117 The condu~t1vlty of the nm.l'd-valenœ pol ymer 

[Pt(C~) ... d (II/IV) occur'l by the fonnauon of a pamally-tïlkd valence banù along Ihe 

stacked direction 92 Electron hoppmg domlllates the condUCtlVlly 01 fcrroccne-fclTICCllIlIlll 

(ll/III) polyrners.S-l ln the case of conlugated polymcrs dopcd wuh OXldlllng or rL'duclIlg 

agerw'i, lll~ engin of the conductIvlty is a source of l'ol1trover~y. (mlwHy, Iht." COndUl'tlvlly 

\~ J~, t:xpl;lined by drawing an analogy wah the dopIng of lIlorgalllc ~emll'onJuct()rs SlH.:h as 

silIcon Jop\~d \\ t~h il or P atoms. Il was as~umed that removing c1ectrons l'rom the valence 

band (oxlctation) or aJdmg L:b.lW'b 70 the conduction band (reduction) !rd to conductIon KI 

However, this was an over~lmplification ~inœ thre conùllctivIty l'i lar greater than that cm he 

accounted for on the basls of free Splll alone. To accPIJf't 1 (lf \h~ pl.enomenon ot 'iplllleS'i 

conductivity, physicists have introduced the concept of transport VIlJ strul'tural ùefccts 111 ~he 

polymer chain. It is believed that the sItuation IS very different t'rom the gcm:rauon of <.:hargc 

carriers by doping as understood for morganic semlconùuctor'i. Doplllg of polymero; 1" more 

appropnately seen as a chernical modification. The ùopant pcnurb'i the pol ymer cham 

extensively, not only because of Its large Slze, but also becau'lc ot the exten~lvc <.:harge 

transfer taking place between the pol ymer cham and the dopant. Th1'i cau..,es the polymer to 

become ionic and leads to changes III the geametry of the cham. The charge carncr~ are 

believed ta be related to charge transfer-induced geometnc mo<hfications of the polymcr 

chains. This leads to the fonnatIon of polarons, blpolarons or sohtons, or in chemical 

terminology, radical ions, di-ions and ions.81 

Conjugated polymers can be dlvided into two groups:H 1 thase Wlth degenerale ground 

states, such as trans-polyacetylene, and thase with non-ùegencrate ground state~, <;uch as 

pclythiophene and nearly all ether conjugated polymers. The degenerate ground "itatC'i of 
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lrans-polyacetylene are related by the interchange of double and single bonds. The polymer 

can be oXldized by removal of an electron and the latrice distons around the resulring 

po.,itiv~ charge on the polymer cham forming a polaron fScheme 5-11]. Removal of a 

..,t:LOfld dectron trom the same chain by further oxidatiun gives a bipolaron. It is 

energetlcally favorable for two polarons to form a spinless bipolaron through dimerization. 

Blpolaron~ can lower their energy funher by dissocluung lOto two isolated spmless solitons. 

This charge separation does not cost energy If the energy of the two polyene segments 

generated are the ~ame (A ::;: il). This effectlvely lowers the Coulombic repulsion between 

the two charges. However, must conducting polymers have nondegenerate ground states. 

For example, the thlophene units in phase A are aromatie and are lower in energy than the 

non-aromallC units in phase B [Scheme 5-12]. Thus, separating a bipolaron into two solitons 

would requlre addltlonal cnergy smce a polyene segment of higher energy would form. 

The polaron-blpolaron model IS a general model for conjugated conducting polymers. The 

presence of these excu:ttions has becn confinned experimentally. For example, polaron, 

hlpolaron and ~ohton absorptions in UV spectra have been observed. The precise 

mechani~m~ by WhlCh charges are transponed in conducting polymers are still being 

dbputed. Nevertheless, It does seem that these polarons, bipolarions or solitons aet as the 

charge carriers and il is thelr movement under the influence of an applied electric field that 

causes electncal conductivity. 

1 

1 

J 
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effAPTER 6. Synthesis and Characterization of an Electrically Conducting Poly(3-

alkylthiophcnc)-lron(I1) Comple). 

6.1 Introduction 

As discussed in Chapter 5, certain organic polymers sueh as polyacetylene, polypyrrole and 

polythiophene become electncally conductive when doped with strong oxidizing agents 

such as 12 or 112S04' or with strong redueing agents sueh as sodium or potassium 

meraJ.102.11H However, must of the systems reported are unstable in the long term due to the 

reactive nature of the dopants. This has led to diffieulties in processing these materials and 

in invcsl1gatlng thclr physical properties and mternal structure. The teehnological promise of 

such Illuterials 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 clectromc structure of a conjugated pol ymer should be a function of the metaI, the 

orgamc ligands present and the mode of bonding to the polymer (for example cr or 1t). 

(Ienec. complexes l1ught praye 10 be tunable probes to study the mechanisms of conduction 

in sllch matenals. The work presented in this chapter is the preparatIon and eharacterization 

of a conductive 3-alkylthiOphene eopolymer-iron eomplex. 

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

bonded complexes have been isolated. 1l9,120 Reeently, Goodlich and coworkers have 

118. (a) Pati1, A.O.; Heeger, A.J.; Wudl, F. Chem. Rev., 1988, 88, 183. (b) Kaner R.B.; 

MacDianmd, A.G. SClenrific American, 1988, 258, 106. (e) Yamamoto, T.; Saneehika, K.; 

Yamamoto, A. J. Po/ym. Sei., Polym. Leu. Ed. 1980, 1'8.9. (d) Bocehi, V.; Gardini, G.P. J. 

