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Abstract: The ring-opening metathesis polymerization (ROMP) of 1,3,5,7-cyclooctatetraene (COT) in the
presence of a chain transfer agent (CTA) with a highly active ruthenium olefin metathesis catalyst resulted
in the formation of soluble polyenes. Small molecule CTAs containing an internal olefin and a variety of
functional groups resulted in soluble telechelic polyenes with up to 20 double bonds. Use of polymeric
CTAs with an olefin terminus resulted in polyacetylene block copolymers. These materials were subjected
to a variety of solution and solid phase characterization techniques including *H NMR, UV/vis, and FT-IR
spectroscopies, as well as MALDI-TOF MS and AFM.

Introduction (PTh) has resulted in their commercialization in applications

Intrinsically conducting polymers (ICP)s are of great interest SUch as antifouling coatingfsand electrodes in batteries and
due to their potential use in a wide variety of applications such capacitors:*
as polymer light-emitting diodes (PLED)s, electrostatic dissipa-  Since most ICPs are completely insoluble in organic solvents,
tion (ESD) materials, and charge storage devices. As a Severalstrategies have been employed to address this problem.
consequence of their rigidity, most ICPs are insoluble materials, One common approach is to add substitution along the polymer
preventing thorough characterization and thereby slowing the Packbone, thereby disturbing alignment between polymer chains
development of this field. Moreover, the inherent instability of and allowing for the penetration of solvating molecules. This
ICPs and associated processing difficulties create a large barrie@PProach has worked well for improving the solubilities of PPV
for commercialization. In an effort to overcome these obstacles, @d PTh in the forms of poly[2-(2-ethylhexyloxy)-5-methoxy-
the development of a practical synthesis of relatively stable and 1.4-Phenylenevinylene] (MEH-PPVj ester-subsituted PPVS,
soluble conducting polymers with a controlled architecture is @nd poly(3-alkylthiophene}. While the materials’ solubilities
important. are greatly enhanced, they also maintain a suitable level of

The field of conducting polymers was founded upon the conductivity; unfortunately, this strategy is not amenable to PA.
discovery of polyacetylene (PA), the simplest ICP, in the Bothalkyl-and aryl-acetylene (R-acetylenes) derivatives have
1970s!-5 There have since been numerous accounts on theP€en polymerized to produce the corresponding soluble poly-
synthesis of PA, including the ZiegleNatta polymerization ~ (R-acetylene)s. Although the disorder stemming from the
of acetylend the synthesis of precursor polymers followed by Substituents aids in solubilizing the-fPA, it simultaneously
thermal evolution of a small moleculé,and the ring-opening ~ diSrupts ther-conjugation along the polymer backbone. As a
metathesis polymerization (ROMP) of 1,3,5,7-cyclooctatetraene result, these materials exhibit substantially decreased conductivi-
(COT)912 Despite these developments, applications of PA ti€s in comparison to the parent PA. y .
remain particularly elusive. Unlike PA, however, three decades ~Another synthetic method used to solubilize ICPs is to
of research involving other ICPs such as polyaniline, poly(1,4- Produce copolymers by introducing a second monomer with

phenylenevinylene) (PPV), polypyrrole (PPy), and polythiopene 900d solubility properties. Typically, to keep the conductive
characteristics of the ICP, block copolymers are necessary. PA

(1) Shirakawa, HAngew. Chem., Int. ER001, 40, 2575-2580. block copolymers have been previously synthesized via two
% I'\-iﬂgggDelz?,r ?I.djfrig%ﬁngﬁvevfn?qﬁ? é&’éﬁ%f’%%i%%%_zt;g& approaches. In the first approach, using sequential addition of
(4) Shirakawa, HSynth. Met2001, 125 3—10.
(5) Berets, D. J.; Smith, D. Srrans. Faraday Socl968 64, 823. (13) Wang, X. H.; Li, J.; Zhang, J. Y.; Sun, Z. C,; Yu, L.; Jing, X. B.; Wang,
(6) Shirakawa, H.; lkeda, S0olym. J.1971, 2, 231. F. S.; Sun, Z. X.; Ye, Z. JSynth. Met1999 102, 1377-1380.
(7) Edwards, J. H.; Feast, W. Bolymer198Q 21, 595-596. (14) Lessner, P.; Su, T.; Melody, B.; Kinard, J.; Rajasekaran, V.; Kemet
(8) Swager, T. M.; Dougherty, D. A.; Grubbs, R. l.Am. Chem. Sod.988 (Electronics Corp., USA) PCT Int. Appl., 2000.
110 2973-2974. (15) Voss, K. F.; Foster, C. M.; Smilowitz, L.; Mihailovic, D.; Askari, S.;
(9) Korshak, Y. V.; Korshak, V. V.; Kanischka, G.; Hocker, Makromol. Srdanov, G.; Ni, Z.; Shi, S.; Heeger, A. J.; Wudl, Fhys. Re. B 1991,
Chem., Rapid Commui985 6, 685-692. 43,5109-5118.
(10) Klavetter, F. L.; Grubbs, R. HBynth. Met1989 28, D99-D104. (16) Wagaman, M. W.; Grubbs, R. Wacromolecule4997, 30, 3978-3985.
(11) Klavetter, F. L.; Grubbs, R. H.. Am. Chem. S0d.98§ 110, 7807—7813. (17) Elsenbaumer, R. L.; Jen, K. Y.; Miller, G. G.; Shacklette, L. 8ynth.
(12) Scherman, O. A.; Grubbs, R. Bynth. Met2001, 124, 431-434. Met. 1987, 18, 277—282.
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monomers, a soluble PA-precursor polymer such as poly(phenylpolymer, which allows PA block copolymers to be formed with

vinyl sulfoxide) is prepared as one of the bloék&lpon heating,
an elimination reaction converts the precursor polymer to PA.

