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CONSPECTUS

ll-conjugated block copolymers of the rod—rod type came into

the focus of interest because of their unique and attractive com-
bination of nanostructure formation and electronic activity. Poten-
tial applications in a next generation of organic polymer materials for
photovoltaic devices (“bulk heterojunction”-type solar cells) or (bio)-
sensors have been proposed. Combining the fascinating self-assem-
bly properties of block copolymers with the active electronic and/or
optical function of conjugated polymers in all-conjugated block copoly-
mers is, therefore, a very challenging goal of synthetic polymer chem-
istry. First examples of such all-conjugated block copolymers from a
couple of research groups all over the world demonstrate possible
synthetic approaches and the rich application potential in electronic
devices.

A crucial point in such a development of novel polymer materi-
als is a rational control over their nanostructure formation. All-con-
jugated di- or triblock copolymers may allow for an organization of
the copolymer materials into large-area ordered arrays with a length scale of nanostructure formation of the order of the
exciton diffusion length of organic semiconductors (typically ca. 10 nm). Especially for amphiphilic, all-conjugated copoly-
mers the formation of well-defined supramolecular structures (vesicles) has been observed. However, intense further research
is necessary toward tailor-made, all-conjugated block copolymers for specific applications. The search for optimized block
copolymer materials should consider the electronic as well as the morphological (self-assembly) properties.

Introduction

The synthesis and self-assembling behavior of all-
conjugated rod—rod block copolymers is still a
very challenging area in the field of polymer
chemistry. Moreover, it is a territory with high
application potential, e.g. as photovoltaic materi-
als, biosensors etc." Emerging applications for con-
jugated (co)polymers in organic photovoltaics
(organic solar cells) and biotechnology (biosensors)
often require the patterning of materials on the
10-100 nm length scale, and block copolymers
may provide an elegant route to control the self-
assembly into such nanostructured morphologies.
However, the rodlike nature of most conjugated
polymers complicates the self-assembly of corre-
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sponding block copolymers through a competi-
tion between crystalline and liquid crystalline
interactions and the nanophase separation.

To realize highly ordered, nanostructured films
a certainly high molecular weight of the individ-
ual blocks and, especially, a narrow molecular
weight distribution are preferred. However, it is a
great synthetic challenge to generate all-conju-
gated block copolymers because conventional
synthetic methods, especially living anionic poly-
merization, most often cannot be applied for conju-
gated polymer synthesis. Very recently first reports
on a polydispersity control for polycondensation
schemes toward polythiophenes, polyphenylenes
and polyfluorenes have been published.?
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All-Conjugated Block Copolymers. The number of pub-
lications on all-conjugated rod—rod block copolymers is lim-
ited; only a few reports have been published. In a series of
research reports Sun et al. have described poly(phenylene
vinylene) (PPV)-based block copolymers with PPV blocks of
different electron density by connecting electron rich poly(2,5-
dialkoxyphenylene vinylene) “donor” and poly(2-alkylsulfonyl-
5-alkoxyphenylene vinylene) “acceptor” blocks.>* A nano-
structure formation on a length scale of 10—20 nanometers with
separated donor and acceptor phases was postulated. The block
copolymers have been applied as active layers in “bulk hetero-
junction”-type organic solar cells (for the schematic design of a
“bulk heterojunction”-type organic solar cell see Figure 1) and
have been discussed in comparison to the corresponding poly-
mer blends with their noncontrolled microphase separation.>®
The controlled nanophase formation of all-conjugated donor/
acceptor block copolymers is very attractive in relation to the
short exciton diffusion lengths of organic semiconductors of ca.
10 nm.”~® The HOMO and LUMO energy levels of the donor/
acceptor couple of an organic solar cell (HOMO, highest occu-
pied molecular orbital; LUMO, lowest unoccupied molecular
orbital) together with the electron (charge) flow from the anode
to the cathode are illustrated in Figure 2.

Related all-conjugated diblock oligomers have been
described by Yu et al.'® The diblock oligomers contain non-
polar oligo(2,5-dialkylphenylene vinylene) (OPV) and oligo(3-
alkylthiophene) (O3AT) blocks. Excitation energy transfer from
the higher bandgap OPV to the lower bandgap O3AT blocks
was observed after excitation into the OPV absorption band.

hv

FIGURE 1. Schematic device structure of a “bulk heterojunction’-type organic solar cell based on a phase-separated donor/acceptor couple;
nanoscopic mixing of donor and acceptor components helps to overcome the very short exciton diffusion length in organic (disordered)
semiconductors (~10 nm).
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FIGURE 2. Energy levels of the active donor/acceptor couple of an
organic solar cell; the electron flow from the anode (front electrode)
to the cathode (back electrode) is illustrated (hv represents the
incoming solar energy).

The diblock oligomers self-assemble into fibrils or lamellar
nanostructures.

Two early reports on all-conjugated block copolymers were
published in 2001. The Masuda group from Kyoto described
poly(phenylacetylene) (PPA)-based diblock copolymers with
polar poly(4-carboxyphenylacetylene) and nonpolar poly(phe-
nylacetylene) blocks.'' The living polymerization of the phe-
nylacetylene monomers with Rh catalysts produces diblock
copolymers with a very narrow molecular weight distribution
of M,/M,: ~1.1 (Schemes 1,2,3). The amphiphilic poly-
(phenylacetylene)-b-poly(4-carboxyphenylacetylene) [PPA-b-
P(HOOCPA)] diblock copolymers are soluble in DMSO or DMF
as nonselective solvents. Addition of selective solvents for one
of the blocks [benzene for the nonpolar PPA block; water for
the polar poly(4-carboxyphenylacetylene) block] leads to the
formation of core/shell aggregates, most probably micelles
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SCHEME 1. Structure of Donor/Acceptor Block Copolymers Poly(2,5-didecyloxyphenylene vinylene)-b-poly(2-decylsulfonyl-5-

decyloxyphenylene vinylene) after Sun et al®

n

SCHEME 2. Structure of All-Conjugated Diblock Cooligomers Oligo(2,5-dialkylphenylene vinylene-ait- phenylene vinylene)-b-oligo(3-

alkylthiophene) (OPV-b-O3AT) after Yu et al''° ¢

9n: 1, 2, 4. R;: n-hexyl. Ry: 2-ethylhexyl.

SCHEME 3. Synthesis of Poly(phenylacetylene)-b-poly(4-carboxyphenylacetylene) Diblock Copolymers in a Living Polymerization after

Masuda et al'!
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due to a NMR analysis. The diblock copolymers form Lang-
muir—Blodgett (LB) monolayers at the air/water interface.

An all-conjugated rod—rod-type block copolymer poly(9,9-
dialkyl)fluorene-block-poly(2-alkylaniline) was reported by us
in a couple of papers starting from 2001.'27'> Hereby, a
4-aminophenyl end-functionalized polyfluorene (PF) precur-
sor was generated in the first step. This was accomplished in
a Yamamoto-type aryl—aryl coupling of 2,7-dibromo-9,9-di-
alkylfluorene using 1-bromo-4-nitrobenzene or 4-bromoa-
niline as monofunctional end-capping reagent (“end-capper”)
to attach defined terminal functions at the polymeric precur-
sor (Scheme 4). In the case of the 4-nitrophenyl “end-capper”
a subsequent reduction to aminophenyl functions is neces-
sary. The next step of the synthetic sequence is the genera-
tion of two terminal poly(2-undecylaniline) blocks in a
“grafting-from” protocol starting at the aminoaryl terminals in
an oxidative polycondensation with 2-undecylaniline. The
term “grafting from” reflects the stepwise growth of the poly-
aniline blocks at the terminals of the end-functionalized pre-
cursor. This synthetic sequence produces the final ABA-type
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COO=CPh; COOH

PPA-b-P(HOOCPA)

rod—rod triblock copolymer poly(2-undecylaniline)-b-poly[9,9-
dialkylfluorene]-b-poly(2-undecylaniline) [PANI-b-PF-b-PANI]
(Scheme 4).

The molecular weights of both blocks can be controlled by
the feed ratios of monomers, end-cappers and prepolymers.
The separation of block copolymers and homopolymer side
products is accomplished by solvent extractions, since all com-
ponents of the reaction mixture showed a rather different sol-
ubility behavior. The formation of block copolymers was
proven by GPC measurements with UV-vis detection at the
distinctly different absorption maxima of both blocks (PF block,
ca. 380 nm, no absorption at wavelengths >420 nm; PANI
block, 550 nm). The resulting block copolymers show a spon-
taneous formation of branched, cylindrical nanostructures. The
diameter of the structures varies between 50 and 300 nm,
depending from the length of the solubilizing side groups, the
molecular weights of the block copolymer and its composi-
tion, and the solvent system used (Figure 3). The film form-
ing properties of the block copolymers have been studied by
List and co-workers.'*'>
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SCHEME 4. Synthesis of Poly(2-undecylaniline)-b-poly[9,9-dialkylfluorene]-b-poly(2-undecylaniline) (PANI-b-PF-b-PANI) Triblock Copolymers?
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9R,: -2-ethylhexyl or 3,7,11-trimethyldodecyl. R,: -n-undecyl.
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FIGURE 3. AFM image (topography mode) of a spin coated film of
a triblock copolymer poly(2-undecylaniline)-b-poly[9,9-
dialkylfluorene]-b-poly(2-undecylaniline) (PANI-b-PF-b-PANI) onto a
glass slide.

Later, the synthetic methodology was adapted for the syn-
thesis of poly(3-hexylthiophene)-b-poly[9,9-dialkylfluorene]-
b-poly(3-hexylthiophene) triblock copolymers [P3HT-b-PF-b-
P3HT] (Scheme 5).'® Here, 2-bromothiophene was used as
monofunctional “end-capper” in the PF synthesis, followed by
a bromination of the 2-thienyl terminals in the reactive 5-po-
sitions. Subsequent poly(3-hexylthiophene) (P3HT) synthesis
via a so-called Grignard metathesis (GRIM) procedure after
McCullough produces the ABA-type block copolymers. Again,
side products (P3HT homopolymer) can be removed by sol-
vent extraction. Interestingly, the block copolymers show a
limited intramolecular excitation energy transfer from the
higher (PF) to the lower bandgap (P3HT) blocks after excita-
tion into the PF absorption band. In the solid state, however,
a complete intermolecular energy transfer is observed.

Ry Ry

PANI-b-PF-b-PANI

The poly(9,9-dialkylfluorene)/poly(3-alkylthiophene) cou-
ple represents a typical energy transfer system (with two com-
ponents with high and low bandgap energy, respectively).
However, for a potential future application in “bulk hetero-
junction”-type organic solar cells combinations of electron-
rich (donor) and electron-poor (acceptor) blocks are of primary
importance for obtaining an efficient interfacial charge trans-
fer (for the energy levels of such a couple see Figure 2).>° In
2006 we reported a straightforward two-step synthesis toward
all-conjugated donotr/acceptor/donor (DAD)-type triblock copol-
ymers with both electron-donor (D) and electron-acceptor (A)
blocks (Scheme 4).'” Hereby, cyano-substituted poly(phe-
nylene vinylene) (CNPPV), oligo(benzothiadiazole) (OBT) and
oligo(dicyanostilbene) (ODCNS) prepolymers with two bro-
moaryl terminals act as the central electron-acceptor (A) build-
ing block and are generated under Yamamoto-type aryl—
aryl-coupling conditions. In a “grafting-onto” approach the
dibromo-functionalized acceptor prepolymers are finally dec-
orated with two regioregular poly(3-hexylthiophene) (P3HT)
blocks in a coupling with monobromo-terminated Br-P3HT
macromonomers (Scheme 6), which have been selected as the
electron-donor block (D). The molecular weight of the differ-
ent blocks can be controlled by adjusting the polymerization
time and the substitution pattern (degree of alkyl substitu-
tion) of the monomers and macromonomers. Elemental anal-
ysis, NMR, DSC, and optical spectroscopy indicate the
existence of DAD-type all-conjugated triblock copolymers.
Atomic force microscopy (AFM) images of one triblock copol-
ymer (P3HT-b-CNPPV-b-P3HT) exhibit the formation of regu-
lar nanosized mesostructures in thin films. The conjugated
triblock copolymer P3HT-b-CNPPV-b-P3HT shows a distinctly
different morphology as compared to a corresponding poly-
mer blend.'” A covalent connection of donor (P3HT) and
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SCHEME 5. Synthesis of Poly(3-hexylthiophene)-b-poly[9,9-dialkylfluorene]-b-poly(3-hexylthiophene) (P3HT-b-PF-b-P3HT) Triblock

Copolymers®
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R{ R, Ni[0] Ry R,
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Br S Br
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1.) CHaMgX
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P3HT-b-PF-b-P3HT

9R,: -2-ethylhexyl or 3,7,11-trimethyldodecyl. R,: -n-hexyl.

SCHEME 6. Synthetic Scheme toward and Structures of All-Conjugated Donor/Acceptor/Donor (DAD)-Type Triblock Copolymers®
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9 Bis-P3HT was generated in a control experiment by coupling two Br-P3HT macromonomers.

acceptor (CN-PPV) blocks seems a favorable way to control the
scale length of nanostructure formation.

Adapting a similar synthetic approach, Bo and co-workers
described in 2007 a series of five all-conjugated ABA-type tri-
block copolymers containing hole-transporting polycarbazole
segments, electron-transporting polyoxadiazole segments, and
blue-light-emitting polyfluorene segments in two-step palla-
dium-catalyzed Suzuki-type aryl—aryl cross-coupling proto-
cols [for one example, a poly(N-octylcarbazole-2,7-diyl)-b-
poly(9,9-dioctylfluorene-2,7-diyl)-b-poly(N-octylcarbazole-2,
7-diyl) triblock copolymer (PCZ, ,-b-PF-b-PCZ, ;); see Scheme
7].'® Again, dibromoaryl-terminated precursors [polyfluorenes
(PFs) or polyoxadiazoles (PODs)] were synthesized first as the
central building blocks. Then, the dibromoaryl-terminated pre-
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cursors were further reacted with AB-type monomers
(2-bromo-9-octylcarbazole-7-pinacolato boronate, 2-bromo-
9,9-dioctylfluorene-7-pinacolato boronate) in a “grafting-from”
scheme to obtain the target triblock copolymers. The forma-
tion of the triblock copolymers was confirmed by gel perme-
ation chromatography (GPC) and NMR spectroscopy. Investiga-
tions of the optical properties indicate the occurrence of an
efficient intramolecular (“through bond’) energy transfer in
such triblock copolymers.'8

Extending our previous studies on all-conjugated block
copolymers, we investigated the synthesis and nanostructure
formation of an AB-type amphiphilic, all-conjugated poly-
thiophene-b-polyfluorene diblock copolymer containing two
conjugated blocks of different polarity in 2007."° The idea

September 2008 = Vol. 41, No. 9
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SCHEME 7. Synthesis of an All-Conjugated Poly(N-octylcarbazole-2,7-diyl)-b-poly(9,9-dioctylfluorene-2,7-diyl)-b-poly(N-octylcarbazole-2,7-diyl)

Triblock Copolymer (PCZ, ,-b-PF-b-PCZ, ;) after Bo et al.'®
°
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SCHEME 8. Synthetic Scheme toward the Amphiphilic, All-Conjugated Diblock Copolymer Poly[3-(6-diethylphosphonatohexyl)thiophene]-b-
poly[9,9-bis(2-ethylhexyl)fluorene] (P3PHT-b-PF2/6) and the lonic Diblock Copolyelectrolyte Poly[9,9-bis(2-ethylhexyl)fluorene]-b-poly|[3-(6-

trimethylammoniumhexyl)thiophene] (P3TMAHT-b-PF2/6)

O\ Pd[0], 8 hours
- =
(] . CeH12Br
CgH47' CgHyz H /S\ Br
Br-P3BrHT P3BrHT-b-PF2/6
P(OC,Hsg), N(CHz)3

140°C, 24 hours

CsH12PO(OC2H5)2

P3PHT-b-PF2/6

behind this approach was to introduce an additional driving
force for self-organization by using conjugated blocks of dis-
tinctly different polarity. Following this idea, an amphiphilic,
all-conjugated AB-type diblock copolymer P3PHT-b-PF2/6,
which is composed of a nonpolar, hydrophobic poly[9,9-bis(2-
ethylhexyl)fluorene] (PF2/6) and a polar, hydrophilic poly[3-
(6-diethylphosphonatohexyl)thiophene] (P3PHT) block, has
been synthesized. The switch to AB-type diblock copolymers
should further simplify our synthetic procedures and the inter-
pretation of the self-assembly behavior of the diblock
copolymer.

Our synthetic approach included three steps (Scheme 8).
First, a monobromo-terminated poly[3-(6-bromohexyl)thio-
phene] (Br-P3BrHT) macromonomer was prepared in a syn-
thetic protocol previously described by McCullough et al. with
a mean average molecular weight (M,) of 19,700 (GPC; PS
calibration).?° In the second step, a nonpolar diblock copoly-

Vol. 41, No. 9

80°C, 24 hours

C6H12N(CH3)3+ Br

P3TMAHT-b-PF2/6

mer precursor P3BrHT-b-PF2/6 was synthesized under Suzuki
cross-coupling conditions with 2-bromo-[9,9-bis(2-ethylhexyl)-
fluorene]-7-pinacolato boronate as bifunctional AB-type mono-
mer and the monobromo-terminated Br-P3BrHT macromono-
mer as end-capper (Scheme 8). Afterward, the separation of
the target block copolymer and homopolymeric side prod-
ucts was accomplished by several solvent extraction steps
which are based on the rather different solubility behavior of
the components. The M,, of the hydrophobic, nonpolar diblock
copolymer P3BrHT-b-PF2/6 was determined to be 29,900, cor-
responding to an M, of the PF2/6 block of about 10,000.
Within the GPC characterization of P3BrHT-b-PF2/6, the detec-
tion of the GPC chromatograms was recorded both at 380 and
at 450 nm, respectively, corresponding to the long wave-
length absorption maxima of the related homopolymers PF2/6
and P3BrHT in dilute solution. The GPC profiles display very
similar M,, and M,, values of P3BrHT-b-PF2/6 at both detec-
10861097
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FIGURE 4. Absorption spectra of an amphiphilic diblock copolymer
poly[3-(6-diethylphosphonatohexyl)thiophene]-b-poly|[9,9-bis(2-
ethylhexyl)fluorene] (P3PHT-b-PF2/6) in THF/water mixtures
[increasing water concentration: 0 (solid line); 50 (dashed); 60
(dotted); 70 (dash-dotted); 80 (short dotted); 90 (short dashed) %,
w/wl.

tion wavelengths. This is a clear proof that the resulting mate-
rial is not a mixture (blend) with one or both homopolymers.
Finally, the amphiphilic diblock copolymer P3PHT-b-PF2/6
containing both nonpolar, hydrophobic (PF2/6) and polar,
hydrophilic blocks (P3PHT) was generated by treating P3BrHT-
b-PF2/6 with excess triethyl phosphite. P3PHT-b-PF2/6 is sol-
uble in THF, chloroform, or acetone (P3BrHT-b-PF2/6 is not
soluble in acetone!). We could not exactly measure the molec-
ular weight of P3PHT-b-PF2/6 by conventional GPC due to the
strong interaction of the copolymer with the columns (adsorp-
tion).

Figure 4 shows UV-vis spectra of P3PHT-b-PF2/6 in dilute
solution (THF and THF/water mixtures; polymer concentra-
tion: 3.3 x 1072 mg mL™"). Hereby, pure THF is a nonselec-
tive solvent for both blocks. The absorption maximum
centered at about 380 nm reflects the absorption of the PF2/6
blocks. The PF2/6 absorption band is relatively insensitive to
aggregation processes.?! The second absorption maximum at
ca. 450 nm in pure THF can be attributed to the absorption of
the polar P3PHT blocks. The absorption maximum of the
P3PHT block of P3PHT-b-PF2/6 at 450 nm is very similar to
the absorption maximum of the homopolymer P3PHT in THF.
At high water contents of >70%, the polythiophene-related
band shows the well-known solvatochromic effect of regio-
regular polythiophenes. The A, value shifts from 450 to 540
nm when increasing the water content in the THF/water mix-
ture. The observed 90 nm red shift indicates an ongoing
aggregation of the P3PHT blocks due to the formation of
supramolecular aggregates, probably micellar or vesicular par-
ticles. As for the solution spectra of the diblock copolymer and
the related homopolymers similar 4,,,, values of the absorp-
tion maxima of P3PHT-b-PF2/6 and P3PHT, respectively, were
also found for the aggregated species in THF/water (1:9, v/v)

1,0

Solvent: THF/Water

0,5

Photoluminescnce (a.u.)

0.0 P

400 500 600 700
Wavelength (nm)

FIGURE 5. Emission spectra of an amphiphilic diblock copolymer
poly[3-(6-diethylphosphonatohexyl)thiophene]-b-poly[9,9-bis(2-
ethylhexyl)fluorene] (P3PHT-b-PF2/6) in THF/water mixtures [PL
excitation, 380 nm; increasing water concentration: 0 (solid line);
20 (dashed); 40 (dash-dotted); 60 (dotted); 80 (short dashed); 90
(short dotted) %, w/w].

or in the solid state (thin film). The distinct isosbestic point
observed for the lower energy P3PHT absorption band when
increasing the water content indicates the presence of only
two distinct species, isolated P3PHT-b-PF2/6 chains and aggre-
gates. The red shift of the P3PHT absorption maximum with
increasing water content is also documented in a distinct color
change from light yellow to purple. The solution UV-vis spec-
tra of P3PHT-b-PF2/6 in THF/hexane mixtures display a simi-
lar red shift of the absorption maximum 4,,,, of the P3PHT
block and a color change with increasing hexane content.
Both series of absorption spectra look very similar at first
glance. Supramolecular aggregation should occur both for
addition of the protic and polar water and for the nonpolar
hexane to the initial P3PHT-b-PF2/6 solution in THF as non-
selective solvent. Absorption spectroscopy alone cannot dif-
ferentiate between both aggregation processes.

However, photoluminescence spectroscopy gives some
deeper insight into the underlying self-assembly processes.
When excited into the absorption maximum 4,,,, of the PF2/6
block (380 nm), the photoluminescence (PL) spectra of P3PHT-
b-PF2/6 in dilute THF solution (concentration: 3.3 x 1072 mg
mL~") display the expected two series of emission bands at
400-500 nm (PF2/6) and 520-640 nm (P3PHT), respectively
(Figure 5). The orange-red emission of the P3PHT block is gen-
erated by fluorescence resonance energy transfer (FRET) from
the PF2/6 to the P3PHT blocks. The photoluminescence spec-
tra of P3PHT-b-PF2/6 in THF/water mixtures show a two-step
PL quenching process with increasing amount of water in the
solvent mixture. When the ratio of water is increased to 30%
(v/v), approximately 90% of the initial photoluminescence
from the PF2/6 block is quenched with almost no change of
the emission intensity from P3PHT block. While increasing the
water content stepwise to 90% (v/v) the lower energy photo-

1092 = ACCOUNTS OF CHEMICAL RESEARCH = 1086-1097 = September 2008 = Vol. 41, No. 9





All-Conjugated Block Copolymers Scherf et al.

FIGURE 6. AFM images (topography mode) of drop-cast P3PHT-b-PF2/6 solutions from THF/water mixtures [a, 30%; b, 80%, ¢, 90% water;

particle size: ca. 140 nm (a, b), 125 nm ().

luminescence component of the P3PHT blocks is also
quenched. This two-step photoluminescence quenching of
P3PHT-b-PF2/6 indicates the occurrence of a hierarchical self-
assembly process as already discussed during the presenta-
tion of the absorption spectra. The block copolymer molecules
initially dissolve as individual chains (in THF as nonselective
solvent) and self-assemble during the first PL quenching step
driven by an aggregation of the PF2/6 segments since their
solubility is distinctly reduced with increasing water content.
These aggregates should therefore consist of aggregated
PF2/6 blocks and nonaggregated P3PHT blocks. THF/water
mixtures with low water contents up to 30% (v/v) are still a
selective solvent for the hydrophilic P3PHT block. Increasing
the water content, also the initially individual P3PHT blocks
self-organize into aggregates. The formation of such dense
aggregates for water contents of >70% leads to an ongoing
photoluminescence quenching also for the P3PHT emission
component (Figure 5). This second PL quenching step is
accompanied by the already described red shift of the P3PHT
absorption band (see Figure 4). Compared with the emission
maximum of isolated P3PHT-b-PF2/6 chains in THF, the emis-
sion maximum of the aggregated P3PHT blocks (90% water)
exhibits a red shift of the PL maximum from 570 to 630 nm.
The photoluminescence spectra of P3PHT-b-PF2/6 in the oppo-
site THF/hexane system (concentration: 3.3 x 1072 mgmL™"),
in contrast to the nearly similar absorption spectra within the
THF/water and THF/hexane series, display distinct differences.
Increasing the hexane content from 50 to 90% (v/v) the emis-
sion of the P3PHT blocks is subsequently quenched without
significant changes of the spectral position and intensity of
PF2/6-related emission. The PL quenching behavior in this
case indicates an aggregation process starting with an agglom-
eration of the P3PHT blocks. Also high hexane contents (90%)
do not lead to a quenching of the PF2/6 emission. Hexane,
therefore, is a selective solvent for hydrophobic PF2/6 blocks.

The PL results well correspond to the already discussed
UV-vis experiments which showed distinct red shifts of the
P3PHT-related absorption bands for hexane contents >60%.
The above-described solvent-selective photoluminescence
quenching process of P3PHT-b-PF2/6 reflects a reversible and
controllable supramolecular aggregation in solvents and sol-
vent mixtures of different polarity, which can be used to form
preassembled supramolecular ensembles prior to film casting.

Atomic force microscopy (AFM) was used to monitor the
morphology of the aggregates in drop-cast films from differ-
ent solvent mixtures and to estimate the average size of the
aggregates, as shown in Figure 6. The contact-mode AFM
images clearly indicate that P3PHT-b-PF2/6 forms spherical
particles (micelles or vesicles) in THF/water mixtures with water
contents >30% (Figures 6a—c). The particles display a diam-
eter of approximately 140 nm for water contents of 30—800%,
in good agreement with the following light scattering (LS) data.
The AFM characterization displays an average height of the
particles of only ca. 35 nm. This finding clearly points toward
the occurrence of soft particles, probably vesicles. For water
contents up to 80% (Figures 6a/b) the particles seem slightly
agglomerated after drop casting onto mica, which indicates
some interaction of the soft shells (isolated, hydrophilic P3PHT
chains). For a water content of =90% the particles display a
small, but significant, reduction of their diameter and do not
longer show agglomeration into larger aggregates (Figure 6¢).
These findings are in full agreement with the discussion of the
absorption spectra and the PL quenching results (Figures 4 and
5), showing a red shift of the P3PHT absorption band and a
distinct PL quenching of the P3PHT emission (due to aggre-
gation) only for high water contents. Adding the nonpolar hex-
ane to THF solutions of P3PHT-b-PF2/6 spherical particles are
only observed for high hexane contents of >80%. This result
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FIGURE 7. (A) AFM topographic and (B) phase image (zoom-in area in A) of PF2/6-b-P3PHT Langmuir—Blodgett (LB) films transferred at 5

mN/m. Scan area: (A) 5.0 x 5.0 um? and (B) 2.5 x 2.5 um?2.

again supports the discussion of the optical spectra. The aver-
age diameter of the “reverse” particles was estimated to about
150 nm.

The interfacial behavior and the resulting surface morphol-
ogy of our all-conjugated diblock copolymer poly[9,9-bis(2-
ethylhexyl)fluorene]-b-poly|[3-(6-diethylphosphonatohexyl)-
thiophene] (PF2/6-b-P3PHT) was investigated by a
combination of the Langmuir—Blodgett (LB) technique for
monolayer formation at the water/air interface, optical spec-
troscopy, and AFM.*? For PF2/6-b-P3PHT diblock copolymer
monolayers formed after spreading a chloroform solution at
the air/water interface, well-defined gas, liquid-expanded, lig-
uid-condensed, and solid states were observed. At a certain
surface pressure the backbones of the polar P3PHT blocks
adopt an edge-on arrangement which is driven by the pen-
dant alkyl chains with the polar phosphonate side groups, i.e.,
the polymer main chain orients parallel to the air/water inter-
face with the planes of the thiophene rings in vertical orien-
tation (edge-on). For comparison of the morphological and
optical properties, three different LB films which have been
transferred at surface pressures of 5, 15, and 50 mN/m, spin-
or drop-cast films, and solutions were investigated. Spectral
shifts and intensity changes of UV-vis absorption and photo-
luminescence spectra of the transferred films were correlated
to changes of the surface morphology. The emission proper-
ties after excitation into the higher bandgap PF2/6 absorp-
tion band were governed both by fluorescence resonance
energy transfer (FRET) to and conformational changes within
the P3PHT block. The AFM images nicely illustrate the forma-
tion of vesicular species at low surface pressures (Figure 7) and
their transition into a monolayer lamellar phase upon

increased surface pressure. The diblock copolymer monolay-
ers show a clear correlation of their absorption and emission
properties and the aggregation behavior at the air/water inter-
face.*?

Solutions of P3PHT-b-PF2/6 in pure THF were also investi-
gated by static and dynamic light scattering (SLS/DLS). Two
populations with hydrodynamic radia Ry, ; of ca. 10 and R, ,
of ca. 60 nm, respectively, were found. The smaller species
are unimers, which represent the dominant mass fraction in
solution. Since light scattering is highly sensitive on large par-
ticles, the population of larger size represents only a tiny frac-
tion of the polymer. With the radius of gyration of R, , = 60
nm a characteristic ratio R,/Ry, close to unity is calculated,
which is indicative of vesicle formation. The vesicle forma-
tion with its relatively low local curvature can be rationalized
on the basis of densely packed rod—rod polymers, whereby
both blocks exhibit a similar molecular size. The dimensions
of the vesicles from SLS/DLS well correspond to the size
observed in the AFM investigations. As a conclusion of the
optical and morphology investigations Figure 8 gives a sche-
matic illustration of the proposed self-assembly process into
vesicular species in THF/water mixtures of different water
content.

A next plausible step and extension of our synthetic
approach was the generation and characterization of the cor-
responding ionic analogues to the previously described
amphiphilic, all-conjugated block copolymers (P3PHT-b-PF2/6)
that contain both ionic (polyelectrolyte) and nonpolar blocks.?*
The resulting block polyelectrolytes are expected to exhibit
solubility in protic solvents including water and a unique self-
assembling behavior which may be reflected in a specific
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FIGURE 8. Schematic illustration of the vesicle formation in an
amphiphilic, all-conjugated block copolymer of the rod—rod type:
poly[3-(6-diethylphosphonatohexyl)thiophene]-b-poly[9,9-bis(2-
ethylhexyl)fluorene] (P3PHT-b-PF2/6) in THF/water mixtures of
different composition.

response of the optical and electronic properties to specific
changes of the surrounding environment. Solubility in water
is a crucial prerequisite for a potential use in biosensors (via
polyelectrolyte/analyte interactions).

The synthesis of the novel, ionic poly[9,9-bis(2-ethyl-hexyl)-
fluorene]-b-poly[3-(6-trimethylammoniumhexyl)thiophene]
(P3TMAHT-b-PF2/6) block copolymer is depicted in Scheme 8
(right). In a first step, again monobromo-terminated poly(3-
bromohexylthiophene) (Br-P3BrHT) was prepared, in this case
with a mean average molecular weight M,, of ca. 10,000 (cor-
responding a degree of polymerization D, of ca. 40) and M,,
of ca. 18,000 [polydispersity PD (M,,/M,): 1.8] in a protocol
first described by McCullough et al. 2° The second step
involves a Suzuki-type cross coupling of 2-bromo-9,9-bis(2-
ethylhexyl)fluorene-7-boronic ester using Pd(PPhs), as cata-
lyst and BrP3BrHT as macromolecular end-capper to
synthesize the already described nonpolar diblock copolymer
precursor P3BrHT-b-PF2/6." The number average molecular
weight M, of the diblock copolymer P3BrHT-b-PF2/6 was
18,000, with a M,, of 25,000 and a PD of 1.4. The mean
average molecular weight of the PF2/6 block was calculated
from the sum molecular weight of the block copolymer
P3BrHT-b-PF2/6 and the M, of the polythiophene block
(10,000) to 8,000 (Dy: ca. 21). The final polymer-analogous
conversion in the synthesis of the cationic diblock copolyelec-
trolyte P3TMAHT-b-PF2/6 involves the quarternization of the
6-bromohexyl functions of the nonionic precursor P3BrHT-b-
PF2/6 with trimethylamine (Scheme 8).%3

P3TMAHT-b-PF2/6 is soluble in polar, protic solvents such
as water and methanol. Electrical conductivity studies of
P3TMAHT-b-PF2/6 in water and methanol point for a higher
degree of ionization (dissociation) in water. Absorption/pho-
toluminescence (PL) as well as PL quantum yield (PLQL) mea-
surements indicate the presence of strongly aggregated
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FIGURE 9. UV/vis and photoluminescence (PL) spectra of the
diblock copolymer P3TMAHT-b-PF2/6 in water and methanol (PL
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FIGURE 10. Emission spectra of the ionic polythiophene blocks of
P3TMAHT-b-PF2/6 for the addition of SDS to aqueous solutions of
the diblock copolymer [polymer concentration, 2 uM; excitation
wavelength, 430 nm; SDS concentration in increasing order: 0 (solid
line); 6.4 (dotted); 7.2 (dash-dotted); 10.4 (short dashed); 12.8 (short
dotted); 50 (dashed); 160 (short dash-dotted) uMl].

species in aqueous solution. An addition of 30—70% THF
leads to a subsequent deaggregation which is accompanied
by an increased PLQY and a 50 nm blue shift of the emis-
sion maximum for the ionic polythiophene block. Both absorp-
tion and PL spectra of P3TMAHT-b-PF2/6 show spectral
signatures of both blocks (Figure 9). Hereby, the large Stokes
loss for the ionic polythiophene building block with 4,4, (ab-
sorption) at ca. 430 and A,,.(emission) at ca. 560 nm (sol-
vent: methanol) documents a distinctly coiled, disordered
conformation as driven by the electrostatic repulsion of the
charged, cationic side groups. However, the addition of an
oppositely charged anionic surfactant sodium dodecyl sulfate
(SDS) leads to an ongoing compensation of the charges and
to the formation of highly ordered polyelectrolyte/surfactant
complexes as indicated by a distinct red shift of the PL max-
imum (for the polythiophene component) and the occurrence
of a well-resolved vibronic structure in the PL band (Figure 10).
An AFM investigation of PSTMAHT-b-PF2/6 aggregates formed
in methanol demonstrates the presence of collapsed vesicu-
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FIGURE 11. AFM image (contact mode) of drop-cast P3STMAHT-b-
PF2/6 aggregates from methanol onto an untreated glass slide
(P3TMAHT-b-PF2/6 concentration, 0.03 g/L; average size, 2—5 um).

lar species with a diameter of ca. 2—5 um (Figure 11, shown
for vesicles formed after drop casting from methanol).>* Inter-
estingly, drop casting of diblock copolymer P3TMAHT-b-PF2/6
from water leads to the formation of aggregates with fractal
morphologies as been also observed for other nonconjugated
amphiphlic block copolymers (PS-b-PEO).?* Future work will be
directed to the complexation behavior of PSTMAHT-b-PF2/6
with anionic polyelectrolytes as polystyrene sulfonic acid
(PSSA) or DNA.

Conclusion

A crucial point in the optimization of organic solar cell mate-
rials is a rational control of their nanostructure formation. All-
conjugated block copolymers open the unique possibility to
engineer materials with tailor-made electronic (fine-tuning of
the HOMO and LUMO energy levels of the conjugated blocks)
and morphological (solid state morphology of the active layer)
properties. Especially di- or triblock copolymers will allow for
the organization of these materials into large area ordered
arrays with a length scale of nanostructure formation of the
order of the exciton diffusion length of organic semiconduc-
tors (typically ca. 10 nm).

Only 6 years of initial research into the field of all-conju-
gated block copolymers have gained a bundle of very prom-
ising synthetic approaches and already realized target
structures. Especially for amphiphilic diblock copolymers with
two blocks of rather different polarity the formation of defined,
nanosized supramolecular structures has been observed
(micelles, vesicles, lamellar structures) which opens the oppor-
tunity for both fundamental and application studies. The com-
bination of the typical block copolymer architectures and the
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unique electronic functions of conjugated polymers may result
in the development a new generation of organic photovol-
taic materials with high solar energy conversion efficiency.

However, a lot of further research is necessary to develop
all-conjugated block copolymers with optimized donor/accep-
tor couples for solar cell applications (showing high open cir-
cuit voltage, short circuit current and fill factor). The
multiparameter optimization of the block copolymer materi-
als toward an application in organic solar cells must consider
both the electronic and morphological (self-assembly)
properties.

The authors would like to thank Prof. Rigoberto Advincula and
co-workers, Houston/US (Langmuir—Blodgett films of all-conju-
gated PF2/6-b-P3PHT); Prof. Hugh Burrows and co-workers,
Coimbra/Portugal (optical investigations of polyelectrolytes);
Prof. Ludwig Josef Balk and co-workers, Wuppertal/Germany
(AFM); Prof. Markus Antonietti and Reinhard Sigel, MPIKG Pots-
dam/Germany (SLS/DLS); and Prof. Dieter Neher and co-work-
ers, Potsdam/Germany (AFM) for a very fruitful and challenging
collaboration. The synthetic contributions of Guoli Tu, Heinz-
Georg Nothofer, Roland Giintner, Udom Asawapirom, Christo-
pher Schmitt and Michael Forster (Wuppertal) are greatly
acknowledged as well as the support in the AFM characteriza-
tion of the novel block copolymers by Ralf Heiderhoff, Hongbo
Li and Sylwia Adamczyk (Wuppertal).

BIOGRAPHICAL INFORMATION

Prof. Dr. Ullrich Scherf studied chemistry at the Friedrich-
Schiller-Universitdt (Jena, East Germany) and received his Ph.D. in
1988 under the supervision of Prof. Dr. H.-H. HOrhold (synthesis
of PPV-type conjugated polymers, carbonization of polymer films).
He spent one postdoc year at the Institut fir Tierphysiologie, Sach-
sische Akademie der Wissenschaften zu Leipzig (East Germany) in
the group of Prof. Dr. H. Penzlin (isolation and characterization of
cockroach hormones). After that he joined the MPI for Polymer
Research, Mainz, Germany, in 1990 (synthetic polymer chemis-
try group, Prof. Dr. K. Miillen) and obtained his habilitation from
the Johannes-Gutenberg-Universitat Mainz, Germany, in 1996
(polyarylene-type ladder polymers). In 1998 he received the
Meyer-Struckmann Research Award, in 2000 he became C3-Pro-
fessor for Polymer Chemistry at the Universitat Potsdam, Ger-
many, and in 2002 C4-Professor for Macromolecular Chemistry
at the Bergische Universitat Wuppertal, Germany. He published ca.
460 papers in refereed journals. Homepage: http://www2.uni-
wuppertal.de/FB9/poly/.

Andrea Gutacker studied chemistry at the University of Wup-
pertal and received her Diploma degree in 2007. In October
2007 she started her Ph.D. work in the group of Ullrich Scherf on
cationic, conjugated diblock copolymers.

September 2008 = Vol. 41, No. 9





Nils Koenen studied chemistry at the University of Wuppertal
and received his Diploma degree in 2006. In February of 2007
he started his Ph.D. work under the supervision of Ullrich Scherf

on the synthesis of amphiphilic, all-conjugated diblock copoly-
mers.

FOOTNOTES
*E-mail: scherf@uni-wuppertal.de.

REFERENCES

1 Liang, Y.; Wang, H.; Yuan, S.; Lee, Y.; Yu, L. Conjugated block copolymers and co-
oligomers: from supramolecular assembly to molecular electronics. J. Mater. Chem.
2007, 17, 2183-2194.

2 () Yokoyama, A.; Miyakoshi, R.; Yokozawa, T. Chain-Growth Polymerization for
Poly(3-hexylthiophene) with a Defined Molecular Weight and a Low Polydispersity.
Macromolecules 2004, 37, 1169-1171. (b) Miyakoshi, R.; Shimono, K.; Yokoyama,
A.; Yokozawa, T. Catalyst-Transfer Polycondensation for the Synthesis of Poly(p-
phenylene) with Controlled Molecular Weight and Low Polydispersity. J. Am. Chem.
Soc. 2006, 728, 16012—-16013. (c) Yokoyama, A.; Suzuki, H.; Kubota, Y.; Ohuchi,
K.; Higashimura, H.; Yokozawa, T. Chain-Growth Polymerization for the Synthesis of
Polyfluorene via Suzuki-Miyaura Coupling Reaction from an Externally Added Initiator
Unit. J. Am. Chem. Soc. 2007, 129, 7236-7237.

3 Sun, S.; Fan, Z.; Wang, Y.; Haliburton, R.; Taft, C.; Maaref, S.; Seo, K.; Bonner, C. E.
Conjugated block copolymers for opto-electronic functions. Synth. Met. 2003, 137,
883-884.

4 Zhang, C.; Choi, S.; Haliburton, J.; Li, R.; Cleveland, T.; Sun, S.; Ledbetter, A.;
Bonner, C. Design, Synthesis, and Characterization of a -Donor-Bridge-Acceptor-
Bridge- Type Block Copolymer via Alkoxy- and Sulfone- Derivatized
Poly(phenylenevinylenes). Macromolecules 2006, 39, 4317-4326.

5 Sun, S.-S. Design of a block copolymer solar cell. Sol. Energy Mater. Sol. Cells
2003, 79, 257-264.

6 Sun, S.-S.; Zhang, C.; Ledbetter, A.; Choi, S.; Seo, K.; Bonner, C. A.; Drees, M.;
Sariciftci, N. S. Photovoltaic enhancement of organic solar cells by a bridged donor-
acceptor block copolymer approach. Appl. Phys. Lett. 2007, 90, 043117,

7 Kroeze, J. E.; Savenije, T. J.; Vermeulen, M. J. W.; Warman, J. M. Contactless
Determination of the Photoconductivity Action Spectrum, Exciton Diffusion Length,
and Charge Separation Efficiency in Polythiophene-Sensitized TiO, Bilayers. J. Phys.
Chem. B2003, 107, 7696—7705.

8 Lewis, A. J.; Ruseckas, A.; Gaudin, 0. P. M.; Webster, G. R.; Burn, P. L.; Samuel,

I. D. W. Singlet exciton diffusion in MEH-PPV films studied by exciton-exciton
annihilation. Org. Electron. 2006, 7, 452—456.

9 Haugeneder, A.; Neges, M.; Kallinger, C.; Spirkl, W.; Lemmer, U.; Feldmann, J.;
Scherf, U.; Harth, E.; Glgel, A.; Millen, K. Exciton diffusion and dissociation in
conjugated polymer/fullerene blends and heterostructures. Phys. Rev. B1999, 59,
15346-15351.

All-Conjugated Block Copolymers Scherf et al.

10 Wang, H. B.; Ng, M.-K.; Wang, L. M.; Yu, L. P.; Lin, B.; Meron, M.; Xiao, Y.
Synthesis and Characterization of Conjugated Diblock Copolymers. Chem.—Eur. J.
2002, 8, 3246-3253.

11 Isomura, M.; Misumi, Y.; Masuda, T. Synthesis of an amphiphilic conjugated
polymer through block copolymerization of phenylacetylene and (p-
trityloxycarbonylphenyl)acetylene and the subsequent hydrolysis. Polym. Bull. 2001,
46, 291-297.

12 Schmitt, C.; Nothofer, H.-G.; Falcou, A.; Scherf, U. Conjugated Polyfluorene/
Polyaniline Block Copolymers. Macromol. Rapid Commun. 2001, 22,

624-628.

13 Guntner, R.; Asawapirom, U.; Forster, M.; Schmitt, C.; Stiller, B.; Tiersch, B.; Falcou,
A.; Nothofer, H.-G.; Scherf, U. Conjugated Polyfluorene/Polyaniline Block
Copolymers - Improved Synthesis and Nanostructure Formation. Thin Solid Films
2002, 417,1-6.

14 Plank, H.; Glintner, R.; Scherf, U,; List, E. J. W. The Influence of Metal Grain Size on
Polymer/Metal Bilayer Wrinkling. Soft Matter 2007, 3, 713-717.

15 Plank, H.; Glintner, R.; Scherf, U.; List, E. J. W. Structural and Electronic properties
of the First Monolayers of Spin-Cast Polyfluorene-Based Conjugated-Polymer Films.
Adv. Funct. Mater. 2007, 17, 1093-1105.

16 Asawapirom, U.; Giintner, R.; Forster, M.; Scherf, U. Semiconding block copolymers
- Synthesis and Nanostructure Formation. Thin Solid Films 2005, 477, 48-52.

17 Tu, G; Li, H.; Forster, M.; Heiderhoff, R.; Balk, L. J.; Scherf, U. Conjugated triblock
copolymers containing both electron-donor and electron-acceptor blocks.
Macromolecules 2006, 39, 4327-4331.

18 Xiao, X.; Fu, Y.; Sun, M.; Li, L.; Bo, Z. Synthesis and characterization of conjugated
triblock copolymers. J. Polym. Sci., Part A 2007, 45, 2410-2424.

19 Tu, G; Li, H.; Forster, M.; Heiderhoff, R.; Sigel, R.; Balk, L. J.; Scherf, U.
Amphiphilic, Conjugated Block Copolymers - Synthesis and Solvent-Selective
Photoluminescence Quenching. SMALL 2007, 3, 1001-1006.

20 Zhai, L.; McCullough, R. Layer-by-layer Assembly of Polythiophene. Adv. Mater.
2002, 74, 901-905.

21 Scherf, U.; List, E. J. W. Semiconducting Polyfluorenes - Towards Reliable
Structure-Property-Relations. Adv. Mater. 2002, 14, 477-487.

22 Park, J. Y.; Koenen, N.; Ponnapati, R.; Forster, M.; Scherf, U.; Advincula, R. Vesicle
formation and fusion into a monolayer lamellar phase of an amphiphilic
polyfluorene-b-polythiophene diblock copolymer at the air-water interface.
Macromolecules 2008, 41, in press.

23 Gutacker, A.; Koenen, N.; Adamczyk, S.; Scherf, U.; Pina, J.; Fonseca, S. M.; Seixas
de Melo, J.; Valente, A. J. M.; Burrows, H. D. Synthesis, photophysics and solution
behaviour of cationic fluorene-thiophene diblock copolymers. Macrmol. Rapid
Commun. 2008, 29, F50-F51.

24 Peng, J.; Han, Y.; Knoll, W.; Kim, D. H. Development of nanodomain and fractal
morphologies in solvent annealed block copolymer thin films. Macromol. Rapid
Commun. 2007, 28, 1422—1428.