Chem. Soc Chem Commun. 1986, 148. 

119. Angelicl, R.J. 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)2(T))BF.t cr = 

thiophene, dibenzothiophene) via displacement of isobutene fmm 

[CpFe(CO)2(H2C=CMe2)]BF4 by thiophene and ilS denvatives. 121 Since 3-substituted 

polythiophenes have shown high conductivity after being doped, a polythiophene-iron 

system was chosen for study. Electrochemical polymerization of thiophene 103,104 is 

appropriate for the fonnation 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 smalt amount 

of material can be obtained. Chemical polymerization 101,102 is perfonned 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-dlhalothiophene. 

The resulting polymers are in their neutral form and require doping to become conducting. It 

is difficult to obtain high molecular weight, soluble polyr..lers 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 couplir1b product in high 

yield was employed in our work. 122, 123 

6.2 Experimental 

3-bromothiophene(97%) was purchased from the Chemical Oynamics Co. and was used 

without further purification. n-Hexylmagnesium brornide (2.0 M solution in diethyl ether), 

3-methylthiophene(99%), 2,2':5',2"-terthiophene(99%), Mg, NaBF4 ana Br2 were obtained 

from Aldrich Chemical Co. 12 and FeS04 were purchased from BOH. Dlchloro[ 1,3-bis-

121. Goodrich, J.O.; Nickias, P.N.; Selegue, J.P./norg. Chem. 1987,26,3426. 

122.(a) Kumada, M.; Tarnao, 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. Tarnao, K.; Kodama, S.; Nakajima, 1.; Kumada, M. Tetrahedron. 1982,38,3347. 
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(diphenylphosphino )propane ]nickel(II) 122(a) (NiCI2(dppp», 

(H2C=CMe2)]BF4124 and poly(p-phenylene)108 were prepared according to the literature 

procedures. Dichloromethane (CH2C12' Spectrograde) was distilled over P20S under N2' n­

BUlyl ether (n-Bu2û), dlethyl ether (Et20) and tetrahyrdrofuran (THF) were dried over 

KOH and distilled over sodium wire. Acetic acid and Spectrograde methanol (CH30H) 

were u~cd as recelved. 

3-Hexylthiophene. 

n-llexylmagnesium bromide (220 ml) was added via syringe to 3-bromothiophene 

(52.0 g, 0.31 mol) and NiCI2(dppp) (1.0 g, 1.8 mmol) in Et20 (500 ml) at OOC. The 

reaction was then retluxed for 3 h, cooled in an ice bath, and cautiously hydrolyzed with 2N 

HCL At'ter extracting with Et20 and drymg with MgS04, distillatIon gave 49.4 g (92.2% 

yield) of 3-hexylthiophene: b.p. lOSoC/35 mmHg (Ref.122(b): 650 C/0.45 mmHg); IH_ 

NMR <CDCI3): 0.92-0.98 (m, 3H, -CH3), 1.33-1.40 (m, 6H, -(CH2)3-)' 3.66-1.74 (m, 2H, 

I3-CH2-),2.68 (t, J = 7.6 Hz, 2H. a-CH2-),6.95-7.02 (m, 2H, CH), 7.26-7.28 (m, IH, CH). 

2,5 -lJibromo-J -hexylthiophene. 

A solution of 3-hexylthiophene (49.4 g, 0.29 mol) in acetic acid (100 ml) was treated 

dropwise over 15 min Wlth Br2 (107.8 g, 0.67 mol, in 50 mL acetic aCld) while cooling the 

rcaction tlask with an iee bath. After stirring a funher 2 h, the product was poured onto ice, 

neutralized wirh sodium hydroxide and extracted with Et20. The extract was dried over 

MgS04 and fractionated ta give 71.5 g (74.6% yield) of the product: b.p. 130-140oC/0.3 

mmHg; IH-NMR (COCl3): 0.92-1.00 (m, 3H, -CH3)' 1.30-1.55 (m, 8H, -(CH2)4-)' 2.35-

2.60 (m, 2H, a-CH,.,-), 6.75 (s, lH, 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..J-methylthiophene. 

A solution of 3-methylthiophene (24.8 g, 0.25 mol) in acetic aeid (100 mL) was treuted 

dropwise over 20 min with Br2 (105.0 g, 0.66 mol, in 50 ml aeetie acid) while eooling the 

reaction flask with an ice bath. After stirring a further 2 h, the product was poured onto icc, 

neutralized with sodium hydroxide and extracted with Et20. The extract was dried ovcr 

MgS04 and fractionated to give 53.6 g (82.7.6% yield) of the product: b.p. 134-136oC/40 

mmHg (Ref.125: 130-132oC/40 mmHg)~ IH-NMR (CnCl3): 2.22 (s, 3H, -CH3)' 6.81 (s, 

lH, 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-Bu20 (70mL) in 

THF (50mL) under N2 for 3 h gave a homogeneous dark brown solution. After cooling to 

room temperature, NiC12(dppp) (0.57 g, 1.0 mmol) was added to the solution with vigorous 

stirring. The polymerization was perfonned for 1 h under reflux and the cooled mixture was 

then poured into CH30H (150 mL). The solid precipitate was washed repeatly with hot 

MeOH and collected on a frined-glass tiller. Extraction of the copolymer with TH.,' in a 