a variety of commodity polymers such as polystyrene (PS), poly-
(methyl methacrylate) (PMMA), and poly(ethylene glycol)

This method has been adapted both to anionic polymerization (PEG). Indeed, nearly any monomer that is polymerizable by

and, through the Durham route, to ROMPhe second approach
involves sequential addition copolymerization of COT and
another ROMP-active monom&in both approaches, however,

living anionic or controlled radical techniques can be used as
the solubilizing block. Furthermore, no elimination step is
necessary in forming the PA block, thus reducing synthetic

block copolymer composition is limited because both monomers complexity and material waste. Since the ROMP of COT forms

must be polymerizable by the same method.

PA directly without the need for deprotection stép& and

As many of the desirable characteristics of ICPs and PA are olefin-terminated polymers are commercially available, this

realized with a relatively small number of repeat units, several

represents the first one-step synthesis of PA-containing block

groups have endeavored to produce soluble polyenes with upcopolymers from commercially available materials.

to 20 double bond®.2'Furthermore, the areas of natural product
synthesi& and network polymer formatiéawould benefit if
functional end groups were built into soluble polyenes. It has

been demonstrated that heating a ROMP polymer, prepared from

a Durham precursor monomer using highly active molybdenum

and tungsten olefin metathesis catalysts, leads to polyenes with,

alkyl end group$%21.242%0r polyenes with less than 16 double

Experimental Section

General Procedures.NMR spectra were recorded on a Varian
Mercury 300 (300 MHz fotH and 75 MHz for'*C). All NMR spectra
were recorded in CECl, or CDCk and referenced to residual proteo
species. Gel permeation chromatography (GPC) was carried out on three
M GPC gel columns, 1am pore size (American Polymer Standards
Corp.), connected in series with a Type 188 differential refractometer

bonds, these alkyl groups enhance solubility and allow for more (knauer). Molecular weights were calculated relative to polystyrene

detailed characterizaticdi One drawback to producing polyenes

standards. MALDI-TOF mass spectra were recorded using an Applied

via the Durham route is the need for a subsequent deprotectionBiosystems (ABI) Voyager DE-PRO time-of-flight mass spectrometer.

step.
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Recently, we reported the direct synthesis of PA via the
ROMP of COT with the highly active ruthenium catalyxt?
This reaction is not possible with the less active catalysts
the ring strain of COT (2.5 kcal/mol) is extremely IGACatalyst
2 has also been shown to form telechelic polymers with a variety
of functional end groups when utilized in conjunction with a
chain transfer agent (CTAY-2° Building upon this work, we
report herein a method of forming telechelic polyenes by the
ROMP of COT in the presence of a CTA. Furthermore, these
polyenes are soluble in common organic solvents, allowing for

A 20 Hz nitrogen laser (337 nm, 3 ns pulse width) was used to desorb
the sample ions that were prepared in a dithranol matrix. Mass spectra
were recorded in linear (or reflector) delayed extraction mode with an
accelerating voltage of 20 kV and a delay time of 100 ns. The low
mass cutoff gate was set to 500 Da to prevent the lower mass matrix
ions from saturating the detector. Calibration was external using a
peptide mixture provided by the instrument manufacturer covering the
mass range of interest. Raw spectra were acquired with an internal 2
GHz ACQIRIS digitizer and treated with Data Explorer software
provided by ABI. Tapping Mode atomic force microscopy images were
obtained in air using a Nanoscope Illa AFM (Digital Instruments, Santa
Barbara, CA) with silicon cantilever probes (Veeco Metrology, Santa
Barbara, CA). To improve image quality, height and amplitude images
were flattened using commercial software (also from Digital Instru-
ments). AFM samples were prepared using dilute solutions of polymer
(either 0.4 or 1 wt/wt %) in either toluene or GEl,. A 35 uL aliquot

of the solution was spin coated onto freshly cleaved mica substrates (1
cn?) at 3000 rpm. FT-IR spectra (KBr pellet) were recorded on a
Perkin-Elmer Paragon 1000 or on a Bio-Rad Excalibur FTS 3000
spectrometer controlled by Win-IR Pro software. bVs spectra were
obtained on a Beckman DU 640 spectraphotometer in either THF or
CH.Cl,.

extensive solution phase characterization. We also describe here Materials. Toluene and CkCl, were dried by passage through

the ROMP of COT in the presence of an olefin-terminated

(18) Leung, L. M.; Tan, K. H.; Lam, T. S.; He, WReact. Funct. Polyn2002
50, 173-179.