Vol. 41, No. 9 = September 2008 = 1086-1097 = ACCOUNTS OF CHEMICAL RESEARCH = 1097










ACCOUNTS

of chemical research

Monolayers and Multilayers of Conjugated

Polymers as Nanosized Electronic Components

GIANNI ZOTTI* AND BARBARA VERCELLI
Istituto CNR per I'Energetica e le Interfasi, c.o. Stati Uniti 4, 35127 Padova, ltaly

ANNA BERLIN
Istituto CNR di Scienze e Tecnologie Molecolari, via C.Golgi 19, 20133 Milano, Italy

RECEIVED ON JANUARY 9, 2008

CONSPECTUS

Conjugated polymers (CPs) are interesting materials for

preparing devices based on nanoscopic molecular archi-

tectures because they exhibit electrical, electronic, magnetic,

and optical properties similar to those of metals or semicon- >
ductors while maintaining the flexibility and ease of process-
ing of polymers. The production of well-defined mono- and
multilayers of CPs on electrodes with nanometer-scale, one-
dimensional resolution remains, however, an important chal-
lenge. In this Account, we describe the preparation and
conductive properties of nanometer-sized CP molecular struc-
tures formed on electrode surfaces—namely, self-assembled
monolayer (SAM), brush-type, and self-assembled multilayer
CPs—and in combination with gold nanoparticles (AuNPs).

We have electrochemically polymerized SAMs of carboxy-
alkyl-functionalized terthiophenes aligned either perpendic-
ular or parallel to the electrode surface. Anodic coupling of
various pyrrole- and thiophene-based monomers in solu-
tion with the oligothiophene-based SAMs produced brush-
like films. Microcontact printing of these SAMs produced
patterns that, after heterocoupling, exhibited large height
enhancements, as measured using atomic force microscopy (AFM).

We have employed layer-by-layer self-assembly of water-soluble polythiophene-based polyelectrolytes to form self-assem-
bled multilayers. The combination of isostructural polycationic and polyanionic polythiophenes produced layers of chains aligned
parallel to the substrate plane. These stable, robust, and dense layers formed with high regularity on the preformed monolayers,
with minimal interchain penetration. Infrared reflection/adsorption spectroscopy and X-ray diffraction analyses revealed unprec-
edented degrees of order. Deposition of soluble polypyrroles produced molecular layers that, when analyzed using a gold-
coated AFM tip, formed gold—polymer—gold junctions that were either ohmic or rectifying, depending of the layer sequence.

We also describe the electronic conduction of model o,«w-capped sexithiophenes featuring a range of electron donor/acceptor
units and lengths of additional conjugation. The sexithiophene cores exhibit redox-type conductivity, developing at the neutral/
cation and cation/dication levels with values depending the nature of the substitution and the redox system. Extending the con-
jugation beyond the sexithiophene frame introduces further oxidation processes displaying enhanced conductivity.

Finally, we discuss the ability of CP-based monolayers to coordinate AuNPs. Although thiophene- and pyrrole-based oligo-
mers aggregate toluene-soluble AuNPs, alkyl substitution inhibits the aggregation process through steric restraint. Consequently,
we investigated the interactions between AuNPs and polypyrrole or polythiophene monolayers, induding those formed from star-
shaped molecules. The hindered aggregation provided by alkyl substituents allowed us to adsorb thiol-functionalized oligoth-
iophenes and oligopyrroles directly onto preformed AuNPs. Novel materials incorporating AuNPs of the same size but bearing
different conjugated ends or bridges have great promise for applications in electrocatalysis, electroanalysis, and organic electronics.
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Introduction

Since their discovery at the end of the 1970s, conjugated
polymers (CPs) have been most widely investigated for bulk
applications associated with their conducting properties. The
beginning of the 1990s marked a turning point in the field,
with an explosion of research on new applications based on
the semiconducting properties of neutral oligomeric CPs, such
as in electronic devices like field-effect transistors (FETs) and
light-emitting diodes (LEDs)."

At the beginning of the millennium, a new interest in CPs
has originated from their possible use as molecular switches
or logic gates in future devices based on nanoscopic molec-
ular architectures.? Nanosized CPs appeared particularly inter-
esting in the light of emerging molecular electronics.® The
widespread development at that time of scanning tunneling
and atomic force microscopies has given favorable conditions
for significant progress in this field.

CPs as building blocks for synthesis of nanostructured
materials and devices* are particularly appealing because they
exhibit electrical, electronic, magnetic, and optical properties
similar to metals or semiconductors while keeping flexibility,
ease of processing, and control of electrical conductivity. The
electrical conductivity of these polymers can vary from an
insulator to almost a metallic state and can be reversibly mod-
ulated over 15 orders of magnitude by controlling the dopant
type and level.>Micro- and nanotechniques such as photolithog-
raphy, microcontact printing, scanning electrochemical microli-
thography, and electrochemical dip-pen lithography have been
used for fabricating micro- and nanoscale structures from conju-
gated polymers. The way to real nanocontrol still has much to be
done due to limitations in yield, resolution, material type, posi-
tioning, and production of high-density arrays.

CP chains are molecular wires that may be driven between
the conductive and the insulating state. Understanding of the
basic conductivity of these structures is a fundamental prerequi-
site for the general understanding of the conductive properties of
conjugated molecular wires. Therefore the production on elec-
trodes of well-defined mono- and multilayers of CPs is of high
importance given their nanometer-size one-dimensional
resolution.

Conjugated molecules may form supramolecularly assem-
bled structures.® The discovery of how polyconjugated rigid-
rod molecules may be ordered on (conducting) surfaces via
simple techniques is the goal of our investigations.

In a simplified picture polymeric layers can adopt brush or
sandwich conformations. Brush structures may be produced
through initiation from well-organized and functional surfaces,
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obtained through surface grafting (through anodic coupling)”
of monomers on self-assembled monolayers (SAMs). Sand-
wich structures may be formed via electrostatic self-assem-
bly (ESA) of structurally well-defined polymers.

The aim of this Account is to provide an overview of recent
work carried out in our laboratories on the preparation of
novel CP-based nanometer-size molecular structures on sur-
faces, supported by synthesis and characterization of new
monomers and oligomers with new and promising proper-
ties and corroborated by the realization of prototype applica-
tive examples. We will present in the order SAMs, brush-like
assemblies, and ESA multilayers of CPs. In this context, we
present also results on the conductive properties of the struc-
tures, with particular emphasis on the electronic responses of
monolayers, and the conductive properties of well-defined oli-
gomeric structures of interest in molecular electronics. Finally
we will show results we obtained on combined metal (essen-
tially gold) nanoparticles and CP structures.

CP Self-Assembled Monolayers

Organized layers of conjugated polymers or oligomers have
attracted much attention for their possible use in many differ-
ent fields. The conjugated sz-electrons form a one-dimensional
electron system with electrical and optical properties that may
be strongly influenced by interchain interactions.

Self-assembly (SA), a most widely used method for the con-
struction of organized supramolecular structures, has grown to
an impressive level. In particular self-assembled monolayers
(SAMs) are well documented.®

The use of conjugated oligomers or polymers in SAMs is at
present valid for optoelectronic applications and for molecular
electronics.? In particular oligothiophenes, and specifically
sexithiophene, ' have shown in this respect high utility as thin
films.

We have produced stable monolayers on transparent
indium tin oxide (ITO) electrodes from carboxyalkyl-function-
alized bithiophenes and terthiophenes bearing the oligoth-
iophene tail either perpendicularly or linearly linked to the
surface-bound carboxyl-terminated alkyl chain (Scheme 1).""
Electrochemical oxidation of the layer of perpendicular adsor-
bate 1 produced coupling to a polymer monolayer essentially
constituted by thiophene hexamers (Figure 1). In contrast, oxi-
dation of a monolayer of 2 did not produce the polymer.
Since the monomeric units in polythiophenes are as a rule
anti-coupled, it is required that the bithiophenes bend around
flexible alkyl chains to allow this conformation. The absence
of polymerization from adsorbed 2 may be attributed to the
rigid connection to the surface (the long and flexible alkyl
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SCHEME 1. Oligothiophene Carboxylates on ITO
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chain of 1 is absent), which prevents correct alignment of the
bithiophene moieties.

With yet another behavior, the linear terthiophene 3 may
be oxidatively coupled with 2,2'-bithiophene in solution to
polythiophene chains. The SA linear terthiophene 3 may be
coupled with itself in solution to produce a one-end surface-
grafted monolayer of sexithiophene (6) (formula in Scheme 3).

CP Brush Layers

SAMs may be initiator systems for the preparation of uniform
and densely grafted polymer brushes. Controlling the graft-
ing density of the resulting polymer brush by, for example,
mixing SAMs allows the preparation of two-component gra-
dients or the construction of complex spatial structures. The
latter can be formed by, for example, microcontact printing for
structures ranging from 100 nm to several hundred
micrometers.

We have used a combination of directed deposition of
functionalized areas of SAMs and consecutive surface-initi-
ated polymerization (Figure 2), which allows a superior con-
trol of pattern formation and amplification of the patterns by
creating polymer-brush layers at predefined sites. Surface
defects and topological features of the substrate are covered
by the polymer brush producing a higher contrast between
chemical and physical properties of functionalized and unfunc-
tionalized areas.

To this end, we have performed the anodic coupling of dif-
ferent pyrrole- and thiophene-based monomers with oligoth-
iophene-based self-assembled monolayers on ITO and gold
electrodes.'? Both monomeric and dimeric molecules have
been tested as monomers for coupling with bithiophene-, ter-
thiophene-, 3,4-ethylenedioxythiophene-, and bi-3,4-ethylene-
dioxythiophene-tailed monolayers. Carboxylate and phos-
phonate heads were used as hooks to form monolayers on
the ITO surface, whereas thiol heads were used for gold.
Scheme 2 shows the formulas of the compounds used, sur-
face linkers at the top and monomers at the bottom.

The reactivity to couple, higher for the monomeric than for
the dimeric monomers,” allows extensive coupling only to the
former, in fact to capped pyrrole and 3,4-ethylenedioxythio-
phene. Considering the coupling site on the surface, ter-
thiophene and Dbi-3,4-ethylenedioxythiophene couple
efficiently with monomers in solution. The practical result is
that the best combination for such heterocoupling is ter-
thiophene-headed monolayers and pyrrole- or 3,4-ethylene-
dioxythiophene-based monomers, as illustrated in Figure 2. In
this way, nanometer-size layers of conjugated polymers with
nominally normal orientation of the chain to the surface (poly-
mer brush electrodes) have been successfully produced.

The first immediate result of this investigation is that micro-
contact printing on gold and ITO surfaces produces patterns
for which heterocoupling yields strong AFM-measured height
enhancements, from nonobserved to clearly evident nano-
meter-size structures (Figure 3). A second long-term result is
the possible use of this heterocoupling approach for the real-
ization of organized structures on electrically addressed sur-
faces, of particular interest in molecular electronics.

CP Multilayers by Electrostatic
Self-Assembly

In the course of the last years, the layer-by-layer electrostatic
adsorption technique introduced by Decher'? has been par-
ticularly considered as a way to prepare thin, mechanically
robust polymer films. This self-assembly method involves the
sequential adsorption of polyelectrolytes from dilute solution
onto an oppositely charged substrate leading to charge rever-
sal on the surface. The simplicity of the method makes
layer-by-layer self-assembly applicable to a wide variety of
polyelectrolytes and attractive for a number of potential appli-
cations. The formation of multilayer films by this electrostatic
self-assembly (ESA) has been extensively reviewed.'*
Polythiophene-Based Multilayers. Polythiophene-based
polyelectrolyte multilayers have been layer-by-layer depos-
ited from polymer solution on ITO/glass and gold substrates
and characterized by UV—vis spectroscopy, AFM, and cyclic
voltammetry."'> For the first time, isostructural thiophene-based
polycations and polyanions 4 and 5 (Scheme 3), alternated
reciprocally or with nonelectroactive polyions such as polyal-
lylammonium or polystyrenesulfonate, have been used to pro-
duce layers with the polyconjugated chain parallel to the
substrate plane. The bolaform amphiphile molecule o,w-bis-
(carboxyhexyl)sexithiophene (6) was alternated with polyally-
lamine to produce multilayers with the conjugated chain
formally perpendicular to the substrate plane. Robust regu-
larly alternated multilayers of the two types have been pro-
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FIGURE 1. Reaction scheme (left) and cyclic voltammetry (CV, right) of a monolayer of 1 on ITO in acetonitrile + 0.1 M Bu,NCIO, at 0.1 V
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SCHEME 2. Pyrrole- and Thiophene-Based Monomers for Brush Layers
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duced up to 20—30 bilayers. The multilayers have been
shown to be electroactive, with CV current and optical
responses proportional to the number of layers (Figure 4).

The possibility of forming layers with reduced or oxidized
polythiophene backbones has allowed determination of the
dependence of the growth rate on the oxidation state of the
polythiophene and the conductive properties of the layers,
both along the layer plane and perpendicular to it. Charge
transport between the electrode and the layers has been
investigated by cyclic voltammetry, whereas photolumines-
cence spectroscopy has allowed assessment of the influence
of the layers on the carrier photogeneration in comparison
with the vacuum-deposited polycrystalline material.
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Subsequently,'® we have considered the analogous poly-
mers with symmetrical alkylsulfonate (4b) and alkylammo-
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FIGURE 2. Polypyrrole brush formation from terthiophene thiolate
on gold.

nium (5b) disubstitution (Scheme 4) and the electrostatic self-
assembly between them and with other conventional
polyions. It was expected that these rigid-rod symmetrical mol-
ecules would arrange in layers with superior regularity.
These new water-soluble highly symmetric polycationic and
polyanionic polythiophenes, produced by anodic coupling,
form stable and dense monolayers on bare ITO and primed-
gold surfaces. Electrostatic self-assembly of multilayers occurs
with regularity on the preformed monolayers. Films with a
minimal interchain penetration are obtained from the poly-
thiophenes due to their chain stiffness. Infrared reflection-ad-
sorption spectroscopy (IRRAS) and X-ray diffraction (XRD)
analysis have evidenced in these ESA layers a degree of order
not observed in previous polyconjugated multilayers and
likely due to a good geometrical matching between anionic
and cationic polymers via proper charge density values.
Finally,'” taking into account the exceptionally highly sta-
bility and conductivity of poly(3,4-ethylenedioxythiophene)
(PEDT),"® we have produced organosoluble conducting PEDTs
bearing short or long oligoethyleneoxide chains (6b in
Scheme 4). Soluble conducting polymers were produced by
anodic coupling. A PEDT bearing a short oligoethyleneoxide
chain adsorbs as a stable, conducting, and electroactive mono-
layer on ITO and glass surfaces. Layer-by-layer alternation of
doped PEDTs with poly(sodium-p-styrenesulfonate) has given
electroactive and robust multilayers with low surface resistiv-
ity and fast switchability between the doped and the undoped
forms. The first property may be useful for the production of
high-quality antistatic layers on insulating surfaces such as
glass or quartz. The second may be of interest for the produc-
tion of efficient electrochromic devices and for contacting effi-
ciently the ITO surface of organic LEDs and photodiodes.

Polypyrrole-Based Multilayers. Since for fabrication of
micro- and nanoscale structures the production on electrodes
of well-defined mono- and multilayers of CPs is of high impor-
tance, given their nanometer-size one-dimensional resolution,
we have produced SAMs and subsequently ESA multilayers of
soluble polypyrroles (Scheme 5) on gold and platinum sur-
faces.'® Monolayers are intended not as layers of controlled
thickness of bulk material but as molecularly sized regular dis-
positions of polymer chains on conducting surfaces.

Gold and platinum surfaces were used bare or primed with
an anionic 3-mercaptopropylsulphonate or a Nafion layer.
Nafion solutions were for the first time reported to form sta-
ble, reproducible, and well-characterized monolayers on noble
metal surfaces. Polystyrenesulfonate and Nafion were used as
polyanions for ESA. ESA proceeds with a growth rate linear
with number of bilayers and particularly high with Nafion,
which appears to be an efficient primer for all the investigated
polypyrroles.

Gold—polymer—gold junctions, obtained by mechanical
contact between a polypyrrole SAM on gold and a gold-coated
AFM tip, are ohmic with Simmons characteristics in the case
of poly(N-hexyl-cyclopentalc]pyrrole) (10). In contrast, gold—
polymer—gold junctions rectify current in polypyrrole sulfos-
uccinate (7) (Figure 5a), and alternation of rectifying and
ohmic (Simmons) characteristics is observed with progressive
ESA (Figure 5b,0).

Molecular rectifiers, that is, devices in which molecules
allow the passage of a larger current in one bias than in the
other, are potential components for memory and logic ele-
ments in molecular electronics. We have produced for the first
time molecular rectifiers from polypyrrole monolayers.

Conduction in Thiophene-Based Oligomers

CP mono- and multilayers are quite often based on thiophene
oligomers. Oligothiophenes and polythiophenes are in fact
used in plastic electronic devices such as organic thin-
film metal—insulator—semiconductor field-effect transistors
(OFETs)?° because of their excellent electronic properties, sta-
bility under ambient conditions, and ease of chemical modi-
fication. In oligothiophenes, the field-effect mobility of carriers
is mainly controlled by structural organization of oligomer
molecules in the film.?" Unsubstituted a-oligothiophenes, the
simplest compounds in the family, have been intensively stud-
ied since Horowitz et al. demonstrated the high hole mobil-
ity of a-sexithiophene (a-6T) films.? Mobilities as high as 1
cm? V' s~!' are obtainable from dihexyl-terminated
sexithiophene in thin film transistors.?>
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FIGURE 3. AFM topography images (top) and section profiles (bottom) of patterns obtained by microcontact printing of terthiophene
hexylphosphonate (brighter areas) on ITO (left) before and (right) after coupling with oligoethylenoxy-substituted 3,4-

ethylenedioxythiophene.
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FIGURE 4. [4/5], multilayers on ITO. Left, CV in acetonitrile + 0.1
M Bu,NCIO,: (a) voltammetric responses and (b) reversible charge
vs number of layers. Right, UV—vis spectroscopy (after hydrazine
reduction): (a) spectral profiles and (b) absorbance vs number of
layers.

Despite the wide investigation on the conductivity of CPs
performed in the past, the conduction in oligothiophenes is
still largely unknown. We have therefore dedicated much
attention to the conduction in a,w-capped sexithiophenes

SCHEME 4. Soluble Polythiophenes
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deposited as thin solid films by a-coupling of the correspond-
ing terthiophenes. This deposition method generally provides
the sexithiophene film as a crystalline sample also in the case
of insoluble products, and it does this directly on the elec-
trode in a form suitable for magnetic and conductivity inves-
tigations. The purpose of our studies was to provide the
electronic (electrochemical, magnetic, and conductive) prop-
erties of these compounds as thin films. The results are of fun-
damental importance in the understanding of the basic
conductivity of these materials and are particularly useful for
the analysis of the conductive properties of conjugated molec-
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SCHEME 5. Soluble Polypyrroles
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ular wires. It is clear that whereas conduction operating in
OFETs is that of the low doping levels, the characteristics of
molecular wires may be extended to include the whole avail-
able range of doping.

o,w-Capped Sexithiophenes. The investigations, applied
in the past to o,w-methyl-capped sexithiophene,?*2> have
been recently extended in our laboratories to a series of o,w-
capped sexithiophenes with different (methyl-, thiol-, cyano-,
carboxy-, formyl-, dibromovinyl-, dicyanovinyl-) caps.>® Sub-
stituents with different electron donor—acceptor properties
have been used since their presence may give enhanced sta-
bility compared with doping. Vinyl substituents like dibromovi-
nyl and dicyanovinyl have been also investigated to check the
effect of a conjugation extended beyond the sexithiophene
frame.
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FIGURE 5. -V plots for junctions (a) Au/7/Au, (b) Au/7/Nafion/Au,
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Among the investigated compounds, there were also car-
boxy-terminated compounds for grafting to oxide surfaces®”
and thiol-terminated forms for gold grafting.?® The surface-
grafting carboxy- and thiol-terminated forms are particularly
interesting in the light of recent molecular electronics.? In fact,
symmetrical molecular wires with two identical handles are
actually investigated as model systems for molecular
conduction.??~' The insertion of a long conjugated moiety
such as the sexithiophene frame is an added value for such
studies.

The electrochemically modulated conductivity of electrode-
posited thin solid films of the sexithiophenes was investigated
by in situ conductivity measurements. The reversible oxida-
tion of sexithiophenes is composed by two separate one-elec-
tron steps. Conductivity is redox type and develops at the
neutral—cation (neutral—polaron, a) and cation—dication
(polaron—Dbipolaron, b) levels (Figure 6) with values in the
range 10~*—10"" S cm~' depending on the substitution type.

Whereas differences in electron donor—acceptor proper-
ties appear not to be particularly influential, steric and conju-
gative effects affect conductivity strongly. As a consequence,
the cyano moiety, with its effective conjugation and small size,
gives the sexithiophene with the best performance in the
series.

Conductivity is also much different for the two oxidation
states of the sexithiophenes. Thus the conductivity of the sec-
ond redox couple (b) is roughly 10 times higher than that of
the first one (a) so that a sort of empirical “10-fold rule” may
be enunciated for these redox neutral—polaron and polaron—
bipolaron conductivities.

Fluorenyl- and Fluorenonyl-Capped Sexithiophenes
and Higher Oligothiophenes. Extending the conjugation
beyond the sexithiophene frame with molecular fragments
longer than a simple double bond would give novel electronic

1104 = ACCOUNTS OF CHEMICAL RESEARCH = 1098-1109 = September 2008 = Vol. 41, No. 9





CgHiz  CgHi

(a) (b)

o/Sem’”

0.00 T
0.0 0.5 1.0

E/V vs Ag/Ag”

FIGURE 6. In situ conductivity vs potential of a tetrahexyl-
substituted o,w-dicyano-sexithiophene film in acetonitrile + 0.1 M
Bu,NCIO,. The upper curve is the CV for comparison.

and conductive properties to the molecular wire. The conju-
gation of o,w-capped sexithiophenes has been significantly
extended using fluorene and fluorenone caps.>*> We must
recall that a very large amount of research has been devoted
to co-oligomers of thiophene and fluorene for OLED applica-
tions.?® Extension of the conjugation of the sexithiophene
chain with additional thiophene rings has also been investi-
gated3? using hexyl-substituted a,w-capped octathiophene,
decathiophene, and dodecathiophene. The dodecathiophene
is remarkable since it represents the longest regular oligoth-
iophene ever investigated electrochemically in the solid state.

In the fluorenyl- and fluorenonyl-sexithiophenes the revers-
ible oxidation is composed of three separate steps, namely,
the two one-electron processes of sexithiophene and a fur-
ther multielectron process (Figure 7). Conductivity is redox
type at the cation—dication (polaron—bipolaron, b) state and
metal-like at the subsequent oxidation state (c) with a 20-fold
increase at full oxidation. At this stage, capacitive properties
are displayed at early doping levels, lower than the one-elec-
tron oxidation state.

In the o,w-capped octathiophene, decathiophene, and
dodecathiophene, oxidation occurs in a single process with
extended capacitive properties absent in the sexithiophene.
Conductivity, which increases progressively (by 3 orders of
magnitude) with the oligothiophene chain length, is metal-
like in all cases. It is noteworthy that in dodecathiophene (with
a chain twice as long as that of sexithiophene) the maximum
allowed doping charge approaches four electrons per mole-
cule and conductivity, maximized at the two-electron level,
decreases linearly from there with charge approaching zero at
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FIGURE 7. In situ conductivity vs potential of tetrahexyl-substituted
o,w-difluorenonyl-sexithiophene films in acetonitrile + 0.1 M
Bu,NCIO,. The upper is the CV for comparison.

the four-electron level. A bipolaron model has been used to
account for the observed conductivity in such oligothiophenes.

Comparing the results for the fluorenonyl- and fluorenyl-
substituted sexithiophenes with those on the generality of
sexithiophenes, we can observe that sexithiophene is in all
cases the location of the first two-electron oxidation, further
oxidation and related conduction being allowed by the pres-
ence of extensively conjugated end moieties.

Gold—CP Structures

Star-Shaped Oligothiophenes. We have recently investi-
gated>* the ability of CP-based monolayers to coordinate gold
nanoparticles (AuNPs) in order to produce novel materials con-
taining this technologically new and attractive form of gold.>®
The use of conjugated chains to link AuNPs is of particular
interest for the modulation of conduction, charge transfer, and
optical properties of AUNP-based materials.

After it had been reported that terthiophene may be adsorbed
on gold surfaces,*® we investigated the ability of terthiophene-
based monolayers for such coordination. Advincula et al. recently
reported, but did not characterize, dendrimers functionalized with
terthiophene dendrons on their periphery and dendrimer-encap-
sulated gold nanoparticles.3” We have therefore considered both
a molecule with a single terthiophene end as the gold-interac-
tive moiety and a molecule in which the activity of the moiety is
enhanced via the presence in multiple arms, which may be per-
formed with dendrimers.

Whereas the benzene ring, generally used as the core of
star molecules, does not allow surface linking with the star
ends disposed in a plane parallel to the surface, a four-arm
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SCHEME 6. Terthienyl-hexanethiol, a Star Tris-terthienyl-hexanethiol, and a Tetrathiol on Gold
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carbon atom would allow three arms to extend over such a
plane and thereby interact mutually. For this reason, we have
synthesized the star molecule 12 (Scheme 6) with three ter-
thiophene arms and a hexylthiol linker stemming from the
same carbon atom. In this structure, the distance between the
end points of the terthiophene arms is ca. 2 nm.

We then investigated the formation of SAMs on gold elec-
trodes of such oligothiophene-armed star-shaped molecules,
the surface coupling processes of the monolayers to
sexithiophene surface bridges, and the ability of the mono-
layers to coordinate 5-nm wide gold nanoparticles. Multilay-
ers of this oligothiophene-thiol and gold nanoparticles have
also been produced and compared with the analogous struc-
tures obtained from the linear terthiophene-thiol (11) and a
star-shaped nonconjugated tetrathiol (13).

Multilayering of oligothiophene-thiol and gold nanopar-
ticles has produced structures that display mechanical strength
and electrical conductivity comparable with those of analo-
gous structures from generic polythiols. Moreover, when cou-
pled to sexithiophene, the linkers display a much increased
ability to coordinate gold nanoparticles.

Gold Nanoparticle Aggregation by Conjugated Hetero-
cyclic Oligomers. The above-mentioned first and clear evi-
dence of gold nanoparticle coordination to oligothiophenes
has opened the way to the direct functionalization of gold
nanoparticles with conjugated oligomers in general. In fact, we
found that conjugated heterocyclic (thiophene- and pyrrole-
based) oligomers aggregate gold nanoparticles weakly capped
with a tetraoctylammonium bromide monolayer and dissolved
in toluene.® The interactions between gold nanoparticles and
oligomers were investigated using surface plasmon absorp-
tion spectroscopy, FTIR, and TEM. From these studies, it was

concluded that the aggregate formation proceeds in two ways,
characterized by a different spacing among the aggregated
gold clusters, depending on the linker type and concentra-
tion. Terthiophene links to gold with the terthiophene plane
parallel to the gold surface and the sw-conjugated carbons in
line. Such moieties may link two adjacent gold surfaces; that
is, a single terthiophene may act as an adhesive sheet
between them. For this reason, oligomers bearing bulky sub-
stituents do not aggregate gold particles.

Pyrroles too cause aggregation showing clearly that the sul-
fur atom is not specifically required for aggregation. As in the
case of thiophene, also in pyrroles alkylsubstitution introduces
steric restraints that may even inhibit the aggregation process
completely.

The mechanism of aggregate formation involves in fact two
steps, a slow step at low ligand concentrations and a fast step
at higher concentrations. Below a critical ligand concentra-
tion, gold nanospheres possessing the anchoring adsorbate
interlock slowly to yield the aggregates. The formation of a
surface plasmon absorption band strongly red-shifted from
525 to ca. 700 nm is attributed to the selective coupling of
the plasmon oscillations in tightly interlinked nanospheres.
Above the critical concentration, the aggregation is very fast
and leads to aggregates characterized by a lower red shift (the
band is displayed at ca. 570 nm). From this result, it may be
concluded that in the superstructures formed under these con-
ditions AuNPs are less closely spaced. It is possible that at high
oligomer concentrations, the linker molecules form more
dense layers, possibly via perpendicular (rather than parallel)
orientation toward the metal plane.

Two main general conclusions could be drawn. From the
pyrrole, thiophene, and 3,4-ethylenedioxythiophene series, it
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SCHEME 7. Gold Nanoparticles (Top) Bridged to and (Bottom) Pendant from Oligothiophene-thiols

results that the critical concentration decreases as the oligo-
mer length is increased, which points to a higher adsorption
constant for the longer oligomers (ca. 1000-fold increased
from monomer to dimer). This result is in fact reasonable since
longer oligomers provide multiple coordination sites. The sec-
ond outcome is that the critical concentration increases in the
series pyrrole < 3,4-ethylenedioxythiophene < thiophene,
which suggests that a higher polarity of the heteroaromatic
molecule favors adsorption to gold, as confirmed by the
absence of adsorption by phenylenes. 3,4-Ethylenedioxythio-
phene presents oxygen atoms available for further coordina-
tion. It appears that coordination of the heteroatoms to gold
is the key factor for adsorption. Considering that the sequence
above follows also that of increasing aromaticirty, the facile
loss of aromaticity accompanying the heteroatom coordina-
tion to gold may favor pyrrole over, for example, thiophene.

After obtaining these general results, we undertook a study
of the interactions between AuNPs and polypyrrole and poly-
thiophene monolayers with the purpose of producing new and
clearly defined structures.>® The interaction between gold
nanoparticles in toluene and polypyrrole or polythiophene
monomolecular layers of various types has been investigated.
In fact, stable monolayers and multilayers are produced from
solution using polypyrrole and poly(3,4-ethylenedioxythio-
phene) soluble in organic solvents. The conductivities of such
gold/polymer multilayers are (3—6) x 1072 S cm™'; that is,
the values are comparable with those measured for gold
nanoparticles linked by short organic bridges.

Gold Nanoparticles Linked by Pyrrole- And Thiophene-
Based Thiols. In an attempt to produce a stable capping of
AuNPs with oligothiophene thiols via the place exchange route,
we have added terthiophene-thiol to a toluene solution of AuNPs.
The fact that the ruby red color turned immediately blue and the
subsequent formation of a dark gold precipitate (much the same
way as with terthiophene) indicated that gold clusters are aggre-
gated (instead of being capped) by the thiol. A similar behavior
has been shown by compound 11 (see Scheme 6), in which the
thiol head and the terthiophene tail are spaced by a long alkyl
chain. Yet the aforementioned discovery that hindrance to aggre-
gation is provided by alkyl substitution has opened up the way
to the direct adsorption of thiol-functionalized oligothiophenes
and oligopyrroles on preformed gold nanoparticles of definite
size, thus allowing the facile obtaining of new gold—polymer
superstructures.

Novel pyrrolethiol- and thiophenethiol-capped gold nanopat-
ticles have been produced and subsequently linked through elec-
trochemical and chemical coupling.*® The capping compounds,
which form dense self-assembled monolayers on gold electrodes,
react in solution with gold nanoparticles to form monodisperse,
stable, and soluble thiol-capped gold clusters with the same gold
core diameter. These are electrochemically or chemically cou-
pled to polymeric gold clusters linked by conjugated bridges, as
pictorially illustrated in Scheme 7. Analogous polymeric clus-
ters have been prepared on gold-modified surfaces via alterna-
tion of gold nanopatticles and oligothiophene-based dithiols or
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a polythiophene polythiol. The regular growth of the layers is
illustrated in Figure 8.

The thiol-capped gold clusters give fast and stable solvo-
conductive responses, which parallel the degree of swelling by
volatile organic solvents. Their conductivity, in the range 10~/
to 1072 S cm™ ', increases in all cases up to a narrow range
of 2 x 1072 to 10" S cm™' when the polyconjugated ends
of the gold clusters are connected to form polyconjugated
bridges. Comparison with the literature data on a series of dif-
ferently linked AuNPs appears to indicate 10~' Scm™' as a
practical limit to the conductivity in such systems, possibly
controlled by the Au—S junctions.

The new materials, in which the gold particles are the same
size and bear different conjugated ends or bridges, are
expected to open interesting perspectives in the fields of mod-
ified electrodes for electrocatalysis and electroanalysis and in
organic electronics.

Conclusions and Outlook

Future developments in this area may be envisaged to occur
in three directions. One is the possible use of CPs as catalyst
supports because of their relative stability in both acidic and
basic media, good electric conductivity, and high specific sur-
face area, to be used, for example, as supports for anode cat-
alysts in methanol fuel cells as in a recent report on
polypyrrole with Pt-based nanoparticles.*' Conductive poly-
mers might be used to disperse and support platinum-based
nanoparticles. Using regular platinum nanoparticles embed-
ded in nanosized CPs may result in an efficient charge and
fuel transport in methanol fuel cells.

A second development involves CPs and semiconductor
nanoparticles, for example, in the rectifying junctions built
from polypyrrole layers and CdS nanoparticles.** The integra-
tion of inorganic semiconductor nanoparticles and organic

(a)
0.40 CeH12SH
(AuNPs) + @—@
A CqzHzs
/ (b)
0.20 - 041
A
0.2
0.00 & 0.0

400 600 800 o2 3 4 5 6
Anm N of layers
FIGURE 8. UV-vis (a) spectra and (b) relevant maximum SP

absorbance of (Au/PAT), multilayer growth on gold-primed ITO.

conjugated polymers may lead to composite materials with
interesting physical properties and important potential appli-
cations in light-emitting diodes, photovoltaics, photorefrac-
tions, lasers, and biosensors. Exploiting the cooperative
electronic and optical properties of inorganic nanoparticles
and conjugated polymers may develop via the construction of
appropriate molecular assemblies with an accurate control of
the spatial organization. A prime example of a composite
material that benefits from morphological structuring is pho-
tovoltaic cells. Photovoltaic devices in which the active matrix
consists of conjugated polymers may produce high efficiency
of optical-to-electrical power conversion.

The last direction, which is the most exciting for its possi-
ble contributions to understanding the conductive properties
of molecular assemblies, is the investigation of conduction in
mono- and multilayers of conjugated oligomers and polymers,
particularly at the different redox (doping) levels of the z-sys-
tem. Such potential-controlled analysis is hopefully greatly
rewarding for the development of molecular electronic com-
ponents with controlled properties.

The authors thank S.Sitran of the CNR for his technical
assistance.
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Conjugated polymers combine the interesting optical and electrical properties of metals with the processing advan-
tages and mechanical properties of traditional synthetic polymers. With clever use of a variety of synthetic tools,
researchers have prepared highly pure polymers with optimized physical properties during the past 30 years. For exam-
ple, the synthesis of well-defined polyacetylenes, polyphenylenes, polythiophenes, polyfluorenes, and other conjugated poly-
mers have significantly improved the performance of these polymeric materials. However, one important class of conjugated
polymers was missing from this chemical inventory: easy access to well-defined poly(2,7-carbazole)s and related poly-
mers. This Account highlights advances in the synthesis of poly(2,7-carbazole) derivatives since they were first reported in
2001.

Starting from 2-nitro-biphenyl derivatives, 2,7-functionalized carbazoles are typically obtained from Cadogan ring-
closure reactions. In a second step, Yamamoto, Stille, Suzuki, or Horner—Emmons coupling polymerization leads to vari-
ous poly(2,7-carbazole) derivatives. We discuss the characterization of their optical and electrical properties with a strong
emphasis on the structure—property relationships. In addition, we carefully evaluate these polymers as active components
in light-emitting diodes, transistors, and photovoltaic cells. In particular, several low band gap poly(2,7-carbazole) deriva-
tives have revealed highly promising features for solar cell applications with hole mobilities of about 3 x 1072 cm? V!
s~ and power conversion efficiencies up to 4.8%. Finally, we show how these new synthetic strategies have led to the prep-
aration of novel poly(heterofluorene) derivatives and ladder-type conjugated polymers.

Introduction
For many years, carbazole-based materials have

ond life for polycarbazole derivatives. As were
many other aromatic polymers (polyanilines, pol-

been investigated for their electrical and optical
properties. For instance, as good photoconductors
and hole-transporting materials, poly(N-vinylcar-
bazole) and other derivatives have been exten-
sively utilized in xerographic applications." In
1977, the first evidence of high electrical conduc-
tivity in doped polyacetylene®3 triggered a sec-
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y(p-phenylene)s, polythiophenes, polypyrroles,
poly(2,7-fluorene)s, etc), poly(3,6-carbazole)s were
intensively inves’[igated.l'4 Indeed, carbazole has
many advantages as an organic material: (1)
9H-carbazole (Scheme 1) is a cheap starting mate-
rial; (2) the nitrogen atom can be easily function-
alized with a large variety of substituents to
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modulate the carbazole properties without increasing the steric
interactions near the backbone; (3) carbazole units can be
linked at different positions; (4) its fully aromatic configura-
tion provides good chemical and environmental stabilities.
Despite these promising features, conjugated poly(2,7-carba-
zole)s remained unavailable for a long time. This is related to
the fact that, in contrast to many other conjugated polymers
(including poly(3,6-carbazole) derivatives), the synthesis of
poly(2,7-carbazole)s is not straightforward.'* For instance,
direct oxidative polymerization or electropolymerization of car-
bazoles only results in oligomeric materials linked at the 3,6-
positions. Alternative synthetic pathways have since been
found to prepare well-defined poly(2,7-carbazole) derivatives.
This Account describes these recent developments on the syn-
thesis of poly(2,7-carbazole)s and related polymers, their
structure—property relationships, and their utilization in vari-
ous electronic and optical devices, such as polymeric light-
emitting diodes (PLEDs), organic field-effect transistors (OFETS),
and photovoltaic cells (PCs). It is anticipated that this class of
materials might lead to exciting applications in the near future.

Synthesis of Poly(2,7-carbazole)s

As mentioned in the preceding, the 3,6- (para position from
the nitrogen atom, Scheme 1) and 1,8-positions (ortho posi-
tion from the nitrogen atom, Scheme 1) on the carbazole unit
are highly activated. The electron-rich nature of carbazole
therefore inhibits direct and specific aromatic substitution at
the 2,7-positions. Therefore, 2,7-functionalized carbazoles
have been obtained from indirect approaches. These meth-
odologies usually require a 4,4'-functionalized biphenyl unit
bearing an activated group at the 2(—2') position(s) for a sub-
sequent ring-closing reaction, leading then to the desired 2,7-
functionalized carbazoles (Scheme 2). This principle was first
illustrated by Smith and Brown in 1951.> Using azide deriv-
atives, they converted them into carbazoles by a thermal
cyclization reaction. A more practical methodology was
reported in 1953 by Heinrich® where 2,7-functionalized car-
bazoles are directly obtained from 2,2'-diamino-biphenyls
under acidic conditions at high temperatures. In 1965,
Cadogan reported what is still today a very useful ring-clo-
sure reaction for the preparation of functionalized
carbazoles.”® From 2-nitro-biphenyl derivatives refluxed in
P(OEt);, 2,7-functionalized carbazoles can be obtained in

Poly(2,7-carbazole)s Blouin and Leclerc

50—60% yields, usually in only two or three steps from com-
mercially available starting compounds.®'® To enhance the
solubility and other properties of the resulting 2,7-functional-
ized carbazoles (and subsequent polymers), the synthesis is
generally completed with an alkylation or arylation reaction
on the nitrogen atom. Recently, novel methodologies'' '3
have taken advantage of palladium cross-coupling reactions
developed by Buchwald and Hartwig (Scheme 2). These meth-
ods offer two main advantages: (1) milder reaction conditions
tolerant to a wider variety of functional groups and (2) 2,7-
functionalized carbazoles directly obtained in an N-alkylated
or N-arylated form. However, the scope of these methods is
limited by the additional steps required to prepare the 2,2'-
difunctionalized (iodide, bromide, or triflate) biphenyl
precursors.

As for many other aromatic conjugated polymers, advances
in metal-catalyzed polycondensation in the 1990s made pos-
sible the first synthesis of poly(2,7-carbazole)s.® For such
polymerization reactions, the syntheses of various monomers
(2,7-dichloro-,° 2,7-ditriflate-,'* and 2,7-dibromocarbazole'®)
using the previously described Cadogan reaction have been
optimized. Indeed, using Yamamoto,'>'® Stille,'”'® or
Suzuki'®2° coupling polymerization, 2,7-difunctionalized car-
bazoles are efficiently converted into well-defined poly(2,7-
carbazole)s (Scheme 3). Taking advantage of -either
Yamamoto'>'¢ or Stille'” '8 coupling polymerization, these
monomers generated several interesting homopolymers and
copolymers. However, it is important to note that Yamamoto
copolymerization is restricted to random copolymers, whereas
Stille copolymerization is limited by the difficult synthesis of
pure organotin derivatives. Suzuki'®2° polycondensation
solved these two important issues. Based on methodologies
reported for the synthesis of poly(2,7-fluorene)s, ' ~>* efficient
syntheses of 2,7-diboronic ester derivatives (Scheme 3) were
developed from halogen-lithium exchange and palladium-
catalyzed borylation.'*2>25 These 2,7-diboronic ester deriv-
atives are generally easily purified from recrystallization or
flash chromatography, resulting in high purity monomers.
Combined with any dibromo- or diiodoarene, these key 2,7-
diboronic ester derivatives lead to various alternating and ran-
dom copolymers.

Poly(2,7-carbazole)s as PLED Materials

Initial studies on poly(2,7-carbazole) derivatives indicated
great potential as blue-light-emitting materials. For instance,
homopolymers exhibit blue fluorescence with a maximum
of emission near 415—440 nm with relatively high quan-
tum yields.?2” Taking advantage of the chemical versatil-
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SCHEME 2. Generic Synthetic Pathways to 2,7-Functionalized Carbazoles
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SCHEME 3. Generic Synthetic Pathways to Poly(2,7-carbazole) Derivatives

R

Pd(0)

Base R X =Br, OTf

Br_Ar-suﬁs%?f

R
Pd(O)l
Base | Suzuki
AL D 0 M
Yamamoto Ar%
I X=Cl, Br, OTf

ity of the carbazole unit, many poly(2,7-carbazole)
derivatives were specifically developed to maximize their
electroluminescence properties. Two main solutions have
been explored (Scheme 4): substitution at the nitrogen atom
with various alkyl®2”73% or aryl?°~3* groups or copo-
lymerization®>3® with specifically designed comonomers.
These poly(2,7-carbazole) derivatives are generally synthe-
sized from Suzuki'®2° or Yamamoto'>'® coupling polym-
erization with number-average molecular weights (M)
ranging from 2 kDa up to 93 kDa. Over the years, several
important conclusions have been drawn from these optimi-
zation processes. Large bulky alkyl chains (especially
P1-C,2° P1-E,?” P1-F?°) or aryl groups bearing multiple
alkyl chains (P1-G to P1-J)3°73% on the carbazole nitro-
gen atom seem to be necessary to increase the polymer’s
solubility and molecular weight (M,, between 30—93 kDa).
Copolymerization with substituted comonomers (P2, P3)
gave similar effects. Finally, N-aryl-substituted poly(2,7-car-
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bazole)s generally show higher fluorescence quantum yields
in the solid state (up to 0.40).3334

Several poly(2,7-carbazole) derivatives (P1-D,3738
P1-H,333%3° P1-1,2° and P33%) have been more extensively
studied for blue PLED applications. Their properties are sum-
marized in Table 1. Even after some optimization, the over-
all performances of these poly(2,7-carbazole) derivatives in
PLEDs remain modest. Some polymers (P1-D, P1-I, P3) show
proper CIE coordinates but moderate efficiencies. Other
polymers333439 (P1-H) may exhibit better luminance (B,y,.x =
18800 cd-m~2; E = 0.95 cd-A™") but slowly turns greenish
afterward (CIE (x, y) = 0.22, 0.36). In fact, PLEDs made of
poly(2,7-carbazole)s generally suffer from improper balance of
charge injection and charge transport (p-type transport being
favored), limiting the overall device performances. In paral-
lel, to improve poly(2,7-carbazole) stability,'* protection of the
3,6-positions*>*! with methyl or nitrile groups (P1-Me,
P1-CN, P4) have been proposed.
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SCHEME 4. Synthetic Pathways to Blue-Light-Emitting Poly(2,7-carbazole) Derivatives
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TABLE 1. Electroluminescent Properties of Blue-Light-Emitting Poly(2,7-carbazole) Derivatives

polymer o6 % Jp,” NM AgL,S NM Vo2 V BaxS €d-m™2 Epax €d-A7T CIEY (x, y)
P1-D 26 448 440 4 1000 0.67 0.17,0.19
P1-H 40 455 484 3 5000 0.57 0.17,0.14
P1-1 32 450 450 4 4000 0.74 0.16,0.17
P3 32 425 424 4 1500 0.53 0.16,0.09

9 Fluorescence quantum yields in the solid state.  Maximum photoluminescence wavelength. < Maximum electroluminescence wavelength. ¢ Turn-on voltage.
€ Maximum brightness. f Maximum efficiency. ¢ CIE coordinates according to 1931 chart.

To complete a full color display, green- and red-light-emit-
ting materials are also required. Usually, copolymerization
with electron-deficient comonomers generates an internal
charge transfer (ICT)**“3 that results in low band gap poly(2,7-
carbazole) derivatives (Scheme 5). Along these lines, quinoxa-
line comonomer (P5)%® led to green-light-emitting polymer,
whereas copolymerization with thiophene dioxide-based pen-
tamer (P6)?® gave a red-light-emitting polymer. Alternatively,
low band gap poly(2,7-carbazole) derivatives can also be
obtained by the introduction of vinylene units along the back-
bone (Scheme 5).** Being prepared from Horner—Emmons or
Knoevenagel reaction, these polymers are metal-free, a good
criteria for microelectronic applications.** In solution, lumi-
nescence with maxima between 487 and 581 nm is observed
for these poly(2,7-carbazolenevinylene)** derivatives. How-
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ever, only P8 shows some luminescence in the solid state.
Strong interchain interactions may enhance nonradiative deac-
tivation pathways for the other polymers, prohibiting the fab-
rication of efficient PLEDs.