Soxhlet extractor for 2 days gave 10.0 g of the dark-red soluble copolymer. The l'HF 

insoluble fraction was 14.5 g. Total yield is 45.1 %. AN AL. calcd for 

(CI5HlSS2)6(C15HlSS2Br2): C, 63.16%; H, 6.36%; S, 22.48%; Br, 8.<X)%. round: C, 

63.88%; H, 6.46%; S, 21.19%; Br, 7.94%. IH-NMR (CDC13): 0.90 (m, br, 3H, hexyl-CH3), 

1.34 (m, br, 6H, hexyl-(CH2)3- ), 1.64 (m, br, 2H, hexyl-C3-CH2-)' 2.22 (m, IH, a-CH3)' 

2.44 (m, 2H, a-CH3)' 2.56 (m, 0.5H, hexyl-a-CH2-)' 2.77 (m, 1.5H, hexyl-a-CH2-)' 

6.94-6.98 (m, 2H, CH). 

125. Meth-Cohn, 0; Gronowitz. S. Acta Chem. Scand. 1966,20, 1577. 
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lodine-doping o/COP. 

lodine doping was carried out at ambient temperature in a sealed glass jar containing 

pulverized lOdint:, In a slmilar manner to that described in Chapter 3. The disk was held 1 

cm above the 12 powder for a period of time and the uptake of dopant vapour was 

determined by the weight difference of the wsk. 

(115 -Cyclopentadienyl)dicarbonyl( 3 -methyl-( 3-hexylthiophene)copolymer)iron( Il) 

tetraflllOroborate, (CpFe(CO)2-COPjBF 4' 

The compounds [CpFe(CO)2(H2C=CMr2)JBF4 (0.20 g, 0.63 mmoI) and 3-methyI-(3-

hexylthiophene)copolymer (0.28 g, 2.1 mmol) were stirred vigorously in refluxing CH2C12 

(12 mL) under N2 fm gO min. The colour changed from dark-red to dark yellow-green. The 

reactlOn mIxture was evaporated to a sticky residue and a solid was precipitated by adding 

CH30H; 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 funher purified by dissolving the 

polymer In a small amount of CH2C12 under N2 and precipitating it quickly by addition of 

MeOH. Drying the resulting solid in vacuo gave a brown-black powder (0.20 g). IH-NMR 

(CDC13): 0.96-1.67 (m, Il H, alkyl), 2.2-2.8 (rn, 5H, alkyl), 5.0-5.5 (s, br, O.6-1.0H, Cp), 

6.7-7.1 Cs, br, 21-1, CH). IR (v(CO», as a film cast on the surface of a NaCl plate: 2065,2021 

cm-}; (CH2CI2): 2071. 2026cm-1. 

(T\5 -Cyclopentadienyl)dicarbonyl( 3 -methylthiophene)iron( Il) tetrafluoroborate, [CpF e­

(CO)2(methylthiophene)jBF 4' 

The compounds ICpFe(CO)2(H2C=CMe2)jBF 4 (0.32 g, 1.0 mmol) and 3-methylthiophene 

(1.0 g, lO.2 mmol) were stirred in refluxing CH2Cl2 (20mL) under N2 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 El20 and collected on a glass mter. The 

resulting solid was purified by dissolving it in CH2C12 (5mL) and reprecipitating it by 

addition of Et20. Drying the soUd in vacuo gave a gold-orange, microcrystalline product 



(0.38g, 84.3% yield)' 1H-N MR (COC13): 2.28 ts, 3H, CH3)' 5.49 (s, 5H, Cp), 7.07-7.12 (Ill, 

2H, CH), 7.55-7.59 (m, lH, CH); IR (v(CO», (solid state, ATR): 2069, 2016 Œf1; 

(CH2Cl2): 2072, 2031 cm- 1. 

(Tl5 -Cyclopentadienyl)dicarbonyl(2,2':5',2" -Ierthiopltene )iron( Il) tetrajlllO ro borate • 

[CpFe(CO)2(terthiophene)jBF 4' 

The compounds [CpFe(CO)2(H2C=CMe2»)BF4 (0.10 g, 0.32 mmol) and 2.2'S,2"­

tenhiophene(O.lO g, 0.42 mmol) were stirred in retluxing CH,.,Cl1 (l5mL) undcr N') for" h. - ~ -
The: colour of the solution changed from orange-yellow to red-purplc and a rcd prccipitatc 

fonned. The solid was collected on a glass filter and washed with Et20 and CII2Cl2 nuxturc 

solvent. Drying the solid in vacuo gave a red sohd (93.6 mg, 57.2% Yleld). The rcsllltlllg 

solid was puritïed by dissolving It ln CH3N02 and reprecipitatlllg il by addition of ether. 

IH-NMR (CD3N02): 5.48 (s, 1.';H, Cp), 5.52 (s, 3R Cp), 5.5'1 (s, 2H, Cp), 7.16-7.75 (m, 

8H, CH); IR(v(CO», (solid state, ATR): 2073, 2065, 2031, 2017 cm- l ; (CJl3N02): 2073, 

2031 cm- l . 

Other Systems. 

CDP and [CpFe(CO)2(3-methyltltiophene)]BF 4 mixture. 

The polymer COP (104.0 mg) was dissolved in CH2Cl2 (15mL) under N2 and 

[CpFe(CO)2(3-methylthiophene)jBF 4 (34.0 mg) was added. The resultlllg solution was 

stirred under N2 for 1 mm at room temperature. The solution was frozen wilh liqUld-N2 and 

freeze dried under vacuum overnight to give a powder which was then pressed inlo a dlsk. 