(19) Stelzer, F.; Grubbs, R. H.; Leising, Bolymer1991, 32, 1851-1856.

(20) Knoll, K.; Schrock, R. RJ. Am. Chem. Sod.989 111, 7989-8004.

(21) Dounis, P.; Feast, W. J.; Widawski, G. Mol. Catal. A: Chem1997,
115 51-60.

(22) Rychnovsky, S. DChem. Re. 1995 95, 2021-2040.

(23) Jerome, R.; Henrioullegranville, M.; Boutevin, B.; Robin, Prhg. Polym.
Sci. 1991 16, 837-906.

(24) Cacialli, F.; Daik, R.; Dounis, P.; Feast, W. J.; Friend, R. H.; Haylett, N.
D.; Jarrett, C. P.; Schoenenberger, C.; Stephens, J. A.; WidawsRhil®s.
Trans. R. Soc. London Ser. A: Math. Phys. Eng. $887 355 707—
713.

(25) Schrock, R. R.; Krouse, S. A.; Knoll, K.; Feldman, J.; Murdzek, J. S.;
Yang, D. C.J. Mol. Catal. 1988 46, 243-253.

(26) Schleyer, P. v. R.; Williams, J. E.; Blanchard, K. R.Am. Chem. Soc.
197Q 92, 2377-2386.

(27) Bielawski, C. W.; Scherman, O. A.; Grubbs, R Rdlymer2001, 42, 4939
4945,

(28) Bielawski, C. W.; Benitez, D.; Morita, T.; Grubbs, R. Macromolecules
2001, 34, 8610-8618.

(29) The higher reaction temperatures required for chain transfer with catalysts
1 and2 preclude the ROMP of Durham monomers due to the instability of
the PA precursor polymer.
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solvent purification column® 1,3,5,7-Cyclooctatetraene (COT3)(
(generously donated by BASF) was dried over @ahid distilled prior

to usecis-1,4-Diacetoxy-2-butene (96%8lf) (Aldrich) was dried over
CaH, and distilled prior to usecis-2-Butene-1,4-diol (95%) 5d)
(Aldrich) was distilled prior to usecis-Cyclooctene (Aldrich) was
degassed by 3 freeze/pump/thaw cycles before use. Vinyl-terminated
PS (1) (M, = 1900,M/M, = 1.11) and vinyl terminated PEG.Q)

(Mn = 1120, My/M, = 1.17) were purchased from Polymer Source,
Inc. (PCy)2(Cl);Ru=CHPh (1)3! and (IMesH)(PCy)(Cl),Ru=CHPh

(2)%2 [Mes = 2,4,6-trimethylbenzene] as well as CTA&*® and 5¢3
weresynthesized according to literature procedures. All other materials
were used as received.

(30) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers,
F. J.Organometallics1996 15, 1518-1520.

(31) Schwab, P.; Grubbs, R. H.; Ziller, J. W. Am. Chem. Sod 996 118
100-110.

(32) Sanford, M. S.; Ulman, M.; Grubbs, R. Bl. Am. Chem. So001, 123
749-750.

(33) Corey, E. J.; Venkates, A. Am. Chem. Sod.972 94, 6190-6191.

(34) Asgarzadeh, F.; Ourdouillie, P.; Beyou, E.; Chaumont&romolecules

1999 32, 6996-7002.
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Procedure for the ROMP of COT (3) with CTA 5a (in solution). Table 1. Effects of Monomer:CTA and Monomer:Catalyst Ratio on
A stir bar was placed in an oven-dried small vial with a Teflon screw Yield of Polyenes
cap. Under an argon atmosphere, 0.5 mL (4.44 mmol) of COT and 1.6
mL (4.34 mmol) of CTA5a were added by syringe. Subsequently 1.0 © + x—/:\—x
mL (8.84 x 1072 mmol) of a 7.5 mg/mL solution 02 in CH.Cl, was
added by syringe. The vial was placed in a’&5oil bath. The yellow
solution turned dark orange within 5 min. After 24 h, the reaction vial entry CTA [COTJICTA [coTy2l % yield
was removed from the heating bath, and the solution was precipitated

2 W X
neat or solvent X 7z n

3 Sa-e 6 (2)

into 100 mL of stirring MeOH and filtered through a 8uner funnel %: gg % 288 ;g
to yield a red solid. The solid was dried under reduced pressure, yielding 3 5a 1 540 78
91 mg of polymer (20%). Alternatively, the precipitate in MeOH 4p 5a 2 480 69
solution was placed in centrifuge tubes, and a number of centrifuge 50 5a 3 520 49
decant-wash cycles were performed with MeOH until the decanted 6 5a 1 980 40
liquid was colorless. The red solid was then dissolved in@and ;S gg 3 1238 g
transferred to an amber vial, and the solvent was removed under reduced o 5b 4 490 18
pressure. 10 5¢ 4 800 12

