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Organometallic Polymers. XXVII.
Radical-initiated Polymerization and
Copolymerization of = -(2,4-Hexadien-1-yl
Acryiate)tricarbonyliron

CHARLES U. PITTMAN, JR., ORVAL E. AYERS, and
SAMUEL P. McMANUS

Department of Chemistry
University of Alabama
University, Alabama 35807

and

University of Alabama at Huntsville
Huntsville, Alabama

ABSTRACT

The novel monomer, 7-(2,4-hexadiene-1-yl acrylate) tri-
carbonyliron (HATI}, has been prepared by two routes. It
was homopolymerized and copolymerized with acrylonitrile,
vinyl acetate, styrene, and methyl acrylate in benzene
solutions. In all cases azobisisobutyronitrile was the
initiator. The relative reactivity ratios, where HATI is
defined as M,, were determined: r, = 0.34, r, = 0.74,

M, = acrylonitrile; r, = 2.0, r, = 0.05, M, = viny!l acetate;
r, =026, r, = 1.81, M, = styrene: andr, = 0.30, r, =

0.74, M, = methyl acrylate. The homo- and copolymers

1563

Copvnght 1 1973 v Marce! Dekher Inc. All Rights Reserved. Neither this wora nor any part may be
reproduced or transmuiteg 1n any form or by any means, ¢lectronic or mechamical. inciuding photocopving,
mucrofiiming. and recording. or by any imformaton storage and retneval svstem. without perfrussion in

writing from the publisher.



10: 11 25 January 2011

Downl oaded At:

1564 PITTMAN, AYERS, AND McMANTUS

had high values of T g When polymerizations are carried out

at high concentrations, a very high molecular weight tail is
observed in HATI hompolymerizations and in HATI-methyl
acrylate copolymerizations. The polymers were character-
ized by IR, gel permeation chromatography, viscosity, and
differential scanning calorimetry studies. Finally, thermal
decompositions carried out in air resulted in decomposition
of the Fe(CO), group, producing Fe,O; as a fine powder.
Thermal decomposxtion under nitrogen (in solution and on
solids ground into KBr pellets) resulted in slow destruction
of the Fe(CO), groups but the resulting polymer mass was
insoluble, and the question of what form the iron exists in
(Fe metal, oxides, carbides, etc.) has not been answered.

In the past few years our ¢group has studied the copolymerization be-
havior of several vinyl monomers containing transition metal carbonyi
moieties. Examples include 7-(benzyl acrylate)tricarbonylchromium
[1], styrenetricarbonylchromium [ 2], vinylcyclopentadienyltri-
carbonylmanganese (3], and -(2-phenylethyl acrylate)tricarbonyl-
chromium [ 4]. In addition the synthesis and thermal decomposition of
polystyrene-bound metal carbonyls including 1 and 22 and b have been
completed [ 3].

x
2‘@‘ 28 ~co 2‘@‘ 38

1 _2_ a M=Mo
- b M=W

Similariy, a series of polymer-bound metal carbonyls, where a
phosphorous—metal bond attaches the metal to the polymer backbone,
have now appeared from several laboratories [ 6-8] where they have
be[en]u.sed as fixed bed catalysts. Examplesinciude3 (6], 4[7], and
5[8
~ " Copolymerization studies indicated that vinylcyclopentadienyltri-
carbonylmanganese was a highly electron-rich vinyl monomer 3]
resembling vinylferrocene [9], while styrenetricarbonylchromium
could not be characterized as either an electron-rich or an electron-
deficient monomer {2, 10]. The reactivity ratios studies performed
to date on the acrylates of transition metal-containing substituents
(l.e., ferrocenylmethyl [ 11], ferrocenylethyl [ 12], 7-(benzyl)tri-
carbonylchromium [ 1], and 7-(2-phenylethyltricarbonylchromium
[4]) have not {it any consistant pattern other than the observation
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that the r, values of ferrocenylmethyl acrylate and methacrylate are
very small, probably due to steric factors { 12]. .