CDP-NaBF 4' CDP-FeSO 4· 

COP (104.1 mg) and NaBF4 (105.8 mg) were stirred In refluxlllg CH2C12 under N2 for 

about 1 h (or THF for 30 min). The salts were not very soluble in the sol vents. The refluxed 

slurry was evaporated to dryness and pumped on overnight. The ~ame procedure was 
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carried out u~ing cop (138.9 mg) and FeS04'7H20 (156.2 mg). The resulting materials 

were pre~"ed lOto dl~ks. 

PS-/CpFe(CO)2(1I2C=CMe2)/BF 4' PPP-[CpFe(CO)2(H2C=CMe2)]BF 4' 

PS ( 2245 mg) and [CpFe(CO)2(H2C=CMe2)]BF 4 (112.4 mg) were stirred in refluxing 

CH2Cl2 under N2 for ~O mm. The colour of solution changed from orange-yellow [0 red­

purple. After woling, the ~olution was evaporated and dried ln vacuo. The sarne procedure 

was carned out usmg ppp (102.4 mg) and [CpFe(CO)2(H2C=CMe2)]BF4 (74.9 mg). The 

conductivlty was measured before and afrer washing by CH30H. 

Spectroscopie Measurements. 

FT-IR absorpuon spectra were recorded on a Bornem Michelson 100 speetrometer (see 

Chapter 2). The solution spectra were obtained using a NaClliquid cell and were ratioed 

agal/1st /1l~at solvents. Solid state spectra were obtained by casting CH2Cl2 solutions on 

NaCI sLlrtace~ or by the A TR technique. 

The low tcmperature (-60°C) macro-Raman spectrum of the I2-doped COP was recorded 

on an lll~truments SA. spectrometer equipped with a Jobin-Yvon U-lOOO monochromator 

ànd USl/1g the 514Anrn hne of an Argon laser to excite the sample (50 mW power). The 

sam pie was sealed in a capillary tube, which was mounted on the eold finger of a Cryostat 

using l/H.hum l'ml as the eonducting Junetion. Low tempe rature was obtained with the aid of 

a Cryodyne Model 21 Cryocooler (Cryogenies Technology, Ine.) and a silicon-diode 

temperature sensor attached to a Cryophysics Model 4025 controUer. 

The proton NMR spectra were recorded on either a Varian XL-200 or XL-300 NMR 

spectrometer at room temperature. The data were reported in Ô units (ppm) using the 

followll1g abbreviauons: s-singlet, t-triplet, rn-multiplet and br-broad. The solvents were 

stored over molecular Sleves before use. 

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

diode aITay spectrophotometer equipped with a Lauda RM6 thennostat. The solution spectra 
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were obtained with the use of a rectangular quartz ceU and were ratioed agaimt neat 

solvents. Solid-state spectra were obtained by casting CH..,Ch solutions on ta the surfal.:c of - .. 
the quartz ceiL 

Conductivity Measurements. 

The disks (13 mm in diameter) were prepared by placing fine powder in an IR·die lInd 

pressing it in a Riic C·30 hydraulic press at 7616 kgs/cm2 pressure at room temperatllre lor 

3-4 min. The DC conductivities of samples pressed into thin disks were measured Viel a 

standard, ln-line four-probe 126 apparatus lFig.6·11 using a Harrison 6516A De power 

supply and Keithley 169 multimeters. The distance between the nearest probes (Sp) was t.6 

mm. The four probes were centered on the surface of the disks. The equipment was kept III il 

plastic glove bag filled with N2 gas during the time of measurement. The measun:d values 

(voltage(V) and current(I) were converted into the appropriate I.:onductivity values cr (0- 1 

cm- l ) according to Eq.6-1 when Sp / T » 0.2. 126 The thickness of disk T was measllred 

with a digital caliper (Ultra Cal) CT - 0.3 mm, ~T - ±().Ol mm). 

In2 

V 

1 

[Eq.6-1J 

By our apparatus, the lowest CUITent which can be recorded properly was around 1 flA and 

the highest voltage across the two center probes was less than 10 V. Therefore, the lowest 0' 

which can be measured is of the order of 10-6 cn- l cm -1). For cr > 10-4 0- 1 cm -1. current 

(1) was kept around 0.1 mA when the data were taken. tlI / 1 and tl V / V are < 10%, Ao/O' 10; 

approximately 20%. 

126. (a) Wolf. H.F. Semiconduclors, Wiley-Interscience. Toronto, 1971. Chapter 7. p497 . 

(b) Uhlir, A.Jr. BSTl. 1955,34, 105. 
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~Sp~ . . 
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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 

Scherne 6-1 shows the synthetic route 10 the 3-alkylthiophene polymer'i. Alkylation of _,-

brornothiophene with the Grignard reagem n-hexylmagnes1ul11 bronude in the presence of 

NiCI2(dppp) \Il anhydrous EIZO gave 3-hexylthiophene al 92.2(7c, y1c1d. Further treatment of 