Procedure for the ROMP of COT (3) with CTA 5a (neat). An 112 5d 1 5000 0
oven-dried small vial with a Teflon screw cap was charged with a stirbar 12 5e 1 500 0

and 7.3 mg (8.61x 1072 mmol) of catalyst2. Under an argon

atmosphere, 0.5 mL (4.44 mmol) of COT and 0.55 mL (1.49 mmol) aReaction carried out in 1 mL of Ci€l,. ® Reaction carried out neat.
e : . o ) . ¢ Reaction carried out in 1 mL of toluengReaction carried out in 3 mL

of the CTA 5a were added by syringe. The vial was placed in an ¢\ ene ¢ Reaction carried out in 1 mL of THF.

aluminum heating block set to 5&. The yellow solution immediately

turned dark reddish-orange. After 24 h, the solution was removed from L
the heating block and dissolved in @E,. The solution was precipitated ~ th€ PA produced bg proved to be very similar to PA produced

into 100 mL of stirring MeOH and filtered through a"8uwer funnel by previous synthetic routéd Unfortunately, the characteristic

to yield a purple solid. The solid was then dried under reduced pressure,insolubility of PA was also observed. The functional group

yielding 124 mg of polymer (27%). tolerance of catalysR, however, suggests the possibility of
Synthesis of Vinyl-Terminated Polystyrene (7)To a small round- placing solubilizing functional groups at the chain ends by

bottom flask containing a stirbar was added 0.365 g (4.62 mmol) of utilizing a chain transfer agent (CTA). It has been previously
2,2-dipyridyl, 0.299 g (4.70 mmol) of copper powder, 0.114 g (0.511  shown that the use of a CTA witB can produce telechelic
mmol) of CuBg, 0.4 mL (4.62 mmol) of allyl bromide, and 3.0 mL  gligomers and polymers from CTAs containing functional
(44.6 mmol) of styrene. The flask was sealed with a rubber septum, groups such as alcohols, halides, and e€fé&The same
eI g S o et IO e 15 e Sty cannow b apled for e e oo lechel
: PA. Furthermore, if the PA chain length can be controlled by

24 h by cooling to room temperature, dissolving the mixture in THF, . . . . .
and precipitating in MeOH. The resulting solid was isolated by filtration, this method, it would provide for the direct formation of soluble

dissolved in THF, and passed through a plug of alumina before Polyenes as outlined in eq 2.
reprecipitating in MeOH. The isolated white product was dried invacuo. ~ The synthesis of telechelic PA was successfully carried out
Synthesis of Vinyl-Terminated Polystyrene (8)As for 7, but with both neat and in solution via the ROMP of COT with a CTA
5-bromo-1-pentene as initiator. using catalys® (see Table 1). Upon addition & the yellow
Synthesis of Vinyl-Terminated Poly(methyl methacrylate) (9). COT solution turned light orange and then became progressively
As for 7. To maintain lower reaction viscosity, however, an amount of darker over the next 5 min depending on the ratio of COT to
diphenyl ether equivalent to the amount of methyl methacrylate CTA. After 24 h, only a small amount of solid was observed to
monomer (by mass) was added. _ precipitate on the container walls. This result was visibly
Synthesis of PA Block Copolymers.n a typical procedure, the it rent from the large amount of solid (metallic in appearance)
olefin-terminated polymer chain transfer agent was added to a small produced when a CTA was omitted from the reaction. After

vial containing a stirbar. The vial was purged with argon for-16 isolati th i | letel luble i
min, toluene was added, and the mixture was stirred to completely ISolation, the resuling polymer was completely soluble in

- . Joa
dissolve the polymer. COT was then added, followed by the appropriate common Ofga“'c solvents, enabling _characterlzatlon Hy
amount of a stock solution of catalyst in toluene. The solution was NMR, UV—vis, and FT-IR spectroscopies, as well as MALDI-

heated to 55C and left stirring under an argon atmosphere for 24 h. TOF MS.
The reaction mixture was cooled to room temperature and precipitated ~ Attempts to use CTAs such &sl and5ewere not successful.
in a nonsolvent such as MeOH or hexane. The resulting solid was While no solids precipitated during the ROMP of COT with
isolated by filtration, dried under reduced pressure, and stored in an CTA 5d, *H NMR spectroscopy of the crude reaction mixture
amber vial under an atmosphere of argon. showed very little polyene, and no product could be isolated
(entry 11). Immiscibility of COT and5e prevented neat
polymerization and required solvents such as THF for ROMP
in solution. Unfortunately, THF has been shown to dramatically
decrease the rate of ROMPand no desired polyene product
was observed in thtH NMR spectrum of the crude reaction
mixture (entry 12).

As a consequence of the loss of material at each stage of

Results and Discussion

We recently published a report detailing the ROMP of COT
(3) to form PA with catalys®? (eq 1)!2 The characteristics of

2 AT 1) p_re_paration, obtaining the polyenes in_ high yield was some_vyhat
neat or solvent n difficult. Some polyene product was simply lost upon repetitive
3 4 centrifuge/decant/wash cycles, while shorter polyene chains were

J. AM. CHEM. SOC. = VOL. 125, NO. 28, 2003 8517



ARTICLES Scherman et al.