Aside from a few other scattered reports [ 13-15], polymers coptain-
ing metal carbonyl functions are rare and no 7-(diene)tricarbonyliron
monomers have been previously prepared or copolymerized.

RESULTS

Monomer and Polymer Synthesis

The novel acrylate monomer, 7-(2,4-hexadiene-1-yl acrylate)tri-
carbonyliron (HATI), has been synthesized by the two routes shown in
Scheme 1. In deoxygenated benzene solutions of HATI were readily
homopolymerized or copolymerized with styrene, acrylonitrile, methyl
acrylate, or vinyl acetate using azobisisobutyronitrile (AIBN) initiation.
All polymerization studies were conducted at 80°C. Each homopolymer
or copolymer was purified by repeated reprecipitations from benzene
into petroleum ether (30 to 60°C) and drying (in vacuo).

A large series of copolymerizations were carried out in order to
establish the reactivity ratios of HATI with styrene, acrylonitrile,
methyl acrylate, and vinyl acetate. Representative copolymerizations
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Fe(CO)
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reflux Fe(CO)3
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CH3OH. re.
I\ Fe(cos LA
cxa CH,CH ——eel C83 CHZOH
reflux Fe(CO),
96 hrs.
sCH-COCL
pyridine
-Ecﬂz—-gﬂ},,
g e y
benzene
Fe (CO) AIBN, 80 683 CH_,0G¢~Cxi=CH
3 2 2
Fe(CO) 3
HATI
CSzl'CH-RO
copolymers <-=2nzene, S0, AIZN
R= -ph, =CN, CHB-COO—. -COOCH3
SCHEME 1.

are summarized in Tables 1 to 4. The Mortimer-Tidwell method
(16, 17], which employs the optimum experimental M, /M, ratics
after establishing the approximate r, and r, values from a series of
initial studies, was used. Our use of this technique, employing the
integrated form of the copolymer equation, has been extensively
described elsewhere {3, 4]. The reactivity ratios are summarized
for each monomer pair in [ootnotes to Tables 1 to 4, and the 95%

joint confidence limits for these ratios, defined by Eq. (11) of Ref, 18,
are plotted in Fig. 1.
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The reactivity ratios were obtained with rather small confidence
limits, and these values were then successfully tested by running
composition-conversion tests in regions where the M,* /M, ratio was
not optimized. Thus these ratios are considered reliable. Q-e [18]
maps of all four copolymerizations were studied, but no values of @
or e could be assigned to HATI which were consistent for all the
copolymerizations. Thus it must be conciuded the Q-e scheme cannot
be applied (at least under the conditions used here) to HATL There
is also no orderly deviation in HATI's e value in order of increasing
electron demand from M, going from styrene to acrylonitrile. This
suggests that there is no systematic deviation from a terminal mechan-
ism to another pathway (such as increasing contribution {rom a charge-
transfer mechanism [19]). Without any other information, steric effects
can be suggested to account for this deviation from the Q-e scheme.

The homopolymerization of HATI in benzene at 80°C was carried out
using 1 wt% of AIBN. In solutions where the monomer concentration
ranged from 1.5 to 4 g/10 ml benzene, the yields were 20 to 30% after
24 hr. The values of -.an and ‘Mw were characteristically 9,000 to

10,000 and 17,000 to 19,000, respectively. Upon using 0.05 #t%of AIBN
initially, and a like amount 4 hr later, it was possible to obtain polymer
yields of 50% or greater. A high molecular weight tail (as high as 1.6
X 10*) showed some branching was occurring in these runs, but in 20
hr no gel formation was noted. Gel formation was pronounced in methyl
acrylate-HATI copolymers where the HATI/methyl acrylate ratio was
low, but as more HATI was added, gel formation was no longer found
(see Entries 7 and 8 in Table 3).