3-hexylthiophene wnh Br2 in aceüc acid gave 2,5-thbrorno-3-hcxylttuophcne, WhlCh was 

purified by vacuum dIstillation. Tht:: copolymer 3-rnethyl-(3-hexylthiophenc) (COP) W,l'i 

prepared by a NiC1Z(dppp)-catalyzed Grignard couphng of 2,5-dibromo-3-melhylthiophenc 

and 2,5-dibromo-3-hexylth10phene in al: 1 mole ratio following a procedul'C' sin1l1ar to that 

reported for the synthesis of polythiophene. 1l8(ç) The polymerilation was perfomlcd 111 a 

mixture of THF and n-Bu20 under N2 in order to ~lchieve a h1gh yidd. 127 The black solld 

obtained was washed repeatedly with hot MeOH. Sox.hlct extraction of the sol id wuh TI IF 

gave a soluble fraction with a molecular weight around 2000 (i c., 14 rings) on the basls of 

elemental analysis of the residual bromo-tenninal groups. 128 The material was dark rcd 111 

the solid state and could be cast into a film or pressed il~to a dlSk. Il was soluble al room 

temperature in common organic solvents such as THF, CHCI3 and CH2CI2' In our hand"i, 

the polymer poly(3-methylthiophene) was too 1I1soluble tri tho"ie common ~olvcnt~ and 

poly(3-hexylthiophene) was too soft and rubbery to carry out (t.c desm:d expenrncnts. 

The IH-NMR spectrum of the 3-methyl-(3-hexylthiophene) wpolyrner ln CDCl) IS ~hown 

in figure 6-2. The protons of a.-CH~. (at 2.22 and 2.44 ppm) and hexyl-a.-CH2- (at 2.56 and 

2.77 ppm) each appears to resonate as t\l/V sets. IntegratIon shows that one predomlflatcs 

127. Yamamoto, l'.; Sanechika, K.; Yamamoto, A. Chem. Lell. 1981, 1079. 

128. Amer, A.; Zirnmer, H.; Mulligan, K.J.; Mark, H.B.Jr.; Pons, S.; McAleer, J.F. J. Polym. 

Leu. Ed., 1984,22,77. 
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Conditions: 

a. Mg, n-Bu20-THF 

b. NiC12(dppp) 

dppp = Ph2PCH2CH2CH2PPh2 

Scheme6-1 

over the other. A plausible explanation of the IH-NMR spectrum is the presence of a 

mixture of head to tai! and he ad to head fonns, 1 and II [Scheme 6-2]. One would assume 

that the probability of symmetrical coupling of the thiophene ring (II) is lower than the 

probability of unsymmetrical coupling (1).128 The ratio of integration of a-CH3 and hexyl­

a-CH2- is 3:2. which indicates that COP has al: 1 ratio of methyl- and hexyl-thiophene in 

ils chain. 

• 
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Figure 6-2 IH-NMR spectrum of 3-methyl-(3-hexylthiophene) copoymer in CDCI3' 
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The IR :-,pectrum of COP has a strong band at 800 cm- l which is due to the characteristic 

out-of-plane C-H deformation mode of the thiophene ring; 108 it aIso shows bands at 1420 

and 1490 cm-! WhlCh are caused by the nng stretching vibration of 2.5-substituted 

thiophene [Fig.6-3]. 

The UV-VIS ab~orpuon spectra of COP in CH2Cl2 and COP cast on a quartz surface are 

compared III Fig 6-4. The absorption peak (À,max) of the 1t-1t * 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-

~ubstItuted polytluophenes. 103 This blue-shift is beheved to be brought about by 

localizalÏon of the molecular orbitaIs as a result of the disorder introduced by a more random 

confomllltion of the macromolecules in solution. 129 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. 129 
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Figure 6·3 IR spectra of (-) COP and (---) I2"oxidized COP. 

129. Hotta, S.; Rughooputh, S.D.D.V.; Heeger, A.l Synth. Met. 1987,22,79. 
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Figure 6-4 UV· VIS absorption spectra of (-) COP in CH2CI2 and ( .... ) cast on a 

quartz surface. 

b.lrDoping 

COP powder was pressed into a thin disk at room temperature. The sample exhibited 

insulating propenies since the instrumentation available to us was not sensitive to 

conductivity values below 10-6 n- l cm- l . Poly(2,5-thiophene) preparcd III Ihis way IS 

reported to have conductivity values in the range 1O- 10_lO- 11 n- 1 cm- I .127 

Polythiophene polymers have a high affinity towards iodine 130. Whei~ the disk or tilm of 

this copolymer was exposed to 12 vapour, it absorbed iodine and oxidation reactions took 

place l30 [Eq.6-2]. At the same time, the oxidation (about 1 day in 12 vapour) resulted in a 

130. Kim, O.-V.; Reiss, H. J. Phys. Chem. 1985,89,2728. 
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cOP + 3/212 

characteristIc increase in electrical conductivity and the weight % of the disk increased as 

much as 200. The absorption of 12 was reversible. When the doped-COP was kept in air, the 

conductivity first lncreased steadily and reached a maximum value of around 5-10 0-1 

cm- 1 (alter 1-3 day'l), wah the weight % decreasing to 50-80 %. The conductivity then feU 

gradually, accompamed by a further loss of iodine. On the orher hand, under constant DC 

conditions, the current decreased rapidly at the beginning and reached a relaùvely constant 

value after a few mm. The remaming residual CUITent was relatively constant, but still 

gradually decreased under DC conditions. 

The low-temperature (-65°C) Raman spectrurn of I2-doped COP gave a If peak around 

110 cm- 1 and a 12 band al 170 cm-l, consistent with those reported. 131 The latter peak 

disappeared upon prolonged scanmng probably due to sublimation of 12 from the matrix. 