Poly(2,7-carbazole)s as OFET Materials

Two major conclusions from these PLED studies motivated the
development of carbazole-based materials for OFET applica-
tions: (1) the carbazole moiety is a good hole transport unit;
(2) with an appropriate structure, carbazole-based materials
may have strong intermolecular interactions in the solid state.
Excluding polythiophene derivatives*®~*8 and poly(2,7-fluo-
rene) derivatives,*®4° few other classes of polymers exhibit
good performance in OFETs. To mimic fluorene’s struc-
ture,”®>" a branched side chain was designed and placed on
1113
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SCHEME 5. Synthetic Pathways to Low Band Gap Poly(2,7-carbazole) Derivatives for Light-Emitting Diodes
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SCHEME 6. Synthetic Pathways to Poly(2,7-carbazole) Derivatives
for Field-Effect Transistors
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the carbazole nitrogen atom?3° (Scheme 6). X-ray analyses of
single-crystal of N-9'-heptadecanyl-2,7-dibromocarbazole (Fig-
ure 1) clearly confirm this analogous structure. To ensure rel-
atively high molecular weight materials (M, ca. 20 kDa),
optimized Stille copolymerization reactions were developed
(Scheme 6). Despite some structural organization (as revealed
from DSC and X-ray diffraction data), P11 and P12 exhibit
modest hole mobilities (107*—10"3 cm2-V~'-s™ 1) in OFET
devices. However, these polymers show stable performance,
attributed to good air stability.>°

Oligomeric materials generally present better structural
organization than their polymeric analogs.>*>3 Based on this
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C8H17

FIGURE 1. X-ray single-crystal ORTEP view of N-9'-heptadecanyl-
2,7-dibromocarbazole.

concept, 2,7-carbazolenevinylene-based oligomers*+>4

(Scheme 7) have been also investigated. The Horner—Emmons
reaction involved in the synthesis of such molecules offers two
main advantages. First, as previously noted, metal-free mate-
rials are obtained. Furthermore, this chemistry offers easy
access to a wide variety of oligomers in only a few synthetic
steps from commercially available products. Indeed, the car-
bazole unit can be placed either at the end or in the middle
of the oligomers to modulate the resulting physical and chem-
ical properties. A good and compact solid-state organization
was particularly evident for 01 and 02. However, other com-
pounds, such as 03, show an amorphous state. In fact, the
symmetry of the molecules seems to greatly influence their
solid-state organization. Through substrate and temperature
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SCHEME 7. Chemical Structure of 2,(7)-Carbazolevinylene
Oligomers
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optimizations, mobility as high as 0.3 cm?-V~'-s™" in OFET
was obtained with 01.>* Moreover, the relatively high oxida-
tion potential (0.80 V vs SCE) of this oligomer leads to air-
stable material, resulting in a large and stable I,./l, ratio
(10=107).

Poly(2,7-carbazole)s as PC Materials

Fundamental parameters discovered in PLED and OFET stud-
ies highlighted the great potential of poly(2,7-carbazole)s for
bulk heterojunction (BHJ) PCs. First, poly(2,7-carbazole) deriv-
atives exhibit low highest occupied molecular orbital (HOMO)
energy levels, resulting in air-stable polymers and, possibly,
high open circuit potential (Vo) values. Second, with proper
structure and organization, these materials exhibit good hole
mobility values. Finally, like poly(2,7-fluorene) derivatives,**
the absorption spectrum of poly(2,7-carbazole) derivatives can
be easily modified through copolymerization for optimal solar
spectral match. Miillen®® and co-workers first reported a PC
based on P1-F (Scheme 4) and perylene tetracarboxydiim-
ide (PDI) blends. These PCs exhibit high V¢ values but rela-
tively low performances (Table 2), probably related to the poor

Poly(2,7-carbazole)s Blouin and Leclerc

solar spectral match of the devices. About the same time, low
band gap poly(2,7-carbazolenevinylene)s®® (Scheme 8) were
also developed to better fit the solar spectral emission. Except
for P17, Horner—Emmons reaction was used to obtain these
polymers, leading to high purity materials as previously
noticed. These polymers present band gaps ranging from 2.3
to 1.7 eV and relatively low HOMO energy levels (—=5.6 to
—5.5 eV). However, device performances (Table 2) still
remained relatively low. In fact, these polymers have low sol-
ubility and low molecular weight, possibly limiting the perfor-
mances of the devices. Furthermore, the possibility of vinylene
bond degradation through photooxidation®®>” may also affect
these performances.

As our understanding of the BHJ solar cells improved,
design rules for optimal polymeric materials blended with
[6,6]-phenyl-Cq; butyric acid methyl ester (PCBM)
emerged.”® % However, before these new rules could be
applied, new poly(2,7-carbazole) derivatives with better solu-
bility and molecular weight had to be developed. Initially, both
alkyl and aryl side chains developed for OFET (Scheme 7)
were tested.?° It turns out that polymers bearing alkyl side
chains show higher power conversion efficiencies (PCE). Opti-
mized Suzuki polymerization reaction (Scheme 9) gave P19
samples with a relatively high molecular weight and good
film-forming properties and mobility (up to 3 x 1073
cm?-V~"-s71). These features led to high PCE values (Table
2).6152 To further improve device performances, new poly-
mers (Scheme 9) were synthesized taking into account design
rules and DFT calculations.®? Despite optimized LUMO energy
levels for some polymers (P21, P22, and P23), the better
structural organization in symmetric polymers (P18, P19, and
P20) leads to better hole mobilities and PCE values (Table
2).52 As for P1-F and P17, the low HOMO energy level of
these polymers (ca. —5.6 to —5.4 eV) provides an excellent
environmental stability and high V¢ values (between 0.71
and 0.96 V).

Conclusions and Outlook

Since the original synthesis of poly(2,7-carbazole)s® in 2001,
these materials have emerged as one important class of
m-conjugated polymers. As demonstrated in this Account,
good environmental stability (i.e., low HOMO energy levels),
good p-type charge transport, and easy modulation of the
physical properties are key features of poly(2,7-carbazole)
derivatives. In particular, polymeric bulk heterojunction pho-
tovoltaic cells based on poly(2,7-carbazole) derivatives seem
to be the most promising field of applications. Along these
lines, it is worth noting that recent studies in our group have
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TABLE 2. Electronic and Photovoltaic Properties of Poly(2,7-carbazole) Derivatives

polymer Enomo’ €V Eiumo’ €V EPLC eV Vool V Isc,® MA-cm~2 FF N %
P1-F —5.6 —2.6 3.0 0.71 —0.26 0.37 0.6f’
P13 —5.61 —2.83 23 0.60 —0.58 0.46 0.4'
P14 —5.52 —2.92 2.2 0.50 —-0.67 0.45 0.4'
P15 —-5.49 —3.02 2.1 0.40 -0.57 0.48 0.3'
P16 -5.40 —2.96 2.0 0.35 —-0.47 043 0.2
P17 —5.50 —3.50 1.7 0.80 -1.0 0.55 0.8
P18 —5.46 —3.42 2.02 0.95 -3.0 0.56 1.8
P21 —5.52 —3.67 1.89 0.90 —-2.6 0.44 1.1
P19 —5.45 —3.60 1.88 0.86 —6.8 0.56 3.6'
P22 —5.53 —3.80 1.75 0.71 -29 0.32 0.7'
P20 —5.47 —3.65 1.87 0.96 —37 0.60 2.4
P23 —5.55 —3.93 1.67 0.85 -1.4 0.60 0.8

“lonization potential (E,,omo; HOMO = highest occupied molecular orbital). » Electron affinity (E,,uo; LUMO = lowest unoccupied molecular orbital). © Solid state
optical band gap. ¢ Open-circuit potential. ¢ Short-circuit current. / Fill factor. ¢ Power conversion efficiency. " Test under AM1.5G at 100 W-m~2. ' Test under

AM1.5G at 900 W-m~2.

SCHEME 8. Synthetic Pathways to Low Band Gap Poly(2,7-carbazolenevinylene) Derivatives
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revealed a power conversion efficiency up to 4.8% with P19.
Furthermore, taking advantage of easy band gap and LUMO
energy level modulations, one can expect to synthesize bet-
ter materials for solar cells, including tandem
configurations.®®~%% Commercial applications can be antici-
pated with a power conversion efficiency around 6—10%.
These studies on the synthesis of poly(2,7-carbazole)s
inspired also the preparation of several new polymeric mate-
rials. For instance, it is worth noting the recent reports on
poly(1,8-carbazole) derivatives®® and well-defined nanostruc-
tured macrocyles.® In parallel, extended ladder-type carba-
zoles have been extensively studied in the past few years for
applications in PLEDs and OFETs. These ladder carbazole

+ \92

derivatives are divised into two different classes: alternating
nitrogen- and carbon-bridged compounds and fully nitrogen-
bridged compounds. Based on the work of Mullen and Scherf
on ladder-type polyphenylenes,®> carbazole-based precursors
have been readily converted into semi- or full-ladder poly-
mers with alternating nitrogen- and carbon-bridged
units.2¢6¢%7 These polymers show good air stability and
promising performance as PLED materials. The development
of full nitrogen-bridged compounds presented additional chal-
lenges and different synthetic methodologies were developed
for these purposes.?>®8~71 These studies notably led to the
first synthesis of diindolo[3,2-b:2',3"-h]carbazole®>°° and var-
ious indolo[3,2-b]carbazole- and diindolo[3,2-b:2',3'-h]carba-
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SCHEME 9. Synthetic Pathways to Low Band Gap Poly(2,7-carbazole) Derivatives for Photovoltaic Cells
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zole-based polymers.”?~7> Due to their highly symmetric and
crystalline  nature, indolo[3,2-b]carbazole-based oligo-
mers’®~78 and polymers’#“> proved to be promising air-sta-
ble p-type materials in OFETs. Finally, other heterofluorenes
(dibenzosilole, dibenzoborole, etc.) also recently emerged as
promising materials for organic electronic applications.”®~82
Despite all these recent contributions, many aspects of carba-
zole’s chemistry and related systems are still unexplored and
many opportunities and discoveries remain to be made. A
bright future is foreseen for poly(2,7-carbazole)s and related
polymers.
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CONSPECTUS

In the past decade, living radical polymerization has pro-
vided one of the most versatile methods to precisely con-
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reversible halogen exchange equilibrium: the growing radi-

cal exists alongside a dormant species—a covalent precursor capped with a terminal halogen from an initiator. The cata-
lyst dictates the selectivity, exchange rate, and control over the polymerization.

This Account provides an updated overview of our group’s efforts in transition metal-catalyzed living radical polymer-
ization with specific emphasis on the design of metal catalysts and the resulting precision polymer syntheses. With increas-
ing use of the living processes as convenient tools for materials synthesis, researchers are currently seeking more active
and versatile metal catalysts that are tolerant to functional groups. Such catalysts would enable a wider range of applica-
tions and target products, would have low metal content, could be readily removed from products, and would allow recy-
dling. Since we first developed the “transition metal-catalyzed living radical polymerization” with RuCl,(PPh,),, FeCl,(PPhs),,
and NiBr,(PPh,),, we have strived to systematically design metal catalysts to meet these new demands. For example, we
have enhanced catalytic activity and control through several modifications: electron-donating or resonance-enhancing groups,
moderate bulkiness, heterochelation via a ligand, and halogen-donor additives. For some catalysts, the use of amphiphilic
and polymeric ligands allow efficient recovery of catalysts and convenient use in aqueous media. We have also used ligand
design (phosphines) and other methods to improve the thermal stability of iron- and nickel-based catalysts and their tol-
erance to functional groups.

1. Introduction

1.1. A Way to Dormant Species for Polymer-
ization Control. The discovery of metal-catalyzed
living radical polymerization, the subject of this
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Account, may date back to the early 1970s. Inter-
ested in cationic vinyl polymerization, the research
group of Higashimura in Kyoto found that the
molecular weight distribution (MWD) of certain
polystyrene and related polymers consisted of two
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SCHEME 1. Lewis-Acid Catalyzed Living Cationic Polymerization via
Dormant Species: Typical Examples for Vinyl Ethers
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distinct peaks.! The bimodality was later demonstrated to
result from an independent and simultaneous propagation of
two coexisting intermediates, then coined as “dissociated” and
“nondissociated” growing species.

The polymerization of p-methoxystyrene with iodine is
among the systems in this line, but to our surprise, the lower
molecular weight fraction increases as the polymerization pro-
ceeds, suggesting a long lifetime of the intermediate therein. At
that time, we already knew that the lower fraction originates
from the nondissociated species, and the polymer obtained in
carbon tetrachloride in fact possesses a fairly narrow and unimo-
dal MWD. Far more important, its number-average molecular
weight (M,)) increases nearly linearly with monomer conversion.
It was that time, around 1977, when we realized the possibility
of living cationic polymerization, despite a long-standing notion
that cationic polymerization should be beyond fine control
because of the frequent chain transfer from the growing carboca-
tion. In retrospect, the nondissociated species is a herald of the
dormant species discussed below.

1.2. Living Cationic Polymerization via Dormant
Halogen—Carbon Bond. Extensive efforts were therefore
devoted in Kyoto to living cationic polymerization, and in
1983, we eventually reached the first living cationic polym-
erization, with alkyl vinyl ethers as monomers, initiated with
binary initiating systems consisting of a protonic acid (initia-
tor) and a Lewis acid (catalyst) (Scheme 1).% The reactions ful-
filled all phenomenological criteria for living polymerization,
such as controlled molecular weights and terminal groups,
along with impressively narrow MWDs.

In these living cationic polymerizations,®* the propagat-
ing process involves the electrophilic dissociation of a cova-
lent species (e.g., alkyl halide), derived from an initiator, into
a minute concentration of a growing carbocation assisted by
a Lewis acidic catalyst (e.g., zinc halides). Most important, this

SCHEME 2. From Living Cationic to Living Radical Polymerizations:
A Concept with Dormant Species
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process is reversible and dynamic where the covalent spe-
cies dominates; the dormant end and the growing cation inter-
convert with each other, fast enough to ensure that all the
dormant ends have nearly the same probability to grow and
thus to generate narrow MWD. These covalent precursors are
now called “dormant” species, a metastable intermediate that
is itself incapable of propagating but is responsible for gener-
ating a true growing species upon action of a catalyst. Around
that time, other living polymerizations mushroomed, most of
which are one way or another mediated by dormant species,
to establish its general importance in precision control of chain
polymerizations hitherto difficult to attain.

1.3. From Living Cationic to Living Radical Polymer-
izations. In the early 1990s, we began to explore living rad-
ical polymerization by extending the concept of dormant
species. Specifically we noted the ambivalence of a
carbon—halogen bond in that it can dissociate either hetero-
litically (ionically) into a carbocation or homolitically (radically)
into a carbon radical. Given that the former is catalyzed by a
Lewis acid, then it was a logical consequence for us to assume
that for the latter, a suitable catalyst should homolitically
cleave it and, possibly, initiate controlled radical propagation
(Scheme 2).>~8 We eventually found the triphenylphosphine
complex of ruthenium(ll) chloride [RuCl,(PPhs);; Ph = CgH5] to
be the very catalyst, to give the first example of what we now
call transition metal-catalyzed living radical polymerization.”

Scheme 3 illustrates a typical example, the polymerization
of methyl methacrylate (MMA) with trichlorobromomethane
(initiator) and RuCl;(PPhs); (catalyst). The first process is the
radical dissociation of the carbon—bromine bond in the initi-
ator, catalyzed by the Ru(ll) complex, generating a radical that
initiates propagation with MMA,; in this step, the catalyst cen-
ter is oxidized from Ru(ll) into Ru(lll) while accepting the bro-
mine from the initiator. After some propagation steps, the
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SCHEME 3. Metal-Catalyzed Living Radical Polymerization via
Dormant Species: A Typical Example with a Ru(ll) Catalyst
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radical intermediate is sooner or later capped with the bro-
mine from the resulting Ru(lll) species, to regenerate a dor-
mant end and the Ru(ll) catalyst. The process thus involves a
reversible and dynamic equilibrium between the dormant spe-
cies and the carbon radical, all mediated by a metal complex.
The key to the living growth is a very low radical concentra-
tion coupled with the reversibility of its generation, thereby
suppressing bimolecular radical termination prevailing in con-
ventional radical polymerization.

The finding was first patented in August 1994; the first
paper was submitted in September 1994 and appeared in
May 1995.>8 Shortly thereafter, similar systems based on cop-
per catalysis were reported by Wang and Matyjaszewski.’
Since then, these discoveries triggered explosive and exten-
sive research around the globe, in parallel with other living
radical polymerizations based on dormant species, and the
development is now history.”®

In this Account hereafter, we discuss more recent develop-
ments in this field, specifically focusing upon our own devel-
opment of transition metal catalysts and precision synthesis of
functional polymers.

2. System Design

2.1. Catalyst Evolution. Metal catalysts are definitely among
the most critical components in “metal-catalyzed living radi-
cal polymerization”, which has in fact been developed hand-
in-hand with their systematic design, or an evolution of
catalysts.> The required “work” for the catalysis is, as already
discussed, the reversible activation of a dormant species or a
terminal carbon—halogen bond, where it undergoes a one-
electron oxidation/reduction followed by abstraction/release of
a halogen. Thus, central metals should afford formation of at
least two valence states with one valence difference and
should possess a moderate halogen affinity. For these aspects,
late transition metals in a lower valence state are generally

1st Generation
Cly(PPh3)s

FeCly(PPhg), l: ,Lg’é’;gﬁ f|> "Catalyst Evolution"

NiBro(PPhg)o

Subjects in Metal-Catalyzed
Living Radical Polymerization

Controllability
(Narrow MWD, Block Copolymerization)

Activity
(Control with Lower Catalyst-Dose)

Versatilit
<Contro| for Various Monomers: >

e.g., Methacrylates, Acrylates, Styrenes

Torelance to Functional Group
(Control for Functional Monomers)

Environmental Friendness
(Removal/Recycle)

\,

FIGURE 1. Catalyst design criteria in metal-catalyzed living radical
polymerization.

favorable, although some early transition metals have also
been employed. The activation step is apparently triggered by
the “one electron transfer” from a catalyst to a dormant ter-
minus, and thus a higher electron density on the metal cen-
ter would be suitable.

In the early stage of our search, we fortunately discovered
the potency of phosphine-based ruthenium [Ru(ll)],> iron
[Fe(ID],"® and nickel [Ni(I)]'" complexes, among others, as cat-
alysts for the metal-catalyzed living radical polymerization,
and thus we have specifically directed our efforts toward sys-
tematically designing metal catalysts via “ligand design”, so as
to improve required catalytic aspects: controllability, activity,
versatility for monomers (particularly tolerance to functional
monomers), and catalyst removal or recycle (Figure 1). The
“controllability” implies that a catalyst allows a precisely con-
trolled or living polymerization and well-defined polymer
products with controlled molecular weight and narrow MWD.

Herein, primarily confining to our research, we describe the
recent “catalyst evolution” in the metal-catalyzed living radi-
cal polymerization for three metals: ruthenium, iron, and
nickel.

2.2. Ruthenium Catalysts. 2.2.1. General Features.
Ruthenium catalysts are characterized by a wide range of design
parameters stemming from their high tolerance to functional
groups (or lower oxophilicity) and a variety of ligands including
anionic carbon-based conjugating entities. We believe that these
advantages would be convincing enough to overcome their
potential drawback such as lesser availability, higher cost, and
occasional difficulty in removing the metal residues from prod-
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FIGURE 2. Evolution of ruthenium complexes for the catalysts in metal-catalyzed living radical polymerization, synthesized and examined in
the authors” group. The space-filling models are based on X-ray crystrallographic analysis (Ru-2, Ru-4, Ru-5, and Ru-8) or on molecular
dynamics optimization (Ru-11). Colors are arbitrary in atom labeling: carbon, gray; hydrogen, light gray; chlorine, green; oxygen, red;
nitrogen, blue; ruthenium, orange. For the representation of Ru-8, the authors thank Kyoko Nozaki (X-ray analysis) and Takuzo Aida

(computer graphics), the University of Tokyo.

ucts. Thus, recent design targets of ruthenium catalysts involve
a further enhancement in catalytic activity to realize lower cata-
lyst dose and a construction toward a removal/recycle system,
without loss of high controllability.

2.2.2. Indenyl and Half-Metallocene Complexes. Of
particular interest are half-metallocene-type complexes with an
indenyl [Ru-2, Ru(Ind)CI(PPhs), Ind = 7°-CgH,]'? and a pen-
tamethylcyclopentadiene [Ru-3, Ru(Cp*)CI(PPhs),, Cp* =
17°-C5(CH5)s]'3 that turned out to be superior in terms of activ-
ity, controllability, and versatility for a variant of monomers.
These strongly electron-donating and conjugating cyclic
ligands are considered to contribute to an efficient one-elec-
tron redox process in the catalysis, as demonstrated by 'H
NMR and cyclic voltammetry.'* Accordingly, recent develop-
ments for ruthenium catalysts are dominated by the two fam-
ilies, as summarized in Figure 2.

Design of the indenyl and Cp* families further improved
their catalytic properties. With indenyl-based complexes, we
additionally introduced an electron-donating group into the
ring to “internally” enhance the catalytic activity. For exam-
ple, introduction of a dimethyl amino group at the 2-position
(Ru-4) led to a faster polymerization of methyl methacrylate
(MMA) with a cocatalyst [e.g., Al(Oi-Pr); or n-Bu,NH5_, (n = 2,

3)] than the nonsubstituted Ru-2 under same conditions.'®
Despite such acceleration, the MWD of the obtained PMMAs
were narrower (M,,/M,, ~ 1.07), indicating a faster exchange
between dormant and active species with Ru-4. Retaining sim-
ilarly narrow MWD, higher molecular weights are also reached
(1000-mer conditions: [MMA], = 8 M; [initiator], = 8 mM) at
a low catalyst concentration (0.80 mM) (Figure 3).
Introduction of other electron-donating groups, such as
phenyl (Ru-5) and azacrown ether (Ru-6),'® also brought
about similarly improved catalytic performances. Ru-6 was
designed for an additional feature that its catalytic activity
might be tunable via an encapsulation of an alkali cation into
the azacrown, in accordance with monomer reactivity. On the
other hand, a pyrrolidinnylgroup at the 1-position (Ru-7)
resulted in a little broader MWDs (M,,/M,, > 1.30), while aci-
tivity was indeed enhanced.'® Possibly, the symmetry around
the central metal is an important factor determining its elec-
tron density and the performance in the halogen exchange.
2.2.3. Chelating Ligand Design. The P—N ligand in
Ru-8'” was designed from a background that an externally
added amine (e.g., butylamine) as a cocatlyst coordinates to
the ruthenium center to enhance catalytic activity.'® Actually,
such a heterochelation enhanced the activity for MMA polym-
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FIGURE 3. MMA polymerization with an aminoindenyl Ru(ll)
complex (Ru-4; Figure 2), an example of highly active and versatile
catalysts giving high molecular weight polymers (DP = 103) with
narrow MWD in toluene at 80 °C: [MMA],/[(MMA),-Cl|,/[Ru-4],/
[AI(Oi-Pr);], = 8000/8.0/0.8/40 mM; (MMA),-Cl, initiator; Al(Oi-Pr)s,
cocatalyst. Note that the process is literally catalytic
(substrate/catalyst = 10% mole ratio).

SCHEME 4. Proposed Mechanism in Reversible Activation with Cp*-
Based 18-Electron Ru Complexes
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erization, while similar homo P—P or N—N chelating ligands
were less effective. These Cp*-based 18-electron complexes
must release one ligand to open a vacant site for abstraction
of the terminal halogen (radical formation), while the activity
enhancement for indenyl derivatives such as Ru-2 is possi-
bly attributed to indenyl-slipping (from #° to »3). Thus, het-
erochelation with different coordination power would
effectively contribute to a promotion of fast equilibrium via
ligand elimination on the activation, as well as via the ligand
coordination on the reverse process for halogen-capping of
the growing radical (Scheme 4A). From analysis of atom dis-
tance for the single-crystal complex with X-ray, the coordina-
tion power of the P atom would be stronger than that of N,
and thus nitrogen would be more labile, shown in Scheme 4A.

2.2.4. Effects of Phosphines via in Situ Preparation.
The Cp™based ruthenium complexes are conveniently and
cleanly prepared in situ by mixing of a tetramer precursor

SCHEME 5. In Situ Preparation of Cp*-Based Ru Complex from
Tetramer Precursor [RuCp*(u5-Cl)|4l

\@/ 8 PRy ﬁ.
| — 4

Ru
/
c”’ A ci

[RUCP*(ug-C)l4
[[RuCp*(u5-Cl)],] with 2 equiv of phosphine ligands (Scheme
5).'® We thus employed a series of phosphines for MMA
polymerization to examine the effects of ligand basicity and
bulkiness (estimated by the cone angle).?° Unexpectedly, the
former factor, related to the electron-donating ability, was less
effective for catalytic activity, probably because of the full elec-
tron donation from the Cp* ligand. In contrast, the latter fac-
tor influenced polymer MWD, narrower with a moderately
bulky phosphine, most likely by promoting “ligand release” for
an activation process or “halogen-back” on deactivation
(Scheme 4B). For example, catalyst Ru-9 with meta-tolylpho-
phine (cone angle = 165°) gave narrower MWDs (M,,/M,, ~
1.07) than the para-derivative (cone angle = 145°; M,,/M,, ~
1.15). In addition, Ru=9 coupled with n-BuNH, induced a fast
polymerization of MMA at 100 °C (~90% conversion in 5 h)
still keeping MWD narrow (M,,/M,, < 1.10).

Interestingly, a hydrophilic ligand [P(CH,OH);; Ru-10] not
only induced a living polymerization of MMA in conjunction
with an amine additive in THF (M,,/M,, ~ 1.3) but allowed fac-
ile and near-quantitative catalyst removal by precipitation into
methanol to give colorless powdery polymers. A “polymeric”
ligand bearing an amphiphilic and thermally responsible poly-
(ethylene glycohol) chain [PPh,-PEG; Ru-11] also afforded a
removable and possibly recyclable catalyst that undergoes a
thermally controlled phase-transfer catalysis, too.?! With a
suitable PEG chain length, the complex is totally soluble in
water at room temperature and turns hydrophobic above its
transition threshold (~80 °C). Thus, after the MMA polymetri-
zation in a hydrophobic solvent (toluene) at high tempera-
ture, the catalyst can be transferred, upon cooling, into an
aqueous phase of degassed water. From the organic phase,
controlled PMMAs (M,,/M,, ~ 1.1) were obtained with ca. 97%
of the catalyst residue [28 ppm (ICP analysis) removed, and
the recovered catalyst from the aqueous phase can be reused
for polymerization of MMA.

2.3. Iron Catalysts. 2.3.1. General Features. Iron com-
plexes, with a group 8 metal as with the ruthenium counter-
parts, have also been employed for metal-catalyzed living
radical polymerization (Figure 4). Development of iron-based
catalysts would become more significant in that they may
offer readily and abundantly available, cheaper, safer, and
more environmentally friendly systems. We first found that
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FIGURE 4. Evolution of iron complexes for the catalysts in metal-catalyzed living radical polymerization synthesized and examined in the

authors’ group.

FeCl,(PPhs), (Fe-1) catalyzed living radical polymerization of
MMA'® and later that a series of half-metalocene complexes
with carbonyl ligands (Fe-2—Fe-5) were useful for polymer-
izations of styrenes and acrylates.??~2* More recently we have
developed iron catalysts (Fe-6—Fe-11) for functionalized
methacrylates that have been unsuited for conventional and
functionality-sensitive iron complexes.

2.3.2. Phosphine Ligand Design. As with the Ru(ll) fam-
ily, increasing electron density tended to accelerate polymer-
ization with iron complexes. With FeBr,, for example, a basic
alkyl phosphine ligand (Pn-Bus; Fe-6) induced a faster polym-
erization of MMA than a phenylphosphine derivative (PPhs;
Fe-1).2> However, simultaneous improvement on activity (rate)
and controllability (M,,/M,,) for Fe-6 was difficult, strongly
depending on catalyst concentration (at 10 mM, 5 h for conv
= 90%, M, /M, = 1.42; at 4 mM, 47 h for conv = 89%,
M,/M, = 1.27). In contrast, with a P—N ligand (Fe-7), both fac-
tors were simultaneously improved, particularly when com-
bined with Al(Oi-Pr); or an additive mimicking the P—N ligand
(9 h for 90% conv, M,,/M,, ~ 1.16).2°

Though half-metallocene iron complexes with multiple car-
bonyl (CO) ligands (Fe-2—Fe-5) were not useful for control-
ling MMA polymerization, a CO-free cyclopentadiene (Cp)
complex with methyldiphenylphosphine [Fe-8; CpFe(P-
MePh,),] works for MMA in conjunction with Al(Oi-Pr)5 (M,,/M,,
= 1.3—1.4). In this regard, Cp complexes bearing one carbo-
nyl and one phosphine ligands (Fe-9 and Fe-10) would be
interesting.

2.3.3. Phosphazenium Halide Ligands. We also
employed phosphazenium halide salts (PZN*X~; X = CI, Br, I
to ligate FeX, for polymerization of MMA.?” With the
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FIGURE 5. High controllability and tolerance to functional
monomers of FeBr,/PZN-Br catalyst (Fe-11) in sequential block
copolymerization of PEGMA and MMA in THF at 60 °C. First feed,
[PEGMA],/[(MMA),-Bt],/[FeBr.]o/[PZN-Br], = 1000/20/10/10 mM;
second feed, [MMA|,/[FeBr,]o/[PZN-Br], = 2000/5.0/5.0 mM.

extremely bulky and charge-delocalized cation, these salts
maodify the iron halide by providing an additional halide onto
the metal. The in situ forming complex (Fe-11) from an
equimolar mixture of FeBr, and PZN*Br~ efficiently induced
a living radical polymerization of MMA in THF at 60 °C. The
molecular weight and MWD were controlled up to M, ~ 10°
(M,/M, ~ 1.1—1.2). The catalytic activity clearly surpasses that
with alkylammonium or alkylphosphonium bromide, and the
ionic catalyst is readily removed from polymer solution with
water to <5 ppm. The PZN iron catalyst was also effective for
PEG-functionalized methacrylates (PEGMA) to give controlled
polymers including PEGMA—MMA block copolymers (Figure
5). This result is significant because phosphine-based iron cat-
alysts (Fe-1, Fe-6, and Fe-7) were not able to catalyze the
polymerization of such functional monomers.

2.3.4. Vinyl Acetate Polymerization. Vinyl acetate (VAQ
is among the monomers whose radical polymerization has
been quite difficult to control because of the instability of the
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FIGURE 6. Evolution of nickel complexes for catalysts in metal-
catalyzed living radical polymerization synthesized and examined
in the authors” group.

nonconjugating and highly reactive VAc growing radical and
frequent chain transfer. However, we developed a controlled
polymerization of VAc with a dimeric Fe(l) carbonyl-Cp com-
plex (Fe-4) coupled with an iodo initiator and an additive such
as Al(Oi-Pr); or Ti(Oi-Pr),.?® Although the MWDs of the prod-
uct were not very narrow, M,, control is possible up to 50 000;
the SEC curve shifted to higher molecular weight keeping the
unimodal shape, indicating generation of long-lived propagat-
ing species. The dimer complexes (Fe-4 and Fe-5) seem to be
potentially active to activate the stronger carbon—halogen
bond derived from VAc.

2.4. Nickel Catalysts. 2.4.1. General Features. Nickel
catalysts for living radical polymerization are thus far limited
in number (Figure 6). Representative are NiBr,(PPhs), (Ni-1),""
NiBr(Pn-Bus), (Ni-2),%° Ni(PPhs), (Ni-3),2° and bis(ortho-che-
lated) arylnickel [Ni{o,0'(CH,NMe,),CgH5}Br], the last reported
by Teyssie et al.2! In general, Ni(ll) rather than Ni(0) and Ni(])
seems to be suitable, and the characteristics of these cata-
lysts in living radical polymerization are similar to the Fe(ll)
family, potentially active, readily available, easy to remove
from organic solvents and polymers, but in turn sensitive to
polar functional groups. Additionally, geometrical structures
are more important in Ni(ll) complexes in determining their
catalytic activity and stability.

2.4.2. Ligand Design. Recently, we embarked on devel-
oping nickel catalysts and thus examined various phosphines
(PR5) as ligands for nickel dibromide (NiBr,) in MMA polym-
erization with a bromide initiator. Highly basic ligands such as
para-tolyl- and para-methoxyphosphines (Ni-4 and Ni-5)
induced faster polymerizations than does triphenylphosphine
(Ni-1).3% Ni-4 and Ni-5 apparently give controlled polymers,
judged from their fairly narrow and unimodal MWDs (M,,/M,,
~ 1.2—1.4). However, closer inspection of MWD indicated a
portion of shorter dead chains, probably caused by the lower

SCHEME 6. NiBr,(PMePh,) for Living Radical Polymerization of
Various Monomers
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thermal stability of the complexes or their Ni(lll) oxidized states
that are known to assume “pseudotetrahedral” structures.

In contrast, an alkylphoshine complex (Ni-2), with a “square
planar” structure, is thermally more stable and in fact survives
during the polymerization, allowing the resulting polymer to
continue to grow upon addition of a fresh monomer feed.2
Nevertheless, with its axial positions vacant, the planar form
of Ni-2 is in turn more vulnerable to polar functionality and
unsuitable for PEGMA and (dimethylamino)ethyl methacry-
late (DMAEMA).

2.4.3. Functionality-Tolerant Catalysts. From these
backgrounds, we focused on Ni(ll) complexes with methylphe-
nylphoshines (PMe,Ph;_,, n = 1, 2), because they are in an
equilibrium between “square planar” and “pseudotetrahedral”
forms®3 and besides the Ni(lll) complexes are stable enough
to be isolated. As a result, NiBr,(PMePh,) (Ni-6) catalyzes a
well-controlled polymerization of MMA (M,,/M,, ~ 1.2—1.3) in
the presence of excess ligand as an additive.>? The catalyst
shows a sustainable controllability to allow a monomer addi-
tion experiment and is widely applicable for monomers includ-
ing functionalized methacrylates: methyl acrylate (MA), styrene
(St), MMA, PEGMA, and DMAEMA (Scheme 6). Despite such tol-
erance, the complex reacts with water to form hydrate and is
easily removable from hydrophobic polymers (<30 ppm).

2.5. Control with Halogen Donors. A pivotal point in liv-
ing radical polymerization is the fast and dynamic equilib-
rium between dormant and active species (Scheme 3).
Namely, one should promote not only the forward step (rad-
ical formation) but the reverse step (regeneration of a dor-
mant end) as well.

Noting this process is a halogen-capping, we examined the
use of a halogen source for its promotion on the basis of
“equilibrium-principle” or “mass-law” effect (Scheme 7). For this
strategy, the additive should not serve as an initiator or a
chain transfer agent. The first example is the addition of
iodine into the Fe-catalyzed polymerization of MA or N,N-dim-
ethylacrylamide (DMAA) with an iodide initiator (Scheme
7A).2%
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SCHEME 7. Halogen Donors for Transition Metal-Catalyzed Living
Radical Polymerization
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SCHEME 8. Copolymerization of Polar Vinyl Monomers and Olefins
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More recently we have found that triphenylmethyl halides
(Ph;C—X; X = halides) are effective for the same purpose
(Scheme 7B).3* Addition of PhyC—Cl enables the living MA
polymerization with the (MMA),-Cl/Ru-2 [Ru"(Ind)CI] system,
while the original additive-free system was ill-controlled. Ru-2
reversibly activates the added halide into the triphenylmethyl
radical (Ph5C’), too stable and bulky to initiate or to terminate MA
polymerization. The dissociation is faster than with the bromine-
capped poly(MA), and hence the “common” oxidized complex
[Ru"(Ind)Cl5] “shifts” the equilibrium toward dormant species. The
halogen-donor approach is particularly useful when one intends
to tame a process where the exchange equilibrium is favorably
shifted to the radical side or the method>® with corresponding

Precision Control of Radical Polymerization Ouchi et al.

deactivator (higher valence complex) is difficult, caused by its sol-
ubility or stability.

3. Precision Polymer Synthesis

The development of metal-catalyzed living radical polymeri-
zation has opened new vistas to conveniently synthesize a
wide variety of well-defined polymers, particularly functional-
ized polymers, under relatively mild conditions. In this sec-
tion, we discuss recent advances in such “precision” polymer
synthesis, specifically random copolymerization, terminal
transformation, block copolymers, and core-functionalized star
polymers. A detailed review covering the status in this area
before 2000 is available.” The key is to select suitable cata-
Iytic systems for desired polymers.

3.1. Random Copolymerization. 3.1.1. General Fea-
tures. A notable advantage of radical polymerization is that a
wide variety of monomers can be randomly copolymerized, in
sharp contrast to ionic and coordination polymerizations,
where even a minor structural variation in monomers imposes
a considerable difference in reactivity and thereby often ham-
pers formation of truly random (statistical) copolymers. It is
therefore important to introduce a living process into radical
random copolymerization, with its unique advantage of ready
copolymerizability. Additionally, if bimolecular termination is
effectively suppressed, this implies the products, which are an
accumulation of polymers formed from the onset to the end
of a reaction, to have basically a uniform composition on the
molecular level; note that, in a conventional radical copolym-
erization, the products may be an ill-defined mixture of copol-
ymers with differing compositions because of termination.

3.1.2. Polar Vinyl Monomers and Olefins. In particu-
lar, for example, a controlled copolymer of a-olefins (1-alk-
enes) and polar vinyl monomers has attracted attention for
modification of the corresponding homopolymer. However,
the two monomers are by definition antithetical in terms of
their polymerizability; the former suited for coordination
polymerization and the latter for radical polymerization.

We examined the possibility of employing our metal-cata-
lyzed living radical polymerization for such a process, with use of
an exceptionally active iron catalyst ([FeCp(CO),]; Fe-4) (Scheme
8).3° Typically, an equimolar mixture of MA and 1-hexene is
copolymerized with the Fe-4/MA-I/Al(Oi-Pr)5 system. Rather sur-
prisingly, though hydrocarbon olefins have long been believed
nearly inert under usual radical reaction conditions at 60 °C,
1-hexene does polymerize with the iron catalyst, though much
less reactive than MA, to give well-controlled random copoly-
mers (M,, = 15 500, M,,/M,, = 1.63, 1-hexene content: 13 mol
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FIGURE 7. Olefin content in random copolymers of MA and olefins
in iron-catalyzed living radical polymerization.
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FIGURE 8. Compositional distribution in MA—2-methyl-1-pentene
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0

%). Particularly important is that the product involves main-chain
olefin units, while long homosequences of the hexene are virtu-
ally absent. The olefin content can be increased up to 20% with-
out serious loss of the controllability.

Other olefins, such as 1-octene, 2-methyl-1-pentene, and eth-
ylene, are also efficiently copolymerized with MA via the iron-
catalyzed system to yield copolymers (M,,/M,, = 1.5—1.8). Figure
7 summarizes the ranges of olefin content and overall molecu-
lar weight for three olefins. 2-Methyl-1-pentene, an o,o-disubsti-
tuted alkene, was more efficiently incorporated into copolymers,
obviously due to the higher stability of the growing radical. These
copolymers are characterized by a compositional uniformity (Fig-
ure 8); that is, the composition little depends on molecular
weight, while the olefin content in the corresponding products

from conventional radical copolymerization sharply decreased
with increasing molecular weight.

Additional functionalization of these olefin copolymers was
also achieved by use of dimethylacrylamide (DMAA), poly(eth-
ylene glycol methyl ether acrylate) (PEGA), and 1-hydroxybu-
tyl-5-hexene.?” In addition to the iron catalysts, some Ru(ll)
complexes are effective in the copolymerization, such as Ru-2
and Ru-3, and they also catalyzed controlled copolymeriza-
tions of MMA with olefins (olefin content <10 mol %).

3.1.3. Vinyl Ether Copolymers. Vinyl ethers (VEs) are
usually not expected to polymerize in a radical mechanism,
but they do copolymerize with MA in the ruthenium-medi-
ated system [RuCp*Cl(PPhs), (Ru-3)/n-BusN].>® Herein suppres-
sion of cationic polymerization of VE and decomposition of VE
terminus are imperative; the electron-rich monomer may poly-
merize with a potentially Lewis acidic metal catalyst, and the
halogen-capped VE terminus is susceptible to acid-assisted
jonization and elimination. Thus, the ruthenium catalysts were
more suitable than the more Lewis acidic iron counterparts.
For the leaving halogen (X), bromine seems to be better suited
than chlorine and iodine in terms of activity and suppression
of the HX elimination. The typical results obtained from MA
and ethyl vinyl ether are the followings: M,, = 15 000, M,,/M,,
= 1.40, VE content 5.0 mol %.

3.2. Terminal Transformation: Hydrogenation. In
accordance with the proposed pathway (Scheme 3), the poly-
mer terminus (dormant end) in metal-catalyzed living radical
polymerization invariably and quantitatively carries the halo-
gen originating from the initiator. This unique feature is
advantageous as a reservoir of active radical intermediates for
block polymerization and end functionalization, but it in turn
imposes a potential drawback of product instability.

Recently we have developed an efficient and convenient
method for the hydrogenation of the terminal halogen, where
a Ru(ll) polymerization catalyst is further utilized for another
catalysis after in situ “catalyst transformation” (Scheme 9).3°
For example, after living radical polymerization of MMA, the
catalyst RuCl,(PPhs); (Ru-1) is in situ transformed into the cor-
responding hydrides by addition of K,CO5 (base) and 2-pro-
panol (hydrogen source). Upon treatment, the reaction mixture
immediately changes color from the original red-brown (RucCl,)
through red-purple (RuCIH) to yellow (RuH,), while the termi-
nal chlorine is quantitatively hydrogenated, as analyzed by 'H
NMR, MALDI-TOF MS, and SEC.

3.3. Block Copolymers. Thanks to the high activity, con-
trollability (perfect end functionality), and tolerance to func-
tional groups, metal-catalyzed living radical polymerization
offers a series of (functionalized) block polymers of varying
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SCHEME 9. Tandem Hydrogenation of Terminal Halogen via Ruthenium Catalysts
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structures and segment sequence for a variety of monomers.
Figure 9 illustrates some examples.

3.3.1. Triblock Copolymers: Thermoplastic Elastomers.

We have synthesized all methacrylate ABA triblock copoly-
mers (structure A), where dodecyl methacrylate (DMA) and
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FIGURE 9. Block copolymers obtained from ruthenium-catalyzed
living radical polymerization.

[RuHCI]
Catalysts-Transformation

Living Radical
Polymerization

/im

In-Situ
Hydrogenation

s |

[RuH;]

outer block for reversible physical cross-linking.*® Typically, a
series of MMA—DMA—MMA triblock copolymers can be
obtained with dichloroacetophenone as bifunctional initiator
coupled with the Ru(Ind)CI(PPh3), (Ru-2)/n-BusN catalyst sys-
tem, all with very narrow MWD (M,,/M,, < 1.2), high block-
ing efficiency (>97%), overall M,, = 20 000—500 000, and
MMA content 10—40%. The products indeed behave like
elastomers.

3.3.2. Triblock Copolymers: lon-Conducting Solid
Electrolytes. St—PEGMA—St triblock copolymers (structure B)
are also prepared by the bifunctional Ru(ll) initiating system

Mechan/ca/ Property lonic Conductivity

(PEGMA)
CHs

CHs
CI%CH CH2>—€C CHZ%CH%CHz ﬁ—<CH2 CH>‘CI

(CHZCHQO}Z*SCH3
B

Mechanrcal Property

(CH2CH20%CH3

system [RuCl,(PPhs); (Ru-1) or RuCp*CI(PPhs), (Ru-3)]. The
products are designed as potential lithium ion-conducting,
film-forming solid polymer electrolytes for secondary lithium
batteries.*’ PEGMA here carries a relatively long PEG pendent
chain (n = 23) for ensuring good ion conductivity; the outer
styrene segments are to form mechanically strong film. The
optimized products undergo clear phase separation, and this
seems critical in attaining high ion conductivity and excel-
lent charge—discharge characteristics.

3.3.3. Functionalized Random Block Copolymers. An
interesting combination of random and block copolymeriza-
tion of functional methacrylates leads to functionalized “ran-
dom-block” copolymers in which each segment is a random
copolymer of methacrylates (Figure 9). Segment A (@mphiphilic
or hydrophilic) is composed of MMA and PEGMA, and seg-
ment B (hydrophobic and bulky) involves BMA, 2EHMA, and
BzMA. Despite the use of as many as four to five monomers,
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SCHEME 10. Synthesis and Functions of Core-Functionalized Star Polymers via Ruthenium-Catalyzed Living Radical Polymerization

DSVIHEEIE = i 00 8 e et R e e i i e e e e o A s A e
o )H( )H( : PMM A PEG Arms
/61@; v O EGDMA i Arms 4\
3
e \ PPh 4 O
R Catalysts 2 Mult/ple Ru(ll) 8.5
g Hydrophiobic
'—(lli{'"g P;'?me)f Ligand Monomer P Amphiphilic !
inear Arms, Hydrophilic i
Ru(ll) Star  Ru(ll) Core Tenassensive PEG-Ru(n) Star |
0 i
)‘\H’( 0 P(CH;0H)3
9 Ru(ll) Removal
PEGDMA
o T T . Fe(ll)
| PMMA ; :
i Ams ¢E$ __PEG Core Ny YL RN Metal Core :
: {\/ /U Amphiphilic Introduction L - J :
Hydrophilic [ Various Metals |
! ® 7, Themosensitive | | */ Multiple Ligand !
: 2 Loose Core Vo Solubilizing Agent
PEG Star PPh; Star PPh; Core Novel Metal Star :
\
Q Eunctions
Molecular Recognition Microgel-Core Catalysis

{ Encapsulation/Release of Dye

Oxidation of sec-Alcohols

: Hydrophilic CCly + &
Dye
@,Es @Eg ;!
7 cl
®E7/ ® 27/ P CliC ;_=o
R”7OR2 RTOR2 9
PEG Star Ru(ll) Star PEG-Ru(ll) Star Fe(ll) Star \

Reduction of Ketones Radical Addition

each step proceeds cleanly, and the block architecture sepa-
rates differing functions, while the random segmental struc-
ture ensures balanced distribution of different functions
intended as, for example, advanced amphiphilic pigment
dispersants.

3.4. Core-Functionalized Star Polymers. Microgel-core
star polymers are generally prepared by a linking reaction of
linear living polymers (arms) in the presence of a small
amount of a bifunctional monomer (linking agent).*>*3 We
have already demonstrated the feasibility of this strategy in
our metal-catalyzed living radical polymerization. The inner
core (microgel core) is a locally cross-linked network that may
be considered as a “solubilized” gel and may prove a unique
network system and a nanoscale reaction space, provided that
suitable functionality is incorporated. Thus, we have exam-
ined the direct functionalization of the microgel core in star
polymers by ruthenium-catalyzed living radical polymeriza-
tion (Scheme 10); these are herein called “core-functionalized”
star polymers.