= — H
TBSO—/_\—OTBS AcO—/_\—OAc )

(a) (b) i
o] o] 7/ ‘
eV )kﬁ oA
o o [ b AN
Br (c) Br Hh/ : Ha
_ _ H0 H
CI—/_\—CI HO—/_\—OH
(d) (e)
Figure 1. CTAs 5a—e. CHDClI,
H.
most likely soluble in the MeOH washes. Entries 1 and 2 in A :;';
Table 1 show that for ROMP carried out in solution, increasing 8 '7 . : 2 3 5 ] o 4
the amount of COT relative to CTAa has a very minimal ppm &

effect on the yield of polyen®a When the corresponding  Figure 2. 1H NMR spectrum of telechelic polyer@ia in CD;Cls.
reactions are carried out neat (entries53 Table 1), a decrease

in yield of 6a is observed with a decrease in the amount of
CTA 5a. This trend is likely due to insoluble PA chains
precipitating out of solution when too few chain transfer groups
are present to attenuate the molecular weight. When the amount
of COT relative to catalys? is increased to 1000:1 (entries 6
and 7, Table 1), the yields decrease substantially. This observa-
tion is likely due to the incomplete initiation of cataly2f®
which would result in a “true” monomer-to-catalyst ratio far in
excess of 1000. Finally, although it does not lead to chain
termination, backbiting of cataly&onto the growing polyene
chain has previously been shown to eliminate benZées
benzene is not metathesis active, backbiting essentially removes ' ' _ '
monomer from the reaction. 220 320 420 520 620
The loss of monomer over the course of the reaction because Wavelength (nm)
of backbiting also evidently hinders our attempt to control the Figure 3. UV—vis spectrum of polyenéa in CHzCl.
molecular weight of the polyenes by adjusting the ratio of COT
to CTA. Previous reports of ROMP reactions with catal®st

Absorbance

characteristically shifted downfield due to the highly conjugated
and a CTA have shown that molecular weight is dictated by segment of olefins. The allylic CiHprotons give rise to peaks

the ratio of [monomer]:[CTA] if the reaction is allowed to reach 2roundd = 4.2 ppm, and théert-butyl and methyl protons of
thermodynamic equilibriurA’-2836This result was not found to € silane protecting group (from CT3g) correspond to singlets

be the case for COT. While accurate molecular weights and &t9 :_0'9 and 0.05 ppm, respectively. The absense of a singlet
distributions could not be obtained for the polyenié$ NMR ato = 5.79 ppm suggests that all of the unreacted COT was

spectroscopy as well as MALDI-TOF MS data indicated average successfully removed from the polyene product. Integration of
chain lengths of around 013 double bonds for all reactions € Methylene and polyene backbone peaks suggests an average
and did not vary with the ratio of COT:CTA. The average chain ©f 10 double bonds for the sample, which is consistent with
length of the isolated polyenes, however, may be misleading. e MALDI-TOF MS data presented below.

When a higher COT to CTA ratio is employed, more polyene  Frevious reports have provided very detailed-tiis spec-
chains reach lengths that render them insoluble. For lower ratios, '0SCOPY data on soluble polyenes containing up to 15 double

shorter, MeOH-soluble polyene chains are favored. As a result PONds™#*As the number of conjugated double bonds increases,
of likely fractionation of smaller and longer chains during the absorption shifts to longer wavelengths and some detail of

workup, regardless of the starting COT to CTA ratio, the isolated th€ higher energy transitions is lost. BVis spectroscopy was
polyene chains are heavily weighted to an average efi®  Ccarried out on polyenéa in both THF and CECl.. Figure 3

double bonds. Of course, the backbiting?ahight be attenuated shows the UV-vis spectrum in ChCl, with four distinct
by decreasing the reaction temperature; however, if the p0|ym_tran3|t|ons between 355 and 450 nm and a smooth absorption

erization of COT occurred without significant backbiting with ~ Profile extending past 500 nm. These transitions are consistent

a CTA molecule, an insoluble PA chain would result. Hence, With a polyene composed of +@0 double bond3?

in the direct synthesis of polyenéswith catalyst2, the ability Infrared spectroscopy was also carried out on telechelic
to control molecular weight is limited. polyenes6a and 6b. Figure 4 displays the FT-IR spectra for

The solution phastH NMR spectrum of polyenéa (Figure both telechelic polyenes. The bands at 745, 773, and 1011 cm

2) clearly shows signals corresponding to the backbone protonsr€ Visible in both polyene zspectra and are conserved from the
of the telechelic polyene in the range= 6—7 ppm, which are R Spectrum of poly(COT})? The peak at 743 cnt can be
attributed to thecis C—H out-of-plane vibrational mode, while

(35) Sanford, M. S.; Love, J. A.; Grubbs, R. Bl.Am. Chem. So@001, 123 the peak 1011 cnt is due to thetrans C—H mode3” The
6543-6554.