The IR spectrum of Irdoped COP IFig.6-3] showed strong new peaks around 1000-1400 

CI11- I, ~lIl11lar co lhme reported by Cao 132 and Hayes 133. These authors measured the IR 

spectra of 12-doped and electroche~nically-doped polythiophenes and found four intense 

vlbrat10nal ncw peaks 10 the 1000-1400 cm- 1 region. The bands appearing in this region are 

malllly due to CC, C=C and C -S nng stretching vibrations and have been attributed to the 

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

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

132. Cao, Y.; Qian, R. Y. Soliel SWle Communications, 1985,54,221. 

133. Hayes, W.; Pratt, F.L.: Wong, K.S.; Kaneto, K.; Yoshino, K. J. Phys. C: Solid Stare 

Phys. 1985. /8. L555. 
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c. Thiophene-iron Model Complexes 

When a CH2C12 solution of LCpFe(CO)2(H2C=CMe2)]BF4 was heatcd in the pres~nœ of 

3-methylthiophene or 2,2':5',2"-tenhiophene, ligand exchange occurreù. yletding 

respectively the orange-red [CpFe(CO)2(3-methylthiophene) IBF 4 or the purple 

[CpFe(CO)2(2,2':5',2"-terthiophene)jBF4 [Eqs. 6-3, 6-41. Integration of the uryl region of 

the IH-NMR spectrum of [CpFe(CO)2(2,2':5',2"-tenhiophene)IBF4 relative 10 that of the 

Cp region suggested that 30% of the terthiophene had two [CpFe(CO)2]+ catIons attacheù. 

The IR spectra of [CpFe(CO)2(3-methylthiophene)IBF 4 and 1 CpF~(CO)2(Z,2':5',2"­

terthiophene)]BF 4 in CH2ClZ 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 analogolls 

complexes. The two complexes were very soluble in polar solvents, such as CH3N02 and 

MeOH, and were fairly stable in the solid state under N 2 or in a vacuum, but decomposed in 

air at room temperature. Heating the complexes to 800C gave the ùecomposed product 

CpFe(CO)3BF 4. 121 

[Eq.6-3] 

[Eq.6-4] 

(appears (NMR) ID be a mature of isomers) 
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Freshly prepared [CpFe( CO)2 (3-

methylthiophene)]BF4 were pressed into disks and their conductivities were measured. The 

conductivities of the'ie matenals were below the detecuon limit of the instrumentation «10-

6 U- 1 cm- I). Under 500 V DC power supply, only very low initial currents were detected 

(about 1 )lA), WhlCh dlsappeared in about 5-10 seconds. Similar results were also obtained 

for [CpFdCO)2(2,2':5',2"-terthiophene)]BF4. The disks became soft and the conductivities 

increascd after ~tandIng in air, but the CUITent of these disks decreased very rapidly under 

the DC conditions. 

d. [CpFe(CO)2]+ -doping 

The COP was treated with the iron(II) complex [CpFe(CO)2(H2C=CMe2)]BF4 (3:1 mole 

ratio) under N2 10 refluxing CH2Cl2 for 80 min following a procedure similar to that for 

preparing 1 CpFe(CO)2(thiophene)jBF 4. 121 The colour of the solution changed from dark­

red to dark-yellow-green. The residue upon evaporation of CH2Cl2 was washed with 

CIl30H and dried under vacuum to give the brown-black material [CpFe(CO)2-COPJBF4' 

The conductivlty of the disk pressed from this material was of the order of 10-3-10-4 0- 1 

cm- l . 

The ICpFe(CO)2-COP]BF4 complex in CH2C12 exhiblted two strong IR bands in the 

v(CO) streching region at 2071 and 2026 cm- 1, consistent with the presence of the 

CpFe(CO)2 resldue LFig.6-5]. Intere"tingly, there were a few new strong bands in the 1000-

1400 cm-! reglon which \Vere also observed in the IR spectrum of the conducting, I2-doped 

l:opolymer but which did not appear in the spectrum of pure COP. The percentage of the 

thiophene rings of COP attached tO organoiron cations was determined by integration of the 

IH NMR spectnlll1. Integratlon of the aryl and .ùkyl regions of the NMR spectrum relative 

to that of the Cp region suggested !hat 7% of the thiophene rings were attached to an 

organOlron cation. Comparison of the UV-VIS spectrum of the [CpFe(CO)2-COP]BF4 
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complex to that of pure COP lFig.6-6] revealed that the single broad band ut 470 nm 

observed for COP was split into two bands with Âmax at 400 nm and approximately 570 nm 

due to complexation. Clearly, the attachment of the organoiron cation perturhs the l'lectronic 

configuration of the copolymer. 