3.4.1. Metal-Bearing Microgel-Core Star Polymers.
Rather accidentally in part, we found that Ru(ll) catalysts, orig-
inally employed for living radical polymerization, are effec-
tively entrapped into the microgel core. This is particularly true
when the linking (core-forming) reaction is carried out via a
random copolymerization of a bifunctional methacrylate and

a phosphine-functionalized styrene; the latter is evidently to
place a number of phosphine ligands on the core (Scheme 10,
upper left).

Ruthenium-bearing microgel star polymers [Ru(ll) Star] are
thus synthesized by the linking reaction of living poly(MMA)
with ethylene glycol dimethacrylate (EGDMA) and a phos-
phine-carrying styrene (CH,=CH—CgH,—PPh,) in >90%
yield.** Ruthenium complex RuCl,(PPhs); (Ru-1) was in situ
encapsulated into the microgel core because of a highly local-
ized ligating space in the core originating from the phosphine
monomer; note that typically as many as a few hundred phos-
phine moieties are incorporated into a nanometer-sized
microgel core. Namely, this is direct transformation of “polymer-
ization catalysts” into “star polymer catalysts”. In most cases,
the complex capture is nearly quantitative; 100 ruthenium per
core. The employment of PEGMA for arm parts leads to
amphiphilic solubility (soluble in alcohols and water) and
unique thermosensitivity (UCST = 31 °C in 2-propanol).**

The core-bound metals can easily be interchanged via the
following two steps: (1) removal of core-bound ruthenium with
a hydrophilic phosphine [P(CH;0H);] to obtain an “empty” star
with the in-core phosphine ligands free and (2) reloading of
metal salts and complexes such as FeCl, and NiBr,(PPh;), into
the core via ligand exchange.

3.4.2. Microgel-Core Catalysis. The metal-bearing micro-
gel star polymers were regarded as homogeneous/heteroge-
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neous hybrid polymer-supported catalysts with a microgel
reaction space; metal-encapsulating dendrimer catalysts have
also been reported.*® For example, Ru(ll)Star efficiently cata-
lyzed the homogeneous oxidation of sec-alcohols into ketones
with a unique substrate selectivity, even at a quite low cata-
lyst feed (Ru/substrate = 1/1000). These star catalysts could
be reused three times without any loss of catalytic activity
even with the recovery under air.

PEG—Ru(ll)Star allowed homogeneous reduction of vari-
ous ketones into alcohols in 2-propanol with higher activity
(turnover frequency approximately 1000 h™') than the con-
ventional counterpart [RuCl,(PPhs);]. The star catalysts also
realized thermoregulated phase-transfer hydrogenation of a
hydrophobic ketone (2-octanone) in 2-propanol/H,O bipha-
sic media (1/1, v/v) with high activity and recycling efficiency.

3.4.3. PEG-Functionalized Microgel Star Polymers. In
sharp contrast to conventional star polymers with small, hard,
and hydrophobic microgel cores, novel star polymers with
large, soft, amphiphilic, and thermosensitive microgel cores
are prepared with a dimethacrylate carrying a long polyether
(PEG) spacer [PEGDMA; (CH,CH50),, n = 9; M, = 550].*” As
expected, the star had larger radius of gyration in DMF (SEC-
MALLS analysis) and higher mobility in the core ("H NMR) than
those with EGDMA. The PEG core can also reversibly encap-
sulate and release the hydrophilic dye (orange G, insoluble in
CHCly).
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Radical polymerization is one of the most widely used processes for the commercial production of high-molecular-
weight polymers. The main factors responsible for the preeminent position of radical polymerization are the ability to
polymerize a wide array of monomers, tolerance of unprotected functionality in monomer and solvent, and compatibility
with a variety of reaction conditions. Radical polymerization is simple to implement and inexpensive in relation to compet-
itive technologies. However, conventional radical polymerization severely limits the degree of control that researchers can
assert over molecular-weight distribution, copolymer composition, and macromolecular architecture.

This Account focuses on nitroxide-mediated polymerization (NMP) and polymerization with reversible addition—fragmentation
chain transfer (RAFT), two of the more successful approaches for controlling radical polymerization. These processes illustrate two
distinct mechanisms for conferring living characteristics on radical polymerization: reversible deactivation (in NMP) and revers-
ible or degenerate chain transfer (in RAFT). We devised NMP in the early 1980s and have exploited this method extensively for
the synthesis of styrenic and acrylic polymers. The technique has undergone significant evolution since that time. New nitroxides
have led to faster polymerization rates at lower temperatures. However, NMP is only applicable to a restricted range of monomers.

RAFT was also developed at CSIRO and has proven both more robust and more versatile. It is applicable to the major-
ity of monomers subject to radical polymerization, but the success of the polymerization depends upon the selection of the
RAFT agent for the monomers and reaction conditions. We and other groups have proposed guidelines for selection, and
the polymerization of most monomers can be well-controlled to provide minimal retardation and a high fraction of living
chains by using one of just two RAFT agents. For example, a tertiary cyanoalkyl trithiocarbonate is suited to (meth)acry-
late, (meth)acrylamide, and styrenic monomers, while a cyanomethyl xanthate or dithiocarbamate works with vinyl mono-
mers, such as vinyl acetate or N-vinylpyrrolidone. With the appropriate choice of reagents and polymerization conditions,
these reactions possess most of the attributes of living polymerization. We have used these methods in the synthesis of well-
defined homo-, gradient, diblock, triblock, and star polymers and more complex architectures, including microgels and poly-
mer brushes. Applications of these polymers include novel surfactants, dispersants, coatings and adhesives, biomaterials,
membranes, drug-delivery media, electroactive materials, and other nanomaterials.

Introduction which was developed at CSIRO in the mid-

1 . . . . .
This Account focuses on two of the more success- 1980s, "and radical polymerization with reversible

ful approaches to living radical polymerization. ~ addition—fragmentation chain transfer (RAFT) also
Namely, nitroxide-mediated polymerization (NMP),  invented at CSIRO a decade later.? The Account
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will concentrate on work carried out at CSIRO and, for the
most part, will be illustrated with examples from research car-
ried out in our laboratories. It will focus on the selection and
design of reagents that control radical polymerization by con-
ferring the attributes of living polymerization.

Toward Living Radical Polymerization

Radical polymerization is one of the most widely used pro-
cesses for the commercial production of high-molecular-
weight polymers. The main factors responsible for the
preeminent position of radical polymerization are? (i) the abil-
ity to polymerize a wide variety of monomers, including
(meth)acrylates, (meth)acrylamides, acrylonitrile, styrenes,
dienes, and vinyl monomers; (ii) tolerance of unprotected func-
tionality in monomer and solvent (e.g.,, OH, NR,, COOH,
CONR,, and SO3H) (polymerizations can be carried out in
aqueous or protic media); (i) compatibility with reaction con-
ditions (e.g., bulk, solution, emulsion, mini-emulsion, and sus-
pension); and (iv) it is simple to implement and inexpensive in
relation to competitive technologies.

However, conventional radical polymerization has severe
limitations with respect to the degree of control that can be
asserted over molecular-weight distribution, copolymer com-
position, and macromolecular architecture. This situation has
been redressed with the advent of processes that provide the
attributes of living polymerization, such as NMP, atom trans-
fer radical polymerization (ATRP), and RAFT.

Conventional radical polymerization is a chain reaction.?
Chains are initiated by radicals formed from an initiator add-
ing to monomer. Chain propagation then involves sequential
addition of monomer units to form propagating radicals. Chain
termination occurs when these propagating radicals self-re-
act by combination or disproportionation.

The steady-state concentration of propagating species is
only ~1 07 M, and the lifetime of individual chains is ~5—10
s. The ultimate length of chains formed during the early stages
of polymerization is high and, notwithstanding the gel or
Trommsdorf effect, should reduce with conversion because of
monomer depletion. The breadth of the molecular-weight dis-
tribution and polydispersity is governed by statistical factors,
and the ratio of weight/number average molecular weights
(M,/M,) is typically >2.0, if termination is by disproportion-
ation or chain transfer, or >1.5, if termination is by
combination.

In marked contrast, in an ideal living polymerization, all
chains are initiated at the beginning of the process, grow at a
similar rate, and survive the polymerization (there is no irre-
versible chain transfer or termination). If initiation is rapid with

e 9o ZCS; RAFT end
initiator @ ~@ = dormant chains
fragment @ -9
[ e -9
.'._ —!‘
o~ ~® dead
[ il 3
[ chains
e ~@
([ ~9
W
o~ ~®_ active
‘R’ RAFT end .'M‘c’hains
@~ -9
| -9

FIGURE 1. RAFT polymerization schematic. Initiator fragments =
(dead chains + active chains). The number of chains of each type is
not in proportion to that expected for a well-designed experiment.
Ideally, the fraction of dormant chains is much greater than that
shown. On average, all living chains grow simultaneously (have
equal chain length) because equilibration of dormant and active
chain ends is rapid with respect to propagation.

respect to propagation, the molecular-weight distribution is
very narrow, approaching a Poisson distribution, and chains
can be extended by the provision of further monomer.

In a radical polymerization, the propensity of radicals to
undergo self-termination means that all chains cannot be
simultaneously active. Living attributes are only displayed in
the presence of reagents that are capable of reversibly deac-
tivating propagating radicals (P,e), such that the majority of liv-
ing chains are maintained in a dormant form (P,,—X), and
reaction conditions that support a rapid equilibrium between
the active and dormant chains (Figure 1).

The rate of termination scales as the square of the total
radical concentration [P,e]?, while the rate of propagation is
directly proportional to [P.e]. Thus, a first strategy for suppress-
ing termination is to lower the steady-state radical concentra-
tion. Application of this strategy necessarily also results in a
lowered rate of polymerization.

It is possible to achieve a high fraction of living chains
while maintaining an average concentration of active propa-
gating species similar to or higher than that in a conventional
radical polymerization. This requires that the total number of
living chains (=P,e + P,—X) is much higher than would be
obtained in a conventional polymerization with a similar rate
of initiation and that the molecular weight of the chains
formed is correspondingly lower.

A third strategy for simultaneously achieving high rates of
polymerization and a high degree of livingness is to make use
of compartmentalization phenomena, as exist in some forms
of heterogeneous polymerization, to effectively isolate indi-
vidual propagating radicals.

Whichever strategy is employed, rapid equilibration of the
active and dormant forms of the propagating species is essen-
tial to ensure that all chains possess an equal chance for
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FIGURE 2. Typical molecular-weight distributions for a
conventional and RAFT polymerization of styrene under similar
experimental conditions. Data shown are for polystyrene prepared
by thermal polymerization of styrene at 110 °C for 16 h (M,, =
324 000; M,,/M,, = 1.74; 72% conversion) and a similar
polymerization with added cumyl dithiobenzoate (0.029 M) (M,, =
14 400; M,,/M,, = 1.04; 55% conversion).*
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growth and that all chains will grow, albeit intermittently.
Under these conditions, molecular weights can increase lin-
early with conversion, molecular-weight distributions can be
very narrow (Figure 2), and the polymerization product should
comprise overwhelmingly dormant chains that can be
extended by the provision of further monomer and the reac-
tion conditions that support chain growth.*

Terminology. Currently, there is some controversy over
the use of the terms “living” and “controlled” in the context of
describing radical polymerizations.® The International Union of
Pure and Applied Chemistry (IUPAC) recommendation, that a
living polymerization is “a chain polymerization from which
irreversible chain transfer and irreversible chain termination
(deactivation) are absent”, generally precludes use of “living”
in referring to these processes.® The use of “controlled” by
itself is also contrary to IUPAC recommendations. It is incor-
rect to use “controlled” in an exclusive sense to mean a par-
ticular form of polymerization because the word has an
established, much broader, usage. The adjectives “controlled
living”, “controlled/living”, “pseudo-living”, and “quasi-living”
are also discouraged. An IUPAC task group has recommended
the term (controlled) reversible deactivation radical polymer-
ization (RDRP) to describe those polymerizations (such as NMP
or RAFT) that entail equilibria between active and dormant
chains. This term is not intended to have any connotations to
the fraction of living chains that might be present in a partic-
ular polymerization process.

We have used the term living radical polymerization in the
title of this Account. It relates to approaches to living radical
polymerization, a hypothetical process in which termination is
indeed absent. We do not imply that termination is absent
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SCHEME 1. Reversible Coupling—Dissociation Mechanism for NMP
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)/kact

R <=~ T, .0 R

T\N,O

Kk 1
T|_ deact T

SCHEME 2. Mechanism for Addition—Fragmentation Chain
Transfer
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9 R is a homolytic leaving group. Re must also be able to re-initiate polymeri-
zation. For reversible chain transfer (RAFT), groups A and X should be the same.

from any polymerizations described herein. Many systems do
display the observable characteristics normally associated with
living polymerization, and in a few cases, termination, while
undeniably present, is undetectable.

Techniques. The techniques for imparting living behav-
ior to polymerization through reversible deactivation include
the iniferter method first described by Otsu,” NMP, ATRP,
RAFT, and other degenerative chain-transfer methods.?°

NMP was devised at CSIRO in the early 1980s' and has
been exploited extensively for the synthesis of styrenic and
acrylic polymers.'®~'2 A generic mechanism for chain activa-
tion/deactivation in NMP is shown in Scheme 1.

ATRP is substantially more versatile and is currently the
most widely applied method for controlling radical
polymerization.'®>'* The mechanism of chain activation/de-
activation is analogous to that for NMP but requires a bimo-
lecular activation step.

RAFT polymerization®'* is arguably the most convenient
and versatile in allowing the use of reaction conditions more
typical of the conventional process.'®~'® The mechanism of
chain activation/deactivation is shown in Scheme 2. Cobalt-
mediated polymerization is also believed to involve a form of
addition—fragmentation chain transfer. Other degenerative
transfer techniques, such as iodine transfer polymerization
(ITP) and tellurium-mediated radical polymerization (TERP),
involve atom or group transfer by reversible homolytic
substitution.®?

Nitroxide-Mediated Polymerization (NMP)

The development of NMP at CSIRO had its origin in studies of
initiation mechanisms. Prior to the development of NMP,
nitroxides were well-known as radical scavengers, and vari-
ous derivatives were widely used in polymer stabilization.
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These applications were based on the property of nitroxides
to efficiently trap carbon-centered radicals by combining them
at near diffusion-controlled rates to form alkoxyamines.

In the period 1979—1990, a large number of studies of the
reactions of initiator-derived radicals with monomers were car-
ried out, in which a nitroxide (e.g., 4 and 5) was used as a rad-
ical trap.'®2° In the course of that work, it was observed that
under some conditions the trapping of propagating radicals by
the nitroxide was reversible, an observation that ultimately
lead to the development of NMP. The exploitation of
alkoxyamines as polymerization initiators and the use of NMP
for producing block and end-functional polymers were first
described in a CSIRO patent application in 1985." In this
patent, NMP was described as a method of living radical
polymerization. In 1990, Johnson et al.?" described what is
now known as the persistent radical effect*? and showed the-
oretically that NMP could provide narrow polydispersity poly-
mers. The early work focused on polymerization of
(meth)acrylates with nitroxides, such as 6—8, being preferred
control agents.” However, NMP only received significant atten-
tion in the wider literature following the demonstration by
Georges et al.>® in 1993 that NMP with 4 as the control agent
allowed for preparation of polystyrene with a relatively nar-

I

row molecular-weight distribution.

6
Mo *
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IT‘ Ph 4 ©
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Two strategies have been applied to initiate NMP. In the
first, the initiator is an alkoxyamine. This approach was used
in the original CSIRO work." Hawker and co-workers** also
exploited this method and coined the term “unimer” to
describe these initiators. In the second approach, the
alkoxyamine is formed in situ from the nitroxide and radi-
cals generated using a conventional initiator. Dibenzoyl per-
oxide was used in the work of Georges et al.>3

A wide range of nitroxide and derived alkoxyamines has
now been exploited in NMP. Experimental work and theoret-
ical studies have related nitroxide/alkoxyamine structure to
polymerization outcome and provided further understanding
of the kinetics and mechanism. Important parameters are the
activation—deactivation equilibrium constant K and the val-
ues of kg and Kyeact (SCheme 1).2° However, the success of

g SG1
10 11

NMP also depends upon the significance of side reactions.
Thus, the combination/disproportionation ratio for the reac-
tion of the nitroxide with the propagating radical and the
intrinsic stability of the nitroxide under the polymerization
conditions are also important. This leads to two strategies to
improve the rate of polymerization in NMP: (1) One is to
decrease the incidence of side reactions. Imidazolinone-de-
rived nitroxides (e.g., 9) provide substantially better control
than TEMPO, particularly for polymerizations of (meth)acry-
lates.2® This is attributed to the higher combination/dispro-
portionation ratio with the five-membered ring nitroxides.
With methyl methacrylate (MMA), limiting conversion behav-
ior is, nonetheless, observed with the final product being the
macromonomer formed by disproportionation.2®27 Even
though these polymerizations yield “dead” polymer, very close
correspondence of found and calculated molecular
weights2®2” demonstrates that the polymer is formed by NMP
and that there is little chain transfer or other initiation mech-
anisms. (2) The second strategy is to use nitroxides that are
sufficiently unstable that an excess of nitroxide does not build
up during polymerization. The open-chain nitroxides (10)*®
and SG1 (11)?° provide good examples of this approach.
These nitroxides are also very effective at relatively low
temperatures.

Radical Polymerization with Reversible
Addition—Fragmentation Chain Transfer
(RAFT)
The first reports of radical addition—fragmentation processes
appeared in the organic chemistry literature in the early
1970s. However, the direct use of addition—fragmentation
transfer agents to control molecular weight and end group
functionality in polymers was not reported until the mid-
1980s.2° The RAFT process using thiocarbonylthio com-
pounds, including dithioesters and trithiocarbonates, was
reported by CSIRO in early 1998.% Researchers from France
reported a process with an analogous mechanism but using
xanthate RAFT agents (MADIX) in late 1998.3" A CSIRO patent
claiming the use of xanthate and dithiocarbamate RAFT agents
appeared in early 1999.32 The historical development of the
process is described in a recent review.'®

Unsaturated compounds of general structure 1 can act as
transfer agents by a two-step addition—fragmentation mech-
anism. Such transfer agents possess a C=X double bond that
is reactive toward radical addition, groups A and X that are
most often CH,, or S, a substituent Z that is chosen to give the
transfer agent an appropriate reactivity toward propagating
radicals and convey appropriate stability to the intermediate
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radicals 2, and a group R that is a homolytic leaving group
and such that Re is capable of efficiently re-initiating polym-
erization. Reversible chain transfer requires that both 1 and 3
are active transfer agents under the polymerization conditions.
This means that the groups A and X should be the same (both
CH, or both S) and R must have similar or better homolytic
leaving group ability than the propagating radical.

In addition—fragmentation chain transfer, the rate constant
for chain transfer (k) is defined in terms of the rate constant
for addition (k.4 to the transfer agent and a partition coeffi-
cient (¢) defined as follows:>3

_ B _
ke = kaddm = Kaga®

kf
e~
—add T K3

The transfer constant is then defined in terms of k,, and the
propagation rate constant (k,) in the usual way (G, = ky/Kp).

Efficient transfer requires that the radical intermediates
formed by addition undergo facile s-scission. The driving force
for fragmentation of the intermediate radical is provided by
cleavage of a weak A—R bond. If both addition and fragmen-
tation are rapid and irreversible with respect to propagation,
the polymerization kinetics should differ little from those seen
in polymerization with conventional chain transfer. If the over-
all rate of p-scission is slow relative to propagation, then retar-
dation is a likely result. If fragmentation is slow, the adducts
2 also have a greater potential to undergo side reactions, such
as radical—radical termination. In designing transfer agents
and choosing a R group, a balance must also be achieved
between the leaving group ability of R and re-initiation effi-
ciency of Re because, as with conventional chain transfer, the
rate constant for re-initiation by Re (k;) should be >k,,. If frag-
mentation leads preferentially back to starting materials, the
transfer constants are lowered.

RAFT polymerization shows the same wide tolerance of
reaction conditions as the conventional process. This makes
RAFT polymerization particularly suited to aqueous solution®*
and emulsion polymerization,> and this has led to the rapid
development of these areas.

RAFT Agent Design

The mechanism of RAFT polymerization comprises a sequence
of addition—fragmentation equilibria shown in Scheme 3."°
Initiation and radical—radical termination occur as in conven-
tional radical polymerization. In the early stages of the polym-
erization, the addition of a propagating radical (P,e) to the

Toward Living Radical Polymerization Moad et al.

SCHEME 3. Mechanism of RAFT Polymerization
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initial RAFT agent 12 and fragmentation of the intermediate
formed provides a polymeric RAFT agent 14 and a new rad-
ical (Re). Re-initiation by Re forms a new propagating radical
(Prme). Rapid equilibrium between the active propagating rad-
icals (Pe and P,e) and the corresponding dormant species 14
provides equal probability for all chains to grow and allows for
the production of narrow polydispersity polymers. When the
polymerization is complete (or stopped), the vast majority of
chains will retain the thiocarbonylthio end group. The reac-
tions associated with RAFT equilibria shown in Scheme 3 are
in addition to those (i.e., initiation, propagation, and termina-
tion) that occur during conventional radical polymerization. In
an ideal RAFT process, the RAFT agent should behave as an
ideal transfer agent. Thus, as with radical polymerization with
conventional chain transfer, the Kkinetics of polymerization
should not be directly influenced beyond those affects attrib-
utable to the differing molecular weights of the reacting spe-
cies. Radical—radical termination is not directly suppressed by
the RAFT process.

A summary of RAFT agents (ZC(=S)SR, 12) and the factors
that should influence choice of the RAFT agent for a particu-
lar polymerization can be found in recent reviews,'6~ 183436
The effectiveness of RAFT agents is determined by the sub-
stituents R and Z. A guide to the suitability of RAFT agents for
controlling polymerization of particular monomers is provided
in Figure 3.'518

Monomers are broadly divided into two categories: (1)
“More-activated” monomers include vinyl aromatics (styrene
and vinylpyridine), methacrylics, e.g., MMA, methacrylic acid,
and methacrylamide (MAM), and acrylics, e.g., methyl acry-
late (MA), acrylic acid, acrylamide (AM), and acrylonitrile (AN).
(2) “Less-activated” monomers include vinyl esters, e.g., vinyl
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FIGURE 3. Guidelines for selection of RAFT agents for various polymerizations.'®'® For Z, addition rates decrease and fragmentation rates
increase from left to right. For R, fragmentation rates decrease from left to right. A dashed line indicates partial control.

acetate (VAQ), and vinyl amides, e.g., N-vinylpyrrolidone (NVP)
and N-vinylcarbazole (NVQ).

A key feature of RAFT polymerization is that the thiocar-
bonylthio groups are retained in the polymeric product. This
is responsible for the living character of RAFT polymerization
and renders the process suitable for synthesizing block copol-
ymers and end functional polymers. However, the presence of
the thiocarbonylthio groups is detrimental to some applica-
tions. Removal or transformation of the thiocarbonylthio group
therefore forms a integral part of many polymer
syntheses 3”42

RAFT Polymerization of “More-Activated”
Monomers

The “more-activated” class may be further divided into those
that generate tertiary propagating radicals (i.e., 1,1-disubsti-
tuted olefins) and secondary propagating radicals (i.e., mono-
substituted olefins). To understand retardation or inhibition,
phenomena sometimes associated with RAFT polymerization
of activated monomers that have high (k, > 1000 M~!

e.g., acrylates and acrylamides) and low propagation rate con-
stants (k, < 1000 M~' s™'; e.g,, vinyl aromatics and meth-
acrylics) should also be distinguished.

The order of activity as a function of “Z” shown in Figure 3
is predicted by orbital calculations (Figure 4).** The apparent
transfer constant correlates with the calculated heat of reac-
tion, the lowest unoccupied molecular orbital (LUMO) energy,
and the partial charge on sulfur. Even though values predicted
by semi-empirical calculations were substantially in error, the
trend in values was similar to those predicted by ab initio
methods using various basis sets.

Dithiobenzoates and other aromatic dithioesters (Z = aryl,
e.g. 16 and 17) are among the most active RAFT agents and
have general utility in the polymerization of the “more-acti-
vated” monomers class.'®'” However, reasonable control over
polymerization is also observed with trithiocarbonates (Z =
S-alkyl), aromatic dithiocarbamates (e.g., Z = pyrrole), and
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FIGURE 4. Plot of the logarithm of the apparent transfer coefficient
for ZC(=S)S—CH,Ph in styrene polymerization versus calculated
LUMO energy for ZC(=S)S—CH,. Values from AM1 (Q) or ab initio
calculations with Gaussian 98 and 3/21G* (0), 6/31G* (a), MP2/D95
(v), and B3LYP/6-31G* (m) basis sets.*3

dithioesters (e.g., Z = alkyl or aralkyl). The latter RAFT agents,
while slightly less active than the aromatics dithioesters, are
also less sensitive to hydrolysis and decomposition induced by
Lewis acids.***>

R must efficiently re-initiate polymerization and must be a
good homolytic leaving group with respect to the propagat-
ing radical.*® The choice of “R” is critical in the case of meth-
acrylates (Figure 6). In the most effective RAFT agents, R is
tertiary cyanoalkyl (e.g., 17) or cumyl (16). That only poor con-
trol is seen with 18, where “R” is a monomeric model for the
propagating radical, and indicates that the penultimate unit
effects are important.*® The apparent transfer constant for 18
is lower that that for 22 by almost 2 orders of magnitude.
RAFT agents with R = tertiary alkyl (e.g., —C(Me),CH,C(Me);,
19) offer essentially no control. Agents with R =
—CHPh(CO,Me),*” —CHPh(CO,H),"” or —CHPh(CN)**® also
have some utility in controlling RAFT polymerization of meth-
acrylates. However, an inhibition period is observed, which is
attributed to slow re-initiation by Re.
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FIGURE 5. Evolution of the molecular weight (open symbols) and
polydispersity (closed symbols) with conversion for polymerization
of methyl methacrylate (7.02 M in benzene) at 60 °C with AIBN
initiator (0.0070 M) in the presence of dithiobenzoate esters
ZC(=S)SC(Me),CN (0.0010 M), where Z = Ph (17; ®, — — —), Z = SMe
(20; o, ——), and Z = N-pyrrolo (21; W, - --). Calculated molecular
weight (—-—).%°

Electron-withdrawing groups can enhance the activity of
dithiobenzoate RAFT agents. For ring-substituted cyanoisopro-
pyl dithiobenzoate RAFT agents in MMA polymerization elec-
tron-withdrawing groups, which render the thiocarbonyl sulfur
more electrophilic, enhance the rate of addition to the C=S
double bond and provide narrower polydispersities from the
early stages of polymerization.'®4°

However, the use of dithiobenzoates can retard polymeri-
zation particularly when they are used in high concentrations
to provide lower molecular-weight polymers. This is particu-
larly noticeable with cumyl dithiobenzoate. An IUPAC task
group Toward a Holistic Mechanistic Model for RAFT Polymer-
izations: Dithiobenzoates as Mediating Agents was formed in
2005. The first output of that working party has recently been
published. This is a dilemma paper that summarizes the cur-
rent situation with respect to the polymerization kinetics, pos-
sible side reactions, and mechanisms for retardation.>®

Retardation observed during polymerization of methacry-
lates and styrene is strongly dependent upon the RAFT agent
concentration and can be directly correlated with consump-
tion of the initial RAFT agent. Retardation is most pronounced
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FIGURE 6. Evolution of the molecular weight (open symbols) and
polydispersity (closed symbols) with conversion for methyl
methacrylate polymerization (7.02 M in benzene) at 60 °C with
azobisisobutyronitrile initiator (0.0061 M) in the presence of
dithiobenzoate esters PhC(=S)SR (0.0116 M), where R = —C(Me),Ph
(16; W), R = —C(Me),CgH,Cl (@), R = —C(Me),CN (17; ¥v), R =
—C(Me),CO.Et (18; ), and R = —C(Me),CH,C(Me); (19; a).*®
Calculated molecular weight assuming no initiator-derived chains
(---) or including initiator-derived chains (- — —).
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FIGURE 7. Pseudo-first-order rate plot for methyl acrylate
polymerization (4.45 M in benzene) at 60 °C with ~3.3 x 107 M
azobisisobutyronitrile in the absence (M, - - -) or presence of
0.00306 M MeC(=S)CH,Ph (O, ———), 0.0306 M MeC(=S)SCH,Ph (4,
—-—), 0.00366 M PhC(=S)SCH,Ph (red J, red ---), or 0.00366 M
PhC(=S)SC(Me),CN (®, — — —) (data points for the latter two RAFT
agents are almost coincident).*®

with cumyl dithiobenzoate.>'>? Dithioesters with different R
and/or Z substituents (e.g., cyanoisopropyl dithiobenzoate) and
aliphatic dithioesters (e.g., cumyl dithiophenylacetate) display
less retardation.>?

Retardation tends to be more pronounced with high k,
monomers (acrylates and acrylamides). For the case of acry-
lates, retardation with dithiobenzoate RAFT agent is not
directly related to consumption of the initial RAFT agent, which
is rapid, with the initial dithiobenzoate being completely con-
sumed at very low monomer conversion. Use of aliphatic
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TABLE 1. RAFT Polymerization of Vinyl Acetate®®

initiator? (M x 103)

monomer (M) RAFT agent (M x 10?) conditions conversion (%) M, (g mol~") M,/M,,
10.86 25 (9.96) ACHN (8.7) 66 7000 1.18
100°C4 h
10.86 27 (4.98) AIBN (6.1) 96 22700 1.24
60°C16 h

“ AIBN, 2,2'-azobis(isobutyronitrile); ACHN, 1,1'-azobis(cyclohexanecarbonitrile).
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FIGURE 8. Plot of the logarithm of the monomer concentration
versus time to 2.5 h for polymerization of N-vinylpyrrolidone
[~50% (v/v) NVP/toluene] in the presence of 26 at 60 °C with
[NVP|/[RAFT] = 71 (O, ---), 92 (O, ———), and 151 (a, — — —);
[azobisisobutyronitrile] = 1.28 x 1072, 4.42 x 1073, 8.82 x 107*
M, respectively.*°
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FIGURE 9. Evolution of the number average molecular weight m,,
polystyrene equivalents, O, — — —) and polydispersity (M,,/M,, O,

---) with conversion during polymerization of N-vinylpyrrolidone
[~50% (v/v) NVP/toluene] in the presence of 26 [NVP]/[RAFT] = 71
and azobisisobutyronitrile (1.28 x 1072 M) at 60 °C. The solid line
is the calculated molecular weight based on RAFT agent
consumed.*®

dithioesters or trithiocarbonates provides substantially less
retardation.**#®>275> Quinn et al.>* observed that 1-phenyl-
ethyl dithiophenylacetate enabled RAFT polymerization of MA
at ambient temperature, whereas 1-phenylethyl dithioben-
zoate strongly retarded polymerization under the same
conditions.

The form of retardation is illustrated in Figure 7.4 The rate
of polymerization in the presence of dithiobenzoate deriva-
tives does not depend upon R and is strongly retarded with

respect to that observed in the absence of the RAFT
agent.*#*>2 While the dithioacetate also retards polymeriza-
tion, the extent is substantially less than that observed with
the dithiobenzoates even with a 10-fold higher RAFT agent
concentration. All polymerizations ultimately gave high con-
versions and narrow (yet bimodal) molecular-weight distribu-
tions. These retardation issues do not, by themselves, prevent
the formation of low polydispersity or block polymers.

RAFT Polymerization of “Less-Activated
Monomers”

Controlled radical polymerization of the less-activated mono-
mers (e.g., VA¢, NVP, and NV() are often problematic; ATRP
and NMP are not generally effective with this monomer class.
The more active RAFT agents (dithioesters and trithiocarbon-
ates) also strongly inhibit polymerization, such that even after
extended reaction times little polymerization may be
observed. This inhibition is attributed to the propagating rad-
icals generated from these monomers being poor homolytic
leaving groups and the consequent stability and side reac-
tions undergone by the intermediate formed by addition to
the RAFT agent.®

The less active RAFT agents, such as xanthates and dithio-
carbamates, provide control over molecular weight and poly-
dispersities for VAc, NVP, and NVC. Examples of VAc
polymerizations are shown in Table 1. Polymerization of VAc
is complicated by transfer to the monomer and polymer. The
incidence of these processes is not directly influenced by the
RAFT process. A frequently observed trend for an increase in
polydispersity at high monomer conversion can be largely
attributed to this. An example of NVP polymerization with 26
is shown in Figures 8 and 9.%° Good control is achieved, and
no inhibition period is evident.

The choice of R group is critical because most monomers
in the class have a high k, (> 1 03). The rate constants for ben-
zyl, cyanoisopropyl, and cyanomethyl adding to VAc are
reported as 46, 79, and 1 x 10* M~' s, respectively (298
K).>” Thus, inhibition periods because of slow re-initiation are
expected for RAFT agents, such as 23 and 24.
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Conclusions

Nitroxide-mediated polymerization (NMP) and polymerization
with reversible addition—fragmentation chain transfer (RAFT)
have emerged as two of the most important methods for con-
trolling radical polymerization.

RAFT has been shown to be robust and versatile and appli-
cable to the majority of monomers subject to radical polym-
erization. However, selection of the RAFT agent for the
monomers and choice of reaction conditions is crucial for suc-
cess. Most polymerizations can be controlled using one of just
two RAFT agents: one suited to (meth)acrylate, (meth)acryla-
mide, and styrenic monomers, for example, a tertiary
cyanoalkyl trithiocarbonate, and another suited to vinyl mono-
mers, such as VAc, for example, a cyanomethyl xanthate or
dithocarbamate. Requirements for specific end-functionality or
architecture may dictate the use of other RAFT agents.3”>%

NMP and RAFT (and ATRP) are being used in the synthe-
sis of well-defined homo-, gradient, diblock, triblock, and star
polymers and other architectures, including microgels and
polymer brushes. New materials that have the potential of rev-
olutionizing a large part of the polymer industry are begin-
ning to appear. Much research has been redirected from
fundamental understanding to applications. Our first NMP'
and RAFT patents® are among the most cited in the field of
chemistry and related science.>® Many reviews'®~'834 and a
book3® describe the RAFT process. Notwithstanding these
comments, there remains significant scope for process
improvement. Many features of the kinetics and mechanism
remain to be unraveled, and a significant part of current
research remains directed to this end.
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ynthetic polymers, typically prepared by addition polymerization or stepwise polymerization, are used constantly in our

daily lives. In recent years, polymer scientists have focused on more environmentally friendly synthetic methods such
as mild reaction conditions and biodegradable condensation polymers, including polyesters and polyamides. However, chal-
lenges remain in finding greener methods for the synthesis of polymers. Although reactions carried out in water are more
environmentally friendly than those in organic solvents, aqueous media can lead to the hydrolysis of condensation poly-
mers. Furthermore, bulk polymerizations are difficult to control.

In biological systems, enzymes synthesize most polymers (proteins, DNAs, RNAs, and polysaccharides) in aqueous environ-
ments or in condensed phases (membranes). Most enzymes, such as DNA polymerases, RNA polymerases, and ribosomes, form
doughnutlike shapes, which endircle the growing polymer chain. As biopolymers form, the active sites and the substrate-combin-
ing sites are located at the end of the growing polymer chain and carefully control the polymerization. Therefore, a synthetic cat-
alyst that could insert the monomers between the active site and binding site would create an ideal biomimetic polymerization
system. In this Account, we describe cyclodextrins (CDs) as catalysts that can polymerize cyclic esters (lactones and lactides). CDs
can initiate polymerizations of cyclic esters in bulk without solvents (even water) to give products in high yields.

During our studies on the polymerization of lactones by (Ds in bulk, we found that CDs function not only as initiators (catalysts) but
also as supporting architectures similar to chaperone proteins. CDs encirde a linear polymer chain so that the chain assumes the proper
conformation and avoids coagulation. The CDs can mimic the strategy that living systems use to prepare polymers.

Thus, we can obtain polyesters tethered to CDs without employing additional solvents or cocatalysts. Although CD has many
hydroxyl groups, only one secondary hydroxyl group attaches to the polyester chain. In addition, the polymerization is highly spe-
cific for monomer substrates. We believe that this is the first system in which the catalyst includes monomers initially and sub-
sequently activates the induded monomers. The catalyst then inserts the monomers between the binding site and the growing
chain. Therefore, this system should provide a new environmentally friendly route to produce biodegradable functional polymers.

Introduction

In recent years, developing renewable polymers
has received much attention from the viewpoints
of environmental protection and efficient utiliza-

of these polymers. In biological systems, enzymes
such as DNA- or RNA-polymerases synthesize
biomacromolecules with a high efficiency and
selectivity. Enzymes and their models have been

Published on the Web 08/09/2008  www.pubs.acs.org/acr
10.1021/ar800079v CCC: $40.75

tion of natural resources. Many researchers,
including our group, have investigated renewable
and biodegradable polymers like carbohydrates
(polysaccharides) and polyesters. However, cata-
lysts containing metal ions and some organic sol-
vents are harmful and not suitable in the synthesis

© 2008 American Chemical Society

widely studied as new catalysts for organic syn-
theses with highly controllable reactivity and envi-
ronmental affinity, and select enzymes have been
used as catalysts in polymer syntheses.' 2 For
example, we have examined cyclodextrins (CDs)
as a catalyst to synthesize renewable polymers.*>
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FIGURE 1. Inclusion complex of polyester with o-CD.

Although the unique inclusion properties and selective
reactivities of CDs®” once attracted the attention of chemists
as enzyme models, reactions promoted by CDs have been lim-
ited to the hydrolysis of activated esters like nitrophenyl esters
in basic conditions. Moreover, although the acceleration and
selectivity of ester hydrolysis by CDs have been somewhat
improved, excessive amounts of CDs are required for these
reactions. Accordingly, the utilization of CDs as synthetic
reagents has been limited. Herein, we report that CDs initiate
the ring-opening polymerization of cyclic esters without sol-
vent to give polyester-tethered CD in high yield.

Cyclodextrin as an Initiator of
Polymerization

Formation of Inclusion Complexes of CDs with
Polymers. Previously, we have found that CDs form inclu-
sion complexes with certain polymers with high selectivities in
water. o-CD forms a complex with poly(ethylene glycol) (PEG)
to give a crystalline compound in high yield.® However, 8-CD
does not yield a complex with PEG. On the other hand, 5-CD
does provide a complex with poly(propylene glycol) (PPG) in
high yield, whereas o-CD does not. y-CD forms complexes
with poly(methyl vinyl ether) (PMVE) efficiently, but o-CD does
not provide complexes with PMVE, which have the same com-
position as PPG.? Hence, the cross-sectional area of the poly-
mer and the size of the CD cavity are well correlated. These
results suggest that the polymer chain is included in the CD
cavity. X-ray crystallographic data of the complex of a-CD with
hexa(ethylene glycol) has demonstrated that CDs form a col-
umn, and ethylene glycol is included in a channel formed by
CDs.'®'" A variety of supramolecular structures using CDs

FIGURE 2. Hydrolysis products of polyesters in the presence of CDs.

have been investigated.'* Recently, we successfully observed
the threading process of CDs onto the polymer chain in real
time."® Threading dynamics have also been observed using a
CD covalently attached to PEG,'*'> as well as the manipula-
tion of CD ring entrapment on a polymer chain using a can-
tilever of a scanning tunneling microscope (STM).'®

Later, we found that CDs form inclusion complexes not
only with hydrophilic polymers but also with hydrophobic
polymers to give inclusion compounds.'” CDs can form inclu-
sion complexes even with inorganic polymers such as poly-
(dimethylsiloxane) and poly(dimethylsilane).'®2° Furthermore,
CDs can form an inclusion complex even in the bulk state
without water.?’

Formation of Inclusion Complexes of CDs with
Polyesters. Previously, we found that CDs form inclusion
complexes with poly(e-caprolactone) (poly(e-CL))*2 or poly(alky-
lene adipates) to give pseudo-polyrotaxanes (Figure 1).2* Addi-
tionally, other researchers have also reported that other
polyesters are included in CDs.?*

While preparing inclusion complexes of poly(e-CL) with
o-CD in an aqueous solution, we found that the polymer is
easily hydrolyzed to give its oligomers and monomers under
mild conditions. However, a polymer without CDs is not
hydrolyzed under the same conditions.

Hydrolysis of Polyesters by Various Carbohydrates.
Treating the polyesters with various carbohydrates (methyl
glucoside, dextrin, dextran, and pululan) does not affect the
hydrolysis of the polyester in a basic aqueous solution (pH =
12). In contrast, polyester is easily hydrolyzed to give its oli-
gomers and monomer in CD cavities under the same mild
conditions (Figure 2).

Interactions of CDs with Lactones. We found that CDs
selectively form inclusion complexes with certain lactones
(starting materials for polyesters). In addition, the hydrolyses
of some lactones can be catalyzed according to the sizes of
CDs in water (Scheme 1).%> These behaviors are probably due
to the high basicity of the secondary hydroxyl groups of CDs.

Polymerization of Lactones by CDs. CDs easily hydro-
lyze polyesters in water. Lactones are also hydrolyzed by CDs
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SCHEME 2
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lactones 0

d-VL

B-BL
in water. Hence, we speculated that if lactones are heated with
CDs in bulk without water, they might form polymers because
hydrolysis cannot occur. To examine this hypothesis, we
employed o-, 8-, and y-CDs as catalysts, and g-butyrolactone
(6-BL), o-valerolactone (6-VL), and e-caprolactone (e-CL) as
monomers (Scheme 2).

Experimental Procedure. We carried out the polymeri-
zation of lactones with CDs using the following method. First,
CDs were placed in a Schlenk tube and dried at 80 °C under
a high vacuum. Then under an Ar atmosphere, lactone was
added onto the CD without a solvent. Then the mixture of CD
and lactone was stirred and heated at 100 °C under an Ar
atmosphere. Although most cyclic esters are liquids, CD is
insoluble in lactones. The heterogeneous mixture became vis-
cous and solidified over time (Figure 3). The product was dis-
solved in N,N'-dimethylformamide (DMF), and the solution was
poured into tetrahydrofuran (THF) to remove unreacted CD.
The polymer was obtained after drying the THF solution.

Polymer Formation. When a mixture of 6-VL and $-CD
was heated at 100 °C, poly(d-VL) was obtained in a quantita-
tive yield after 48 h. However, 6-VL did not yield a polymer
without CDs under the same conditions. y-CD also gave a

e-CL
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FIGURE 3. Polymerization of lactones with CDs.
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FIGURE 5. Polymerization of e-CL with CDs.

polymer but in a lower yield. In contrast, o-CD did not pro-
duce polymers (Figure 4).

Similar results were obtained in the case of e-CL but with
yields lower than those of 6-VL (Figure 5) due to the lower
reactivity of e-CL.

In contrast, when g-BL, a smaller lactone, was used, o-CD
and S-CD gave poly(5-BL) in high yields. y-CD gave poly(s-
BL) in lower yields (Figure 6).
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Whereas a smaller lactone (5-BL) gave polyester in higher
yields with a smaller CD (a- and 5-CD), a larger lactone (3-VL)
gave polyester in higher yields with a larger CD (8- and y-CDs).
These results indicate that the reactions occur by incorporat-
ing lactones into the CD cavities.*®

The polymerization behavior depended on temperature.
Polymerization occurring below 100 °C had a decreased yield
due to the low activity of the monomers. At higher tempera-
tures (> 100 °C), CD decomposed during the reaction. Hence,
100 °C is the most appropriate condition for the reaction.

Polymerization of lactide (LA, Scheme 3), which is one of
the most important monomers for biocompatible and biode-
gradable polymer synthesis,?” was also successful using CDs.
The polymerizations of LA were initiated by mixing with CD
and heating at 100 °C in bulk. The order of the polymer yields
with CDs was y-CD > g-CD > a-CD. Furthermore, CDs initi-
ated the polymerizations of b-LA more efficiently than those
of L-LA, demonstrating chiral selectivity for the monomer.
These results also indicate that the inclusion ability of the CD
cavity is important in the polymerization. LA is solid at room
temperature; hence, the reactivity is lower than those of lig-
uid lactones due to its low mobility in the bulk reaction. How-
ever, when liquid ¢-VL was added to the reaction mixture of
CD and LA in bulk to perform copolymerization, the yield of
poly(LA) increased. ¢-VL probably assists in dissolving LA to
enhance the mobility of LA in the bulk mixture.?®

100 OB-CD

® 3-CD-3-VL
Inclusion Complex

¢ 3-CD-Ad
Inclusion Complex

Yield/ %
%3
S

0 24 48
Time / hours
FIGURE 7. Polymerization of 6-VL in the presence of -CD or its
inclusion complexes with 6-VL or adamantine.

Polymerization of cyclic esters was also studied by Palmans
and Meijer.2° They used enzymes such as lipase or Novozym
as a catalyst to show a high stereoselectivity for chiral lac-
tones. These polymerizations do not require toxic metal cat-
alysts. From the aspects of the highly controlled
polymerization ability and environmental acceptability, organic
polymerization catalysts like CDs and enzymes should receive
much attention in the future.

Initiators. When intact 5-CD was used as the initiator for
the polymerization of 6-VL, there was an induction period
before polymerization was initiated. In contrast, when inclu-
sion complexes of 6-VL with 5-CD were used as the initiator
for the polymerization of 6-VL, polymerization started effi-
ciently (Figure 7). On the other hand, when the inclusion com-
plex of -CD with adamantine (Ad), which is included in the
f-CD cavity, was used as the initiator, polymerization of §-VL
did not occur. These results indicate that the formation of
inclusion complexes is the rate-determining step for the
polymerization reactions.

A model compound, mono-2-0-(6-benzyloxypentanoyl)-
B-CD (2-BnOPen-p-CD),3° was found to initiate the polymeri-
zation of lactones to give polyesters, despite the fact that there
is not a hydroxyl group at the end of the polymer chain (Fig-
ure 8). The lactones were assumed to be inserted between CD
and the polymer chain. This result indicates that polymeriza-
tion proceeds via inclusion and insertion of the monomers
between CD and the polymer chain.

Structures of the Polymers. We hypothesized the plau-
sible structures of the polymers formed during polymeriza-
tion. If inclusion polymerization occurs, then pseudo-
polyrotaxanes would be formed. If the hydroxyl group acts as
a nucleophile for lactone, then polyesters covalently attached
to CD would be formed.
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FIGURE 10. Polymerization of 4-VL with CD derivatives.
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The matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrum of poly(6-VL), which was obtained
from the product of g-CD and 6-VL, showed that each signal
appeared at 100 amu intervals (corresponding to a o-VL
monomer unit) from the signal of -CD (Figure 9). It is note-
worthy that other signals at a lower molecular weight than
B-CD are not present, because this indicates that each poly-
mer involves a single 5-CD at the end of the polymer chain.
Other polymers, poly(e-CL) and poly(5-BL) initiated by CDs,
gave similar mass spectra.