(36) Scherman, O. A.; Kim, H. M.; Grubbs, R. Macromolecule002 35, presence Of_ a much Iargma_ns peak at 1011 le sgpports
5366-5371. the mechanism dfans-selective catalys? backbiting into the
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Figure 5. MALDI-TOF MS of polyene6aionized from a dithranol matrix.

polymer chain to attach the end groups and form telechelic
polymers or to simply isomerize cis olefins to theamns
counterparts.

Figure 5 shows the MALDI-TOF spectrum féa acquired
from a dithranol matrix. The first labeled peak with a mass of
628.9 Da corresponds exactly to telechelic polyéaevith 13

tionalized (i.e., telechelic) polyme#8.Furthermore, only di-
funtional materials result when a large excess of a CTA
containing an internal olefin is used. Extending this concept,
olefin-terminatedpolymerswere found to control the ROMP
of COT by forming block copolymers containing PA as one of
the blocks (eq 3). As in the case with small molecule CTAs, a
polymer with an olefin in the middle of the chain should lead
exclusively to triblock copolymers containing PA as the middle
block. We are currently investigating this possibility, but due
to difficulties in obtainingabsolutelypure polymers containing
an internal olefin, we have limited this report to include only
end-functionalized polymers.

3 P=PS,
PMMA or PEG

The use of olefin-terminated polymers as CTAs allows for a
wide variety of block copolymer compositions, as polymers
containing olefin end groups can be prepared using numerous
techniques®4! Atom transfer radical polymerization (ATRP)
was chosen for this work principally for its synthetic ease.
Recent advances in ATRP allow these reactions to be performed
without the exclusion of oxygen and with monomers that have
not been rigorously purifiet? Allyl bromide and 5-bromo-1-
pentene were convenient ATRP initiators for forming PMMA
and PS functionalized with a terminal olefih.'H NMR
spectroscopic and MALDI-TOF MS analysis of the polymers
confirmed the presence of olefin end groups, and molecular
weights were determined by GPC and NMR. As with previous
reports in the literature, mass spectral analysis showed that the
halogen end groups were replaced by hydrogen atoms for many
of the polymer chains after long polymerization tinté4*Since
ruthenium-based catalysts have been shown to successfully
catalyze ATRP*> however, the loss of the halogen end group
was considered advantageous, reducing the possibility of

double bonds. There is a difference of 26.0 amu correspondingunwanted side reactions during the subsequent ROMP step.
to a GH. unit between each peak in the series. The series is Indeed, no reaction was observed when the olefin-terminated
easily visible out to a mass peak of 811.0 amu, corresponding Polymer was subjected to ATRP conditions in the presence of
to a species with 20 double bonds. Furthermore, no other seriesCOT.
with 26.0 amu mass differences are observed, suggesting that Formation of PA block copolymers was accomplished via
all of the polyene chains are cappedoath ends. the ROMP of COT in the presence of olefin-terminated
These data provide evidence for the formation of a telechelic Polymers7—114¢ Typically, the amount of solvent was adjusted
polyene with the CTA functionality successfully placed onto 0 ensure an initial monomer concentration, [CQTdf ap-
both ends of each polyene chain. It also shows that catalyst Proximately 0.2 M. When large amounts of olefin-terminated
is capable of backbiting into a growing polyene chain in order Polymer were used, however, additional solvent was added to
to mediate chain transfer. Furthermore, the materials producedensure complete dissolution. Monomer-to-catalyst ratios were
are completely soluble in common organic solvents and allow .
for much more detailed characterization of polyenes. These
results encourageq us to further explore the use of CTAs as ‘_"‘88 m‘:ﬁ%wﬁ EM'\gz\rtgﬁzfggﬁl:gggyznzl 3617932%39'7.138_141'
method for producing soluble and processable PA-based materi{41) Kurosawa, H.; Shiono, T.; Soga, Klacromol. Chem. Phy<1994 195
als. We anticipated difficulties, however, using telechelic PA 1381-1388.

(38) Shiono, T.; Kang, K. K.; Hagihara, H.; Ikeda, Macromoleculesl997,

30, 5997-6000.

as macroinitiators (e.g., entry 10, Table 1). An alternative route
to PA block copolymers was therefore sought.

Synthesis of PA-Containing Block Copolymers.CTAs
containing terminal olefins have been previously used with
catalyst2 to form mixtures of monofunctionalized and difunc-

(37) Shibahara, S.; Yamane, M.; Ishikawa, K.; TakezoeMdcromolecules
199§ 31, 3756-3758.

E. Macromoleculesl998 31, 5967-5969.
(43) Bednarek, M.; Biedron, T.; Kubisa, Rlacromol. Chem. Phy200Q 201,
58—66.
(44) Bednarek, M.; Biedron, T.; Kubisa, Macromol. Rapid Commuri999
20, 59-65.
Simal, F.; Demonceau, A.; Noels, A. kngew. Chem., Int. EA.999 38,
538-540.
It is evident from the characterization data that the products of these
reactions contain a significant portion of unmodified polymer; however,
the amount of PA that is incorporated is clearly sufficient to affect the
material properties.