Characterization and Thermal Decomposition

The molecular weights and viscosities for a representative series of
polymers are listed in Table 3. Table 3 also lists values of ‘}:'g as

determined {rom differential scanning calorimetry (DSC) studies. HATI
had the effect of sharply increasing I’g values of these copolymers. This

property has previously been noticed for the ferrocene nucleus, both in
the vinyiferrocene { 20] and ferrocenyl acrylate copolymers [20], and
with r-complexed Cr(CO),-containing polymers (1, 4], The 'I‘g value of

the HATI homopolymer could not be established by DSC. Both high and
low molecular weight {ractions exhibited a small exotherm at 174°C
followed by a large exotherm at 194°C. The values of T _{or the

copolymers could not be fitted to the Fox equation [21]

L. W
1
T, T T2
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(if the relation had held, one could have calculated Tg for HATI) but

the general trend predicted by the equation was seen. The deviation
noted is not unexpected since the molecular weights of the copolymer
samples within a series varied, and T is known to depend on
molecular weight [ 21, 22].

Organic polymers com:auung 7-dienetrica.rbonyliron functions are
of particular interest because their thermal decomposition could free
either iron or iron oxide within the polymer. One can picture the
application of such a decomposition to the synthesis of a "solution of
metal or metal oxide" within the polymer mass. Currently, mixing
metal oxides into polymers results only in heterogeneous composite
materials since the particle size of the metal oxides cannot be
infinitely reduced. A complimentary method to generate metal oxide
particles that are homogeneously dispersed at the molecular level is
needed. Thus a series of thermal decomposition studies were per-
formed on HATI homo- and copolymers, both neat and in solution.

The copolymers studied were HATI-acrylonitrile-3 and HATI-
styrene-2. Thermal decompositions were carried out both in air and
under nitrogen, in cumene solutions, on polymer samples held in

KBr pellets, and on neat bulk samples. Since a large DSC exotherm at
194° C had been noted, the decompositions were carried out from 190
to 200°C.

When soluble poly( HATI) and the soluble copolymers listed above
were heated in glass sample tubes for 13 min in the presence of air,
the deposition of red ferric oxide (Fe,Q,) was noted on the sides of
the tube. The resulting polymers became black and were insoluble in
organic solvents (acetone, THF, benzene, ethyl acetate), The body
of the now cross-linked polymer also contained Fe,0,, The mechan-
ism of cross-linking is not known but reactions at the diene unit,
oxidative cross-linking along the backbone, and the depolymenza.tion—
repolymerization sequences are all possible.

The thermal decompositions were followed by IR. KBr pellets con-
taining the polymer to be studied were alternately heated and then
cooled (at 10 min intervals), A steady disappearance of the iron-bound
carbonyls was noted, but the pellets also became dark black and the
quality of the spectra decreased with increasing decomposition. Aiter
only 10 min the acrylonitrile copolymers were largely decomposed. A
single cross-linked styrene-divinylbenzene-HATI terpolymer resin
was made (3 mole % HATI). This was decomposed and the Fe,O,
formed remained in the body of the resin

Thermal decompositions, conducted under nitrogen, gave no evidence
of Fe,Q, formation on the sides of the glass tube. No metallic mirror
was found. The IR spectra showed a steady decrease in the carbonyl
intensities and CO was evolved. While the carbonyl bands disappeared
more slowly, the final result was the formation of insoluble polymeric
decomposition products with poor quality IR spectra. After long heating
periods (30 to 60 min), a significant number of r-dienetricarbonyliron
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E ]
CEp CEE_OJ -z—giy crosslinked polymer + Fe,O3
c= 2

/_/\\Cﬂz‘l-’

Fe (CO)3

groups remained intact (IR). The chemical nature of the iron in these
decomposition products is not known. Any attempts to decompose the
resulting polymeric mass to isolate the iron could change the chemi-

cal form in which it is present.