CD Derivatives as Initiators. 2,6-Di-O-methyl-5-CD (DM-
f-CD) and 2,3,6-tri-O-acetyl-5-CD (TAc-3-CD) were unreactive
in the polymerization of lactones (Figure 10). These results
indicate that the inclusion of lactones in the CD cavity and sec-

o

(0]

o-VL
bulk, 100 °C
48 hours
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Polymerization of 4-VL initiated by the model compound, 2-BnOPen-3-CD.

1800
Wavenumber / cm™
FIGURE 11. IR spectra of 6-VL (a), the bulk mixture of 5-CD and
6-VL (b), and -CD—6-VL inclusion complex ().

2000 1900 1700 1600

ondary hydroxy! group at the C,-position of CDs play impor-
tant roles in initiating polymerization.

Activation of Lactones in CDs. Figure 11 shows the FT-IR
spectra of 6-VL, a bulk mixture of 5-CD and ¢-VL, and the
inclusion complex of g-CD and ¢-VL. 6-VL showed a charac-
teristic band for the stretching mode of the C=0 bond at
1731.8 cm™'. However, this IR band shifted to a lower fre-
quency in the presence of -CD. The spectra showed that the
lactone is included in the CD cavity by mixing CD and lac-
tone.3! It has been reported that the IR band of the carbonyl
group shifts to a shorter wavenumber upon forming a hydro-
gen bond between the hydroxyl group of CD and the carbo-
nyl oxygen of the guest molecule®*33 and that lactones are
activated by hydrogen bond formation.** These results indi-
cate that lactones are activated in the CD cavity with a hydro-
gen bond between the carbonyl of 6-VL and the hydroxyl
group of CD during polymerization.

The C=0 band of lactones shifted according to the cavity
sizes of CDs. These shifts can be seen in the presence of CD
with polymerization activity for each lactone, supporting our
hypothesis that CDs recognize lactones in bulk.

The band for a mixture of DM-$-CD with 6-VL, which did
not display polymerization activity, did not shift, indicating that
the Cs-position of CD does not form hydrogen bonds. How-
ever, the hydroxyl groups at the C,-position of native CDs play
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FIGURE 12. Time dependence of '>C 1pda/MAS NMR spectra of
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a role in the activation of lactones by forming hydrogen bonds
in the initiation step.

Observation of the Propagation of the Polyester. Fig-
ure 12 shows the 1pda/MAS (single pulse with 'H decoupling/
magic angle spinning) NMR spectra of a mixture of 5-CD and
0-VL recorded every two hours at 100 °C. The 1pda/MAS NMR
spectra support bulk reactions because the 1pda/MAS NMR
method enhances the peak intensity for mobile regions such
as liquid and molten polymers with the nuclear Overhauser
effect. Although signals (A—E) for poly(d-VL) were not observed
in the early stage, these signals increased with time, while the
peaks (a—e) of 5-VL decreased with time. Figure 13 shows the
time—conversion curve for this polymerization. The conver-
sion was determined by the NMR integral values of the mono-
Mer (Imonomer) @nd the polymer (Ipqyme) Obtained in the solid-
state NMR measurements. The conversion of poly(-VL)
increased with time, indicating the propagation of poly(é-VL)
in bulk. The solid-state NMR measurement revealed chain
growth of the polymer in the solid state.

Mechanism. Figure 14 shows plausible mechanisms for
the formation of the polyester-tethered CD. The first step is the
inclusion of lactone in the CD cavity to form a 1:1 inclusion
complex. The carbonyl carbon of the included lactone is acti-
vated by forming a hydrogen bond between the carbonyl oxy-

-
o

Conversion
Ipotymer / (Ipolymer + Imonomer)
o o o
'S o ™

o
N

0 2 4 6 8
Time / hours

FIGURE 13. Time—conversion curve of the polymerization of ¢-VL

initiated by -CD.

gen of lactone and the hydroxyl group of CD. A secondary
hydroxyl group at the C,-position of a CD nucleophilically
attacks the activated carbonyl carbon of the lactone to cleave
the carbonyl—oxygen bond and form an ester bond. The
monomer-attached CD is formed in the initial step.

Figure 14a—c shows three plausible propagating mecha-
nisms. Mechanism a is unlikely because the model compound
(2-BnPen-p-CD without hydroxyl groups at the end of the poly-
mer chain) initiates polymerization of 6-VL. In mechanism b,
recognition, activation, and insertion of the monomers seri-
ally occur to give 2-O-poly(ester)-CDs. Accordingly, the lac-
tones are inserted into the ester bond between CD and the
polyester chain. Generally, the oxygen next to a carbonyl
group is weak for nucleophilic attack. The activation of mono-
mers in the CD cavity might allow this mechanism. However,
we propose another polymerization mechanism c. The
hydroxyl group of the monomer-attached CD attacks the car-
bonyl group of the included lactone in the CD cavity to form
a disubstituted CD. Then, the hydroxyl group of the mono-
mer moiety immediately attacks the carbonyl carbon of the
other monomer moiety so as to insert the lactone into the
ester bond between CD and the polymer chain.®

These processes are similar to enzymes that bind substrates
noncovalently to their active site to catalyze target molecules
and release products from the active site. Kobayashi et al.
have employed enzymes to polymerize various monomers,
phenol derivatives, sugars, and lactones.?® CDs, which have a
simple structure compared with enzymes, show a high activ-
ity for lactones.

Artificial Molecular Chaperone

Post-polymerizations by Polyester-Tethered CDs. After
the monomers were completely consumed by the polymeri-
zation, new monomers were added to the reaction mixture,
and further polymerization occurred (Figure 15).
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FIGURE 15. Post-polymerization of 6-VL by -CD.

We speculated that the g-CD at the end of the polymer
chain could include lactone and reinitiate polymerization. 2-O-
poly(o-VL)—5-CD (1) was isolated from the mixture of 5-CD
and J-VL by precipitation with DMF and THF. However, once
the product polymer was purified, purified 1 could not reini-
tiate the polymerization of the new monomers, and the poly-
mer chain was not elongated (eq 1).

2
H
-2
—_
o
o B
H 3L
O]' ———> No Reaction (1)
m  bulk, 100 °C
48 hours

pch Purified 1
However, when we used the polymer washed only with
water, further polymerization of new monomers was observed.
In this case, the polyester chain was included by other 5-CDs
to give pseudo-polyrotaxane (3-CD>1). The molecular weight
of the polymer increased compared with those by the first
polymerization (eq 2). Thus, we propose that the polymer
chain is extended, and the CD cavities are opened for the new
monomers by polyrotaxane formation so as to reinitiate
polymerization. We prepared pseudo-polyrotaxane -CD>1
from the purified 1 and new -CD. Whereas purified 1 could
not initiate the polymerization, f-CD>1 reinitiated the polym-
erization to give polyesters with higher molecular weights.
Although o-CD cannot initiate polymerization of 6-VL, when
o-CD was added onto 1 to give pseudo-rotaxane (a-CD>1),
o-CD>1 reinitiated the polymerization of lactone (eq 3), indi-
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cating that 5-CD at the end of the polyester chain reinitiates
the polymerization of lactone.
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Adamantane (Ad), which is strongly included in the cavity
of f-CD, was used as a competitive guest.®> f-CD>1>Ad
(6-CD>1 with Ad included in the 5-CD cavity at the end of 1)
did not show polymerization activity for 6-VL (eq 4). Thus,
o-VL is not initiated by -CDs on the polymer chain of
p-CDD>1DAd.

(o]
(¢]

8-VL
—_— No Reaction ()
bulk, 100 °C

48 hours

B-CDo>1oAd

These observations suggest that the 5-CD at the end of 1
is the active site for polymerization and that the unmodified
CDs threaded onto 1 do not have the polymerization activ-
ity. CDs threading onto 1 cannot include 6-VL because they
have already a polymer chain in their cavities. Therefore,
these threading CDs likely play a supplementary role to con-
trol the structure of 1 in the polymerization.

Structures of Pseudo-polyrotaxane CDs>1 and 1 in
Bulk. The propagating behaviors of the polymer chain in the
presence of the threading CDs were studied by spin—lattice

(b)

Low Mobility

1
Non-productive

FIGURE 16. Schematic representations of the mechanism to reinitiate polymerization of 6-VL by 1 or CDs>1 in bulk at 100 °C.

é Active Site

relaxation time (T,) measurements with solid-state NMR spec-
troscopy. The T, value of polymer chain in f-CD>1 was
shorter than that of 1, indicating that S-CD>1 has a higher
mobility than 1. The increased mobility of 5-CD>1 is proba-
bly because the polymer chain is isolated from the neighbor-
ing polymer chain upon forming a pseudo-polyrotaxane.

We proposed the mechanism to reinitiate polymerization of
0-VL by 1 or CDs>1 in bulk. Figure 16 shows the proposed
structures of 1 and $-CD>1. The polymer chain of 1, which
forms a random coil conformation in an amorphous state, has
a lower mobility, which is affected by inter- or intrapolymer
chain interactions. Steric hindrance of the polymer chain
attached to 5-CD makes it difficult for monomers to approach
the active site of 5-CD at the end of 1. The 5-CD moiety at the
end of 1 does not have an inclusion ability for a new 6-VL
molecule. However, in pseudo-polytaxane (-CD>1, CDs
threaded onto the polymer chain may prevent the polymer
chain from taking a random coil conformation. Another new
o-VL is accessible to the -CD cavity at the end of the poly-
mer chain and is inserted at the ester bond between 5-CD and
the polymer chain. Thus, the polymer chain is extended with
a higher mobility in the 5-CD channel.?”

Conclusion

CDs selectively initiate ring-opening polymerizations of cyclic
esters to give polyesters with a CD ring at the end of the poly-
mer chain in high yields without cocatalysts or solvents.
Monomers are included and activated in the appropriate CD
cavity. This mechanism is similar to that of an enzyme
because the substrate is noncovalently bound to the active site
and the products are released from the active site.
Moreover, we found that 5-CD-tethered poly(é-VL) (1) prop-
agates with the formation of pseudo-polyrotaxane (CDs>1),
which is necessary to initiate further polymerization. g-CD at
the end of CDs>1 is the active site for the polymerization. On
the other hand, similar to a chaperone protein in a biological

Refolding Rings
(Non-active for 5-VL)

e

= 2High Mobility

€,

Productive
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system, which assists protein folding and allows the functional
state of proteins, CDs threaded onto 1 are essential for main-
taining the propagating state of the polyester. CDs showed
activities not only to activate and transform monomers like
enzymes but also to refold polymer chains as an artificial
chaperone. Hence, this study should contribute to the devel-
opment of new catalytic systems. Furthermore, this method
has potential in the industrial syntheses of environmentally
benign polymers and biodegradable polymers because the
reaction occurs by heating the initiator and the monomer
without solvent to give products with increasing molecular
weights as the monomer feed increases.
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Supported catalysis is emerging as a cornerstone of transition metal catalysis, as environmental awareness necessitates
“green” methodologies and transition metal resources become scarcer and more expensive. Although these supported
systems are quite useful, especially in their capacity for transition metal catalyst recycling and recovery, higher activity and
selectivity have been elusive compared with nonsupported catalysts. This Account describes recent developments in polymer-
supported metal—salen complexes, which often surpass nonsupported analogues in catalytic activity and selectivity, dem-
onstrating the effectiveness of a systematic, logical approach to designing supported catalysts from a detailed understanding
of the catalytic reaction mechanism.

Over the past few decades, a large number of transition metal complex catalysts have been supported on a variety of
materials ranging from polymers to mesoporous silica. In particular, soluble polymer supports are advantageous because
of the development of controlled and living polymerization methods that are tolerant to a wide variety of functional groups,
including controlled radical polymerizations and ring-opening metathesis polymerization. These methods allow for tuning
the density and structure of the catalyst sites along the polymer chain, thereby enabling the development of
structure—property relationships between a catalyst and its polymer support.

The fine-tuning of the catalyst—support interface, in combination with a detailed understanding of catalytic reac-
tion mechanisms, not only permits the generation of reusable and recyclable polymer-supported catalysts but also facil-
itates the design and realization of supported catalysts that are significantly more active and selective than their
nonsupported counterparts. These superior supported catalysts are accessible through the optimization of four basic
variables in their design: (i) polymer backbone rigidity, (ii) the nature of the linker, (iii) catalyst site density, and (iv)
the nature of the catalyst attachment.

Herein, we describe the design of polymer supports tuned to enhance the catalytic activity or decrease, or even elimi-
nate, decomposition pathways of salen-based transition metal catalysts that follow either a monometallic or a bimetallic reac-
tion mechanism. These findings result in the creation of some of the most active and selective salen catalysts in the literature.
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Introduction

The reuse and recycling of transition metal catalysts is cur-
rently an important focus area in organic and inorganic chem-
istry. The reasons are multifold and include a trend in society
and industry toward “green” chemistry, that is, the removal of
toxic metals from the waste stream, as well as the potential to
control costs via catalyst recovery and recycle, as the transi-
tion metals and sophisticated ligands used are often expen-
sive. The strategies for green catalysis are numerous and
include tethering to inorganic and organic supports,'~* use of
liquid/liquid biphasic extractions,® and solvent-free transfor-
mations,® with the immobilization of the catalysts on inor-
ganic or organic supports being the bulk of the literature
reports. While often successful in the recycling of metal cata-
lysts as well as the removal of metal complexes from prod-
ucts, supported catalysts often suffer from lower activities
(diffusion effects) and selectivities (site heterogeneity) when
compared with their nonsupported analogues. It would be
highly desirable if one could not only reuse and remove sup-
ported metal catalysts but also tune the desired catalytic activ-
ity and selectivity. Clearly, cooperativity between the support
and the catalytic moiety or at least a detailed understanding
of the support/catalyst interface and easy tunability of the sup-
port are key elements that could allow achievement of this
goal.*

Catalyst supports based on organic polymers are arguably
among the most versatile supports in the literature. Polymer
supports range from insoluble resins to highly soluble oligo-
mers. Soluble polymeric supports, in particular, allow for fine-
tuning of polymer and ultimately support properties such as
molecular weight, polydispersity, and support flexibility. The
advent of highly functional group tolerant controlled and liv-
ing polymerization methods such as controlled radical polym-
erization methods,” ° including atom-transfer radical
polymerizations (ATRP),'®'" nitroxide-mediated polymeriza-
tions (NMP),'? and reversible addition—fragmentation trans-

a) b)

\

fer polymerizations (RAFT),'> as well as ring-opening
metathesis polymerization,'*~'® has allowed for the tuning
of the structure and density of catalyst sites along polymers
and the easy incorporation of catalysts into copolymer struc-
tures. Therefore, through careful considerations of the poly-
mer structure and properties, the mechanism of the catalysis,
and possible catalyst decomposition pathways, one can design
supports that enhance the catalytic activity of the metal com-
plexes. In this Account, we describe the recent progress in tun-
ing polymeric supports to either enhance the activity of
supported transition metal catalysts or limit the propensity of
following known deactivation pathways of such catalysts. The
basic design strategies that have allowed for this progress will
be described using supported metallosalen catalysts as an
example.

Metallosalen complexes have been instrumental in facili-
tating a wide variety of asymmetric synthetic transfor-
mations.>'”'® Polymer-supported salen catalysts can be
broadly classified based on their synthetic design into three
categories, as illustrated in Figure 1. Substantial breakthroughs
in the design of easily recyclable salen catalysts have resulted
in the publication of several review articles devoted to the
development of reusable supported salens.? 2% While the
simple design of reusable salen catalysts is nontrivial, an
equally if not more important aspect of catalyst design is the
study of structure—activity relationships in supported metal-
losalen catalysis. In this Account, we focus on the importance
of the catalytic reaction mechanism in dictating the design of
improved polymeric salen catalyst supports that enhance cat-
alytic activity and overcome limitations of their nonsupported
analogues.

Salen Catalysis and Tunable Design
Elements To Improve Catalysis

A wide variety of asymmetric reactions such as epoxidation,
hetero-Diels—Alder reactions, epoxide Kinetic resolutions, and

c)

@ =salen «, = linker
FIGURE 1. Polymer-supported salen complexes obtained from (a) salens symmetrically functionalized with monomeric units, (b) attachment
of salens in a pendant fashion to resins, dendrimers, or linear polymers, and (c) incorporation of the salen ligand into the polymer main

chain through condensation of diamine and aldehyde salen precursors.
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FIGURE 4. Catalysts developed by (a, b) the Dhal group and () the Salvadori group with different linkers to improve enantioselectivity.

conjugate additions have been catalyzed by metal- the myriad of salen-catalyzed reactions that can be classified
losalens.'” 182122 Figyre 2 outlines a representative set from  based on their reaction mechanism as bimetallic or monome-
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tallic, depending on the number of metal centers hypothe-
sized in the transition state of the slow step of the
reaction.'”#32* The Mn—salen-catalyzed asymmetric epoxi-
dation and Ru—salen-catalyzed cyclopropanation and azirida-
tion presumably follow a monometallic reaction path-
way.'”2326 |n contrast, the hydrolytic kinetic resolution (HKR)
and the cyanide addition reaction catalyzed by Co—salen and
Al—salen, respectively, are hypothesized to follow a bimetal-
lic reaction pathway.?”%®

A logical approach to engineering highly active salen cat-
alysts is to vary the design of the system depending on
whether the target reaction is bimetallic or monometallic.
The basic framework of polymer-supported salen catalysts
comprises a polymeric backbone, a modified salen com-
plex, and a linker connecting the two units. Four impor-
tant design elements that should have a direct effect on the
catalyst’s activity are (i) the chemical nature of the poly-
mer backbone, (ii) the catalyst site density along the back-
bone, (iii) the point of catalyst attachment, and (iv) the
nature of the linker. For a monometallic reaction, one can
envision enhanced activity with a polymeric system that not
only ensures easy access to reagents but also facilitates iso-
lation of catalytic sites. For bimetallic reactions, a flexible
structure that allows catalytic sites to be in close proximity
to each other is desirable.

Catalysts for Reactions That Follow a
Monometallic Transition State

Mn—Salen Epoxidation. The asymmetric epoxidation of ole-
fins catalyzed by Mn—salen complexes in the presence of an
oxidant is among the earliest salen-catalyzed reactions dis-
covered (Figure 3a).2%293° The reaction mechanism initially
involves the oxidation of a Mn(lll) species to the active
Mn(V)—oxo species as illustrated in Figure 3b. The Mn(V) spe-
cies facilitates the epoxidation and gets reduced to the origi-
nal Mn(lll) complex in the process. One of the leading
deactivation pathways for Mn—salen catalysts is the forma-
tion of an inactive oxo-bridged Mn(IV) dimer by the reaction
of the active Mn(V) complex with Mn(lll) (Figure 3¢).>>

One of the primary objectives in designing efficient sup-
ported Mn—salen catalysts involves enhancing the monome-
tallic catalytic pathway over the detrimental bimetallic
deactivation pathway. Polymeric supports can facilitate this by
isolating the catalytic sites from each other. This is evidenced
by the fact that several Mn-supported catalysts can be recy-
cled up to 10 times without compromising the epoxide
yields.?° Among the earliest examples of polymer-supported
Mn—salen catalysts was salen 4 developed by Dhal and co-

workers, derived from symmetrically functionalized salen
monomer 2 and ethylene glycol dimethacrylate 3 (Figure
4a).2" The yields obtained for the epoxidation reaction using
catalyst 4 were comparable to those obtained from the small
molecule catalyst under similar conditions (Table 1).

TABLE 1. Effect of Linker Length on Catalysis

(@)
no. catalyst (concn) conditions yield (ee)
1 4 (3 mol %) a 72 (8)
2 5 (3 mol %) a 70(28)
3 6 (10 mol %) b 49 (37)
4 8 (20 mol %) b 90 (58)

9lodosyl benzene, 25 °C. ”m-Chloroperbenzoic acid (m-CPBA), 4-
methylmorpholine-N-oxide (NMO), — 20 °C.

However, the enantioselectivities of the products obtained
using the polymer were significantly lower than those made
using the nonsupported catalyst 1 (78%). The loss in selectiv-
ity was attributed to the steric factors at the catalytic site due
to rigidity of the polymer backbone and the absence of the
t-butyl groups at the ortho positions of the salen. In order to
improve the selectivities, catalysts 5 and 6 were developed by
the Dhal and Salvadori groups, respectively, which incorpo-
rated t-butyl groups on the salen and used longer linkers.3233
Although marginal improvements in ee’s were observed with
both catalysts, the greater increase in catalyst 6 might be due
to the presence of a longer linker indicating that the length of
the linker does have an effect on the enantioselectivities. Cat-
alyst site isolation seems to be maintained in these catalysts
since no significant catalyst deactivation is observed. The
effect of site isolation and linker on catalyst activity is also
exemplified by Seebach’s catalyst 8, which was obtained from
salen ligands incorporated with dendridic cross-linking units
(Figure 5).>* Since the salen catalyst formed the core of the
dendrimer and was not attached to the dendrimer branches,
the presence of the dendridic groups enabled isolation of the
catalyst center and reduced steric congestion at the catalytic
site, leading to significantly improved enantioselectivities for
catalyst 8 (Table 1). The aforementioned examples illustrate
that increased site isolation enhances the catalytic activity. An
increase in linker length and flexibility also improves cata-
lytic activity as long as the catalyst site isolation is not
compromised.

One can envision further enhancement in catalytic activ-
ity by using more flexible systems with catalysts attached to
the polymer backbone in a pendant fashion (Figure 2b).3>3°
In such cases, the site isolation can be maintained by lower-
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FIGURE 5. Dendritic cross-linking salen groups to improve enantioselectivity.

SCHEME 1. Optimized Procedure for the Synthesis of Unsymmetrically Functionalized Salen Ligands
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SCHEME 2. Synthesis of Poly(norbornene)-Supported Mn(Salen) Complexes
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ing catalyst loadings. The nature of the polymers that sup- co-workers studied the effect of polymer solubility on cataly-
port the catalysts in a pendant fashion have a profound effect  sis by using a variety of different supports ranging from sol-
on the catalytic activity.*>*' Sherrington demonstrated an  uble PEG and non-cross-linked poly(styrene)s to insoluble
increase in catalytic activity when highly porous polymers Merrifield and Jandalel resins (Figure 6).*' The catalytic activ-
were used as supports for the Mn—salen.*° Janda and ities of the soluble catalysts 9a and 9b and JandaJel catalyst
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9c were comparable to the highly active Jacobsen catalyst 1b
(Table 2). The high swelling capability and gel-like properties
of the JandaJel resin explain the superior activity of salen 9c
to the resin-supported catalyst 9d.

lo) 0 _l‘f N=
PP i
—0 o) o | Yo tBu
cl

Bu g 'Bu

= 9a: MeO-PEGgqgo; 9b: Non-crosslinked poly(styrene);
9c: JandaJel resin; 9d: Merrifield resin

FIGURE 6. Catalysts functionalized with varied polymer matrices.

TABLE 2. Effect of Polymer Matrix on Catalysis

m-CPBA, NMO

-78 °C to RT
4 mol% catalyst

0
no. catalyst time (min) yield (ee)
1 1a 15 80 (85)
2 9a 15 70 (76)
3 9b 15 69 (73)
4 9c 15 71 (79)
5 9d 60 69 (78)

One of the biggest challenges in accomplishing the single-
point attachment of salens to polymers is the synthesis of
unsymmetrical salen derivatives. The typical procedure for
symmetrical salen synthesis involves the condensation of two
equivalents of two different salicaldehydes with a diamine
moiety, yielding statistical mixtures that are often tedious to
separate.*?4* A stepwise condensation approach via protec-
tion of one amine group of the diamine using tartaric acid
derivatives has been employed but has not been useful in
obtaining enantiopure salens in high yields.** Our group has
developed a facile synthetic pathway for accessing enan-
tiopure unsymmetrical salen ligands from monoprotected
cyclohexyl diamine 10 by a two-step one-pot process (Scheme
1).45

Using this methodology, we have developed soluble
poly(norbornene)-supported catalysts, where the catalyst site
density can be varied readily by the incorporation of spacer
units.*® Poly(norbornene) was chosen as the backbone
because the polymerization via ROMP of norbornene mono-
mers is highly controlled and affords homo- as well as copol-
ymers such as 14 and 15 (Scheme 2) with low polydispersities
in a highly controlled manner.'*

The catalyst activity of 14 and 15 were comparable to the
Jacobsen catalyst 1b with quantitative yields in all cases within
15 min (Table 3). We observed that copolymers 15b and 15¢
showed higher enantioselectivities than homopolymer 14 and

copolymer 15a, presumably due to the greater flexibility of
the backbone and increased site isolation of the catalyst. Our
Mn—salen poly(norbornene) catalysts exemplify that a mod-
ular approach for designing supported salen catalysts can lead
to catalysts with activities on par with the Jacobsen Mn—salen
catalyst.

TABLE 3. Enhancement of Catalytic Activity Using a Flexible and

Soluble Polymer Backbone

-20°C, 15 min
4 mol% catalyst
—_—

m-CPBA, NMO

o]
no. catalyst yield (ee)
1 1b 100 (88)
2 14 100 (76)
3 15a 100 (76)
4 15b 100(81)
5 15¢ 100 (82)

The results obtained for the epoxidation of olefins using
Mn—salen complexes can be summarized as follows with ref-
erence to the four tunable design elements mentioned ear-
lier.

(i) Nature of the polymer backbone: soluble polymers or res-
ins with superior swelling properties and porosity are ideal
for access of reagents provided catalyst site isolation is
maintained.

(i) Catalyst density: low catalyst density and site isolation
favors the monometallic catalytic pathway over the bime-
tallic deactivation pathway.

(ilijPoint of catalyst attachment: catalysts linked to the poly-
mer backbone in a pendant fashion are more active.

(iv)Nature of the linker: longer and more flexible linkers facil-
itate access of reagents to the catalytic site so long as they
do not increase salen—salen interactions.

Catalysts for Reactions with Bimetallic
Transition States

Co—Salen-Catalyzed Hydrolytic Kinetic Resolution (HKR).
HKR of racemic epoxides catalyzed by Co—salen is an
extremely efficient method for obtaining enantiopure termi-
nal epoxides (Figure 7a). The reaction typically requires low
catalyst loadings and is highly functional group tolerant.
Kinetic studies indicate a bimetallic mechanism for the HKR
reaction, where one Co complex presumably activates the
epoxide as a Lewis acid while the other complex binds to the
nucleophile (Figure 7b).2”*” In the rate-determining ring-open-
ing step, the OH bound complex is hypothesized to react with
the epoxide activated by the second Co complex. Electronic
factors such as the nature of the counterion on Co and the
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proposed bimetallic reaction mechanism.
substituents on the aromatic ring have been shown to have a
profound effect on the catalysis.?”*® Following a cooperative
bimetallic pathway, another important factor that affects the
catalysis is the proximity of the catalysts to each other. Highly
controllable and tunable supports should play an important
role in adjusting this parameter.

The importance of catalyst proximity for HKR is exempli-
fied by the improved reactivity of dimeric Co—salen catalysts
developed by the Kureshy and Jacobsen groups.*>*° In both
cases, tethering two salen units led to enhancement of cata-
lytic activity for the bimetallic HKR reaction. The Jacobsen
group has also synthesized several catalysts by functionaliz-
ing various generations of PAMAM dendrimers with Co—salen
units (Figure 8a).>° The dendridic scaffolds had a significant
effect in enhancing the catalytic activity as evidenced by the
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FIGURE 8. (a) Dendritic salen complexes and (b) cyclic oligomeric catalyst supports that enhance the cooperative bimetallic pathway of HKR.
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TABLE 4. HKR with Dendritic and Oligomeric Supported Catalysts

H,O
R <? catalyst R <(J)

No. R Catalyst Loading Time (h)  Yield (ee)
1. O“:’ 16a 0.025 40 <1 (n.d.)
2. " 17 0.027 20 50 (98)

3. Me 18a 0.0004 24 45 (>99%)
4. " 18b 0.0003 24 40 (>99%)
5. n-Bu 20 0.01 2 43 (>99%)

low catalyst loadings of 0.027 mol % and faster reaction rates
observed with 17 compared with the monomeric catalyst 16a
(Table 4). Jacobsen also developed oligomeric catalyst 18
illustrated in Figure 8b to improve the HKR reaction.>' >3 In
general, the oligomeric catalysts were found to be highly
active and afforded the pure epoxide even with a low load-
ing of 0.0003 mol % in some cases (Table 4).

The catalysis was also dependent on the nature of the
linker and the cobalt counterion. Catalyst 18b derived from
the ether-substituted linker was found to be more soluble and
hence more active than alkyl-substituted 18a.”" Also, more
electron-deficient sulfonate counterions improved the activ-
ity of the oligomeric catalysts.”’

Our research group has utilized ROMP with the third gen-
eration Grubbs initiator to synthesize cyclooctene-derived oli-
gomeric catalysts with pendant Co—salen groups attached to
the support (Figure 9a).>* We observed that upon perform-
ing the ROMP under dilute conditions, oligomeric catalyst 20

18a: Y = CH,, X = 3-nitrobenzensulfonate
18b: Y = O, X = CF3S03

oS

Bu Bu
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FIGURE 9. Synthesis (a) and proposed mechanism for the ROMP (b) of cyclooctene-based oligomeric Co—salen complexes.

20

FIGURE 10. Poly(norbornene)-supported homo- and copolymers.

was obtained in good yields with a PDI of 1.3. The formation
of oligomeric species can be explained by the simplified
mechanism shown in Figure 9b. After initialization of the
ROMP by the ruthenium catalyst, the active species can
undergo chain propagation to afford polymer. A competing
process with the chain propagation is the intramolecular elim-
inative cyclization, which leads to the formation of
oligomers.>>>° In the case of unstrained cyclooctene mono-
mers, the ROMP is entropically driven leading to the forma-
tion of oligomers under dilute conditions via intramolecular
cyclization.®” The flexibility of the oligomer backbone
enhanced the catalysis significantly, and extremely high con-
versions and ee’s were observed for the HKR (Table 4). Cata-
lyst 20 is among the most active unsymmetrically func-
tionalized supported salen catalysts reported to date.

While oligomeric and dendritic catalysts have demon-
strated enhanced catalytic activities, they lack the advantage
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of easy reusability that polymeric catalysts possess.>® Our
group has investigated the effect of polymer backbone and
the nature of the linker on the HKR reaction using supported
Co—salen catalysts. We employed poly(norbornene) and poly-
(styrene) as supports for the Co—salen catalysts.*¢>95° The
poly(norbornene)-supported salen—Co homopolymer 21 (Fig-
ure 10) and copolymer 22 were obtained by ROMP using a
synthetic approach similar to that for the Mn—salen nor-
bornene systems 14 and 15.%¢ The poly(styrene)-supported
homopolymers 24 and copolymers 25 were obtained by free
radical polymerization initiated by AIBN (Figure 11).>° In gen-
eral, the activities of our polymeric catalysts were compara-
ble to the Jacobsen catalyst 16b (Table 5). The poly(styrene)-
supported catalysts 24 and 25 showed superior activity to the
poly(norbornene)-supported catalysts 21 and 22, which might
be attributable to the more flexible polymer backbone of poly-
(styrene). Surprisingly, in both cases, the reaction rates using
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FIGURE 11. Co-—salen-functionalized poly(styrene) homo- and copolymers.

TABLE 5. Results of the HKR Catalyzed by Poly(Norbornene) and
Poly(styrene)-Supported Co—Salen Complexes
H2O

O catalyst (0.5 mol%) (o)
CI/—Q _— - R{[
no. catalyst time (h) conv (ee) [%)]
1 16b 5 53 (>99)
2 21 5 55 (>99)
3 22a 5 55 (>99)
4 22b 5 55 (>99)
5 16b 1.59 52 (>99)
6 24 24 55 (>99)
7 25a 19 54 (>99)
8 25b 1 54 (>99)
“Reaction conducted neat.
—N N=

Co
§—< >ﬂ — o’ | o
O O'/m (|)Ac
n

26a: m=0; 26b: m=1
26c:m=2;26d: m=3

FIGURE 12. Poly(styrene)-supported catalysts with varying linkers.

copolymers 22 and 25 were slightly higher than those with
homopolymers 21 and 24 despite their lower catalyst den-
sity. The enhanced activity of the copolymers is presumably
due to greater flexibility of their backbone compared with the
sterically crowded homopolymers.

A systematic study investigating the effect of linker length
on the HKR reaction was conducted by our group.®® Poly(sty-
rene)-supported catalysts 26a—d derived from salens func-
tionalized with varying lengths oligo(ethylene glycol) linkers
were synthesized, and their catalytic reactivity was studied
(Figure 12). The most efficient catalysis was observed with cat-
alyst 26b containing a six atom linker between the catalyst

and the polymer. Further increase in the linker length resulted
in slightly lower activities (26¢ and 26d), while a decrease in
linker length led to dramatically slower reaction rates for cat-
alyst 26a. For this catalyst system, a six atom linker length
was optimal for the HKR reaction. However, we are not cer-
tain whether the rate enhancement can be merely correlated
to the linker length or whether the increase in hydrophilicity
plays a role as well, since one can envision an improvement
in catalysis due to an appropriate balance in the hydrophilic-
ity/hydrophobicity of the catalysts in this initially biphasic
reaction.

Al—salen Catalyzed Conjugate Addition. Salen—Al com-
plexes catalyze a variety of reactions such as conjugate addi-
tions, CO, addition to epoxides, and lactide polymerization.
The conjugate addition of cyanides to a,f-unsaturated imi-
des catalyzed by salen—AICI affords highly enantiopure cyano
adducts that are important precursors for the pharmaceutical
and fine chemical industries (Figure 13a).?®6" The reaction is
hypothesized to follow a bimetallic pathway, wherein one
Al—salen complex binds to the imide as a Lewis acid, while
the other complex activates the cyanide nucleophile (Figure
13Db).%® This reaction has also been catalyzed by a combina-
tion of Er(pybox) and salen—Al via a cooperative dual metal
bimetallic pathway.®? In contrast to the salen—Co systems, the
salen—AICI catalysts are typically required in high catalyst
loadings (10—15 mol %). Therefore, it is an ideal system to
study the effect of polymeric supports in enhancing catalyst
activities.

Recently, Jacobsen and co-workers developed several
dinuclear salen—Al complexes (28) connected by diester
linkers (Figure 14a).°3 Linking two salen complexes in such
a fashion led to significant enhancement of catalysis as

Vol. 41, No. 9 = September 2008 = 1153-1165 = ACCOUNTS OF CHEMICAL RESEARCH = 1161





Rational Approach to Polymer-Supported Catalysts Madhavan et al.

a)
VAL
fsudo ; obfsu
b( Cll‘
Bu Bu
27
o 0 TMSCN, PrOH 6 o CN
b)
o é) le] 6 CN
Ph/U\ﬁ)@\R Ph)}\NMR

FIGURE 13. Al-salen-catalyzed 1,4-conjugate addition: (a)
representative reaction; (b) proposed simplified mechanism.
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illustrated in Table 6. Catalyst loadings could be lowered up
to 50%, and reaction rates were significantly enhanced.
Again, the enhancement in catalyst activity can be attrib-
uted to the increased proximity of the two catalytic cen-
ters in the dinuclear systems. The catalytic activity was
found to increase when the linker length was varied from
seven to nine atoms. However, further increase in linker
length had no effect on the catalytic activity, suggesting
again that an ideal linker length exists for this system as
well. Our group has also investigated the effect of linker
length and support structure by synthesizing cyclooctene-
derived macrocyclic salen—Al catalysts 29 (Figure 14b).%*

a)

TABLE 6. Comparison of the Catalytic Activity of Tethered Al—Salen

Catalysts?
i fv TMSCN, ProH . i M
PH N R catalyst (5 mol%) Ph N R
H H
no. R catalyst time (h) yield (ee) [%]
1 Bu 27 6 <10 (nd)
2 ‘Bu 28a 20° 47 (86)
3 ‘Bu 28c¢ 6° 55 (>99)
4 ‘Bu 28e 6° 98 (95)
5 Me 29a 18¢ 70(93)
6 Me 29b 18¢ 94 (82)
7 Me 29c¢ 18¢ 99 (98)
8 Me 30 6° 96 (98)

“Based on Al content. " With 6.5 equiv of TMSCN and 'PrOH. € With 4 equiv
of TMSCN and 'PrOH.

The flexibility of the macrocyclic backbone led to signifi-
cantly improved activities of catalyst 29 in comparison
with the monomeric catalyst 27. In addition, the activity
was dependent on the linker length, with maximum con-
version observed with the longest seven carbon atom linker
(Table 6). The enantioselectivity was also dependent on the
nature of the linker. Catalyst 29c¢ with four tertiary carbon
atoms flanking the catalytic site afforded the highest enan-
tioselectivities.

We have also extended our accumulated knowledge with
polymer-supported Mn—salen and Co—salen systems to
Al—salen complexes by synthesizing a highly active polymer-
supported catalyst. Hence, catalyst 30 was designed incorpo-
rating a flexible poly(norbornene) backbone and a long C-7

28a-g:n=1t08

_N\AI/N_ o le) —N\AI/N_
/ | B JI\/H\/U\ O/ | N
O cl O (0] n (0] al O
b)

(o}

linker: .;—O/U\E‘ ‘_g_ok/\(oé_ .;

29a

o] §(<+0

29 29¢ >_ g_

FIGURE 14. Supported salen—Al catalysts that incorporated close metal centers in their design: (a) dimeric salen—Al catalyst reported by
Jacobsen and co-workers; (b) oligomeric salen—Al catalysts reported by us.
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FIGURE 15. Poly(norbornene)-based support system incorporating
optimized components for a highly active and selective salen—Al
catalyst.

linker to facilitate the bimetallic pathway and four tertiary car-
bon atoms at the linker—ligand connecting site to improve
selectivity (Figure 15).%> The poly(norbornene)-supported cat-
alyst was highly active and efficiently performed the cyana-
tion reaction within 6 h in high yields and enantioselectivities,
with a low catalyst loading of 5 mol %. In addition, this poly-
mer-supported catalyst could also be readily recycled up to
five times increasing the turnover number from 7 to 34. The
poly(norbornene) Al—salen catalyst 30 is an excellent exam-
ple of how the optimal linker and support can significantly
improve catalytic activity. We were able to successfully imple-
ment what we learned from the HKR bimetallic reaction using
salen—Co catalysts in the salen—Al system through appropri-
ate design and obtained a catalyst with high activity and
selectivity.

The Co—salen and Al—salen examples indicate the impor-
tance of polymer design in improving cooperative catalysis.
The results described provide solid guidelines for tuning the
bimetallic pathway through the four earlier-mentioned design
elements.

(i) Nature of the polymer backbone: soluble and highly
flexible supports not only increase the access of re-
agents (similar to the monometallic reactions) but also
increase catalyst proximity thereby facilitating site—site
interactions.

(i) Catalyst density: often high catalyst density or increased
local concentration of catalysts improves salen—salen inter-
actions for the bimetallic pathway.

(iiiyPoint of catalyst attachment: catalysts linked to the poly-
mer backbone in a pendant fashion are desirable.

(iv)Nature of the linker: longer and more flexible linkers facil-
itate the bimetallic pathway. In addition, presence of den-
drimeric branching units in the linker can also position
catalysts in an orientation that favors their bimolecular
interactions.
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Conclusions and Outlook

In this Account, we describe recent advances in the area of
polymer-supported salen catalysts as an example to illustrate
how a logical approach to designing supported catalysts based
on the reaction mechanism affords catalysts with optimized
catalytic properties such as activity and selectivity that are
unrivaled by their nonsupported analogues. Through manip-
ulation of four variables, (i) the nature of the polymer sup-
port, (ii) the nature of the linker, (iii) catalyst density along the
polymer support, and (iv) the nature of the connectivity of the
catalyst to the support, one can design optimized supports for
salen catalysts that follow either a monometallic or a bime-
tallic reaction pathway. While this Account focuses solely on
supported metallated salen complexes, the conclusions and
basic design principles described in it may not be limited to
metal—salen catalysts but should be translatable to most tran-
sition metal systems; that is, carefully tuned polymeric sup-
ports could potentially be a key to substantially increasing
catalytic activity for a wide variety of transition metal catalysts.
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iological macromolecules, such as DNA and proteins, possess a unique and specific ordered structure, such as a right-

handed double helix or a single o-helix. Those structures direct the sophisticated functions of these molecules in liv-
ing systems. Inspired by biological helices, chemists have worked to synthesize polymers with controlled helicity, not only
to mimic the biological helices but also to realize their functions. Although numerous synthetic polymers that fold into a
single-handed helix have been reported, double-stranded helical polymers are almost unavailable except for a few oligo-
mers. In addition, the exact structures of most helical polymers remain obscure. Therefore, the development of a concep-
tually new method for constructing double-stranded helical polymers and a reliable method for unambiguously determining
the helical structures are important and urgent challenges in this area.

In this Account, we describe the recent advances in the synthesis, structures, and functions of single- and double-
stranded helical polymers from our group and others and provide a brief historical overview of synthetic helical polymers.
We found unique macromolecules that fold into a preferred-handed helix through noncovalent bonding interactions with
specific chiral guests. During the noncovalent helicity induction process, these guest molecules significantly amplified chiral-
ity in a dynamic helical polymer. During the intensive exploration of the helicity induction mechanism, we observed an unusual
macromolecular helical memory in dynamic helical polymers. Furthermore, we found that rigid-rod helical poly(phenylacety-
lene)s and poly(phenyl isocyanide)s showing a cholesteric or smectic liquid crystal self-assemble to form two-dimensional
crystals with a controlled helical conformation on solid substrates upon exposure to solvent vapors. We visualized their heli-
cal structures including the helical pitch and handedness by atomic force microscopy (AFM).

We propose a modular strategy to construct complementary double helices by employing chiral amidinium—carboxylate
salt bridges with m-terphenyl backbones. The double-stranded helical structures were characterized by circular dichroism
in solution and X-ray diffraction of the crystals or the direct AFM observations. Serendipitously, we found that oligoresor-
cinols self-assemble into well-defined double helices resulting from interstrand aromatic stacking in water. These oligore-
sorcinols bound cyclic and linear oligosaccharides in water to form rotaxanes and hetero-double helices, respectively.

The examples presented in this Account demonstrate the notable progress in the synthesis and structural determina-
tion of helical polymers including single- and double-stranded helices. Not only do we better understand the principle under-
lying the generation of helical conformations, but we have also used the knowledge of these unique helical structures to
develop novel helical polymers with specific functions.
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Introduction

The history of synthetic helical polymers extends back to the
1950s, when Natta found highly isotactic polypropylene,
which possesses a helical structure in the crystalline state.’
Although helical polypropylene exists in a mixture of right-
and left-handed helices in the solid state, this study provided
one of the key discoveries in polymer chemistry demonstrat-
ing that nature’s monopoly on making stereoregular macro-
molecules with helical conformations could be broken, and
possibly representing the first example of a synthetic helical
polymer. However, the helical conformation of isotactic
polypropylene is not stable in solution and instantly random-
izes once dissolved. Since Natta’s discovery, remarkable
progress in developing synthetic polymers that adopt a heli-
cal conformation even in solution has been made by the
groups of Pino, Nolte, Okamoto, Green, and others. The details
of their pioneering work have been thoroughly reviewed
elsewhere,?>~7 and a brief overview is described here.

In the 1960s, Pino et al. prepared a series of isotactic vinyl
polymers by polymerization of a-olefins bearing optically
active substituents and proposed a helical conformation with
an excess helical sense in solution.? Nolte et al. successfully
resolved poly(t-butyl isocyanide) (1) into enantiomeric right-
and left-handed helices by chiral chromatography in 1974
(Scheme 1A).° In 1979, Okamoto et al. prepared the first heli-
cal vinyl polymer (2) by polymerization of an achiral mono-
mer, triphenylmethyl methacrylate (TrMA), using chiral anionic
initiators (Scheme 1B),'® which produced a single-handed,
fully isotactic helical polymer with a large optical rotation. This
process producing a preferred-handed helical polymer by the
polymerization of an achiral monomer is called the helix-
sense-selective polymerization. The one-handed helical 2
shows a remarkable chiral recognition for a variety of race-
mic compounds, giving a practically useful chiral stationary
phase (CSP) for high-performance liquid chromatography
(HPLC)."" This was a significant milestone in the field of syn-
thetic helical polymers, through which many optically active
polymers have been prepared and applied to CSPs in HPLC.%#

Besides these helical polymers being stable in solution
(static helical polymers), Green et al. discovered an alterna-
tive helical polymer, that is, a dynamic helical polymer, in the
late 1980s."? They experimentally and theoretically revealed
that stiff, rod-like polyisocyanates, such as poly(n-hexyl iso-
cyanate) (3) and poly(2-butylhexyl isocyanate) (4), which are
devoid of stereogenic centers, are an equal mixture of right-
and left-handed helices separated by helical reversals that
readily move along the polymer backbone (Scheme 1C).?

Helical Polymers Yashima et al.

Because the helix inversion barriers of dynamic helical poly-
isocyanates are quite low, a small chiral bias can be cooper-
atively transformed into a main-chain conformational change
with a large amplification. Green et al. demonstrated that the
copolymerization of achiral isocyanates with a small amount
of optically active ones and the copolymerization of a mix-
ture of (R)- and (S)-enantiomeric isocyanates with a small enan-
tiomeric excess (ee) can produce optically active poly-
isocyanates with an excess single-handed helical conforma-
tion. These unique features of chiral amplification in polyiso-
cyanates were termed by Green et al. as the “sergeants and
soldiers effect”'® and the “majority rule”,'* respectively
(Scheme 1C) and have been applied to other polymeric and
supramolecular helical systems.”'>

Based on these pioneering studies, the existing helical poly-
mers exhibiting an optical activity due to the helicity can be
classified into two categories, that is, static helical polymers
and dynamic helical polymers, which differ through their helix
inversion barriers; as a result, the former static helical confor-
mations with a preferred-handed helix are locked during the
polymerization under Kinetic control due to steric repulsion of
the bulky side groups. The optically active 1,>'° 2,24 poly(2,3-
quinoxaline)s (5),'” and polyguanidine (6),'® belonging to the
former category (Scheme 2), have been prepared by the helix-
sense-selective polymerization.

Besides polyisocyanates, a series of polysilanes, such as 7°
polyacetylenes (8—13),”'°~22 poly(m-phenylene ethynylene)s
(14),% poly(N-alkylated p-benzamide) (15),%* and poly(ure-
idophthalimide) (16)%> have been prepared (Chart 1). In con-
trast to the static helical polymers, these dynamic helical
conformations are controlled by the chiral pendant groups
covalently bonded to the polymer backbones, and their heli-
cal senses are determined under thermodynamic control.