(45

)
)
)
)
(42) Matyjaszewski, K.; Coca, S.; Gaynor, S. G.; Wei, M. L.; Woodworth, B.
)
)
)
(46)
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Figure 6. Olefin-terminated polymers.

220 320 420 520 620 720

Table 2. Variation in Composition of PA Block Copolymers Wavelength (nm)
CTA [COT)[CTA] [COT)[2] product color % yield® polymer® ( a)
7 4 900 orange 18 7a
7 20 4000 dark rust 26 7b
7 100 21000 brown/black 13 7c
8 200 800 dark gray 82 8ad
8 1000 4000 faded black 71 8b
9 2 1000 light orange 44 9a¢
9 5 1000 orange 20 9b 8
9 20 1000 deep red 58 9c E
9 40 1000 black 52 9d 5
10 1 500  darkred 62  10a g
10 4 1600 brown/black 39 10b
10 7 1400 brown/black 28 10c
10 20 4000 brown/black 22 10d
11 20 4000 brown 36 11a

a Calculated based on total mass of reactants and recovered prodiict. 200 320 420 520 620 720

reactions were carried out in toluene with [C@H 0.2 M unless otherwise Wavelength (nm)
noted.¢[COT]p = 1.1 M. ¢[COT]o = 0.03 M. g
(b)

typically maintained at 1000:1, although ratios of up to 21000:1
were found to be viable. After completely dissolving the olefin-
terminated polymers in toluene, COT was added, followed by
the catalyst (either in solid form or from a stock solution).
Within minutes, a color appeared that varied depending on the
relative proportions of COT and olefin-terminated polymer, as
well as the molecular weight of the latter. For low proportions
of COT, the color of the reaction was light orange, while for
medium proportions it was deep orange or red and for high
proportions it was deep red or black. This color was maintained
throughout the reaction. Isolation of the block copolymer product
was accomplished by precipitation in a nonsolvent for the olefin- . h : - - . :
terminated polymer such as MeOH or hexanes. Table 2 shows 20 270 320 3V7vzvelen;t2r? om) 470 520 570

the colors of the final polymer products from various reactions.

A solution of product polymer, when left on the benchtop, (c)

became clear over a period of many weeks, indicating eventual Figure 7. UV —vis spectra of PA-containing block copolymers in b
decomposition of the conjugated structure. However, the solid solution: (a) PMMA §), PMMA-b-PA (9a—d); (b) PEG (0), PEGD-PA
polymers maintain their color for months if protected from light ggz__g A’ g;&hg;droxy)'termmamd PEG reaction produtdg; (¢) PS 7).

and oxygen.

For most block copolymer compositions, solubility of the final polymer, as well as the molecular weight of the latter (Table
product was identical to that of the olefin-terminated polymer. 2). Yields exceeded 80% when higher molecular weight olefin-
All of the entries in Table 2 yielded completely soluble block terminated polymers were used, or if lower proportions of COT
copolymers. When very large amounts of COT were used in were used. As the proportion of COT was increased, however,
conjunction with a low molecular weight nonconjugated block a corresponding increase in the ratio of [COZ]:led to
(for example, samplegc, 9d, and 10d), some solid product  decreased yields (for example, sampt. Thus, as described
was deposited on the walls of the reaction flask. This material for small molecule CTAs, the generally low yields reported in
was redissolved upon sonication, indicating that the solubilizing Table 2 are likely due to incomplete incorporation of COT. This
effect of the nonconjugated block is sufficient to keep the block observation is further supported by thé NMR spectra of the
copolymers soluble, even in cases where significant crystal- block copolymers (vida infra).
lization of the PA blocks is possible. Characterization of Block Copolymers.Characterization of

Yields of the block copolymer products varied widely the block copolymers by UVvis spectroscopy provided the
depending on the proportions of COT and olefin-terminated clearest evidence for the presence of extended PA blocks. Figure

ADSOrpance
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In addition, as the proportion of COT is increased, the absorption

1012 cm’ region corresponding to the PA block shifts to longer wave-
lengths, while the absorption due to the nonconjugated block
remains unchanged. These data indicate that increasing the
amount of COT in the reaction produces PA blocks with longer
conjugation lengths.
©) To show that PA is covalently attached to the olefin-
terminated polymers in these reactions, the ROMP of COT was
carried out in the presence of a bis(hydroxy)-teminated PEG.
A significant amount of insoluble, black solid formed during
the reaction. This solid was removed by filtration, and the
remaining polymer product (white) was isolated by precipitation.
, , , , . , , The UV—vis spectrum of the resulting polymer is shown in

1300 1200 1100 1000 900 800 700 Figure 7b (samplé&0¢. The lack of absorbance above 320 nm

Wavenumber (cm’) indicates that no PA was present in the product.
Figure 8. FT-IR spectra oB and9c. Characteristic IR absorption bands of polyCOT produced with
catalyst 2 include 1010, 992, 930, 773, and 745 Ti#?