In an attempt to reduce the cross-linking process, thermal de-
compositions were performed on degassed cumene solutions under
purified nitrogen. This approach did not succeed. The solutions were
heated from 130 to 190°C over a 30-min period After a 30-min heating
period all the tubes contained a dark brown insoluble polymer precipi-
tate, and solid insoluble polymer films were deposited on the sides of
the tube. There was no evidence of any free iron, and the resulting
precipitates still contained r-dienetricarbonyliron groups (IR). The
recovered cross-linked polymer was brittle, had no elastomeric
properties, and was insoluble in organic solvents. The chemical state
of iron within the cross-linked polymers resulting from decomposition
in both air and N, is currently under investigation using both
Mgssbauer spectroscopy and ESCA techniques [ 23].

The ready homo- and copolymerizability of HATI sta.nds in marked
contrast to that of its vinyl analog, 6. Monomer 6 has resisted several
initial homopolymerization and copolymerization (with styrene)
attempts in benzene solution using radicals initiators [ 24].

a AN 1

Fe (CO) 3

EXPERIMENTAL SECTION

Synthesis of »-(2,4-Hexadien-1l-o0l)tricarbonyliron

A. A solution of 2,4-hexadien-1-0l (67.5 g, 0.69 mole) and penta-
carbonyliron (160g, 0.82 mole) was refluxed under nitrogen for 96 hr.
The volatile products were removed under reduced pressure and crude
7-(2,4-hexadien- 1-ol)tricarbonyliron was distilled and purified by
redistillation (96 to 97°C, 0.3 mm) to give 35 g (0.15 mole). The
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complex solidified on refrigeration and was recrystallized from 30 to
60° C petroleum ether to afford yellow needles, mp 37° (Ref, 28, 37°C).

Analysis: Calculated: C, 45.41; H, 4.23; Fe, 23.468. Found: C,
45.71; H, 4.42; Fe, 23.10.

B. A solution of freshly distilled 2,4~hexadien-1-al (35 g, 0.57
mole) and pentacarboayliron 225 g, 1.15 moles) was refluxed 48 hr
under nitrogen. The solution was cooled and the volitile products were
removed under reduced pressure, followed by vacuum distillation of
the residual oil which gave 7-(2,4-hexadien-l-al)tricarbonyliron (62.5
g, 2.66 moles) bo 102 to 104°C at 1.0 mm (Ref. 25, 112°C/1.3 mm).
To a stirred methanol (250 ml) solution of 7-(2,4-hexadien-1-
aljtricarbonyliron (39.3 g, 0.166 mole), sodium borohydride (3.0 g,
0.079 mole) was added. The reaction temperature was maintained at
25 to 30°C during the addition and then stirred an additional 30 min
at this temperature. The reaction was hydrolyzed with distilled
water (200 ml) and the product was extracted with three portions (150
ml each) of ether. The combined extract was water washed and dried
(MgSO, ). The solvent was removed to give 37.5 g (0.15 mole) of
crude alcohol which was purified by recrystallization from 30 to 60°
petroleum ether to give the title compound (mp 37°) which was
identical to that prepared by Route A.

7-(2,4-Hexadien-1l-yl acrylate)tricarbonyliron

Dry pyridine (14 ml) and 7-( 2,4-hexadien-l-ol)tricarbonyliron
(19.04 g, 0.08 mole) were added to anhydrous ethyl ether (600 ml)
and the solution was flushed with nitrogen. After cooling to 0°C a
solution of acrylyl chloride (14.0 ml, 0.176 mole) in ether (30 ml) was
added dropwise over a 30-min period with stirring. Reaction was
immediate as evidenced by the precipitation of pyridine hydrochloride.
The reaction was warmed to 25°C and stirring continued for 1 hr. The
reaction was diluted with 200 ml of ether and filtered to remove the
pyridine hydrochloride. The pyridine hydrochloride was thoroughly
washed twice with 100 ml portions of ether. The combined ether
layers were washed three times with 300 ml portions of saturated
aquecus NaHCO, and twice with 300 ml portions of distilled water.
After drying (MgSQ,), filtering, and evaporation of ether, the crude
acrylate was isolated (17.0 g). It was purified by chromatography
(60-200 mesh silica gel with benzene as elutant). After removal of
benzene under high vacuum, the purified acrylate (15 g, 0.05 mole) was
obtained NMR pure as a brown liquid: IR (film) 3040, 2960, 2520, 28640,
2050, 1985-1945, 1720, 1830, 16812, 1440, 1400, 1375, 1290, 1260, 1180,
1050, 1035, 980, 960, 805, 875, 660, and 620 cm™*'; NMR (CClL,), &,
L.39 (4, 3H, CH,), 4.10 (d, 2H, CH,0), 6.48-35.10 (complex muitiplet,
ABX, vinyl superimposed in part on r-diene protons), 4.80-5.30 (m,
2H, diene protons at C-3 and C-4), 0.9 to 1.38 (m, 2H, diene protons
at C-2 and C-3).
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Analysis: Calculated: C, 49.35 H, 4.14; Fe, 19.12. Found: C,
49.10, H, 4.00; Fe, 18,90,