Macromolecular Helicity Induction

In 1995, we developed a facile method for constructing dynamic
helical polymers with an excess helical sense through noncova-
lent bonding interactions with specific chiral guests after polym-
erization. A cis—transoidal poly((4-carboxyphenyl)acetylene) (17,
Figure 1) prepared by the polymerization of a phenylacetylene
monomer with a rhodium catalyst is optically inactive, but upon
complexation with chiral primary amines, such as 31, in dimethyl
sulfoxide (DMSO), a dynamic preferred-handed helical confor-
mation is induced in 17, thus showing a characteristic induced
circular dichroism (ICD) in the polymer backbone region (Figure
3).2° The remarkable CD induction is ascribed to a change in the
population of the interconvertible right- and left-handed helices
of 17 assisted by noncovalent bonding interactions with nonra-
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SCHEME 1. Static and Dynamic Helical Polymers
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cemic amines. The Cotton effect signs corresponding to the heli-
cal sense of 17 can be used to predict the absolute
configurations of chiral amines.

After the discovery of the preferred-handed helicity induc-
tion in a dynamic helical 17, a variety of cis—transoidal poly-
acetylenes with functional pendant groups have been designed
and synthesized (18—30, Figure 1).”27 These functional poly-
acetylenes are also sensitive to the chirality of chiral molecules
interacting with the functional groups, resulting in ICDs in organic
solvents, as well as in water.?” Among them, poly(phenylacety-
lene)s bearing the bulky diisopropylaminomethyl group (21)%%
and aza-18-crown-6-ether (23)*° as the functional groups, were
the most sensitive to the chirality of carboxylic acids and amino
acids in acidic water and acetonitrile, respectively. For instance,
phenyllactic acid (32, Figure 2)?® and L-alanine?® of less than
0.005% ee can be detected by 21 and 23, respectively, show-
ing apparent ICDs without derivatization. The main-chain stiff-
ness of the polymers due to the bulky pendant groups may be
responsible for their high sensitivity. In fact, the persistence length
(@) of 21, a useful measure to evaluate the stiffness of rod-like
helical polymers, was estimated to be 26 and 28 nm in water

Majority rule

Majority ~ Minority

before and after the preferred-handed helicity induction, respec-
tively (Figure 2).3°

Rod-like helical polymers with an excess one-handedness
often form chiral liquid crystals (LCs) in concentrated solutions
or in a melt. As expected, 21 formed a lyotropic nematic LC
in concentrated water,3%3" which was converted into the cho-
lesteric counterpart by doping with a small amount of nonra-
cemic acids such as (5)-32 or 32 with a very low ee (Figure
2A,C,D). Interestingly, the helical sense excess of 21 induced
by the nonracemic 32 in dilute acidic water was considerably
amplified in the LC state as evidenced by the decrease in the
cholesteric pitch (Figure 2B).2° This hierarchical amplification
of the helix-sense excess of 21 during the cholesteric LC for-
mation is likely due to the reduction of the helical reversal
population in the LC state compared with that in a dilute solu-
tion, because the kinked helical polymer chain interferes with
the close parallel packing of the helical polymer chains in the
LC state (Figure 2A,E) as demonstrated by Green et al. in the
LC polyisocyanate.>? On the basis of the X-ray analyses of the
oriented films derived from the LC samples, the most plausi-
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SCHEME 2. Static Helical Polymers Prepared by Helix-Sense-Selective Polymerization
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ble helical structure of 21 was proposed to be a 23 unit/10
turn (23/10) helix (Figure 2F).2°

Memory of Macromolecular Helicity

The macromolecular helicity in polyacetylenes 17—-30
induced by nonracemic guests is dynamic in nature, so the
ICD due to the helical chirality immediately disappears when
the guests are removed. However, the helicity of 17—19 and
27 induced by nonracemic amines was maintained, namely,
“memorized”, after the amines were completely replaced by
achiral amines, such as 33 and 34 for 17 (Figure 3)>*3% and
27. This unprecedented memory effect was explained by the
stabilization of the helical conformation caused by intramo-
lecular electrostatic repulsion between the neighboring pen-
dant groups with negative charges complexing with the
oppositely charged achiral amines, leading to a strong sup-
pression of the helix inversion of the polymers.3* In addition,
the memory effect clearly indicates that the helical conforma-
tions of dynamic helical polymers can also be locked, trans-

Vol. 41, No. 9

forming them into Kinetically controlled, static helical
polymers. In fact, an optically active poly(phenylacetylene) (36)
stabilized by intramolecular hydrogen bonds was recently pre-
pared by the helix-sense-selective polymerization of an achiral
phenylacetylene with [Rh(nbd)Cl], in the presence of (S)- or
(R)-35 (Scheme 3).3°

An achiral water-soluble poly(phenyl isocyanide), the
sodium salt of 37 (37-Na), prepared by a nickel catalyst also
formed a preferred-handed helix induced by optically active
amines, such as (5)-38, in water. Quite interestingly, this helic-
ity was automatically memorized after removal of the amine
(Figure 4).3° In sharp contrast to the memory of the induced
helical conformation of poly(phenylacetylene)s, the helix for-
mation of 37-Na was accompanied by configurational isomer-
ization around the C=N double bonds (syn—anti isom-
erization) into one single configuration, so this helicity mem-
ory no longer requires achiral amines to memorize the helic-
ity in the polymer. Therefore, further modifications of the side
groups with various functional groups are possible without
September 2008
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well as a static one, being distinct from the other static and
dynamic helical polymers.

The helicity induction and memory effect can also be appli-
cable to a commodity plastic, syndiotactic poly(methyl meth-
acrylate) (st-PMMA), which folded into a preferred-handed

loss of the helicity memory,?” and they showed cholesteric
LCs. As described above, polyisocyanides belong to static heli-
cal polymers when they have a bulky side group. However,
the present results reveal that poly(phenyl isocyanide)s with
less bulky side groups have a dynamic helical characteristic as
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FIGURE 1. Helicity induction in polyacetylenes bearing various functional groups (17—30) upon complexation with chiral compounds.
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helix assisted by a chiral alcohol 39 in toluene accompanied
by gelation, and at the same time, fullerenes, such as Cgy,
were encapsulated within its helical cavity to form a robust,
processable peapod-like crystalline complex (Figure 5).38 After
the removal of 39, the st-PMMA gel exhibited a vibrational CD
(VCD) and ICD in the PMMA IR regions and in the encapsu-

lated Cgo chromophore regions, respectively, although Cgq
itself is achiral.

Direct Observations of Helical Structures by
AFM
Evidence for a preferred-handed helix formation of synthetic
helical polymers is usually obtained by CD or optical rotation.
Based on X-ray diffraction (XRD) studies of oriented films or
fibers derived from a few helical polymers, their helical struc-
tures were proposed. However, these methods are not
straightforward and may not provide unambiguous helical
structural information and, in particular, the helical sense.
This is the case for helical polyacetylenes except for den-
dronized polyacetylenes.?' Recently, we have successfully
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determined the helical structure of a poly(phenylacetylene)
bearing L- or p-alanine residues with a long n-decyl chain as
the pendants (40) by direct AFM observations, together with
XRD analysis and CD measurements (Figure 6).° The poly-
acetylene 40 showed an unprecedented change in the main-
chain stiffness accompanied by inversion of the helical sense
of the polymer generated by the solvent polarity (Figure 6A).
The persistence length (q) drastically changed from 126 nm in
toluene to 19 nm in THF,*° resulting from the “on and off”
fashion of the intramolecular hydrogen-bonding networks in
polar and nonpolar solvents. These large g values are the
highest among all synthetic helical polymers reported so far.
The cholesteric LC 1.-40 self-assembled to form a highly uniaxi-
ally oriented film in an electric field due to the large electric
dipole moment along the main-chain helical axis.*'

The rod-like helical 40 was found to hierarchically self-as-
semble on highly oriented pyrolytic graphite (HOPG) upon
exposure to benzene vapors. First, flat polyacetylene mono-
layers epitaxially formed on the basal plane of the graphite
(Figure 6B), on which helical polyacetylenes further self-as-
sembled into chiral two-dimensional (2D) helix bundles with
a controlled helicity (Figure 6C). The AFM and XRD results sug-
gest that 40 possesses an 11/5 helix with a helical pitch of 2.3
nm, and p-40 has a right-handed helical array with respect to
the pendant arrangements, while the main chain has the
opposite, left-handed helical structure. The direct evidence for
the macromolecular helicity inversion of 40 in different sol-
vents can also be observed by AFM upon exposure to each
solvent vapor.*?
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FIGURE 6. (A) Inversion of helicity of L-40 and CD and absorption spectra of p-40 in various solvents and (B, C) AFM phase images of L- or
D-40 before (B) and after (C) benzene vapor exposures on HOPG, along with schematic representation of the hierarchical structure of the self-
assembled 40 on HOPG and a helical structure model constructed on the basis of the X-ray structural analysis. Reproduced with permission
from ref 39. Copyright 2006 Wiley-VCH.

Given the success in visualizing the helical structure of 40
by AFM, we applied this procedure to other helical polymers.
Specific solvent vapor exposure to helical polymers depos-
ited on HOPG appears to be the key process through which
helical polymers may self-assemble into 2D crystals on graph-
ite with regular helix-bundle structures. An analogous
poly(phenylacetylene) bearing achiral a-aminoisobutyric acid
residues with the same n-decyl chain as the pendants (41)**
consists of an equal mixture of interconvertible right- and left-
handed helical segments separated by helical reversals in
solution. The high-resolution AFM images of 41 on HOPG
clearly revealed right- and left-handed helical block segments
separated by rarely occurring helical reversals in individual
polymer chains (red and blue colors (right) and white arrows

2.33nm

0000~

Side view

First layer

(0.4 nm) /|

Top view

in Figure 7, respectively). Careful evaluations of the height pro-
files indicate that there is a gap along with helical blocks of
opposite sense (yellow arrows) being different from the heli-
cal reversal (white arrows); in this case, two 41 chains align
with a distance of 3.4 nm. The AFM images together with the
XRD analysis provide an 11/5 helix of 41 with a helical pitch
of 2.3 nm. Based on statistical analysis of a series of high-
resolution AFM images, helical reversals appeared only once
in every ca. 300 monomer units on average in the dynamic
helical 41.43

An optically pure phenyl isocyanide (.-42) having the same
pendant group as L-40 was also prepared and polymerized
with the u-ethynediyl Pt—Pd catalyst (43), which promoted the
living polymerization of .-42 and simultaneously produced
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poly(-42)s and 2D (B, C) and 3D (D) smectic ordering of the one-handed helical poly(.-42)s on HOPG (B, C) and in LC state (D).

almost completely right- and left-handed helices with differ-
ent molecular weights and narrow molecular weight distribu-
tions (Figure 8A).** Each single-handed, rod-like helical poly-
1-42 with a controlled length and handedness can be
separated by solvent fractionation with acetone and exhibits
well-defined 2D and three-dimensional (3D) smectic order-
ing on HOPG and in an LC state, as directly observed by AFM
and revealed by a polarized optical micrograph (POM) and

XRD, respectively (Figure 8B—D). Based on the high-resolu-
tion AFM (Figure 8B) combined with the XRD analysis, both
right- and left-handed helical poly(.-42)s possess a rigid-rod
15/4 helix with a helical pitch of ca. 1.3 nm and 99% and
97% helical sense excess, respectively, assisted by four sets
of intramolecular hydrogen bondings. In addition, poly(phe-
nyl isocyanide)s showing a positive first Cotton effect sign can
be assigned to a right-handed helix.**
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CHART 2

Peptide Nucleic Acids
44: PNAs

45: Helicates

n

Double-Stranded Helical Polymers

In contrast to numerous synthetic polymers and oligomers
with a single helical conformation, only a few structural motifs
for double helical oligomers, such as peptide nucleic acids (44,
PNA),** helicates (45),*® and aromatic oligoamides (46)*” have
been reported (Chart 2).

The hydrogen-bonding interaction is a readily exploitable
and versatile tool for constructing supramolecular assemblies.
However, it remains difficult and challenging to design dou-
ble helices of which the formation is predictable. Aiming at a
rational design of artificial double helices, we designed a dou-
ble-helical oligomer (49) that consists of two complementary
molecular strands (47 and 48) bound together through
amidinium—carboxylate salt bridges (Scheme 4).*® The
duplex, (R)- or (5)-49, was spontaneously formed from the (R)-
or (5)-47 and achiral 48 in chloroform through the two iden-
tical salt bridges, as supported by their '"H NMR and mass
spectra. An X-ray crystallographic study unambiguously
revealed the right-handed double helical structure of the (R)-
49, which was retained in solution, as evidenced by its strong
CD in the absorption region of the diacetylene linkages.

Based on this model oligomer study, we then designed and
synthesized a double-stranded metallosupramolecular heli-
cal polymer, (R)- or (S)-poly-50, in combination of the salt
bridges and metal—ligand interactions (Scheme 5).#° The
supramolecular polymerization of (R)-50 with 2 equiv of cis-
diphenylbis(dimethyl sulfoxide)platinum(ll) (cis-PtPh,(DMSO),)

SCHEME 4. Complementary Double-Strand Helix Formation and
Crystal Structure of (R)-49

readily proceeded through pyridine—Pt(ll) coordination to yield
(R)-poly-50, which exhibited distinct Cotton effects in the metal
to ligand charge transfer band region (370—450 nm), sug-
gesting an excess one-handed double-helical structure in
solution.

Next, we synthesized a double-stranded helical polymer
consisting of complementary homopolymers (Figure 9).>° The
homopolymers of chiral amidines and achiral carboxylic acids
with m-terphenyl backbones, (R)-51 and achiral 52, were pre-
pared by the Sonogashira polycondensation of the corre-
sponding monomers. Upon mixing in THF, the complementary
homopolymers self-assembled into the double-stranded heli-
cal polymer with a twist-sense bias through the interstrand salt
bridges, as evidenced by the absorption and CD spec-
troscopies (Figure 9B). The double-stranded helical structure of
(R)-51-52 was determined by high-resolution AFM combined
with XRD analysis, which provided the helical pitch (1.47 nm)
and handedness (rich in right-handed double helix) (Figure
90). In contrast, when mixed in less polar solvents, such as
chloroform, the complementary strands Kinetically formed an
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SCHEME 5. Double-Stranded Metallosupramolecular Helical Polymer with Complementary Strands

Ph. Ph

t
dmso” dmso

interpolymer complex with an imperfect double-helical struc-
ture containing a randomly hybridized cross-linked structure.
This primary complex was rearranged into the fully double-
helical structure by treatment with a strong acid followed by
neutralization with an amine (Figure 9D).>°

The oligoresorcinol nonamer (53) is a unique z-conjugated
oligomer and self-assembled to form a double-stranded helix
through aromatic interactions in water.>' The double helix fur-
ther unraveled and entwined upon complexation with spe-
cific cyclic and linear oligosaccharides with a particular chain
length or glucosidic linkage pattern, such as - and y-cyclo-
dextrins (8- and y-CyDs)>? and a-1,6-p-isomaltooligosaccha-
rides,>3 respectively, thus forming a twisted [3]pseudorotaxane
and a heteroduplex with a preferred-handed helical confor-
mation (Figure 10) as evidenced by the appearance of the
ICDs, as well as absorption and 'H NMR spectroscopies. Since
the specific recognition of oligosaccharides in water is still con-
sidered underdeveloped despite the well-established synthetic
receptors for mono- and disaccharides, these results provide
a new conceptual approach to saccharide recognition in water.

Applications of Helical Polymers

Potential applications of optically active helical polymers
involve enantioselective catalysis and adsorbents.*”"'® The
one-handed helical poly(triarylmethyl methacrylate)s prepared
by the helix-sense-selective polymerization, such as 2, can
resolve a wide range of racemic compounds and are commer-
cialized.? Other helical polyacetylenes have been used as a
CSP7 or enantioselective permeable membranes.'®

Another attractive application for helical polymers is use as
asymmetric catalysts, but successful examples are rare except
for the one-handed helical polymethacrylates complexed with
palladium, such as 54,54 which catalyzed the asymmetric
allylic alkylation reaction. A dynamic helical polyisocyanate
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Pyridyl
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complexed with rhodium (55) was also an effective catalyst for
the asymmetric hydrogenation (Chart 3).°*

Rigid-rod helical polymers with a controlled helical sense
have been employed as a novel scaffold or template to spa-
tially organize chromophores, such as porphyrins, dyes, and
various functional groups, in a one-handed helical array along
the polymer backbones through covalent or noncovalent
bondings.”®>>56 Static and dynamic helical polymers can be
used for this purpose. For example, the homopolymerization
of an achiral phenylacetylene bearing a Cg, pendant with long
alkyl chains (56) and copolymerization with an optically active
Ceo bound phenylacetylene (57) using a rhodium catalyst in
chloroform homogeneously occurred, producing the Cgy-con-
taining helical poly(phenylacetylene)s soluble in chloroform
(Scheme 6A).>” The obtained copolymer exhibited an ICD both
in the main-chain and in the fullerene chromophoric regions,
indicating that the optically active copolymer possesses an
excess of the one helical sense and that the pendant fullerene
groups are arranged in helical arrays along the polymer back-
bones. Taking advantage of the noncovalent “helicity induc-
tion” concept, a predominantly one-handed helix can be
induced in a dynamically racemic poly(phenylacetylene) (18b)
with the negative charges by interactions with an enantiomeri-
cally pure cationic Cgy-bisadduct (58), which further results in
a helical array of the Cgy-bisadducts with a predominant screw
sense along the polymer chain (Scheme 6B).>® The polymer-
ization of achiral monomers in chiral nematic LC solvents can
produce optically active w-conjugated polymers exhibiting a
circular polarized luminescence, which may be a promising
approach to the development of functional helical polymers.>°

A complementary double-stranded dimer of 59 composed of
an achiral amidine strand and carboxylic acid strand bridged by
achiral diphosphines was recently enantioselectively prepared, by
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FIGURE 10. Schematic illustration of the unwinding of the double
helix 53 using -CyD and the formation of a heterodouble helix
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taking full advantage of the “helicity induction and memory”

effect.° The alkynyl units on 59 can accommodate metal ions

CHART 3
CH,

—[Hzc—cﬂn—
c=0

/
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06 0.4/n

55

such as Cu(l) in a tweezer-like fashion (Scheme 7), and the dou-
ble helical 59—Cu(l) catalyzed the asymmetric cyclopropanation
reaction of styrene with ethyl diazoacetate, thus producing an
optically active product up to 85% ee. These results suggest that
the chiral space generated by the double-helical structure is effec-
tive and indispensable for the high enantioselectivity, thus pro-
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viding a promising and conceptually new strategy in the broad
field of supramolecular catalysis with a unique double-helical
structure.

Summary and Outlook

With implications for biological helices, significant progress
has been made on the design and synthesis of single-
stranded helical polymers over the past decade, although
the control of the helical conformation of synthetic poly-
mers during the polymerization process still remains diffi-

cult compared with those of the molecular weight and
tacticity. This is because a rationale design of monomers
together with that of specific chiral catalysts or initiators
seems to be a prerequisite for the development of helical
polymers with a controlled helical sense. The “helicity
induction and memory effect” developed during the inten-
sive studies on the dynamic helical polyacetylene deriva-
tives has been proven to be a unique and valuable method
for constructing helical polymers. This methodology has a
great advantage from the practical viewpoint such that a
preferred-handed helical polymer can be obtained from
commodity polymers such as PMMA.38

The determination of the helical structures of helical poly-
mers including the helical pitch and handedness by micros-
copy, a long-standing problem in polymer chemistry, has been
achieved for certain helical polymers using AFM coupled with
solvent vapor exposures, which merits further progress in heli-
cal polymers with specific structures and functions.

Apart from numerous variations in single-stranded helical
polymers and oligomers, the molecular design for double-
stranded helical polymers is limited, despite the natural model,
the double-helical DNA. The complementary double-stranded
oligomers and polymers with a controlled helicity demon-
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strated in this Account may be a promising approach to
develop DNA-like helical systems for information storage and
replication.

Future advances and challenges will likely be directed
toward not only mimicking biological helices but also devel-
oping unique functions derived from helical architectures,
which will provide an important step for the construction of
advanced chiral materials.

We thank all of our co-workers for their great contributions
reported in this Account. Financial support from Japan Science
and Technology Agency and the Japan Society for the Promo-
tion of Science is gratefully appreciated.
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his Account details the use of building blocks known as iptycene units, which are particularly useful in the design of advanced

materials because of their three-dimensional, noncompliant structures. Iptycenes are built upon [2,2,2]-ring systems in which
the bridges are aromatic rings, and the simplest member of this class of compounds is triptycene. Iptycenes can provide steric
blocking, which can prevent strong interactions between polymeric chromophores that have a strong tendency to form nonemis-
sive exciplex complexes. Iptycene-containing conjugated polymers are exceptionally stable and display solution-like emissive spec-
tra and quantum yields in the solid state. This application of iptycenes has enabled new vapor detection methods for ultratrace
detection of high explosives that are now used by the U.S. military.

The three-dimensional shape of iptycenes creates interstitial space (free volume) around the molecules. This space can confer
size selectivity in sensory responses and also promotes alignment in oriented polymers and liquid crystals. Specifically, the iptycene-
containing polymers and molecules align in the anisotropic host material in a way that minimizes the free volume. This effect can
be used to align molecules contrary to what would be predicted by conventional models on the basis of aspect ratios. In one dem-
onstration, we show that an iptycene polymer aligns orthogonally to the host polymer when stretched, and these structures approx-
imate molecular versions of woven doth. In liquid crystal solutions, the conjugated iptycene-containing polymers exhibit greater
electronic delocalization, and the transport of excited states along the polymer backbone is observed.

Structures that preserve high degrees of internal free volume can also be designed to create low dielectric constant insu-
lators. These materials have high temperature stability (>500 °C) and hardness that make them potential interlayer dielec-
tric materials for integrated circuits. In cases where the iptycene structures are less densely spaced along the polymer
backbones, interlocking structures can be created. These structures allow for small interpolymer motions, but at large defor-
mations, the steric clashes between iptycenes result in the transfer of load from one polymer to another. This mechanism
has the ability to impart greater modulus, strength, and ductility. It is difficult to increase modulus without adversely affect-
ing ductility, and classical high-modulus materials have low ductility. As a result, the use of interlocking iptycene struc-
tures is a promising approach to new generations of structural materials.
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Introduction

Polymer chemists have long-established design rules for the
translation of molecular properties to bulk systems. For exam-
ple, the low conformational barriers in dimethylsiloxanes give
rise to amorphorous low T, silicone rubbers. Main chain polya-
mides provide for interchain hydrogen bonding and high
modulus (nylons). Rigid-rod aromatic structures and liquid
crystal processing can produce anisotropic high-modulus struc-
tures (Kevlar, Vectra). It is therefore interesting that three-di-
mensional shape is seldom used as a dominant design
element. Over the last 10 years, my group has been design-
ing new polymers and molecules containing groups that uti-
lize the triptycene motifs," noncompliant three-dimensional
structures. We are not the first to be fascinated with this struc-
ture, and Hart has synthesized many triptycene variants (aka
iptycenes?). In this Account, we emphasize how the unique
shape-persistent properties of iptycenes inspire new concepts
in the design of functional materials.

One general feature of the iptycene structure is that it pre-
vents efficient packing into pure crystalline lattices, and their
crystals tend to be clathrates with included solvent molecules.
Conceptually the removal of solvent molecules will introduce
empty space (free volume) into the crystalline lattice. To visu-
alize how a triptycene molecule can define free volume, con-
sider inscribing it into a trigonal prism that could be easily
packed into a dense crystal. In this construct, the volume
between the surface of trigonal prism and the free volume is
defined by concave cavities between each pair of adjacent
rings (Figure 1).

Free Volume

FIGURE 1. Triptycene inscribed in a trigonal prism and
organization of prisms into an extended structure.

In this Account, I will detail how iptycenes can be used to
design a variety of materials. The range of applications is
remarkable and includes design of highly stable fluorescent
polymers, sensory materials with size-exclusion characteris-
tics, anisotropic liquid-crystalline materials, low dielectric con-
stant materials, and materials with simultaneously enhanced
ductility and modulus.

Amplifying Fluorescent Polymers

Our first demonstration of the utility of iptycenes was in the
design of the sensing materials like poly(phenylene ethy-
nylene), 1.2 Our goal was to design polymers with molecular
level porosity, high stability, and high luminescent quantum
yields in thin films. A common problem in highly lumines-
cent conjugated polymers is that interchain w—z interactions
result in greatly reduced luminescence due to self-quench-
ing. The most common approach to prevent self-quenching is
to attach large flexible side chains. However these systems are
subject to creep that creates 7— interactions and increased
self-quenching. Alternatively, supramolecular and macromo-
lecular approaches have also been developed that effectively
insulate polymer chains from each other.* However these
approaches generally result in large interpolymer separations
that can reduce charge and energy transfer between chains.
In contrast, the noncompliant structure of polymer 1 prevents
interchain w—x interactions without isolating the chains, and
the luminescence efficiency of thin films is not affected by
heating or repeated exposure to organic vapors. As shown
schematically in Figure 2, the pentiptycene structure creates
interstitial galleries capable of hosting planar electron-accep-
tor molecules like nitroaromatics. Systematic quenching stud-
ies on an array of analytes indicate that 1 displays size-
selective sensory responses consistent with the structure
shown in Figure 2.

Pentigtycene Conjugated Polymer Backbone
FIGURE 2. Polymer 1 and schematic representation of galleries
defined between polymer chains that can host analytes. This
polymer is exceptionally sensitive to TNT and related
nitroaromatics associated with high explosives.

The extraordinary stability of polymer 1 has enabled the
vapor detection of nitroaromatic explosives such as TNT at a
distance and is the enabling detection technology for robotic
and hand-held explosives sniffers that are presently being
used in Iraq and Afghanistan by the U.S. military. This appli-
cation environment results in sensors being exposed to
extreme heat. Although other non-triptycene polymers devel-
oped by my group® and others” display similar or even higher
sensitivity on freshly prepared films, demanding environmen-
tal conditions give self-quenching and greatly decreased per-
formance in non-iptycene materials. Hence, the stability of 1
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provided by the iptycene is critical to its utility in demanding
applications.

The avoidance of strong sw—s associations between
iptycene polymers also results in extraordinary solubility rel-
ative to other conjugated polymers. The accepted paradigm
for solubilizing conjugated polymers is to adorn them with
flexible side chains for an entropically driven solubility or to
attach ionic or hydrogen-bonding groups that exhibit strong
enthalpic interactions with the solvent. Iptycenes endow 1 with
higher solubility than poly(phenylene ethynylene)s contain-
ing more than twice the number of side chains (two solubliz-
ing alkyloxy side chains on each phenyl). To test the limits of
solubility enhancement, we synthesized conjugated iptycene
polymers lacking side chains® and found 2 (M,, = 22 000) to
be completely soluble in methylene chloride at room temper-
ature. Poly(phenylene ethynylene)s containing more elabo-
rated iptycenes, 3 and 4, are exceptionally good at preventing
interchain 7—z interactions.® Structures 3 and 4 were synthe-
sized from the respective pure syn and anti stereoisomers of
the iptycene comonomers. Electron-deficient tetrafluorophe-
nyl and 2,2'-bipyridyl comonomers in 3 and 4 have a strong
tendency to aggregate into weakly emissive excimers due to
electrostatically driven z-stacking. However, 3 and 4 show no
evidence of excimer interactions or self-quenching in thin film
or solution spectra.

Minimization of Internal Free Volume

Liquid crystals (LCs) with high optical anisotropic properties are
generally based on structures with high aspect ratios (AR =
length/width). Similarly, dye solutes in LCs are known to align
best when the dye has a similarly high or larger aspect ratio.
Methods to create higher optical anisotropy can give rise to
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superior properties for new applications, and we have intro-
duced a new design paradigm wherein iptycene structures
promote alignment by minimizing the free volume provided
by these structures (Figure 1). As an initial demonstration of
this effect, we showed that the anthracene-containing trip-
tycene, 5, aligns in a contra-aspect ratio fashion relative to the
directors (Figure 3).'°

v

-

FIGURE 3. Iptycene 5 aligns in LCs and stretched polymers in an
orientation that most effectively fills space. This alignment is
contrary to what is expected based on aspect ratio, and the short
axis (z-direction) aligns with the director of the LC and the
stretching direction of the polymer host.

A particularly illustrative example of an iptycene effect is
shown in Figure 4, wherein the dye having a lower aspect ratio
exhibits a higher order parameter driven by the minimization of
free volume.'" This design principle is robust, and provided that
the dyes can adopt a favorable conformation that allows effi-
cient filling of the free space around the molecule, the iptycene
dyes display greater alignment and enhanced solubility. In some
cases, molecules containing iptycenes can organize into dense
structures, and we have found that certain structures can dis-
play thermotropic LC properties.'?

Iptycenes can provide the high solubility necessary for the
alignment of solutions of high molecular weight poly(phe-
nylene vinylene)s and poly(phenylene ethynylene)s in LCs (Fig-
ure 5). '® By performing switching experiments in LC test cells,
we find that the orientation of the polymer chains, like the LC
host, can be controlled with applied electric fields. The abil-
ity to create chain extended electronic structures that can be
dynamically controlled between electrodes could enable new
molecular electronic devices. Relevant to this latter point, the
LC solvents promote planar conformations and extended con-
jugation lengths in dissolved triptycene-based conjugated
polymers. In isotropic solutions, conjugated polymers exhibit
more disordered conformations that give rise to a distribu-
tion of conjugation lengths. However in the case of a LC solu-
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FIGURE 5. Absorption spectra of LC and methylene chloride solutions of a poly(phenylene vinylene), 6, and a poly(phenylene ethynylene),
7, demonstrating high order parameters (S). The oscillating nature of the baseline of the absorption spectrum measured perpendicular to the
LC director is due to the alignment layers. The shift to longer wavelength in the LC solution is indicative of increased conjugation. LC solvent
= 1-(trans-4-hexylcyclohexyl)-4-isothiocyanatobenzene; T, = 12.4 °C; Ty, = 42.4 °C.

tion of 7, the measured electronic spectrum resembles a single
chromophore with a steep, nearly vertical, absorption edge
and vibrational fine structure. The ability to create highly
aligned polymers with their transition dipoles aligned along
the direction of highest index in reflective cholesteric liquid
crystal films has led to the creation of materials with low las-
ing thresholds.'*

To account for the planarized conformations of conju-
gated polymers in LC solutions, we postulate that LC mol-

ecules tend to slide along the polymer backbone and have
local biaxial character. Higher conjugation length, and
the associated increase of the electronic delocalization of
the polymer z-electron systems, is generally understood to
give optimized transport properties. To demonstrate this
effect, we conducted energy migration studies with 8 (Chart
1),"> which has low band gap anthracenyl end groups.'®
When dissolved in a nematic LC phase, 8 exhibited greatly
enhanced quantum yields and energy transfer to the end
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groups. The improvement in the fluorescence quantum
yield and reduced Stokes shift suggest that in an LC sol-
vent, 8 is held in a more rigid and planar conformation’.

CHART 1
tBu N tBu _
QAR
Ph— = ﬁ = A = = 7 ——Ph
ST TS
R R
() N
R = 2-Ethylhexyl t_B{, +Bu n
8 _

We have examined structure—property relationships to
produce optimized interactions between polymer solutes
and the LC to create mixtures with enhanced stability and
alignment of LCs. Polymer enforced alignment in LC dis-
plays has the potential to increase switching times with
improved contrast. In these studies, we have developed 9,
which has iptycenes elaborated with anthracene groups that
increase the concave surface and the pendant alkoxy
phenyl groups to further enhance the interactions with the
liquid crystal solvent.'” As with 6 and 7, we use branched
side chains that exhibit conformations that allow them to
align with the hydrocarbon side chains of the liquid crys-
tal solvent. Most interesting, we found that increasing the
M, of 9 produced greater alignment, and a dichroic ratio of
23 was observed for M,= 230 000 (GPC). The increased
degree of alignment suggests that the LC phase as a whole

Iptycenes in Advanced Polymer Design Swager

has improved alignment, and this effect is remarkable when
considering that the polymer concentrations are less than
0.5% by weight.

To further extend the improvements in alignment with
molecular weight, we have developed polymers that can self-
assemble into ultrahigh molecular weight materials and gels.
Specifically, we have made use of the hydrogen-bonding prin-
ciples developed by Meijer'® to create 10 (Chart 2), which
reversibly assembles into elongated structures.'® We find that
the extended network formed by the hydrogen bonding
nearly doubles the dichroic ratios relative to the non-end-
capped materials.

Perhaps the ultimate iptycene polymer is a ladder poly-
mer structure composed purely from iptycene groups®®
such as 11. The backbone of 11 is produced by a
Diels—Alder reaction that can be accelerated by high pres-
sure followed by dehydration (Scheme 1).2' The polymer
displays random stereochemistry due to the roughly equal
reactivity of the endo and exo faces of the anthracene sub-
unit in the Diels—Alder reaction. In contrast to conventional
wisdom regarding low solubility of rigid shape-persistent
polymers, 11 (M,, = 16 000) exhibits high solubility in com-
mon organic solvents.

The iptycene-containing ladder polymer 12 (Figure 6)
was examined for alignment in stretched polyvinylchlo-
ride.?? Neutron scattering experiments revealed that 12 dis-
plays a porous disk shape in solution as illustrated in Figure
6. Considering its shape, one might expect that this mate-

CHART 2
o
N\ N
HN H
o /
HN
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FIGURE 6. Disc-shaped 12 as a guest in poly(vinyl chloride) aligns with its long axis perpendicular to the direction of stretching. The
anthracene endgroups are used to determine the orientation and the larger 0,0 absorption parallel to the stretching direction reveals the

alignment is as shown.

rial would align with his longest axis (the plane of the disk)
along the stretching direction. However, such an orienta-
tion would result in large amounts of free volume. The free
volume is minimized when the polymer aligns with its short
axis along the direction of the stretching and its long axis
perpendicular to the axis (Figure 6). The ability to align
guest polymers in perpendicular directions by simple
uniaxial stretching is unprecedented, and the implications
are many. One exciting possibility is that this method effec-
tively allows for the spontaneous weaving of two polymers
into an architecture that resembles “molecular cloth”.

Low Dielectric Constant Materials

Continued reductions in the feature size of integrated cir-
cuits require the closer placement of connective wires. As
a result, decreasing feature size increases the capacitive
coupling of signals between neighboring wires, which pro-
duces delays and slower computational speeds. Conse-
quently, there is great interest in interlayer dielectrics with
low dielectric constants to reduce the capacitive cross talk
and thereby increase the speed of the integrated circuits.
Vacuum (¢ = 1) is by definition the best insulator, and the
best insulating materials are those that can create empty
space, effectively vacuum, in their structures. It is also nec-
essary that the dielectric maintains the structural integrity
necessary to hold multiple layers of interconnecting wires
in place over a broad temperature range. We considered
iptycene structures as ideal candidates for these applica-

tions because they define free volume, are extremely sta-
ble, and are rigid noncompliant structures that can provide
a high modulus. To initially examine this concept, we ana-
lyzed the dielectric constants of a series of polymers and
copolymers synthesized by ring-opening metathesis polym-
erization (ROMP) (Scheme 2).23 These structures revealed
that for the triptycene to give a reduction in the dielectric
constant it must be fused to the polymer backbone in a
two-point connection such that it is orientationally con-
strained. To illustrate this point, we find that the addition of
the triptycene in 14 decreases ¢ relative to the non-trip-
tycene analog 13. The t-butyl groups attached to the trip-

SCHEME 2

OMe

OMe

13 (3.35)

(E@10kHz)

o ol Jo
& &% 7

16 (2.98)" 18 (g An2=2.35)
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tycenes in 15 further lowering the dielectric constant by
effectively expanding the dimensions of the concave sur-
face. However, a one-point attachment of triptycenes is inef-
fective as illustrated by comparisons of 16 and 17, because
the triptycene is allowed to reorient relative to the poly-
mer backbone, thereby giving dense packing with no reduc-
tion in the dielectric constant. More elaborate triptycene
structures such as that in structure 18, synthesized by a free
radical polymerization of a precursor diene, define even
greater free volume.?*

The polymers previously discussed served to define key
design considerations. However, for applications in semicon-
ductor electronics, the materials must have high thermal sta-
bility and a high glass transition temperature (T,). These
parameters are satisfied in triptycene-containing poly(arylene
ether)s, and we have produced a series of these materials that
have thermal stabilities of 500 °C and higher. The materials
also have excellent hardness with T,'s higher than their
decomposition temperatures. Polymer 18 is a representative
example of these materials and is synthesized by a conden-
sation reaction between the di-t-butyltriptycene hydroquinone
and decafluorobiphenyl. The complete room temperature sol-
ubility of 18 in CH,Cl, and a T, greater than 500 °C is a tes-
tament to the unique combinations of properties that can be
imparted by triptyenes. These properties in addition to a low
dielectric constant at relevant frequencies make 18 a prom-
ising interlayer dielectric material.

19¢=21at4 GHz

Mechanical Enhancements from
Triptycenes

Ultrahigh modulus polymers generally utilize strong interchain
associations, usually in the form of hydrogen bonds, to cre-
ate a very stiff fiber.2> These fibers are generally brittle and
break at low strains. To create useful articles, like bullet-proof
vests, high modulus polymers are woven into a cloth, and the
strain resulting from an impact is distributed over an extended
area. We rationalized that interlocking molecular structures
could, like a woven material, be used to create materials with
high strength. In addition, if the polymer chains are allowed
to have some degree of freedom to slide by each other, then
the system can also exhibit high ductility. Increased modulus
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and ductility are generally mutually exclusive in materials
design, and remarkably iptycenes can simultaneously enhance
both.

The concept for improved mechanical properties is illus-
trated in Figure 7, wherein a polymer having lower densities
of triptycene groups than discussed previously is arranged
with in a dense structure.?®27 In the absence of strong asso-
ciations between the polymer chains, the material is deform-
able. However, at high deformation (strain), the triptycenes
begin to bump into each other and transfer the load between
chains. To test this concept, iptycene polyesters 21—23 (Chart
3) were studied over multiple compositions (x and y varied),
and comparisons between these materials and the parent non-
iptycene polyester 20 provide evidence that the role of the
interlocking structure (Figure 7) is the origin of superior
mechanical properties.

FIGURE 7. Schematic representation of a polymer with triptycene
groups separated by small flexible segments. The structure
assembles in a way to minimize free volume and fill the concave
clefts of the triptycene groups.

The stress—strain curves for all of the iptycene-contain-
ing polymers displayed three distinct regions as shown for
21 in Figure 8. It is readily apparent that the iptycene effect
simultaneously improves all aspects of the polymers prop-
erties. The Young’'s modulus is enhanced by a factor of 3,
there is a 3-fold improvement in the strength, and the strain
to failure increases by more than 20 times. The ¢-butyl
groups in 22 and the naphthalene group in 23 serve to
extend the size of the cleft for molecular threading. At
present, our working models suggest that the largest
enhancements will be for materials that have the cleft size
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matched to the effective diameter of the polymer chain.
Hence, 22 and 23 may be important to thread larger diam-
eter polymer chains. All indications are that the interlock-
ing polymer structure concept is a robust design principle,
and multiple other classes of iptycene polymers are possi-
ble.

Enhanced Stiffness

Enhanced Ductility

Enhanced Strength
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FIGURE 8. Stress—strain curves of films of 20 and 21 at RT.
Schematics of the polymers are given in the circles, and both
materials initially have random coil structures. Polymer 20 has very
poor mechanical properties and breaks at low strains. In contrast,
21 has a much higher modulus and yield strain that is followed by
a region of nearly constant stress with increasing strain. Over this
region the polymer chains are becoming increasingly aligned.
Higher strains result in iptycene—iptycene interactions, and the
system exhibits increasing stress prior to breaking.

Summary and Outlook
It should be clear from this Account that iptycenes are remark-
ably versatile elements for the design of new materials. | also

hope that some readers will make their own connections from
the examples discussed and seek to translate other novel

molecular concepts to produce materials with superior prop-
erties. New molecular building blocks will enable the design
of materials with previously unknown properties.
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ers over the years. Those most relevant to this Account are
listed in the references. The mechanical property studies were
done in collaboration with my colleague Ned Thomas (MIT
Materials Science and Engineering). | am also thankful for
financial support over the past decade from The Army Research
Office, DARPA, and NSF.
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CONSPECTUS

Polymer latex particles are nanofunctional materials with
widespread applications including electronics, pharma-
ceuticals, photonics, cosmetics, and coatings. These materi-
als are typically prepared using waterborne heterogeneous e /Ag:,g;;g
systems such as emulsion, miniemulsion, and suspension 2 e
polymerization. However, all of these processes are lim- e [

ited to water-stable catalysts and monomers mainly poly-
merizable via radical polymerization. In this Account, we
describe a method to overcome this limitation: nonaque- =
ous emulsions can serve as a versatile tool for the synthe- o
sis of new types of polymer nanoparticles. pO~~

To form these emulsions, we first needed to find two
nonmiscible nonpolar/polar aprotic organic solvents. We
used solvent mixtures of either DMF or acetonitrile in
alkanes and carefully designed amphiphilic block and statistical copolymers, such as polyisoprene-b-poly(methyl methacry-
late) (PI-b-PMMA), as additives to stabilize these emulsions. Unlike aqueous emulsions, these new emulsion systems allowed
the use of water-sensitive monomers and catalysts. Although polyaddition and polycondensation reactions usually lead to
a large number of side products and only to oligomers in the aqueous phase, these new conditions resulted in high-
molecular-weight, defect-free polymers. Furthermore, conducting nanoparticles were produced by the iron(lll)-induced syn-
thesis of poly(ethylenedioxythiophene) (PEDOT) in an emulsion of acetonitrile in cyclohexane.

Because metallocenes are sensitive to nitrile and carbonyl groups, the acetonitrile and DMF emulsions were not suit-
able for carrying out metallocene-catalyzed olefin polymerization. Instead, we developed a second system, which consists
of alkanes dispersed in perfluoroalkanes. In this case, we designed a new amphipolar polymeric emulsifier with fluorous
and aliphatic side chains to stabilize the emulsions. Such heterogeneous mixtures facilitated the catalytic polymerization of
ethylene or propylene to give spherical nanoparticles of high molecular weight polyolefins.

These nonaqueous systems also allow for the combination of different polymerization techniques to obtain complex archi-
tectures such as core—shell structures. Previously, such structures primarily used vinylic monomers, which greatly limited
the number of polymer combinations.

We have demonstrated how nonaqueous emulsions allow the use of a broad variety of hydrolyzable monomers and sen-
sitive catalysts to yield polyester, polyurethane, polyamide, conducting polymers, and polyolefin latex particles in one step
under ambient reaction conditions. This nonpolar emulsion strategy dramatically increases the chemical palette of poly-
mers that can form nanoparticles via emulsion polymerization.

Continuous |Emulsifier| D S < (gl “@ ©
Phase. — % Q‘) i Y 6“

Micelle Formation Emulsion

Acid Dichlorides
Isocyanates

Introduction

Nanofunctional materials, such as polymer latex
particles, have widespread applications ranging
from electronics,’? pharmaceutics, and photon-
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ics to cosmetics, coatings,® and catalysis.* This is
due to their well-defined morphology, size, and
surface, as well as to their unique physical and
chemical properties.” Latex particles in particular
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are applied since they are easily accessible by waterborne het-
erogeneous systems.>® Synthetic methods such as emulsion,
mini-emulsion, and suspension polymerization are well-estab-
lished for the preparation of nanoparticles in different size
domains ranging from a few nanometers up to several hun-
dred micrometers. However, all of these processes are lim-
ited to water-stable monomers, mainly polymerizable via
radical polymerization.”~® The formation of such particles uti-
lizing water-sensitive monomers (e.g., acid dichlorides) or
moisture-sensitive reactions (e.g., catalyzed polymerization of
olefins in the presence of metallocenes or postmetallocenes)
continues to be a challenge. There are always side reactions,
for example, the hydrolysis of reactive acid chlorides or iso-
Cyanates, resulting in a loss of stoichiometry in the polycon-
densation or polyaddition process and in the formation of
ureas instead of polyurethane. Sensitive catalysts, such as met-
allocenes, used for olefin polymerization are decomposed;
thus one of the remaining challenges in emulsion polymeti-
zation is the development of new biphasic organic solvent sys-
tems tolerating the above-mentioned examples. Some
nonaqueous emulsions have already been described in the
literature.'®~'2 However, in these cases, water is replaced
mainly by alcohol, which is in fact not a solution for the
above-mentioned problems, because there are similar side
reactions to those observed in the presence of water. There-
fore immiscible nonpolar/polar aprotic organic solvents able
to form nonaqueous emulsions (i.e., oil-in-oil) are required.

Developing a process that enables not only the catalytic
polymerization of monomers but also the polycondensation or
polyaddition in emulsion requires more than one system.
Finding nonmiscible organic solvents and synthesizing suit-
able stabilizers are decisive factors. For example, polyesters
and polyurethanes require a relatively polar dispersed phase,
while an olefin polymerization process needs a nonpolar sol-
vent as well as the absence of functional groups in both the
solvent and the stabilizer due to the solubility of the polymer
and the sensitivity of the catalyst. We present different types
of versatile nonaqueous emulsion processes suitable for the
synthesis of polymer lattices. Their suitability for performing
water-sensitive catalytic and oxidative polymerizations, poly-
condensations, and polyadditions is demonstrated. It is also
shown that such systems can dramatically increase the num-
ber of polymers accessible via emulsion polymerization.

Results and Discussion

For nonaqueous emulsions, combinations of nonmiscible
organic solvents have to be identified. In the literature, com-
binations of alcohols, such as methanol, ethanol, or glycol, as
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nonaqueous emulsions have been described.>®'2'2 Such sys-
tems, however, cannot avoid the central problem of side reac-
tions with reactive monomers. The goal here is the
development of emulsion systems that do not contain sol-
vents with reactive groups such as hydroxy or amino
functions.

Oil-in-0il Emulsions for Polycondensation and Polyad-
dition Reactions. The first approach focuses on the develop-
ment of emulsions suitable for the polymerization of more
polar polymers such as polyesters or polyurethanes. Polar
aprotic solvents, therefore, have to be dispersed. Suitable sol-
vent couples are DMF dispersed in n-hexane or acetonitrile in
cyclohexane or tetradecane. Riess et al.'* described emulsions
based on mixtures of acetonitrile and hexane. However, only
hexane was dispersed in the polar acetonitrile. This remains
unsatisfactory because most of the monomers and polymers
are much more soluble in the polar continuous phase than in
the emulsified alkane. Obviously, this does not lead to polym-
erization inside the droplets but in the continuous phase, and
particles are thus not accessible.