The de-doping process was do ne by either stirring I(Cp!;e(CO)2-COP)lBF4 with Nat ill 

CH2C12 under N2 at room temperature for about 30 min, or by heating the ùisks at HO-

100°C for 3 h. Heating solid ICpFe(CO)2-COPIBF4 (0 100°C gave a nOIH:ondul:ling 

material whose IR spectrum [Fig.6-51 was characteristic of ICpFc(CO),3IBF4 in the v(CO) 

stretching region (2123, 2068 and 2006 cm- 1), which is sinlllar 10 the lhcnnal 

decomposition of rCpFe(CO)2(3-methylthiophene)JBF4 ur dCl:OmpOSI1101l III ~OI1lIi()I1.121 

The dark-red colour of the original pure COP returned. Trcatmcnt of ICph:(CO)2-COPIBl'4 

in CH2C12 with NaI gave, upon evaporation of solve nt, a ùark-rcd, lloll-wndlH:ting n:sldlll:. 

whose IR spectrum IFig.6-51 in the carbonyl region (2044 and 2002 cm-) l'; chatHl.:tt'rtstic 

of CpFe(CO)21 embedded in COP and whose IH-NMR ~pectrum in CDCI3 l~ consistcnt 

with a mixture of CpFe(CO)2I and cap. Its UV spectrlllll in CI {2C'12 )1; the <;ame as (hat of 

cap [Fig.6-6j. This further indicates that the original COP had bCCIl n:gcneratcd. The 

thiophene ligand of the complex has been sllbstituted by r. which is consIstent wllh Ihe 

result reported thar thiophene ligands of ICpFe(CO)2(T)]BF4 are labde and can he displaccd 

by ligands such as CH3CN or acetone. 121 The preparatIon of 1 Cpl'dCO)2-COPIBF4 and ilS 

subsequent transformations are depicted in Schemc 6-3. It is reasonable to conduoL: thal the 

[CpFe(CO)2J+ residues bind to the sulfur atoms of sorne of the thiophcllc rings of the 

copolymer backbone. 
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Figure 6·6 UV·VIS spectra of ( .... ) [CpFe(CO)rCOP]BF4' ( ••• ) [CpFe(CO)2(3-

methylthiophene)]BF" and (-) COP. 

Changing the ratio COP : [CpFe(CO)2(H2C=CMe2)]BF4 in the preparation of 

[CpFe(CO)2-COP]BF4 changes the number of iron-functionalized thiophene rings. Figure 

6-7 shows the log cr as a function of the number of [CpFe(CO)21+ 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 shghtly from 8 x 10-4 Q-1 cm- l to 3 x 10-4 Q-1 cm- l after 

the disk had bccn 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 sorne liquid water for about 1 week. while the conductivity increased slightly 

following storage in air. 

-] 

-s 

-+-----4---1 
20 23 25 

Figure 6-7 Log 0" 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 lCpFe(CO)2-COPIBF4 

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 graduaI decrease 

continued. However, the conductivity of this material remained was relatively stable. This 

behaviour was similar to that of 12-doped COP. 
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Figure 6-8 The current of [CpFe(CO)rCOP]BF 4 as a function of time under constant 

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

1) Refluxing COP with tinely powdered NaBF ~ or FeSO~, in CH2Cl2 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)2(3-methylthlophene)IBF~ d:! weight ratio) were 

stirred in CH2Cl2 under N2 for 1 min and freeze-dned under vacuum. No dctectahle 

conductivity of the disk of thlS mixture was measured. 

3) Refluxing PS and lCpFe(CO)2(H2C=CMe2)]BF4 111 CH2Cl2 under N2 gave il red 

residue. The colour was very easily extracted by CH30H. eventually giving a co!our!ess 

solid which had no absorption in the v(CO) region of ilS IR spectrum and no peak in the Cp 

region of its 1 H-NMR spectrum. This solid material was an insulator. 

4) Upon refluxing ppp (soluble) and [CpFe(CO)2(H2C=CMe2)!BF 4 in CH2Cl2 unùcr N2 

for 2 h, the colour of solution changed from orange-yellow to reù-brown. The resiùue upon 

evaporation of this solution was dried under vacuum and pressed inta a disk. Very low 

conductivity was detected which disappeared after a few seconds. Similarly, the colour of 

the residue was easily extracted by CH30H. 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 regÎon of 

its 1 H-NMR spectrum. 
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6.4 Discussion 

In the case of CpFe(CO)2(T)BF 4 model complexes and several other systf"ms, (Le., COP­

[CpFe(CO)2(3-methylthiophene)]BF 4 mixture, refluxed PS-[CpFe(CO)2(H2C=CMe2)]BF 4 

and PPP-[CpFe(CO)2(H2C=CMe2)!BF4), the DC conducuvity rneasurements show very 

low initial CUITents which disappear after a few seconds. As dI~cussed in Chapter 5, ionic 

conductivlty of most dielectric rnatenals, decays with time. The CUITent dimimshes after a 

few seconds or a few minutes under DC conditions. 116(a) There fore , the materials behave 

as low ionic conductors and the initial currents are likely due to the contribl'::on of ionic 

carriers. 

For I2-doped COP and [CpFe(CO)2]+ -doped COP, under a constant DC power supply, the 

current decreased quickly in the tïrst few minutes. Ionie carriers probably carry part of the 

current at the beglOning, but they are swept out of the disk soon under OC conditions. 

The remaining conductiviues are relatively stable for 12- and [CpFe(CO)2]+-doped COP. 

The ongin of the electrical conductivity of I2-doped polythiophene polyrners has been 

widely studied. As rnentioned in Chapter 5, the rnost acceptable mechanism is that the 

doping process cœates polarons and bipolarons, which act as charge carriers. The UV 

spcctra of doped polythiophene polymers havI' shown bands due to the absorptions by 

polaron and bipolaron species.81 ,1l8(a) However, the exact mechanism of the conductivity is 

still not clear. 

It is difficult to determine the mechanism of conduction of [CpFe(CO)2-COP]BF 4 based 

on the d.Ha in hand. However, its conductivity is relatively stable under the constant DC 

power conditions. This indicates that the conductivity of [CpFe(CO)2-COP]BF 4 is likely to 

be via an electronic mechanism. 