Polymerizations and Polymer Characterizations

All comonomers were purchased and purified conventially before
use, The 7-(2,4-hexadien-1-yl acrylatetricarbonyliron was pre-
pared and purified (as above) shortly before use. All polymerizations
were carried out in Fischer-Porter aerosol compatibility tubes in
benzene at 80°C using twice recrystallized AIBN as the initiator. In
each case the reaction mixture was triply gassed using the freeze-
thaw technique and repressurized with pure nitrogen. The polymers
were purified by three reprecipitations in 30 to 60°C petroleum
ether and dried in a vacuum oven (50 to 60°C) for 24 hr at 1 to 2 mm.
Copolymer compositions were determined by elemental analyses. The
primary technique employed for iron determinations was x-ray
fluorescence, and every fifth sample was checked by atomic absorption
Several samples were also checked gravimetrically. Viscosity
measurements were made in THF at 30°C using Cannon-Ubbelohde
viscometers. Gel permeation chromatograms were obtained at the
same temperature in THF on a Waters Model 301 instrument. The
Universal calibration technique [ 26] was then employed for molecular
weight calculations, A Perkin Elmer Model 1B differential scanning
calorimeter was employed using a 10°C/mir heating rate. The IR
spectra were obtained (in KBr) using a Perkin Elmer Model 521
spectrometer. The characteristic bands for the purified polymers are
summarized below.

HATI-Acrylonitrile Copolymer: 3020, 2960-2920, 2860,
2050, 1985-1940, 1720, 1440, 1375, 1250, 1150, 1025, 920, and 620 cm™?.

HATI-Vinyl Acetate Copolvmer: 3020 2960 2930, 2860&
2050, 1539—1545 1720, 1437, 1375, 1230, 1150, 1020, 920, a.ncl 620 cm”™

HATI Stvrene Cooolvmer 3030 2960-2930 2870 2050, 1985—
1940, 1720, 1435, 1440, 1375, lia"ﬁ, 1145, 1025 920, 839, 755 695, and
620 cm" .

HATI-Methyl Acrylate Copolvmer: 3020, 2950, 2930, 2860,
2050, 1985-1940, 1 20, 1480, 1433, 1372, 1313, 1235, 1145, 1020, 920,
830, 750, 695, and 615 cm™ .

HATI Homopolymer: 3020, 2950, 2930, 2860, 2050, 19851940,
172‘#0'_";’5, 1340, 1375, 1250, 1130, 1025, 920, 835, 750, and 620 cm™*,
ACKNOWLEDGMENTS

This work was partially supported by the Office of Naval Research.
The U.S. Army Propulsion Laboratory, U.S. Army Missile Command,
Redstone Arsenal, Alabama is thanked for partially supporting O. Ayers



10: 11 25 January 2011

Downl oaded At:

1573

PITTMAN, AYERS, AND McMANUS

during a l-year residence period at Tuscaloosa. Mr. B. J. Alley and
Dr. T. B. Yee are thanked for their aid in determining the percent
iron in these polymers by x-ray and atomic absorption methods. The
Research Corporation is thanked for funds to purchase the gel perme-
ation chromatography equipment used in this study.