Emulsifier Design and Emulsion Properties. The fail-
ure to obtain applicable emulsions was mainly due to the lack
of suitable emulsifiers. It can be expected that low molecular
weight surfactants in mixtures of organic solvents will not pos-
sess a sufficiently different polarity to stabilize droplets. Most
of the emulsifiers are slightly soluble in both phases and sta-
ble micelles are therefore not observed. However, amphipo-
lar polymers should be able to overcome this problem. It is
already known from aqueous emulsion systems that copoly-
mers, especially block copolymers, are very effective as
emulsifiers.®° In comparison to low molecular weight surfac-
tants, such as sodium dodecylsulfonate (SDS), much lower
concentrations of an amphiphilic block copolymer are required
to form stable micelles.'® To find suitable combinations of
block copolymers and to avoid a systematic screening, the so-
called Hansen parameters were applied.'® These parameters,
calculated for manifold systems, allow the interaction of a
polymer with a given solvent to be predicted. A polymer is
perfectly soluble in a solvent if both show the same parame-
ter o.

DMF and acetonitrile are known to be ideal solvents for
polyurethane and polyester formation. As shown in Figure 1,
poly(methyl methacrylate) (PMMA) has a Hansen parameter
similar to both DMF and acetonitrile; therefore, it should be a
good candidate to stabilize the polar phase, while on the other
hand polyisoprene (Pl) matches the values of aliphatic sol-
vents. Consequently, we expected a PI-b-PMMA to be able to
stabilize emulsions of DMF in hexane. This polymer, with var-
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FIGURE 1. Hansen parameter values for common organic solvents.
ied average molecular weights and block ratios, was accessi-
ble by sequential anionic polymerization using standard
procedures. Emulsions of DMF or acetonitrile in hexane in the
presence of these polymers were prepared and characterized
by dynamic light scattering (DLS). In all cases, stable nonaque-
ous oil-in-oil emulsions, with droplet diameters ranging from
20 to 100 nm, were observed (Table 1). The size of these
“nanoreactors” was controlled by varying the Pl-b-PMMA emul-
sifier concentration. It can be assumed that the PI block, which
is only soluble in the nonpolar continuous phase (cyclohex-
ane or tetradecane), acts as the stabilizing moiety and the
PMMA block as the anchor moiety for the dispersed polar
organic droplets (acetonitrile or DMF).

Nonaqueous Emulsion Polycondensation. It has so far
not been possible to directly produce polyester nanoparticles
with the size and shape of traditional polymer latex particles,
for example, polystyrene. Reaction conditions involve temper-
atures of up to 250 °C and highly reduced pressures that
hinder the application of well-established methods of latex
preparation. Three attempts toward polyester particles using
multistep procedures have already been described in the lit-
erature. The first one involves direct emulsion polycondensa-
tion of dicarboxylic acids and dioles in water in the presence
of surfactants such as p-dodecylbenzenesulfonic acid or scan-
dium tris(dodecyl sulfate).'® However, the water present results
in hydrolysis of the components and additionally shifts the

Solvents

Polymers 0 10 [

equilibrium of the esterification toward the diacid and dihy-
droxy compound. Therefore, only number-average molecu-
lar weights of up to 1500 g/mol were reported for the
polyesters in the nanoparticles with average particle diame-
ters ranging from 100 to 500 nm."® The second concept is
based on the spraying of polyester or polymer melts from
supercritical solution, forming particles ranging from 0.5 to 2
um with nonspherical shapes. In the third concept, a disper-
sion polymerization of polyester oligomers at temperatures of
up to 200 °C was performed.?° Drawbacks of this method
were the use of silicon oil, which is difficult to remove, and a
multistep procedure requiring the synthesis of oligomers,
which were then transformed to high molecular weight poly-
mers at high temperatures.

All of these difficulties are simply overcome by using the
newly developed nonaqueous emulsions based on oil-in-oil
dispersed mixtures.?' The reactions were performed under
mild conditions in emulsions of acetonitrile in cyclohexane
and DMF in n-hexane, using pyridine or triethylamine as base.
The emulsions were stabilized by PI-b-PMMA. Bis(hydroxym-
ethyl)cyclohexane (BHC) (mixture of cis and trans isomers) 2
and ethylene glycol 4 were chosen as diols; adipoyl dichlo-
ride 1 and terephthaloyl dichloride were used as acid dichlo-
rides (Scheme 1, Table 2). The diol was dissolved in the polar
phase and emulsified in the nonpolar organic solvent. Upon
addition of the dichloride to the base, the polycondensation
reaction was started by diffusion of the dichloride from the
continuous into the dispersed phase. Since the diol compo-
nents as well as the catalysts are only soluble in this phase (as
proven by 'H NMR spectroscopy, measuring the concentra-
tion of the components separately in the different solvents), it

TABLE 1. Characterization of PI-b-PMMA Block Copolymers and Obtained Droplet Sizes'”“

M, PI M,, PMMA PI/PMMA mean droplet
copolymer (g/mol)® (g/mol)® ratio M, total (g/mol)® dispersity” size (nm)
Pl-b-PMMA | 5500 2500 2/1 8 000 1.2 37
PI-b-PMMA I 15500 7 000 2/1 22500 1.2 42
PI-b-PMMA 111 23000 7 000 3/1 30000 1.3 95

9Hexane (12 g) was mixed with the PI-b-PMMA (0.2 g) and DMF (1.5 g) and then emulsified by stirring and ultrasonication. ” By gel permeation chromatography

(GPCQ) vs poly(isoprene) standard in THF. < By dynamic light scattering.

SCHEME 1. Polyester Formation of Different Diols and Diacid Dichlorides
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TABLE 2. Polyesterification Reactions Performed in Nonaqueous Emulsions: Experimental Conditions and Results

Ndichioride Ngiole Npase diameter”
expt dichloride (mmol) diole (mmol) base (mmol) (nm) M, (g mol™") D¢
1 ADCI 6.6 BHC 6 pyridine 8 60 22000 1.7
2 ADCI 6.6 BHC 6 pyridine 8 60 20000 2.2
3 ADCI 6.6 BHC 6 pyridine 13 58 16 000 2.7

9 Determined by dynamic light scattering; particles redispersed in hexane at low concentration. ? Determined by GPC in THF versus polystyrene standards.

¢ Dispersity of the polymer, determined by GPC.

DMF, Diol @0 ©
0o 09

Emulsion

Dropwise Addition
of Dichloride
and Base

Isolation
of the
) Oo ) Particles
-

Polycondensation

FIGURE 2. Synthesis of polyester particles in nonaqueous
emulsion.

can be safely assumed that the polycondensation only
occurred within the dispersed droplets (Figure 2). In all cases,
narrowly distributed spherical polyester latex particles with
average diameters as small as 60 nm (measured by scanning
electron microscopy (SEM) and DLS) were obtained (Table 2,
Figure 3).

In contrast to methods described in the literature, this pro-
cess allows for the fabrication of small spherical particles in
one single step.>* The molecular weights (M,,) of the polyes-
ters were found to be up to 22 000 g/mol, which was more
than 12 times higher than the surfactant- catalyzed direct
emulsion condensation method described in the literature.

Due to their residual emulsifier shell, the particles were
redispersable in n-hexane after purification, and the disper-
sions showed a long period of stability (>4 weeks).

This is the first method that synthesizes spherical, high
molecular weight polyester nanoparticles in one step at ambi-
ent temperatures.?' It can be applied to all activated diacids
and diols. The only requirement is that at least one compo-
nent is exclusively soluble in the dispersed phase.

Polyaddition in Nonaqueous Emulsion. Because isocy-
anate compounds are sensitive to water, polyurethane nano-
particles cannot be produced by aqueous emulsion, mini-
emulsion, or suspension polymerization methods without the
formation of side products. For example, the direct mini-emul-
sion polyaddition of diisocyanates and diols in water, cata-
lyzed by amines or organotin compounds, such as dibutyltin
dilaureate, results in decomposition of the isocyanate. This
leads to the formation of amines and urea, proven by IR

spectroscopy.'® 23 In addition, the control of the stoichiom-
etry is no longer guaranteed, causing a decrease in the molec-
ular weights. As a result, average molecular weights (M,,) of up
to only 13 000 g/mol with dispersities as high as 5.2 are
reported. In this case, polyurethane nanoparticles with mean
diameters ranging from 80 to 250 nm are obtained. Another

T
P
8
counts /%

~]

T T T T
15 20 25 30 35 40 45 5 55 €0 85

particle diameter /nm

FIGURE 3. (a) SEM images and (b) particle size distribution of
polyester nanoparticles (expt 4). Mean particle size = 38 nm (SD =+
7 nm) determined by SEM (based on 100 particles).
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TABLE 3. Experimental Conditions? and Results of the Preparation of PU/Polymethacrylate Core—Shell Particles in Nonaqueous Emulsion

methacrylate

HMDI (core) BHC (core) M.} (core) avg diam¢ + SD? (shell) avg diam¢ 4+ SDY
sample [mmol] [mmol] [g/mol| D¢ (core) (core) [nm] [mmol] (core—shell) [nm]
1 1.6 1.5 6 800 2.06 110+ 40 5 (MMA) 150 £ 140
2 1.6 1.5 13900 1.60 120 +90 5 (MMA) 420+ 120
3 1.6 1.5 10100 1.69 70 £+ 30 3.5 (tBMA) 240+ 110
4 1.6 1.5 14 800 1.55 90 + 30 3.5 (tBMA) 130 +90
5 1.6 1.5 8 600 1.31 120 + 100 3.8 (HEMA) 330480
6 1.28 1. 8100 1.66 500 + 80 3.1 (HEMA) 600 + 130

9In 12 g of n-hexane, 210 mg of PI-b-PMMA, and 1.2 g of DMF, after 10 min ultrasonication at 40 °C. * Determined by SEC in DMF versus PS standard.

¢ Determined by SEM by measuring the diameter of 100 particles. ¥ o = (3 (x — x/(n — 1))°°.

typical example describes the preparation of nanoparticles in
a complex two-step procedure.” In the first step, the polyad-
dition reaction of diisocyanates and diols is performed at high
temperatures in bulk or in a nonaqueous solvent. To form par-
ticles, the obtained polyurethanes are subsequently sprayed or
mixed, as either a solution or a melt, into a second auxiliary
agent, for example, compressed CO,, or another inert organic
solvent. To circumvent these serious drawbacks, a versatile
method for the preparation of small polyurethane nanopat-
ticles under mild and nonaqueous conditions is needed. In an
approach similar to that presented for polycondensation, the
developed nonaqueous emulsion systems may be applied for
polyaddition reactions.>* These emulsions again consist of a
polar organic solvent, for example, acetonitrile or DMF dis-
persed in cyclohexane or n-hexane.

In contrast to the methods described in the literature, these
systems allow the fabrication of polyurethane nanoparticles in
one step without the formation of urea. The average molecular
weights (M) of the polyurethanes were found to be as high as
40 000 g/mol (dispersity 2.0), which corresponds to conversions
as high as 0.99. It is assumed that two main factors are respon-
sible for the high molecular weights and conversions: (i) the
absence of water during the reaction, which decreases the
amount of side reactions and thus results in an unbalanced stoi-
chiometry, and (ii) the fulfilled Schotten—Baumann conditions,
which means that the 1:1 stoichiometry necessary for the poly-
addition at the interface is controlled by the diffusion of the
monomers at the interface of the continuous and the dispersed
phase. Because the diols were only soluble in the dispersed drop-
lets, the stoichiometry of the reaction was controlled by the dif-
fusion of the diisocyanate component.2* Preliminary experiments
also revealed that these polyurethane (PU) nanopatticles may be
applied as thin coatings on metallic surfaces for the prevention
of corrosion, using only 25% of the material traditionally applied
for this application.

Core—Shell Structures Formed in Oil-in-Oil Emulsions.
Due to their excellent film-forming properties, one main appli-
cation for latex particles obtained from emulsion polymeriza-

tion is in coatings and paints.> However, this is only achieved
when core—shell structures consisting of a core with a poly-
mer of a high T, is combined with the shell of a polymer with
a low T,. While the stiff core is responsible for the stability of
the particles, the flexible shell is required for the film forma-
tion after casting on surfaces. Prominent examples are poly-
styrene-b-polybutylacrylate or polystyrene-b-polybutadiene.
Such polymer structures are mainly accessible by using vinylic
monomers, which drastically limits the potential number of
combinations. Previously only radical polymerizations have
been used for the construction of core—shell structures. Oil-
in-oil emulsions now enable the combination of polyconden-
sates or polymers obtained from polyadditions with radically
formed polymers in such core—shell structures.

To build up a nonaqueous emulsion, DMF once again
served as the dispersed phase and n-hexane was used as the
continuous phase. These solvents were selected to ensure that
the reaction took place exclusively in the dispersed phase
(DMF), due to the solubility of all monomers therein and the
insolubility of the diol (for polyaddition) and the initiator (for
radical polymerization) in the continuous phase. A PI-b-PMMA
was used as an emulsifier (Table 1, PI-b-PMMA IV).

The aliphatic diol (BHC) and the aliphatic diisocyanate 4,4'-
methylenebis(cyclohexylisocyanate) (HMDI) were used for the
synthesis of the PU core particles, as shown in Table 3. MMA,
tert-butyl methacrylate (tBMA) and hydroxyethyl methacry-
late (HEMA) were used to prepare the shell structures. BHC was
dissolved in DMF with 2.5 mol % catalyst and added to the
n-hexane/copolymer dispersion. The emulsion was formed by
ultrasonication of this mixture. The polyaddition was started
by the dropwise addition of HMDI to the emulsion. Dibutyl-
tin diacetate (DBDA) was applied as the catalyst for promot-
ing the polyaddition and obtaining high molecular weights
(Figure 4).

Remarkably, the highest molecular weight was not
achieved by mixing both components in an equimolar ratio
but by adding HMDI slowly to the emulsion. This slow addi-
tion of HMD], as used in industrial polycondensations or poly-
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FIGURE 4. Preparation of PU/poly(methyl methacrylate) core—shell
type particles in nonaqueous emulsion.

FIGURE 5. TEM images of sample 1B, 200 kV operatlng voltage,
dropcast from solution.

addition reactions,> ensured that the exact equimolar ratio of
the two reactants necessary to achieve high molecular weights
was finally reached. To further prepare the shell structures, an
extra amount of DMF containing the radical initiator and a
cross-linking agent was added, followed by the methacrylate
after ultrasonication. Since the initiator is insoluble in the
n-hexane phase, polymerization around the PU cores started
with the diffusion of methacrylate into the droplets and a tem-
perature increase to 30 °C.

To exclude the possibility that pure PMMA particles and
pure PU particles might coexist after the polymerization, the
particle size before and after the shell formation was investi-
gated by light scattering, transmission electron microscopy
(TEM), and SEM. A clear increase in the particle size was
observed (Table 3). An average value was calculated by eval-
uating the diameter of 100 particles obtained from the SEM
images. In all cases, monomodal curves were observed, and
the values measured by both methods were comparable. For
example, the particle size of sample 1A (PU core particles) was
about 110 nm, while the diameter of sample 1B (PU/PMMA
core—shell particles) was about 150 nm. This indicated the
formation of a shell structure around the cores.

In addition, the core—shell particles were visualized by
TEM. Figure 5 presents a particle before and after the shell for-
mation. The area of high contrast (black), caused by the poly-
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urethane due to the urea groups, is surrounded by a ring of
low contrast. This can be attributed to the acrylate shell since
this polymer has a lower contrast in TEM. In addition, the TEM
images reveal that some shells were partially discontinuous.
A similar effect is observed when silica particles are sur-
rounded by a polymer shell in emulsion. It can be assumed
that the PU core particles were not located in the center of the
micelles when MMA was added and therefore the shell was
not equally thick around the core.

In addition, the molecular weights of the PU core particles
as determined by means of SEC (DMF, polystyrene standard;
Table 3) are up to 14 800 g/mol (M,,). These remarkably high
molecular weights can be attributed to the absence of water.
This leads to higher conversions for polyadditions due to the
suppression of urea formation, which always causes devia-
tions from the ideal stoichiometry of the diol and the diisocy-
anate. The preparation of high molecular weight cores allowed
for the generation of particles with very rigid cores and soft
shells. In comparison to the literature, where PU cores show
molecular weights (M) not higher than 13 500 g/mol with a
high content of urea structures, the described method pro-
vides higher molecular weights, at the same time avoiding
multipot syntheses or the use of prepolymers. Apart from the
high molecular weight, another improvement was the quan-
titative conversion of the isocyanate groups with the hydroxy
groups. There was no side reaction with water, which normally
results in a loss of educts and formation of urea derivatives,
leading to an altering of the properties of the PU core.

Due to the detected increase of the particle size after the
radical polymerization in combination with the observed shell
around the dark PU cores in the TEM images, it can be safely
assumed that the preparation of core—shell particles by water-
sensitive monomers in nonaqueous emulsion was success-
ful. Because this process is not restricted in principle to the
preparation of polymers by polyaddition, this is a promising
tool for generating new core—shell structures by applying syn-
thetic procedures other than radical polymerization.

Oil-in-0il Emulsions for Conducting Particles. While
polycondensation and polyaddition reactions were discussed
in the first section, this section describes catalytic reactions
yielding conducting organic particles using the same solvent
pairs and emulsifiers.

Nonaqueous Emulsion Polymerization of Acetylene.
The high electrical conductivity of doped poly(acetylene), the
simplest of all conjugated polymers, has attracted much atten-
tion.2® However, due to its insolubility and inherent instabil-
ity in both the pristine and doped state under ambient
conditions, it has still to find a successful application. Produc-
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FIGURE 6. SEM image of poly(acetylene) nanopatrticles.

ing poly(acetylene) latex nanopatrticles would not only offer
novel processing pathways but also allow the utilization of
these particles as pigment materials and antistatic additives in
various inert polymer matrices. In this approach, acetylene was
polymerized in acetonitrile/hexane mixtures using a Luttinger
catalyst.'” The Luttinger catalyst was chosen because poly-
(acetylene) prepared by this method exhibits a higher stabil-
ity toward oxygen than poly(acetylene) prepared by the
original Shirakawa method.?° The cobalt(ll) nitrate and sodium
borohydride based Luttinger catalyst was enclosed in the dis-
persed acetonitrile droplets. Polymerization was achieved at
room temperature upon a flow of acetylene gas through the
stirred emulsion. The average diameter of the particles was
found to be 43 &+ 10 nm (Figure 6)."”

Conductivity was measured to be 0.30 S/cm at room tem-
perature. It can thus be concluded that high conductivities can
be obtained and that sufficient percolation pathways through
the prepared nanopatrticle film are present. Furthermore, these
particles were printable by a standard ink-jet printer. Conju-
gated polymer nanopatrticles prepared according to this route
are expected to find many applications, such as antistatic pig-
ments, materials for radio frequency identification technolo-
gies, and novel immunodiagnostic devices.

Nonaqueous Emulsion Polymerization of PEDOT. As a
second example of a conjugated polymer, ethylenedioxythio-
phene (EDOT) was polymerized in the presence of Fe* salts
in @ nonaqueous emulsion system consisting of acetonitrile in
cyclohexane. EDOT shows good solubility in cyclohexane as
well as in acetonitrile. Due to the presence of its nitrile groups,
acetonitrile is suitable to complex iron(lll) ions, which are insol-
uble in cyclohexane. It can be safely assumed that polymer-
ization only occurs in the dispersed acetonitrile phase
(stabilized by PI-b-PMMA) because the monomer and the oxi-
dant are only both present in these “nanoreactors” (Table 4,

TABLE 4. Characteristics of EDOT Polymerizations in Nonaqueous
Acetonitrile/Cyclohexane Emulsion?

Fe(Cl);
emulsifier (mol % per  mean particle
sample (Wt %)° EDOT (mmol) EDOT) diameter (nm)
1 1.5 3.4 197 30+13
2 2.2 3.7 186 23+6
3 1.9 3.7 186 23+7

9 Polymerizations performed in 24 g of cyclohexane and 3 g of acetonitrile.
b Cyclohexane wt %. By SEM.

FIGURE 7. SEM images of PEDOT nanoparticles: (a) sample 1; (b)
sample 2; () sample 3 (Table 4).

Figure 7). The obtained nanoparticles could be precipitated
upon addition of excess methanol/acetonitrile.?”?® Because
both blocks of the PI-b-PMMA were completely soluble in THF,
it was possible to obtain pure PEDOT nanoparticles upon
washing the precipitate with THF. FT-IR spectra of the pure
nanopatrticles displayed no carbonyl bands, indicating the
absence of residual PI-b-PMMA. The commonly observed
drawback of dispersion polymerization for obtaining conduct-
ing polymer nanopatrticles is the difficult removal of the poly-
meric stabilizer from the surface after polymerization. The
residual block copolymer shell keeps the obtained nanopar-
ticles apart and interrupts charge carrier percolation pathways
between the particles.

The obtained printable PEDOT particles were absolutely
water-free in contrast to the commercially available PEDOT
polystyrene sulfonate suspension. These particles could be
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printed by a standard ink-jet printer of the redispersed PEDOT
using standard cartridges.

Oil-in-0il Emulsions for Polyolefin Formation in
Nonaqueous Fluorous Emulsions. While PI-b-PMMA is able
to stabilize emulsions with DMF, which is an excellent sol-
vent for polyesters and polyurethanes, such an emulsion sys-
tem is not suitable for the metallocene-catalyzed®93°
polymerization of olefins. DMF does not serve as a good sol-
vent for polyolefins nor do metallocenes tolerate the applied
emulsifiers. The development of an emulsion process appli-

Oil-in-Oil Emulsions Klapper et al.

cable for polyolefins is very attractive because these polymers
play a crucial role in contemporary life, indicated by a con-
sumption of more than 100 million tons per year.>'3* Most
metallocenes possess excellent activities with respect to ole-
fin polymerization and in addition allow control over the
tacticity while yielding high molecular weights.>*3> Unfortu-
nately, most of these systems are highly moisture- and air-
sensitive. In homogeneous polymerization, the size and shape
of the obtained particles cannot always be properly controlled.
Furthermore, reactor fouling occurs due to local overheating.

SCHEME 2. Synthesis of Statistical Fluorous Biphasic Stabilizers?

OO

OCH,(CF3)sCF3

OCH,(CF,)sCF3

g

OCHy(CF3)1oCF3

9 The emulsifying properties are tuned by the substitution rate.

SCHEME 3. Synthesis of Biphasic Block Copolymers Bearing Fluorous Chains and Alkyl Chains
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FIGURE 8. Dynamic light scattering of a fluorous/toluene emulsion
(10 vol % toluene; 10 wt % block copolymer as emulsifier) showing
temperature dependence of the hydrodynamic radius.
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FIGURE 9. The emulsion polymerization of olefins in a
perfluoralkane/alkane mixture.

TABLE 5. Polymerization Results of Ethylene and Propylene in
Fluorous/Hydrocarbon Emulsions

activity (kg PP/

(mol Zr h bar)

pressure time M, or kg PE/ particle
run (bar) (min)  (g/mol)? (mol Zr h bar)) size?
1 30 (ethylene) 60 850000 1400 1-20 um
2 25 (ethylene) 30 1400 000 650 1-20 um
3 1 (propylene) 5 700000 400 30 nm
4¢ 2 (propylene) 12 80 000 200 120 nm
57 10 (propylene) 60 180000 400 200 nm

9 Measured by GPC (o-dichlorobenzene, 135 °C, polystyrene standard). ® By
SEM. € Gas phase propylene polymerization. ¢ Liquid propylene dispersed in
perfluoromethylcyclohexane.

This can be overcome by supporting the catalyst on magne-
sium chloride, silica particles, clays, or polymers.3® Another
approach to solve these problems is the use of water-based
emulsions. Even though it is a rapidly developing field of
research, most industrial catalyst systems do not tolerate water
and thus still have no alternative.3” Concepts for the use of the
highly active metallocenes and postmetallocenes in an emul-
sion are still a challenge.

The emulsions described above are not applicable to the
synthesis of polyolefins, due to the sensitivity of the metal-

locenes to nitrile and carbonyl groups. Therefore the utiliza-
tion of a nonaqueous, fluorous/organic emulsion (alkane in
perfluoromethyl cyclohexane) is proposed as a solvent mix-
ture for olefin polymerization in emulsion. We opted for
alkanes such as isobutene or hexane, typically used in slurry
polymerizations of ethylene or propylene. Perfluoroalkanes
were chosen as the continuous phase because they do not
interact with the catalyst due to the lack of any functional
groups and to their immiscibility with hydrocarbon solvents.

Emulsifier Desigh and Emulsion Properties. As in the
systems mentioned above, the stabilization of the emulsions
is also crucial here. While the application of perfluoro sys-
tems in aqueous phases and the necessary amphiphilic sur-
factants are widely described in the literature,®®3° reports on
emulsions in organic phases are lacking. In order to find suit-
able conditions for such an emulsion in fluorous media, new
semifluorinated biphasic emulsifiers had to be developed. Sta-
tistical and block copolymers, containing both fluorous and ali-
phatic side chains, were proposed as emulsifiers. It was shown
that both types of polymers were able to stabilize aqueous
emulsions, and the same was expected for organic/fluorous
emulsions. In the first approach polyhydroxystyrene was
etherified in two steps, first with a perfluoroalkyl chain and
subsequently with a hydrocarbon. The choice of the polymer
was prompted in part by its low polarity, enabling its use with
metallocene catalysts. On the other hand, the styrene back-
bone provided sufficient flexibility of the polymer side chains
to reorganize on the surface of the droplet and suppress
aggregation. An amphipolar statistical copolymer was
obtained, which acted as a stabilizer in fluorous/organic sol-
vent mixtures (Scheme 2).

A disadvantage in this approach is the poor solubility of the
final emulsifiers in single organic solvents (alkanes, THF, DMF,
etc,, and also in pure fluorinated solvents) due to their
amphiphilicity, as well as the difficulty in achieving the full
substitution of the hydroxy groups. The second approach used
nitroxide-mediated radical polymerization to copolymerize sty-
rene and 1,2,3,4,5-pentafluorostyrene to achieve amphiphilic
block copolymers acting as emulsifiers in fluorous/organic sol-
vent mixtures. By insertion of perfluorinated alkyl chains,
improvement of the emulsifying properties was expected,
because the fluorous content was significantly increased
(Scheme 3).

In order to investigate the properties of the emulsifiers,
emulsions consisting of differing ratios of toluene and perfluo-
romethylcyclohexane (PFMCH) and emulsifier were prepared,
and their properties were evaluated. Experiments were per-
formed in a sealed scattering cell, allowing DLS measurements
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FIGURE 10. SEM images of the resulting polypropylene particles: (a) run 1; (b) run 3.

200 nm

FIGURE 11. SEM images of the polypropylene particles resulting from liquid propylene emulsion polymerization (Table 5, run 5).

above the boiling point of the solvent while preventing evap-
oration. The measurements showed no change in the mean
droplet size in the range between 25 and 70 °C. In the case
of the fluorous oil-in-oil emulsion system, it was shown that
the temperature does not influence the droplet size, even
above the boiling point (Figure 8).

Olefin Polymerization. The water-free emulsion was tested
as a reaction medium for metallocene-catalyzed olefin polymer-
ization. Because neither the monomer nor the catalyst is solu-
ble in the fluorous phase, the whole process takes place inside
the confined geometry of the droplets (Figure 9).°

The resulting polymer was obtained as well-defined spheri-
cal particles with very high molecular weight (polyethylene M,,
1400 000) (Table 5, run 2). Upon decrease of the polymeriza-
tion time as well as the pressure, both polyethylene and polypro-
pylene particle sizes decreased into the nanometer region (Table
5,runs 1 and 2 versus 3 and 4; Figure 10). This is typical for a
classical emulsion polymerization and indicates the diffusion of
the monomer as the limiting factor for the catalyst activity.

Polymerization of liquid propylene in a perfluorinated con-
tinuous phase was the logical extension. Perfectly shaped par-
ticles were formed inside the emulsion, a prerequisite for a

very processable product (Table 5, run 5; Figure 11). In addi-
tion, the activities inside the emulsion were very high in com-
parison to run 4.4

While latex particle-based supports generate polyolefin par-
ticles in the millimeter range,36 suitable for extrusion process-
ing, the much smaller particles formed in an emulsion are highly
attractive for cosmetics, paints, and adhesives and also as pre-
cursors for coatings. The better control obtained inside the emul-
sion allows liquid propylene to be used as dispersed phase and
directly polymerized. Furthermore, varieties of core—shell struc-
tures are accessible in this water-free emulsion system, which
broadens the application possibilities considerably.

Conclusions

Until now the synthesis of latex particles has been very much
focused on waterborne systems, which severely restricts the
type of polymers accessible by emulsion polymerizations. Typ-
ically, only vinylic polymers have been polymerizable to high
molecular weights and without side reactions. Water-sensi-
tive monomers have been applied but resulted typically in
polymers either with low molecular weights or with defect
structures or unwanted side products. Due to the develop-
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ment of nonaqueous conditions, the emulsion systems
described allow the use of water-sensitive monomers and cat-
alysts. This method is expected to permit the formation of new
types of polymer nanoparticles.'® Decisive in this new pro-
cess was the right development of suitable emulsifiers able to
stabilize two immiscible organic solvents, such as DMF in
alkanes or alkanes in perfluoroalkane. A broad variety of
hydrolyzable monomers and sensitive catalysts can be applied
within this system to yield polyester, polyurethane, polyamide,
and polyolefin latex particles in one step under ambient reac-
tion conditions. Because this process can also be used for the
subsequent polymerization of different monomers in emul-
sion, new core—shell structures based on combinations of
polymers obtained from polycondensation, polyaddition, or
catalytic processes are now accessible. Restrictions due to the
use of systems based on acrylates or styryl derivatives are
overcome. Because attributes such as film-forming and
mechanical properties can now be adjusted and optimized by
a larger number of polymers, a dramatic impact in colloid and
polymer sciences is expected. The use of such particles as sup-
ports in catalysis or in medical applications, for example, for
drug delivery or when labeled with dyes in diagnostics, are
just a few examples worth mentioning. The incorporation of
new types of nanoparticles results in improved impact, and
modified materials can be considered for bulk applications.
Because a pure organic system is created in this case, fewer
compatibility problems can be expected.

Setting aside the unprecedented chances for new particle
formation, an oil-in-water emulsion might seem ecologically
more appealing than an oil-in-oil emulsion. Although water is
considered as an environmentally benign solvent, when it is
contaminated even with traces of organic compounds or sol-
vents, it can complicate the processes of particle formation
and processing. The easy removal and recycling of organic
solvents might therefore be a further practicle advantage of
the present protocol. The potential of this technology is
already evident from these few considerations, and we can
confidently propose it as a major breakthrough in polymer
and colloid sciences.
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CONSPECTUS

Regioregular poly(3-alkylthiophene)s (rrP3ATs) are an e

important dass of s-conjugated polymers that can be 'S’R s ¢ e o & . &
used in plastic electronic devices such as solar cells and S ~
field-effect transistors. rrP3ATs can be ordered in three e 8D

dimensions: conformational ordering along the backbone,
m-stacking of flat polymer chains, and lamellar stacking
between chains. All of these features lead to the excellent -
electrical properties of these materials. Creative molecular » ikt & v
design and advanced synthesis are critical in controlling the \{
properties of the materials as well as their device perfor-
mance. This Account reports the advances in molecular
design of new functional polythiophenes as well as the
associated polymerization methods.

Many functionalized regioregular polythiophenes have
been designed and synthesized and show fascinating properties such as high conductivity, mobility, chemosensitivity, lig-
uid crystallinity, or chirality. The methods for the synthesis of rrP3ATs are also applicable to other functional side chains.
Di- and triblock copolymers consisting of rrP3AT and polyacrylate or polystyrene have also been successfully synthesized,
which can facilitate the assembly of the polythiophene segments. The synthesis of rrP3ATs has evolved into a simple and
economical system in which the synthesis can be carried out quickly at room temperature and is thus suitable for large-
scale manufacturing. Intensive study has revealed that the regioregular polymerization of 3-alkylthiophenes proceeds by a
chain-growth mechanism and can be made into a living system. This feature enables precise control of the molecular weight
and facile end-group functionalization of the polymer chains, leading to tailor-made regioregular polythiophenes for spe-
cific applications.

In addition, researchers have recently designed and synthesized regiosymmetric polythiophenes—these are regioregu-
lar but not coupled in a head-to-tail fashion—by various methods. These reports indicate that these regiosymmetric poly-
mers show very high mobilities when used in field-effect transistors due to their highly ordered structure. The remarkable
performance of regioregular polythiophenes in recent years has allowed for the rapid development in printable electronics
and seems destined to lead to further advances in this field.

Introduction

The discovery of highly conductive polyacetylene
by Shirakawa, MacDiarmid, and Heeger,1 over 30
years ago, drew interest to w-conjugated polymers
as futuristic conducting or semiconducting mate-
rials for the next generation of electronic and opti-
cal devices. One of the most interesting properties
of m-conjugated polymers is that they possess
excellent processability; the polymers can be
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deposited by simple printing techniques. Over the
past 3 decades, the field of this new class of plas-
tic materials has developed widely and rapidly,
and the initial curiosity about this field has been
elevated from academic research to industrial use.
Among the number of w-conjugated polymers,
polythiophenes (PTs) are one of the most impor-
tant and widely studied materials.? PTs, recently,
have been used in a variety of applications such
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FIGURE 1. Chemical structures of unsubstituted 2,5-coupled PT (1),
regioirregular P3AT (2), regioregular HT P3AT (3), and
regiosymmetric PT (4).

as field-effect transistors (FETs),® polymer light-emitting diodes
(PLEDs),* solar cells,® and chemical sensors.®

At the initial stage in the history of PTs, unsubstituted poly-
thiophene (1, Figure 1) was prepared through chemical
polymerizations.”® This 2,5-coupled polythiophene was found
to be highly conductive and environmentally and thermally
stable but was insoluble. Soluble PTs with flexible side chains,
poly(3-alkylthiophene)s (P3ATs, 2), as shown in Figure 1, were
then synthesized by a similar method used for 2,5-coupled
polythiophene in the late 1980s.%'° However, chemical and
electrochemical methods create random couplings in P3ATSs,
leading to only 50—809% head-to-tail (HT) couplings. The loss
of regioregularity is due to multiple head-to-head (HH) and
tail-to-tail (TT) couplings, which causes a sterically twisted
structure in the polymer backbone, giving rise to a loss of
sr-conjugation (Figure 2). Steric twisting of backbones leads to
destruction of high conductivity and other desirable proper-
ties for PTs. In 1992, HT regioregular P3ATs (rrP3ATs, 3), as
shown in Figure 1, were synthesized first using the
McCullough method,'" with a similar method developed
shortly thereafter by Rieke.'? The McCullough method pro-
vided rrP3ATs with a HT regioregularity of 98—100% and
later was modified as the GRIM method."® The discovery of
the synthesis of rrP3ATs brought about not only the develop-
ment of a wide variety of new functional polythiophenes but
also a dramatic enhancement in the electrical properties of
rrP3ATs, due to planarization of the backbone and solid-state
self-assembly to form well-defined, organized three-dimen-
sional polycrystalline structures.'®'> These structures provide
efficient interchain and intrachain charge carrier pathways,
leading to high mobility (conductivity). For example, mobili-
ties of regioregular poly(3-hexylthiophene) (rrP3HT) are as
high as 0.2 cm?/(V s), while those of regioirregular P3HT are
~107° cm?/(V s). Additionally, regiosymmetric polythiophenes
(rsPTs, 4), another variety of regioregular polythiophenes, have
recently been reported to show even more highly ordered
structures and hence higher mobility, up to 0.6 cam?/(V s), rel-
ative to HT rrP3ATs.'517

As we have realized from the study of rrP3ATs, polymer
structures are crucial for determining the electrical properties
of -conjugated polymers. It is therefore important that design,
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synthesis, and assembly be taken into account in the optimi-
zation of organic electronic devices. In this Account, we there-
fore focus on the recent progress in regioregular
polythiophenes from the viewpoint of synthesis and molecu-
lar design along with their properties.

HT coupled regioregular polythiophenes

McCullough Method. The first synthesis of HT rrP3ATs is
known as the McCullough method (Scheme 1).'"'® The key
to this method is the regiospecific generation of 2-bromo-5-
bromomagnesio-3-alkylthiophene (6, M = MgBr), which is
achieved by treating 2-bromo-3-alkylthiophene (5, X = H, Y
= Br) with LDA (lithium diisopropylamide) at —78 °C followed
by an addition of MgBr, - Et,O. Quenching studies performed
on intermediate 6 indicate that 98—99% of the desired
monomer and less than 1—2% of 2,5-exchanged intermedi-
ate 7 are produced. The polymerization is then employed in
situ by a cross-coupling reaction using a catalytic amount of
Ni(dppp)Cl,, affording rrP3AT 3 (44—66% vyield). The result-
ing rrP3ATs afford HT—HT regioregularity of 98—100% as
seen by NMR study, and the number-averaged molecular
weights (M,) are typically 20000—40000 with polydispersi-
ties (PDI) of around 1.4. This procedure was later modified by
replacing MgBr - Et,O with ZnCl,, thus allowing for greater sol-
ubility of the reactive intermediate at —78 °C. The resulting
rrP3ATs were found to self-assemble into highly ordered crys-
talline arrays by X-ray diffraction (XRD) studies'* and gave
electrical conductivities of 100—1000 S/cm, with an average
of 600 S/cm, whereas regioirregular P3ATs give conductivi-
ties of 0.1—20 S/cm, with an average of 1 S/cm, when doped
with iodine.

Rieke Method. Soon after the report of the McCullough
method, the Rieke method (Scheme 1) was reported.'> In
this method, treating 2,5-dibromo-3-alkylthiophenes (5, X
= Y = Br) with highly reactive “Rieke zinc” (Zn*) yields a
mixture of two isomeric intermediates 6 and 7 (M = ZnBr)
in a ratio of 90:10, which gives regioregular P3ATs by in
situ addition of Ni(dppe)Cl, (vield ~75%). Molecular weights
for rrP3ATs prepared by this method are M,=
24000—34000 (PDI = 1.4).

GRIM Method. In 1999, an economical new synthesis for
rrP3ATs, known as the Grignard metathesis (GRIM) method
(Scheme 1), was reported.'? One strong advantage of this
method is that the use of both cryogenic temperatures and
highly reactive metals is unnecessary; consequently it offers
quick and easy preparation of rrP3ATs and enables the pro-
duction of kilogram scale high molecular weight rrP3ATs. In
this method, 2,5-dibromo-3-alkylthiophene (5, X =Y = Br) is
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FIGURE 2. Regioisomeric couplings of 3-alkylthiophenes (top) and regioregular and regioirregular P3AT (bottom).

SCHEME 1. Typical Methods for the Synthesis of Regioregular Poly(3-alkylthiophene)s

R R R R
Step 1 Step 2
O I IR G P
X"Ng” Y M7 Ng” Y X"Ng” ™M s N/
5 6 7 3 R
Method XY Step 1 K Step 2 ; gl ;
(ratio / 6:7) Regioregularity
i) LDA/THF, —40 °C, 40 min .
M MgBr (ZnCl) Ni(dppp)Cl,,
McCullough  H, Br i) MgBr,-OEt, (ZnCl,), . 98-100 %
. (~98:~2) -51025°C, 18 h
—60 to —40 °C, 40 min
. ZnBr Ni(dppe)Cl,,
Rieke Br,Br Zn*/THF,-78°Ctort, 4 h 97-100 %
(90:10) 0°Ctort,24h
MgX’ Ni(dppp)Cl,,
GRIM Br,Br  RMgX"/THF, rt or reflux, 1 h 8 (dpep)Cl, >99 %
(~85:~15) rtor reflux, <1 h
a) X for intermediate 7 is Br (not H) in this case. b) R’ = Alkyl, X’ = CI, Br
SCHEME 2. Synthesis of HT rrP3ATs by Stille (Upper) and Suzuki (Lower) Coupling Reactions
R
i) LDA/THF, -80 to —40°C, 1 h Pd(PPhg)4
ii) BuzSnCl, —80 °C to rt Buﬁn@l various solvents, reflux, 16 h
R
R 8
3, — — O
B Ny s\ /n
5 i) LDA/THF, —40 °C, 40 min R 3 R
i) B(OMe)g, —40 °C to rt & ﬂ\ Pd(0AC),, K»COjq
. HT Regioregularity
iii) o > o, rt, 30min ﬁ B Sgr =l THF, EtOH, Hx0, reflux, 16 h Stille (via 8): >96%
0 9 Suzuki (via 9): 96-97%

treated with 1 equiv of any Grignard reagent (R’'MgX') to form
a mixture of intermediates 6 and 7 in a ratio of 85:15 to
75:25.'9 This ratio appears to be independent of the reac-
tion time, temperature, and Grignard reagent used. Although
the ratio of the desirable to undesirable isomers is higher in
the GRIM method, compared with the McCullough and Rieke
methods, this method still affords HT rrP3ATs with high regio-
regularity of >99% HT couplings. The typical M,, of rrP3ATs
synthesized through this method is 20000—35000 with very
low PDI of 1.2—1.4.

Other Methods. Other methods that have been applied to
the synthesis of rrP3ATs include Stille*° and Suzuki®' palla-
dium-catalyzed cross-coupling reactions (Scheme 2). Iraqi et al.
have investigated the synthesis of rrP3ATs through the Stille
reaction, using 3-hexyl-2-iodo-5-(tri-n-butylstannyl)thiophene
(8, R" = n-Bu, X = I) with a variety of solvents.>? In all cases
rrP3ATs with greater than 96% HT couplings were obtained.
Molecular weights of rrP3ATs prepared by this method are M,,
= 10000—16000 with PDI of 1.2—1.4 after purification. The
Suzuki reaction using 3-octyl-2-iodo-5-boronatothiophene (9)
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SCHEME 3. Proposed Mechanism for the Nickel-Initiated Cross-Coupling

Polymerization
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has been employed by Guillerez to give rfP3AT with 96—97%
HT couplings and weight-averaged molecular weight (M,,) of
27000 in 51% yield.?* However, these methods require cryo-
genic conditions for preparing the corresponding organome-
tallic monomers 8 or 9, which then must be isolated and
purified.

Mechanism of the Nickel-Catalyzed Polymerization.
The synthesis of rrP3ATs is based on transition-metal-cata-
lyzed cross-coupling reactions, of which the mechanism
involves a catalytic cycle of three consecutive steps: oxida-
tive addition, transmetalation, and reductive elimination. Since
the nickel-catalyzed polymerization is formally a polyconden-
sation reaction, it is generally accepted to proceed via a step-
growth mechanism. Howevet, it has recently been proposed
by Yokozawa that the nickel-catalyzed cross-coupling polym-
erization (McCullough and GRIM method) proceeds via a
chain-growth mechanism.2* At the same time, we have pro-
posed that this polymerization system is not only a chain-

elimination

growth system but also a living system.?>2¢ This system
allows for the control of the molecular weight of the polymer
as a function of reaction time and the amount of Ni catalyst.
The proposed mechanism for the regioregular polymeriza-
tion of 3-alkylthiophene is outlined in Scheme 3. The first step
is the reaction of 2 equiv of intermediate 6 with Ni(dppp)Cl,
affording the organonickel compound (10), and reductive
elimination immediately occurs to form an associated pair of
the 2,2'-dibromo-3,3'-dialkyl-5,5'-bithiophene (tail-to-tail cou-
pling) and Ni(0) [11-12]. Dimer 11 undergoes fast oxidative
addition to the nickel center generating new organonickel
compound 13. Transmetalation with another 6, which forms
14, and the reductive elimination gives an associated pair of
the terthiophene and Ni(0) [15-12]. Growth of the polymer
chain occurs by an insertion of one monomer at a time as
shown in the reaction cycle (16—17—[18-12]—16), where the
Ni(dppp) moiety is always incorporated into the polymer chain
as an end group via the formation of a --complex. In this fash-
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SCHEME 4. Synthesis of Poly(3-hexylthiophene)-b-poly(3-dodecylthiophene) by Chain Extension through Sequential Monomer Addition
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C12H25
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ion, Ni(dppp)Cl, is believed to act as an initiator rather than a
catalyst, and therefore this limits polymerization to one end of
the polymer chain. The prediction of the mechanism as liv-
ing is supported by two experimental results: first, the degree
of polymerization of rrP3ATs has been found to increase with
monomer conversion and can be predicted by the molar ratio
of the monomer to the nickel initiator; second, addition of var-
ious Grignard reagents (R'MgX) at the end of polymerization
results in end-capping of rrP3AT with an R' end group as
described below.?”?® Furthermore, we have successfully
achieved a chain extension of rrP3ATs. Sequential addition of
monomer 6 with R = dodecyl following the polymerization of
6 with R = hexyl gave poly(3-hexylthiophene)-b-poly(3-dode-
cylthiophene) (15) as shown in Scheme 4.2° This result
strongly indicates the living nature of the polymerization
system.

Supramolecular Structure in rrP3ATs. A fascinating
structural feature of HT rrP3ATs that differs completely from
regioirregular P3ATs is the supramolecular ordering driven by
the self-assembly of planar polymer backbones. X-ray study
has revealed a well-ordered lamellar structure with an inter-
layer spacing of ~16.0 A for rrP3HT and very close m—x
stacking of facing polymer backbones with a distance of ~3.8
A.'* Atomic-force microscopy (AFM) study on thin films of
rP3ATs show well-organized nanofibril morphologies of dif-
fering dimensions (Figure 3).

Recently, several groups (including ours) have demon-
strated that rrP3HTs form various morphologies depending on
molecular weight.293° AFM studies have shown that low
molecular weight rrP3HTs are likely to form isolated
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nanofibrils, while high molecular weight rrP3HTs are likely to
form more closely packed nanofibrils indicating better inter-
domain connectivity. Further investigation by our group has
demonstrated that the width of the nanofibrils as well as the
charge carrier mobility in FETs increase as the molecular
weight increases; this correlates with the average contour
length of polymer chains. However, it is interesting to note
that both the nanofibril width and the mobility saturate at
higher molecular weight, which is believed to be due to the
“chain folding” of the rrP3HT backbones. These structural stud-
ies, accomplished through careful control of molecular weight
of the polymers, have allowed better understanding the cor-
relation of the polymer structure with physical properties and
device performance.