7 shows the UV spectra for three types of block copolymers: Unfortunately, absorption from the nonconjugated polymer
PSb-PA, PMMA-b-PA, and PEGs-PA. For comparison, the  segments often obscured these absorption bands in the PA block
absorption spectra of the homopolymers (i.e., the olefin- copolymers. For PMMAB-PA, however, absorption of the PA
terminated polymer) are also shown. The absorbance bandssegment at 1012 cm is clearly visible and overlaps with the
previously seen for polyenes containing-115 double bond8 absorption spectra of the olefin-terminated homopolymer (see
were observed in block copolymers made from small amounts Figure 8).
of COT (e.g., sampl@a). These details are lost, however, when For samples of PMMA3-PA and PEGs-PA, it was possible
larger amounts of COT are used. The smooth spectra that resulto observe characteristic peaks in the polyene region oftthe
indicate the presence of a wide range of conjugation lengths. NMR spectra that appeared very similar to the peaks shown in

(9c)

% Transmittance

2.00

1.00

-0
1.00 2.00
(c) o (d)
Figure 9. TM AFM height images. (a, b) Samp&a, produced fron8 and 200 equiv of COT. (c, d) Sampsb, produced fron8 and 1000 equiv of COT.
In (a), (b), and (c) the same height scale applies1i® nm), while in (d) the height scale is-@0 nm.
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Figure 247 In general, integration of the polyene region indicated These domains are highly stable: annealing the polymer films
far smaller PA blocks than would be expected from the ratio of under vacuum at 13TC for 24+ hours only reduced their height
COT to olefin-terminated polymer. For example, integration for and spatial density. Furthermore, the domains could also be
sampledb showed an average of four or fewer@=C—) units observed using contact moéfeWe believe that these images,
per polymer chain, whereas 26-C=C-) units would be the UV spectra of the two copolymers, and the fact that the
expected from the initial reactant ratio. As discussed previously, solution of8b was darker in color than that 8a are evidence
this low incorporation can be attributed to two likely sources: for a variation in the conjugation length of the PA blocks that
the ROMP of COT does not reach completion, and/or benzenerelates to the relative amount of COT used in the polymeriza-
formed from backbiting leads to an effective loss of monomer. tions. It should be reiterated, however, that these polymers
In all NMR spectra, however, a significant amount of unreacted remained completely soluble in common organic solvents.
olefin end groups remained visible after block copolymer
formation, indicating that some polymer chains have no attached cgnclusions
PA blocks. This observation makes it very difficult to speculate
on the average conjugation length of the PA blocks. The synthesis of telechelic polyenes via the direct ROMP of
Along with the trends observed in UWis spectra, AFM  COT in the presence of a CTA with cataly8thas been
afforded a method for observing changes in the relative sizesdemonstrated. The telechelic polyenes remained completely
of Conjugated Segments between Samp|esl Phase Separation |$p|ub|e in common OrganiC solvents and were characterized in
PA-containing block copolymers has been observed detail using solution and solid state spectroscopic methods.
previously1948-50 Tapping Mode (TM) AFM images of P5- Furthermore, PA block copolymers were synthesized in one step
PA f||ms ShOW a phase_separated morphology Cons|st|ng Of from Olefln-funCtlonallzed CommOdIty p0|ymeI’S As a conse-
isolated domains against a uniform background. These domainsgduence of their solubility, all of these block copolymers were
which were absent in films formed from the olefin-terminated @menable to spin coating and subsequent AFM investigation.
homopolymer, were randomly distributed in space, but fairly We hope that the tunablity and improved processability of these
regular in size and shape. Furthermore, the sizes of the domaingnaterials may soon lead to their commercialization; investiga-
exhibited a dependency on the relative proportions of COT and tions of their electronic properties are currently underway.
olefin-terminated polymer used in the preparation of the block
copolymers. Figure 9 shows TM AFM height images of films Acknowledgment. MALDI-TOF analysis was carried out in
made by spin coating 0.4 wt % toluene solution8aand8b. a multiuser MS lab funded in part by the MRSEC. The authors
Clearly, the domains (appearing as white spots) are larger forthank Dr. Mona Shahgholi for assistance with MALDI analysis
8b, which contains a greater percentage of conjugated material,of the polyenes, and Dr. Brian Connell, Dr. Stuart J. Cantrill,
implying that the white spots in Figure 9 represent PA domains. and Daniel P. Sanders for critical reading of the manuscript.
As shown by the side views of these images (Figure 9b,d), the O.A.S. thanks the NSF for a graduate fellowship.
domains appear to be directed perpendicular to the film surface.

JA0301166
(47) Observance of these peaks was impossible fob-P8- samples due to
the intense resonances from the phenyl protons of polystyrene. (51) This morphology is possibly a result of the fast evaporation of solvent that
(48) Aime, J. P.; Reibel, D.; Mathis, Gynth. Met1993 55, 127—134. occurs when the films are made. With films that were formed by slowly
(49) Dai, L. M. Synth. Met1997, 84, 957-960. evaporating the solvent (i.e., not spin coating), the spiked morphology was
(50) Stelzer, F.; Fischer, W.; Leising, G.; Heller, 8pringer Ser. Solid-State not observed. Rather, a highly disordered morphology with large, randomly
Sci. 1992 107 (Electron. Prop. Polym.p31-237. placed crystal-like structures was seen.
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