The IR spectrum of [CpFe(CO)2-COP]BF4 shows several new bands around 1000-1400 

cm- l . These bands are aiso observed in the IR spectrum of I2-oxidized COP and 
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electrochemically-doped polythiophene and have been assigneu to the I:harged 

polythiophene chains or the so-called polarons and blpolarons. 13::!.1 B The UV spcl.:trum of 

the oxidized-polythiophene shows a new band around 750 nm wlth a large decrease of the 1t 

~ 1t* absorption of the polymer around 470 nm. 118(a) Followmg doping of COP wlth 

[CpFe(CO)2]+' the band at 470 nm splits ioto two new bands at 400 anu 570 nm. Beciluse of 

this spectroscopie sirmlarity, the [CpFe(CO)2]+ residue may be rcgarded as mlllllcking the 

action of an oxidizing agent such as 12 on COP leading to lIllproved electncal nmductlOll. 

The introduction of l CpFe(CO)2]+ moieties into the conjugated COP I.:ham may lead 10 the 

interaction of the d-e lectrons of the metal with the 1t-electron system of the pol ymer. 1 14 The 

lowest energy bands of the complexes rCpFe(CO)2(T)IBF 4 in the UV-VIS spectra IFIg.6-61 

shift from 460 nm (T :: methylthlOphene) to 570 nm cr = COP). It IS not dear If the bands 

are due to the CT (charge transfer) absorptions. However, the CT bands have hccn ob~ervcd 

for the complexes such as CpMn(CO)2(pyndine).135 It IS possible that the d-dectrons can 

be excited into the conduction 1t'" band of COP to carry electron flux 1 Scheme 6_41.134.115 

/ / 1/// / / / / / / / / / ////1/ 

Scbeme 6-4 

d 
d 

1tI\C conduction band 

1t valence band 

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

135. Geoffroy, G.L.; Wrighton, M.S. Organometallic Photochemistry Academie Press, 

Toronto, 1979. 
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The [CpFe(CO)2-COP]BF4 may also be viewed as a complex with a long conjugated 

ligand whereby conouction 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(CO)2(H2C=CMe2)]BF4 gave [CpFe(CO)Z-COP]BF4' a material with a 

relauvely stable conductivity (0 = 10-3-10-4 n-! CllI-!). The presence of [CpFe(CO)2]+ 

residues covalently bonded to the thiophene-sulfur atoms of 5-10% of the rings of the 

pol ymer has been established. The attachment of the organoiron carions oerturbs 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 possibllity is to vary doping reagents, such as [CpRu(CO)2J+, [(RSCp)Fe(CO)2)+, to 

see if these can fonu more stable metal-S bonded complexes and also improve the 

conductivity. Variation of conjugated polymers, such as the polypyrrole type polymers, is 

anOlher posslbility to fonn a CpFe(CO)2-N(pyrrole) complex in order to induce 

conductivity in polypyrrole. 

136. Cotton, F.A.; Wilk.inson, G. in "Advanced Inorganic Chemistry", Flith edition. Wiley­

Interscience, Toronto, 1988, pI307-1316. 
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SUMMARY ASD 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-pre:ising. The technique 

was simple, general and reasonably non-destructlve. Films generated were e"amined hy 

IR, ATR-IR, Raman and microscopy techniques. They were umfonn and lfansparcn: and 

the organometallics embedded were highly dispersed 1Il the pol ymer matrices. 

liS 

2) Infrared data of metal carbonyls in polymer films were recorded in the v(CO) 

stretching region. The polymers PS, PM MA and PSAN appeared 10 approxlmate the 

common sol vents toluene, ethyl acetate and acetonitrile, respe(~tively, in their influence 

on the shapes and posItions of the IR bands of metal carbonyls. 

3) Severa! of the films were subjected to UV irradiation and sorne of the photoproducts 

formed were identified by IR spectroscopy and were subsequently Isolated. 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 organometalhc polymers such as W(CO)S(PSAN), 

CpMn(CO)2(PSAN) and Mn2(CO)9(PSAN). These are useful for the synthesis of 

organometallic polymers and unstable complexes in the sohd state. 

4) Iodine oxidation of dimeric complexes in PS, PMMA and PSAN matrices gave 

CpFe(CO)2I, CpMo(CO)31 and Mn(CO)SI. The oXldatIon rate was dependent on the 

polymer, with the reaction in PS being the fastest and that in PMMA the slowest. 

5) The addnion reactions of trans-Ir(CO)Cl(PPh3)2 embedded in PS with CO, H2' S02' 

02 and 12 gases were monitored by IR and appeared to be slmilar to those reacHons in 



1 toluene. The~e reactions demonstrate addition al methods of transforming organometallic 

complexes in solid pol ymer films. 

6) A polarllcd IR ~pcctral ')tudy indicated that Mn2(CO) 10 can be partially oriented by 

strctchmg a PE film doped wnh the complex. This technique is useful for vibration al 

band assignments. 

Part Il 

Treatment of an electrically non-conducting 3-methyl-(3-hexylthiophene)copolymer 

with ICpFc(CO)2(H2C=CMe2)lBF4 gave the new conducting material [CpFe(CO)2-

COP J BF 4 (cr = 10.3-10-4 rr 1 cm- l ). The IR, UV and NMR spectra of this material and 

of model complexes suggested that [CpFe(CO)2]+ residues, which were l.lttached 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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