HT Regioregular Polythiophenes with
Functionalized Side Chains

The initial purpose of introducing side chains on the PT back-
bones was to improve solubility and hence processability.
However, it has been established that the introduction of var-
ious kinds of functionalized side chains can also change the
materials” electrical and optical properties. A large number of
side chain functionalized HT regioregular poly(3-substituted
thiophene)s (rrPTs) have been synthesized (Table 1).
Heteroatom-Containing Groups. Introducing electron-
donating groups, such as alkoxy or alkylthio groups, with the
heteroatom directly connected to the ring in the 3-position of
thiophene is expected to decrease the band gap by raising
their HOMO level, which leads to low oxidation potentials and
a highly stable conducting state. rrPTs with alkoxy substitu-
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FIGURE 3. AFM phase images of rfP3HT thm fllms on FET dewces M, = 12000 (left); 21000 (rlght)
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TABLE 1. Summary of Side Chain Functionalized HT Regioregular Polythiophenes

Entry  Polymer structure

Side chain

Polymerization method
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ents have been synthesized by the GRIM or McCullough
method (entries 1—3). UV—vis absorption spectra of poly(3-
(2'-(2"-methoxyethoxy)ethoxy)thiophene) (PMEET) showed that
the 1,,ax was more than 100 nm red-shifted from rrP3ATs,
indicating that the introduction of the electron-donating group
in the side chain lowers the band gap of PTs (entry 1).3'
PMEET showed a high conductivity of 650 S/cm upon iodine
doping, and the conductivity remained high, 150 S/cm, after
2 months. A series of rrPTs with ether groups, where the oxy-
gen is not directly connected to the ring, was synthesized by
the McCullough method (entry 2).32 While the shorter side
chain polymer only gave low molecular weight due to low sol-
ubility, the longer side chain polymer gave high molecular
weight. These polymers, after iodine doping, exhibited very
high conductivity, with averages of 500—1000 S/cm. The
polymer also exhibited ion-binding properties to Li*, Pb**,
and Hg*". rrPTs with a methoxy group on the end of the alkyl
chains were also synthesized by the GRIM method (entry 3).33

rrPTs with alkylthio groups were synthesized by the Rieke
method (entry 4).3* They showed good solubility in carbon
disulfide, whereas the solubility in common organic solvents
such as chloroform, THF, and xylene was fairly low. The
iodine-doped polymer films showed high conductivity of 100
S/cm. UV—vis absorption spectroscopy revealed that the band
gap decreased compared with that of rrP3ATs.

Alkylamino- and dialkylamino-substituted rrPTs were
reported by Rasmussen et al. (entry 5).2> Corresponding alkyl-
amino and dialkylamino thiophenes were polymerized by the
FeCl; and NOBF, methods, to give ~88% and ~90% HT cou-
plings, respectively. These regioregularities show higher HT
preference in these systems compared with most polyalkylth-
iophenes prepared by oxidative polymerization (FeCl; method,
~70—80% HT couplings).

The ester group, which is an electron-withdrawing func-
tional group, was also introduced into the rrPT (entry 6).3° The
polymers synthesized by the GRIM method showed a slightly
blue-shifted A, from that of rrP3ATs, which may be due to
the electron-withdrawing nature of the carbonyl group, giv-
ing rise to a wider band gap.

Fluoroalkyl Groups. PTs bearing partially fluorinated alkyl
side chains are unique materials that provide unusual prop-
erties including hydrophobicity, chemical and oxidative resis-
tance, and self-organization of fluoroalkyl chains. Collard et al.
has reported the synthesis of rrPTs with partially fluorinated
alkyl side chains using the GRIM method (entry 7a).3” This
polymer shows liquid crystalline behavior and forms a highly
ordered solid-state structure. Synthesis using the McCullough

method of rrPTs with perfluoroalkyl side chains has also been
reported (entry 7b), giving polymers with ~86% HT cou-
plings.®

Chiral Groups. rrPTs with chiral side chains are fascinat-
ing materials that induce a helical packing of the polymer
backbone into a chiral superstructure in the aggregate, lead-
ing to optical activity (entry 8).39*! The first synthesis for
chiral rrPTs was reported by Meijer, in which the McCullough
method was used (entry 8a).3° The polymer solution showed
strong CD (circular dichroism) signal at its 7—a* transition at
low temperature or upon addition of poor solvents, indicat-
ing the formation of a helical backbone in the aggregate,
whereas the regioirregular polymer showed only a weak CD
signal.

Postpolymerization Functionalization at the y Posi-
tion. Functionalization at the end of the side chains on rrPTs
is desirable in terms of tuning the polymer properties. The pri-
mary strategy involves using protective groups at the y end of
the side chains, which allows for the incorporation of func-
tional groups that are usually reactive to the polymerization
conditions. The tetrahydropyranyl (entry 9a)*2 and the trim-
ethylsilyl (entry 9b)*3 y-functionalized rrPTs were synthesized
through the McCullough and GRIM methods, respectively. The
oxazolinyl y-functionalized rrPT (entry 9¢) was synthesized by
a CuO-modified Stille coupling reaction, after which the poly-
mer was modified by a postpolymerization hydrolysis reac-
tion to give a carboxylic acid group on the side chain, which
proved suitable for chromatic chemosensing.** The rrPT bear-
ing a phosphonic ester group (entry 9d) was synthesized by
the Stille method.*> Subsequent deprotection of the ester led
to the phosphonic acid functionalized rrPT, which forms a
supramolecular assembly when a tetraalkylammonium
hydroxide salt is added to the polymer solution. Another
approach to functionalizing the side chain of rrPTs has been
reported that involves incorporating reactive groups at the y
end of the side chains that are stable to polymerization con-
ditions. rrPT with a bromohexyl side chain (entry 9e) was syn-
thesized by Iraqi using the McCullough method and then
reacted with 2-carboxyanthraquinone to give a highly redox
active rrPT.*® The bromohexyl-substituted rrPT was also syn-
thesized by the GRIM method, and the y end of the side chain
was subsequently functionalized to various groups, such as
carboxylic acid, amine, or thiols.*”

End Group Functionalization and Block
Copolymers

End group functionalization of rrP3ATs is expected to lead to
a number of new uses for these polymers including end group
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SCHEME 5. Proposed Mechanism of End-Capping of rrP3HT by in Situ Functionalization
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driven self-assembly onto surfaces and into conducting poly-
mer assembled networks and the synthesis of reactive end
groups that can be used as building blocks for the synthesis
of block copolymers. Block copolymers comprised of conju-
gated and nonconjugated segments are fascinating materi-
als that are expected to phase segregate. This phase
segregation may lead to the formation of nanoscale morphol-
ogies, owing to the immiscibility of the covalently connected
segments. This may in turn lead to advanced new materials
for use as components in nanoelectronic devices. Moreover,
incorporation with flexible segments may improve the
mechanical properties and processability of conjugated poly-
mers such as rrP3ATs. Two approaches have been investi-
gated to alter end group composition and to create rrP3AT-
based block copolymers: in situ and postpolymerization
methods.

In Situ Method. The first attempt toward in situ end group
functionalization was reported by Janssen using the
McCullough method, in which 2-thienylmagnesium bromide
or 5-trimethylsilyl-2-thienylmagnesium bromide was added to
the reaction mixture with additional Ni catalyst, to give a mix-
ture of HH and mono- and dicapped polymer chains.*® We
have reported a simple and very versatile method to achieve
in situ functionalization of rP3HT using the GRIM method.*®->°
Since the GRIM method follows a living mechanism, rrP3AT is
still bound to the nickel catalyst at the end of the reaction.
Therefore, a simple addition of another Grignard reagent
effectively terminates the reaction and “end caps” the poly-
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mer chains (Scheme 5). In this system, a variety of different
types of Grignard reagents (alkyl, allyl, vinyl, aryl, etc) suc-
cessfully achieved end-capping, giving both monocapped (20)
and dicapped (21) rrP3AT. When the end group is allyl, ethy-
nyl, or vinyl group, the nickel catalyst is postulated to be
bound to the end group through a nickel—s complex to yield
monocapped polymers, eliminating the possibility of dicap-
ping. But when the end group is alkyl or aryl, the polymers
further reacted to yield dicapped polymers. Hydroxyl, formyl,
or amino groups were also successfully used to end-cap the
polymer chains when properly protected.

The synthetic route for block copolymers using in situ end
group functionalization is shown in Scheme 6. Vinyl- or allyl-
terminated rrP3HT (22) was used as a precursor. These end
groups were easily converted to the hydroxyl group (23) by
a hydroboration using 9-borabicyclo[3.3.1]Jnonane (9-BBN), fol-
lowed by an oxidation using H,O,. The reaction of 23 with
2-bromopropionyl bromide gave rrP3HT macroinitiator 24,
and then atom transfer radical polymerization (ATRP)>' was
employed to give rrP3HT containing diblock copolymers
(25).>2

Postpolymerization Method. rrP3HT bearing a termi-
nal hydroxyl group (27) was prepared by coupling a
thiophene with tetrahydropyranyl-protected hydroxyl group
onto the bromine end of H/Br polymer 26.°® On the other
hand, the end groups of rrP3HT were converted to HH type
polymer 30 by treatment of H/Br polymer 3 with excess
t-BuMgCl and subsequent aqueous workup. Subsequently,
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SCHEME 6. Synthesis of rrP3AT Containing Block Copolymers via in Situ (Left) and Postpolymerization (Middle, Right) End Group

Functionalization
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MA = methyl acrylate, t-BuA = t-butyl acrylate, PMDETA = N,N,N,N,N’-pentamethyldiethylenetriamine.

a Vilsmeier reaction was employed to install aldehyde
groups onto both ends of the polymer chain (31). The alde-
hyde groups were then reduced to hydroxymethyl groups
on both ends (32). Hydroxyl-functionalized polymers 27
and 32 were converted to macroinitiators 28 and 33 and
further lead to di- and triblock copolymers 29 and 34,
respectively,®* using ATRP.

Electrical Properties of Diblock Copolymers. The elec-
trical conductivities of iodine-doped block copolymer films
were relatively high despite the presence of the insulating
block.>2>* Furthermore, diblock copolymer 25 (m = 1,R =
Me) also showed high mobilities when used in FET devices.>>
These results were explained in terms of the tendency of these
block copolymers to self-assemble into conducting nanofibrils
of rrP3HT that are surrounded by an insulating polymer
segment.

Regiosymmetric Polythiophenes

The dominant structural feature of HT rrP3ATs in determin-
ing their excellent physical and electrical properties is the
almost complete absence of the HH arrangements. In another
approach, regiosymmetric PT (rsPT) can be prepared where a
spacer ring between HH coupled 3-substituted thiophenes is
inserted, which lowers the impact of HH couplings. The
reported synthesis of rsPTs are shown in Scheme 7 where one
of these following methods are used: FeCl;-mediated chemi-
cal polymerization (method A), Yamamoto polymerization
using Ni(COD), (method B), and Stille coupling reaction (meth-
ods C—E). Table 2 summarizes the representative polymers
synthesized by the above methods.

Gallazzi et al. has reported the synthesis of this type of PTs
for the first time by polymerizing 3,3"-dihexyl-a-terthiophene
(35) with FeCls (entry 1a).”® Electrical conductivity of an
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SCHEME 7. Synthetic Routes for Regiosymmetric Polythiophenes
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iodine-doped pressed pellet was 100 S/cm, which is compa-
rable to that of rrP3ATs. XRD study of the polymer thin film
revealed a highly ordered lamellar structure as can be seen in
rrP3ATs; moreover, the interlayer spacing was evaluated to be
13.0 A, which is approximately 3 A shorter than that of
rfP3HT (16.0 A). This indicates a closer packing of adjacent
polymer backbones, which may be due to well-spaced distri-
bution of side chains. The same polymer was also synthesized
by Yamamoto polymerization.>” Ong et al. have synthesized
this type of rsPT with octyl side chain (entry 1b)>® and rsPTs
with bithiophene (entry 2)'® and benzodithiophene (entry 3)>°
as the spacer using this method. Three different routes based
on the Stille reaction have been developed for the synthesis
of this type of polythiophenes. McCulloch et al. have reported
the synthesis of rsPTs using method C, where dibrominated
dialkylbithiophene (37) and distannylated thienothiophene
(38) were used as the symmetric monomers, assisted by
microwave reactor (entries 4 and 5).'7° Jenekhe et al. has
polymerized a symmetric monomer bearing thienopyrazine
(36) using hexamethylditin to allow corresponding rsPT
(method D; entry 8).°" We have also reported on the synthe-
sis of rsPT bearing thiazolothiazole using method E, where
dibromo (36) and ditin (39) symmetric monomers consisting
of the same building unit are used (entry 7).°% Recently, in
addition, those rsPTs having bithiophene,'® benzodithio-
phene,>® and thienothiophene'”-®° were reported to exhibit
higher mobility relative to rrP3HTSs, due to their highly stacked
crystalline structures. We have also shown that thiazolothiaz-

ole copolymer exhibited comparable mobility to rrP3HT
despite having low molecular weight (entry 6).5%63

Conclusions

Much of the recent research and commercial products in
polymer organic electronics and/or optoelectronics has
been based on regioregular polythiophenes. Solar cells and
field-effect transistors are common applications of regio-
regular polythiophenes. This is apparently because the pla-
nar polythiophene backbones lead to the formation of self-
assembled supramolecular structures and hence a dramatic
increase in conductivity/mobility. Certainly, a number of
remarkable contributions in this field originated with the
discovery of the polymerization of 3-alkylthiophenes in a
regioregular fashion. Subsequent work has given rise to
large-scale manufacturing and world class devices. Inten-
sive studies on polythiophene synthesis have led to a
greater understanding of the mechanism and subsequently
a living polymerization system, which is unusual in metal-
catalyzed cross-coupling polymerizations. This advanced
synthesis of regioregular polythiophenes has also been suc-
cessful in producing a wide variety of functionalized poly-
thiophenes, functionalized not only at the 3-position of
thiophene rings but also at the end position of polymer
chains. In addition, the universal use of the GRIM method
has recently been reported, in which poly(p-phenylene) was
synthesized.®* We have also developed the universal use of
the GRIM method, where polyfluorene, polycarbazole, and
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TABLE 2. Summary of Regiosymmetric Polythiophenes

Entry Polymer structure R Method g (cm’/Vs)
R R a)-CH,, A B -
1 - A
S N/ S/ b)-CH,, A 0.015-0.022
R
7N s I\ s
2 S s X T —C,H, A ~0.2
R
3 —C,H,, A 0.15-0.25
4 —C,H,,, C,;H,,, C,,H,, C ~0.15
5 -C,H,., C.H,., C,H, C 0.2-0.6
6 —C,H,,, CH,,, C,,H, C ~0.3
R R
7N s\
7 s\ s, -C,,H,, D 7.1x10™
N\\_//N
R
I N SN
8 /MIS%S\SJ); —CeH,p» CpoHy G Hy E -
R

polypyrrole were successfully synthesized.® In addition,
regiosymmetric polythiophenes incorporating various
thiophene-based rings have been reported to show higher
mobilities compared with head-to-tail regioregular poly-
thiophenes. Though it has been more than 15 years since
the first synthesis of the regioregular polythiophenes, this
field is still growing, and we believe that there is a bright
future for this class of polymers, particularly in the area of
printable electronics.
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CONSPECTUS

AR

he polymerization of simple conjugated dienes has long been of interest: polydienes occur throughout Nature, and poly-

isoprene and its analogues form the basis of entire industries. In contrast, the polymers of similar small conjugated com-
pounds, diacetylenes, trienes, and triacetylenes, are either unknown or laboratory curiosities. For 40 years, the only viable
synthetic method for the 1,4-polymerization of a diacetylene was a topochemical polymerization in a condensed phase. But
such an approach is hit or miss: if the diacetylene monomers have a solid-state structure preorganized at distances match-
ing the repeat distance in the final polymer, then thermal or photochemical energy can bring about the polymerization. How-
ever, most monomers lack the proper structural parameters and simply do not react.

As discussed in this Account, we have developed a supramolecular host—guest strategy that imposes the neces-
sary structural parameters upon a diacetylene monomer that otherwise does not polymerize. We apply this strategy
in the synthesis of new types of conjugated polymers made from diacetylenes, triacetylenes, and trienes. To imple-
ment the host—guest strategy, we chose a host that would self-assemble into a supramolecular structure with the req-
uisite intermolecular spacing. For diacetylenes, the ideal spacing is 4.9 A, and the oxalamides, which routinely crystallize
with a spacing of 5 A, make ideal host molecules. We chose specific oxalamide host substituents that bind to the diacety-
lene guest molecule, typically through hydrogen bonding. We have focused upon the single-crystal-to-single-crystal
polymerizations, allowing us to obtain and characterize the polymers in perfect crystalline form and to define and bet-
ter understand the reaction trajectories.

We have prepared several new classes of polydiacetylenes using this strategy, including the first terminal polydiacety-
lenes and an aryl-substituted diacetylene. Interestingly, to prepare poly(diiododiacetylene), we used halogen bonds to bind
the host and guest. The simplest polydiacetylene known, poly(diiododiacetylene), lacks the side chains that complicate the
structures of similar previous polymers. Future studies should provide insights into the role of such side chains in conju-
gated materials.

We further demonstrated the strength of the host—guest strategy by moving from the polydiacetylenes to the polytri-
acetylenes. Although the structural requirements for a triacetylene polymerization had been stated decades ago, no one had
ever found a triacetylene with the requisite spacing of 7.4 A. We designed a series of pyridine-substituted vinylogous amide
hosts to achieve this spacing. Cocrystallization of these host molecules with a triacetylene dicarboxylic acid gave us the desired
structure. Using thermal annealing, we completed the synthesis of the triacetylene polymer.
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FIGURE 1. Polymers of four simple conjugated monomers. Dienes
like isoprene can be polymerized 1,4 in solution. In contrast, the
1,4-polymerization of a diacetylene, the 1,6-polymerization of a
triene, and the 1,6-polymerization of a triacetylene are unknown in
solution.

Introduction

The polymerization of simple conjugated dienes has long
been of interest. Nature discovered the polydienes, and the
chemistry of polyisoprene and its analogues are the basis of
entire industries. In contrast the polymers of similar small con-
jugated compounds, diacetylenes, trienes, and triacetylenes,
are either unknown or laboratory curiosities, Figure 1. The big
problem is the synthesis. With a suitable catalyst, dienes will
undergo 1,4-polymerization in solution, but such selective cat-
alysts for diacetylenes are not known. Similarly the solution
1,6-polymerization of a triacetylene is an unknown reaction.
About 40 years ago, Wegner' discovered that the 1,4-di-
acetylene polymerization could take place in the solid state via
a topochemical reaction. If the reactive monomers are preot-
ganized at a distance commensurate with the repeat distance
in the final polymer,? then the application of thermal or pho-
tochemical energy can bring about the polymerization, Fig-
ure 2. This preorganization occurs fortuitously for some
crystalline diacetylenes, but it is neither a reliable nor a gen-
eral means of synthesis. The vast majority of diacetylene
monomers crystallize in some other manner incommensu-
rate with their corresponding polymer, so no polymerization
occurs, and the corresponding polymer remains unknown.
Polydiacetylenes are conjugated polymers that show opto-
electronic behavior. They have potential applications as opti-
cal limiters and waveguides, and sensitivity to environmental
changes that make them ideal candidates for the synthesis of
chemical or biological sensors. They have similarities to other

Topochemical Triacetylene Polymerization

FIGURE 2. A diacetylene or a triacetylene will polymerize if the
monomer units are preorganized at a distance commensurate with
the repeat distance in the prospective polymer. A close approach of
the reacting carbon atoms is also necessary.

important conjugated polymers such as the polyacetylenes,
the polythiophenes, polyanilines, and polyphenylenes. All of
this makes them important materials for further study but only
if reliable synthetic methods can be developed.

In this Account, we describe our efforts to develop ratio-
nal strategies for the preparation of polydiacetylenes. We have
not found an alternative to topochemical polymerization, but
we have developed a supramolecular host—guest strategy that
allows us to impose the necessary structural parameters upon
a diacetylene monomer that otherwise does not polymerize.
This has allowed us to expand the scope of the reaction and
to prepare new types of diacetylene polymers. The supramo-
lecular host—guest strategy allows one to target a specific
diacetylene that does not polymerize on its own. It is a gen-
eral and rational strategy that can be extended to a great vari-
ety of diacetylenes and other reactive monomers as well.

We have extended the strategy to the triene and triacety-
lene systems and have discovered the first crystal-to-crystal
1,6-triene polymerization and the first 1,6-triacetylene poly-
merizations. In all of our work, our goal has been to achieve
single-crystal-to-single-crystal topochemical polymerizations.
Such precise polymerizations allow one not only to obtain and
characterize the final product in perfect crystalline form but
also to define and understand reaction trajectories more fully.
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FIGURE 3. The crystal structure of the oxalamide of glycine, H1.
The molecules are self-complementary in two directions. In the
vertical direction, an o-network of amide hydrogen bonds forms
with a characteristic repeat distance of 5.0 A. In the horizontal
direction, a second a-network is formed by the dicarboxylic acid
structure. If longer chain w-amino acids are used, the structure
lengthens in the horizontal direction, but the 5.0 A repeat distance
characteristic of the amide hydrogen bonds remains.

Crystal Design for Structure and Function:
Polydiacetylenes

The precise supramolecular design or “crystal engineering” of
a solid-state structure is not an easy task. The intramolecular
forces that hold molecules together in a crystal are weak but
numerous, and predictions of supramolecular structure are dif-
ficult at best and often impossible. Great strides in the field
have been made over the last 15 years or so, and the future
of crystal engineering is bright, but supramolecular synthesis
is still far from routine.

We began our studies by designing families of compounds
whose molecules would self-assemble into predictable layer
structures based upon self-complementary hydrogen
bonds.3~> One prototypical system consisted of the oxala-
mide prepared from glycine, H1, Figure 3. The molecules of
H1 form self-complementary hydrogen bonds in two dimen-
sions. A dicarboxylic acid a-network forms in one direction; a
second o-network of paired amide hydrogen bonds forms in
a second direction. Longer chain w-amino acids can be sub-
stituted for the glycine with no change in the basic lattice. The
key point is that the short 5.0 A amide to amide distance is
reproducible within the entire series of compounds studied.

The 5.0 A amide to amide repeat distance is significant
because this is the spacing required for a successful diacety-
lene polymerization. We considered the design of a diacety-
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lene directly attached to an oxalamide. The single molecule
would contain the necessary structural elements that would
force it to self-assemble at 5.0 A, as well as the diacetylene
functionality required for polymerization. Upon reflection, it
became evident that such a “single-molecule” approach might
have significant problems. Incorporating the diacetylene and
the functionality necessary for self-assembly into the neces-
sary supramolecular structure requires a reasonable amount
of organic synthesis and leaves little room for error. Either the
molecule will crystallize in a manner suitable for polymeriza-
tion, or it will not. And if it does not, then there is little one can
do to change the crystal structure of a single molecule. The
one-molecule approach also limits the range of monomers we
can utilize. We desired a more general method that could be
applied to a great variety of substrates.

Another strategy is a host—guest “two-molecule” approach
to the problem.®” We already had a library of previously pre-
pared oxalamide host molecules. New ones can be prepared
if needed. A diacetylene monomer can be synthesized and
cocrystallized as a guest with one of the host molecules. This
two-molecule approach is synthetically convergent and flexi-
ble. The structure and function are divided, with the struc-
ture established by the host and imposed upon the functional
guest. The convergence of this strategy is important. If one
host does not work, then another can be tried.

Our first successful crystal-to-crystal diacetylene polymeri-
zation followed this two-molecule host—guest approach. The
host oxalamide H1 was cocrystallized with the guest diacety-
lene G1. The two components form an H1/G1 cocrystal with
the structure shown in Figure 4. The oxalamide host mole-
cules form an o-network with a repeat distance of 4.97 A,
only slightly longer than the ideal value of 4.9 A. The neigh-
boring C(1)—C(4) atoms were 3.38 A apart, very close for non-
bonded atoms. Heating the single crystals brought about a
clean polymerization. The central atoms of the diacetylene
moiety pivot around an inversion center bringing the react-
ing C(1)—C(4) carbon atoms of neighboring molecules
together, Figure 5. The result of this polymerization reaction
is a single crystal with polymer chains embedded in a lattice
of the host molecules.

The crystalline product, with all the diacetylene chains in
perfect alignment, has highly anisotropic spectroscopic
properties. The crystals have a deep red color by transmit-
ted light, with a beautiful gold luster in reflected light, Fig-
ure 6. The polydiacetylene polymer with its pyridyl side
chains can be extracted into acid solution giving colored
solutions.
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FIGURE 4. A designed single-crystal-to-single-crystal diacetylene polymerization. The oxalamide host molecule H1 was chosen because it is
known to form a hydrogen-bonded o-network with a repeat distance of about 5.0 A. The nicotinyl ester groups of the diacetylene guest
monomers, G1, form strong pyridine carboxylic acid hydrogen bonds to the host molecules. The monomer crystal structure is shown in the

middle figure and the polymer crystal structure in the bottom figure.

The two-molecule host—guest strategy is a general one.®
Figure 7 shows a dicarboxylic acid derived polydiacetylene
prepared by “reversing” the substituents. The pyridyl groups
were moved to the host, H2, and the carboxylic acid groups
to the guest, G2. In this case, the crystals of the monomer
polymerize so easily that we have never been able to deter-
mine the crystal structure of the unpolymerized H2/G2 coc-
rystal. The polymer of G2 has been prepared and studied in
solution before,®'® but this new synthesis is more straightfor-

ward, and the crystal structure of the polymer has been deter-
mined for the first time.

New Types of Polydiacetylenes

The host—guest supramolecular strategy can be extended in
many directions, and has allowed us to prepare a variety of
new types of crystalline polydiacetylenes. We will briefly dis-
cuss the polymerization of the three distinct types of diacety-
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FIGURE 5. Two extreme mechanisms for a topochemical
diacetylene polymerization. Structure (a) shows the “turnstile”
mechanism commonly found for symmetric diacetylenes. The
monomers pivot in a conrotary manner about the molecular
centers. Each C(1) and C(4) atom moves about 1 A as the new bond
joining the monomers is formed. The R group must pivot about
30°. Structure (b) shows the “swinging gate” mechanism. In this
mechanism, the molecules pivot at a stationary C(4) atom. The C(1)
atom along with its R group does most of the movement and must
travel about 3 A. The R group on C(4) can remain stationary.

lenes: aryl-substituted diacetylenes, terminal diacetylenes, and
the unique diiododiacetylene.

Aryl-Substituted Polydiacetylenes. Aryl-substituted poly-
diacetylenes have been of considerable interest'' ' because
they offer a way to extend the conjugation of the polymer
onto the side chains. Such conjugation would be expected to
influence the optical and transport properties of the polymers.
Despite the high interest no one has prepared a crystalline aryl
polydiacetylene.

An obvious extension of our initial study of a pyridyl ester,
G1, was to attempt the polymerization of guest G3, a com-
pound with the pyridyl rings directly attached to the diacety-
lene.' Cocrystals of the G3 with our standard glycyl
oxalamide host, H1, have the structure shown in Figure 8. The
H1/G3 structural parameters look very good, with a repeat
distance of 4.93 A and a close C(1)—C(4) contact of 3.62 A.
Thermal annealing all the way up to the 235 °C melting point
of the crystals changed their color, but no substantial polym-
erization took place. Somewhat surprisingly, UV irradiation did
cause the polymerization to take place, but the crystals crum-
bled into a purple powder as the reaction proceeded. No sin-
gle-crystal structural study of the polymer was possible.

So what is the problem with aryl diacetylenes? We believe
it has to do with the large required movement of the pyridyl
side groups. The C(1) and C(4) carbons change their hybrid-
ization from sp to sp? as the reaction proceeds. The required
bond angle change, from 180° to 120°, requires a considet-
able movement of the attached pyridine ring. This movement
likely causes the destruction of the crystal lattice. The energy
barrier seems to be too high for a thermal polymerization. The
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UV polymerization occurs, but it is inherently a surface phe-
nomenon, and it gives a high yield only because the crystal
disintegrates revealing more surface as the reaction proceeds.

Terminal Polydiacetylenes. Terminal polydiacetylenes
were not known until our work a few years ago. The synthe-
sis of terminal diacetylenes is more difficult than symmetri-
cal disubstituted diacetylene. Their lack of symmetry
decreases the probability of simple translational packing, a
common supramolecular structural feature for many
topochemical polymerizations.

We set out to prepare a terminal polydiacetylene using our
standard two-molecule host—guest approach. A modification
of the strategy was needed because by definition a terminal
diacetylene lacks one of the hydrogen bond “handles” we nor-
mally employed to form a layer of aligned diacetylene mono-
mers. Our way around the problem was to use a resorcinol
derivative of a diacetylene, G4.'> With two phenol hydroxyl
groups, we could mimic our earlier structures. The cocrystals
formed with guest G4 and the host H2 gave us one of our
most surprising results. Instead of forming a planar layer struc-
ture, the layers curved in on themselves, forming a helix, with
the diacetylenes on the inside of the helix (Figure 9). All the
expected hydrogen bonds formed, and the repeat distance of
5.09 A was within the acceptable range, but the overall
supramolecular structure was unexpected. The polymeriza-
tion proceeded thermally as designed, yielding a unique struc-
ture with a tubular helix of host molecules wrapped around a
pair of polydiacetylene chains. The helical tube has a diame-
ter of 15 A and represents a possible pathway to nanotube
synthesis.

In carrying out these experiments, we discovered an unan-
ticipated structure that demonstrated to us that our under-
standing of the polymerization process was far from complete.
Diacetylene G4 forms a hydrate, G4 - H,O, that polymerizes in
a clean crystal-to-crystal manner. Surprisingly, the intramo-
lecular distances are not all that close to the ideal. The repeat
distance is only 4.72 A, the neighboring C(1)—C(4) contact is
somewhat long at 3.96 A, and the ideal 45° declination angle
is large at 54.3°. Despite these unfavorable parameters, the
polymerization occurs readily at a low temperature of 50 °C.
An examination of atom movement, Figure 10, shows that the
C(1) atom moves about 2.45 A while the C(4) atom moves less
than 0.5 A. This unsymmetrical atom movement is rather dif-
ferent from what we see in the symmetrical diacetylenes. It
suggests a second possible mechanism, a “swinging gate
mechanism”, Figure 5, in which the diacetylene pivots at the
C(4) carbon atom. The resorcinol hydrate structure shown in
Figure 10 is formed by a mechanism intermediate between
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FIGURE 7. This polymer is formed by a reversal of the chemistry shown in Scheme 1. An oxalamide host, H2, aligns the monomers of a
dicarboxylic acid diacetylene guest, G2.

these two extremes. The extreme “swinging gate” mechanism Diiododiacetylene. Hydrogen bonds may be the most
may be found in other terminal diacetylenes and may be rel-  familiar strong intramolecular interaction, but they are cer-
evant to diacetylenes in noncrystalline environments, such as  tainly not the only possibility. We have also investigated the
surface-anchored diacetylenes. use of halogen bonds to organize molecules in the solid state.
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SCHEME 1. A Selection of Oxalamide (H1—H4) and Vinylogous Amide (H5—H7) Host Molecules along with a Series of Polymerizable Guest

Molecules (G1—G7)
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Halogen bonds are formed when a Lewis acidic halogen atom,
often bonded to an sp or sp? carbon atom, encounters a
strong Lewis base, typically a nitrogen or oxygen atom with
a lone pair of electrons.'® lodoacetylenes are particularly good
at forming these halogen bonds due to the high effective elec-
tronegativity of sp-hybridized acetylene carbon atoms and the
high polarizability of the iodine atoms.

Our first experiments utilized the bispyridyl host com-
pounds, H2 and H3, that we originally designed for organiz-
ing carboxylic acid and phenol guests.'” The pyridine halogen
bond to an iodoacetylene seems quite reliable, and cocrys-
tals were formed with little difficulty. The most favorable struc-
ture, H3/G5, is shown in Figure 11 The repeat distance of
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5.11 A and the neighboring C(1)—C(4) contact distance of
3.90 A were both within the range suitable for a polymeriza-
tion reaction. The crystals turn dark under heat, UV, or y-ray
irradiation, but no crystallographic evidence for polymeriza-
tion was observed. Temporarily we abandoned further stud-
ies of this system as we sought an alternate family of host
compounds.

Our alternate hosts were a series of oxalamides with alkyl
nitrile substituents.'®'® The pendant nitrile nitrogen atoms,
although less basic than pyridine, are still capable of forming
halogen bonds to the diiododiacetylene. Cocrystallization of
host compound H4 with diiododiacetylene G5 gave a 1:2
H4/G5,, cocrystal with the structure shown in Figure 12. These
1221
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FIGURE 8. The crystal structure of diacetylene G3 cocrystallized with host molecule H1. The crystals readily polymerized under UV
irradiation but crumbled into a purple powder as the irradiation continued. The crystal structure of the polymer was thus unobtainable.

crystals polymerized spontaneously at room temperature.
Indeed, initially we had difficulty preparing a suitable crystal-
lographic sample of the unpolymerized cocrystal.

Poly(diiododiacetylene) is certainly the simplest polydi-
acetylene known. It lacks the side chains that complicate the
structures of all previous such polymers. Future studies of its
optical, electronic, and chemical properties will be of high
interest and will shed light on the role of intermolecular inter-
actions in conjugated materials. We are also intrigued with the
prospect of using the polymer a precursor to the carbyne as
a starting material for the synthesis of other polydiacetylenes
via post-polymerization substitution reactions.

After successfully preparing poly(diiododiacetylene) using
the H4 nitrile host, we returned to a study of the initial coc-
rystals made with the pyridine host H3.2° Our crystallo-
graphic studies, Figure 11, revealed that the H3/G5
structural parameters were compatible with a polymeriza-
tion reaction, but standard polymerization attempts had
failed. Since we now knew that the targeted polymer was
a viable compound, we turned to high external pressure as
a means of inducing the polymerization. The crystals
responded to pressures starting at 0.3 GPa in a diamond
anvil cell. The initial crystals were colorless and transpar-
ent; as the pressure was increased, they changed to blue
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FIGURE 9. To extend our standard strategy to a terminal
diacetylene, resorcinol derivative G4 with a headgroup with two
hydrogen bond “handles” was chosen. Surprisingly, the H2/G4
structure formed a helix with the host molecules on the outside
and the diacetylenes on the inside. The polymerization proceeds
smoothly with two parallel polydiacetylene chains forming within
the helical structure.

k]

C(4)
c()

2.45A

B
FIGURE 10. The diacetylene G4 also forms a crystalline hydrate
that readily polymerizes. The reaction proceeds with a large 2.5 A
movement of the end C(1) carbon atom. In contrast, C(4) only
moves about 0.5 A. This is the best example of the “swinging gate”
mechanism shown in Figure 5.

and opaque and then on to black as the pressure was
raised to 6 GPa. Solid-state Raman and magic angle spin-
ning NMR revealed that a high percentage of the H3/G5
sample had polymerized under pressure to give a polymer

Single-Crystal-to-Single-Crystal Polymerizations Lauher et al.

with spectroscopic signatures similar to the more fully char-
acterized H4/G5, sample.

Characterization of Diacetylene Polymers. Although the
emphasis of this Account is upon the design and realization
of single-crystal-to-single-crystal topochemical polymerizations,
it is appropriate to briefly mention methods of characteriza-
tion of the resultant polymers. Single crystals of the diacety-
lene polymers are highly colored in various reddish or blue
hues. A high degree of polymerization often leads to crystals
that exhibit a metallic sheen. In the solid state, the polymers
are routinely characterized by their Raman spectra. The high
polarizability of the delocalized polymer greatly enhances the
Raman peak intensities. Generally a very strong peak corre-
sponding to the triple-bond stretch is seen in the 2050—2150
cm™' range, while an even stronger double bond stretch
appears in the 1350—1450 cm ™' range. Solid-state '3C MAS
NMR spectra have been useful for following the polymeriza-
tion process, particularly so for compounds that have not
given us diffraction-quality crystals. Single-crystal electron
absorption spectroscopy has sometimes given us spectacular
results, as shown in Figure 13.

Polydiacetylenes with pyridine or carboxylic acid sub-
stituents are generally soluble in acid or base, respectively.
For example, the pyridyl ester shown in Figure 4 dissolves
in aqueous HCI, although subsequent acid hydrolysis of the
ester linkage leads to deposits of what is likely the poly-
mer of the corresponding diol. In contrast, the polymer of
4,6-decadiynedioic acid, shown in Figure 7, dissolves in
sodium hydroxide and is perfectly stable. Gel permeation
chromatography measurements of one preparation showed
a molecular weight of about 160 000 g/mol with a rela-
tively narrow polydispersity index (PDI = 1.5).2" Poly(di-
iododiacetylene) is not generally soluble, but the polymer
can be separated from its host and forms blue suspensions
in various solvents.

Polytriacetylenes

Soon after the discovery of the topochemically polymer-
ized diacetylenes, Wegner recognized that the same prin-
ciple should be applicable to triacetylenes.?? If triacetylene
monomers could be preorganized in a manner commensu-
rate with a triacetylene polymer, then a topochemical
polymerization would be expected. Attempts were made
to discover topochemically active triacetylene monomers,
but none were found. It was a curious synthetic problem.
The target was of considerable interest, the requirements
were well defined, but for many years no one was able to
prepare a triacetylene with the necessary supramolecular
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FIGURE 11. The crystal structure of host H3 and diiododiacetylene G5. The repeat distance of 5.11 A is a bit longer than the ideal. Little
polymerization occurs under normal conditions, but solid-state MAS-NMR studies indicate nearly complete polymerization after pressing the

sample to pressures >6 GPa.

structural features required for topochemical polymeriza-
tion. A polytriacetylene was an ideal synthetic target to
test the generality of our supramolecular host—guest
strategy.

More recently, Diederich?? investigated the polytriacety-
lenes and related oligomers, not by the 1,6-polymeriza-
tion of a triacetylene, but by an alternate route involving
the direct organometallic coupling of diethynyl alkenes in
solution, Scheme 2. Crystallographic studies of his oligo-
mers revealed a repeat distance of 7.4 A, which was con-
sistent with the value that we predicted from molecular
modeling of the parent polymer. This became our targeted

distance for a topochemical polymerization, Figure 2. Our
specific targeted triacetylene was G6, a simple dicarboxy-
lic acid analogous to the diacetylene G2.2*

The first step was to identify a suitable host that could
be used to organize triacetylene guest molecules at a
7.4 A spacing. After discarding numerous alternatives and
searching the crystallographic literature, we settled upon
the vinylogous amide host H5 with a pendant pyridine ring.
Using succinic and adipic acids as models, we found that
host H5 readily formed 2:1 cocrystals of the form H5,/di-
carboxylic acid. The repeat distances in these two cases
were 7.20 and 7.18 A, respectively.
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FIGURE 12. A designed single-crystal-to-single-crystal diiododiacetylene polymerization. The oxalamide dinitrile host molecule H4 was
chosen because it is known to form a hydrogen-bonded a-network with a repeat distance of about 5.0 A. The nitriles form halogen bonds
to the diiododiacetylene G5 guest monomers. The H4/G5, monomer structure is shown in the top figure with an intramolecular spacing of
4.94 A; the monomer polymerizes spontaneously to give the polymer shown in the bottom figure.

The H5,/G6 structure is shown in Figure 14. The repeat
distance is 7.14 A, the crucial tilt angle is 60.8°, and the
neighboring C(1)—C(6) contact distance is 3.5 A. These dis-
tances were close to the values we wanted, except that the
repeat distance was shorter than the ideal 7.4 A. Although the
crystals developed a pale pink color, we were very disap-
pointed that neither thermal annealing nor UV irradiation gave
any further sign of polymerization. Upping the energy, we
turned to °°Co y-radiation and found that the crystals turned
dark red. Crystallographic investigation of irradiated single
crystals showed that a topochemical polymerization was tak-
ing place. The same crystals were cycled through repeated

8—10 Mrad y-radiation exposures, each followed by a crys-
tallographic structure determination, until the conversion
reached 70%. At that point, with an accumulated y-radiation
exposure of about 30 Mrad, the crystals underwent a phase
change to a glassy state that precluded further crystallographic
studies. Although this system gave us the first example of a
topochemical 1,6-polymerization, we were not completely sat-
isfied. The y-radiation method is far from ideal: it leads to
decomposition and is not very convenient. We needed some-
thing better; we needed a thermal triacetylene polymerization.

The polymer crystals at the 70% conversion level had a
repeat distance of 7.20 A. This value was short of the 7.4 A
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FIGURE 13. The UV/visible spectrum of the poly(diiododiacetylene)
cocrystal shown in Figure 12. The major peak at 14617 cm™' (684
nm) corresponds to the z—x* transition of the polymer chain. The
detailed vibrational progression at higher frequencies corresponds
to an excitatory coupling with the double bond (1400 cm~') and
triple bond (2100 cm ™) stretching modes.®
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SCHEME 2. Diederich Route to Polytriacetylenes and Oliogomers

value we were expecting and perhaps explains the seeming
reluctance of the monomers to polymerize under thermal con-
ditions. To test this hypothesis, we sought an alternate host
that would lengthen the repeat distance.>®> Molecular model-
ing suggested H6, a host molecule very similar to H5, but
because of more favorable intermolecular interactions, the two
extra methylene groups were predicted to give a longer repeat
distance.

The H6,/G6 cocrystals were also easily formed, and a crys-
tallographic study gave us just what we were looking for, a
longer repeat distance of 7.28 A. Thermal annealing brought
about a clean polymerization, which was complete after 72 h
at 115 °C. The final polymer structure has a repeat distance
of 7.35 A, much closer to the ideal 7.4 A distance. The H6
pyridine host could be extracted with acid; the G6 carboxylic
acid laden polymer could be dissolved in aqueous NaOH to
give colored solutions very similar to those of the polymer of
diacetylene G2. The Raman spectrum of the G6 polymer
showed two intense peaks, a 2153 cm™' triple-bond stretch
and a 1543 cm™ ' double-bond stretch.

Polytrienes

Once we completed our initial polytriacetylene synthesis, we
realized that our same vinylogous host system could poten-
tially be used to carry out a triene polymerization.*® Model-
ing of a polytriene suggested that the ideal repeat distance

should be around 7.2 A, a close match to the observed viny-
logous amide repeat distance. We chose triene G7 as our tar-
get and attempted to prepare cocrystals with the vinylogous
amide host H7. In this case, we failed in our initial efforts to
isolate the targeted cocrystals, but we soon noticed that good
fortune was with us and that triene G7 had crystallized on its
own in a manner suitable for a topochemical polymeriza-
tion.?”

Figure 15 shows the triene monomer lined up with a
repeat spacing of 7.25 A and with a C(1)—C(6) distance of
4.09 A. Heating the crystals to 110 °C for 8 h smoothly
brought about single-crystal-to-single-crystal polymerization to
give the polytriene structure. This was not a designed struc-
ture, but ex post facto analysis does reveal a supramolecular
feature that may be used for future designs.

The pyridine rings in the monomer structure are inter-
leaved. This alternating #—x stacking is quite common in
pyridinyl and other aromatic systems. A database analysis of
pyridine structures revealed that the average spacing between
m-stacked pyridine rings is 3.57 A. The observed 7.25 A spac-
ing in the G7 crystal is twice this distance due to the inter-
leaving of the pyridine rings. Future designs based upon this
interleaving principle may bring about additional candidates
for both triene and triacetylene polymerizations.

Conclusions and Future Directions

We have developed a supramolecular host—guest strategy
that allows us to synthesize polymers via designed topochemi-
cal reactions. We have focused upon polymers that are not
accessible by conventional means of synthesis. In doing so, we
have significantly extended the number of known single-crys-
tal-to-single-crystal polymerizations. A number of significant
new classes of conjugated polymers have been discovered,
and we are eager to more fully elucidate their chemical and
physical applications.

The versatility and reliability of our host molecules is worth
noting. For example, in this Account, we have shown how the
same pyridine-substituted host molecules H2 and H3 can be
used to organize carboxylic acid, phenol, and iodoacetylene
guest molecules. In other work, we have used the same host
to organize various metal ions. In each case, the guests are
spaced at 5 A.?® Other hosts of various shapes and sizes have
been developed to impose different distances. These host mol-
ecules can be considered as standard “reagents” for supramo-
lecular syntheses that can be used in other applications where
the control of structure and distance is important.

Most of our work has been with diacetylenes, but the same
synthetic strategy has been extended to triacetylenes and
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FIGURE 14. A designed single-crystal-to-single-crystal triacetylene polymerization. Vinylogous amide host H5 cocrystallized with triacetylene

guest G6.

trienes. There is no reason that designed topochemical poly-
merizations via host—guest chemistry cannot be further
extended to other sorts of addition polymers. The general
strategy would be the same: Estimate or determine the struc-
ture and repeat distances of the chosen polymer. Choose a
family of host compounds that will impose a similar repeat
distance. Build into the host molecules the functionality
needed to bond and orient the monomer guests in accor-
dance with the targeted polymer. Use heat, radiation, or chem-
ical means to initiate the polymerization. And as in any
synthetic strategy, utilize intuition and perseverance to opti-
mize and refine the system.

We are grateful for contributions of our many students and co-
workers whose names appear as coauthors on the papers we
dite in this Account. None of this work would have been pos-
sible without their efforts. We also wish to acknowledge finan-
cial support from the National Science Foundation for this
research (Grants CHE-0453334 and CHE-0446749).
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FIGURE 15. A single-crystal-to-single-crystal triene polymerization. Compound G7 packs with interleaved pyridine rings. This establishes a
repeat distance 7.2 A, which is twice the expected 7—x stacking distance of 3.57 A.
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GUEST EDITORIAL

Advanced Polymer
Design and Synthesis

Polymers are the most versatile and diverse materials ever to be created either by humans or by Nature, and
the properties and utility afforded by these magnificent materials enable most of the new inventions of our
times. New paradigms abound, and polymer researchers no longer need to confine themselves to conven-
tional materials that are merely plastics or elastomers. Nature also continues to teach much and inspires emu-
lation. Polymers are the key elements that support life and encode genetic information, manufacture molecules,
define shapes, and enable movement.

The synthetic polymer world, although not capable of reproducing the precise sequence control and uni-
formity of Nature, nevertheless has much to be proud of. Polymeric materials can exhibit the tensile strength
of steel, the electrical conductivity of copper, the photovoltaic and transistor properties of semiconductors, and
the actuating properties of human muscle. Critical to the realization of these properties is the imaginative
molecular design and syntheses that are exemplified by researchers highlighted in this special issue of Accounts
of Chemical Research, and we hope that you share our excitement and opportunities that continue to feed the
creative desires of the synthetic polymer community. We are in an era with a rapidly expanding “molecular
toolbox”, and we are presented with a torrent of new chemistries enabling new monomers, polymers with com-
plex connectivities, nanostructures, and precise control of molecular weight.

In this exciting time, it is not possible for Accounts of Chemical Research to provide comprehensive cover-
age of the field of polymer design and synthesis in one special issue. While each of the contributors has made
important contributions to the field of polymer chemistry, there are many other excellent programs around
the world that are not represented. It is our hope that these Accounts will inspire current and future genera-
tions of chemists to create ever more useful and diverse materials. Important societal needs, such as sustain-
able energy, affordable health care, and personal protection, are all bounded by current limitations in materials
properties. Polymers will continue to be the enabling materials that make the world a better place.
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