Partial support of this work by the National Science Foundation,
Grant No. GH-373686, is gratefully acknowledged.

(]
(2]

(3]

g
5
8
(7]
(8]
(9]

10
11

(12]
(13]

14
&
[17]
(18]

REFERENCES

C. U. Pittman, Jr., R. L. Voges, and J. Elder, Macromolecules,
4, 302 (1971).

C. U. Pittman, Jr., P. L. Grube, O. E. Ayers, 3. P. McManus,
M. D. Rausch, and G. A. Moser, J. Polym. Sci., A-1, 10, 379
(1972).

C. U. Pittman, Jr., G. V. Marlin, T. D. Rounsefell, Macro-
molecules, 8, 1 (1973).

G. V. Marlin, Master's Thesis, University of Alabama, 1973,
R. L Felis, Master's Thesis, University of Alabama, 1973.

R. H. Grubbs and L. C. Kroll, J, Amer. Chem. Soc., 93, 3062
(1971).

G. O. Evans, C. U. Pittman Jr., R. Beach, and W. Jones, J.
Organometal. Chem., In Press. -

J. P. Collman, L. S. Hegedus, M. P. Cooke, J. R. Norton, G.
Dolcetti, and D. N, Marquardt, bid., 9_;, 1789 (1972).

J. C. Lai, T. D. Rounsefell, and C. U. Pittman Jr., J. Polym.
Sci., A-1, 9, 651 (1971).

P. L. Grube, Master's Thesis, University of Alabama, 1972,

J. C. Lai, T. D. Rounsefell, and C. U. Pittman, Jr., Macro-
molecules, 4, 135 (1971).

C. U. Pittman Jr., R. L. Voges, and W. B. Jones, Ihid., 4, 298
(1971).

M. Berger and T. A. Manuel, J. Polym. Sci., A-1, 4, 1509
(1968). -
E. Rochow and R. Stern, U.S. Patent 3,291,783 (1968).

J. Kozikowski and M. Cais, U.S. Patent 3,290,337 (1966).

P. W. Tidwell and G. A. Mortimer, J. Poiym, Sci., &, 3, 369
(1965).

P. W. Tidwell and G. A. Mortimer, J. Macromol. Sci —-Revs.
Macromol. Chem., C4, 281 (1970).
The Q-e values [or the organic comonomers were taken from

J. Brandrup and E. H. Immergut, Polymer Handbook, Wiley
(Interscience), New York, 1968, We used a computerized version
of the mapping technique discussed in T. Alfrey Jr., J. J. Bohrer,
and H. Mark, Copolymerization (EBigh Polymers, Vol 8), Inter-
science, New York, 1934,




10: 11 25 January 2011

Downl oaded At:

ORGANOMETALLIC POLYMERS. XXVIO

[19]
[20]

122
(23]
[24]
(25]
[26]

1579

J. A, Seiner and M. Litt, Macromolecules, 3, 308, 312, 314, 316
(1971).

C. U. Pittman Jr., J.C. Lai, D. P. Vanderpool, M. Good and

R. Prados, in Polymer Characterization: Interdisciplinary
Approaches (C. D. Carver, ed.), Plenum, New York, pp. 97-124.
T. G Fox, Jr. and P. J. Flory, J. Appl. Phys., 21, 581 (1950).
R. B. Beevers and E. F. T. White, Trans. Faraday Soc., 56, 744
(1960).

Currently under investigation by D. A. Zatko, E. R.
VanArtsdallen, and C. U. Pittman, Jr.

C. U. Pittman, Jr., P. C. Reeves, and T. D. Rounsefell, Work In
Progress.

J. E. Mahler, C. H. Gibson, and R. Pettit, J. Amer. Chem. Soc.,
85, 3959 (1963).

H. Benoit, Z. Grubisic, and P. Rempp, J. Polym. Sci., B, 5, 753
(1967).

Accepted by editor May 18, 1973
Received for publication May 21, 1973



