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Nucleic acids (DNAs and RNAs) are biopolymers, called polynucleotides as polymers of
nucleotides. They have purine or pyrimidine bases and sugar rings connected by phos-
phodiester linkages. Polynucleotide analogues (PNAs) with modified polymer backbones
and/or modified nucleic acid bases have been studied as model polymers for natural
nucleic acids. In spite of their structural simplicity, PNAs have shown the property of
base-stacking along the synthetic polymer backbones and even interacted with natural
nucleic acids through base-pairing. Since biological activities of natural nucleic acids
are indebted greatly to base-base interactions, PNAs are expected to have certain types
of biological activities. In this article the preparation methods, properties, and potential
applications of PNAs are discussed.
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Introduction

There has always been a great interest in the relationship of structure to func-
tion, especially in biologically active compounds. This is certainly no less true
of polymeric materials, where the influence of conformation is a major con-
cern. Nucleic acids (DNAs and RNAs) which have responsibilities for genetic
replication, transcription, and translation in living systems, are the most im-
portant biopolymers in existence. Since DNA was recognized as a double helix
with two antiparallel nucleic acid chains by means of X-ray crystallography in
1953 [1], a tremendous amount of work has been carried out on the structure
and the chemistry of nucleic acids. In addition to research on nucleic acids
themselves, their structural information has led chemists to synthesize the
polymer analogues in order to understand better the effects of structure on
function.

Polynucleotide analogues (PNAs), as model polymers for natural nucleic
acids, were expected to have some of the important properties of the natural
polymers such as intramolecular base stacking and intermolecular base pair-
ing. There was also strong hope that these synthetic polymers would interact
with natural nucleic acids to show certain types of biological activities and
could be used for chemotherapy. The application of natural nucleic acids as
chemotherapeutic agents was usually deteriorated by hydrolysis of phosphate
linkages. If the phosphate groups in natural nucleic acids were substituted by
stable linkers insusceptible to enzymatic degradation, the analogues would
have potential uses as the antisense, antitemplate, and antigen compounds in
molecular biology. Many of the reported analogues showed properties of base
stacking or base pairing and some of them also formed double- or triple-
stranded complexes with natural nucleic acids [2]. To resemble natural nucleic
acids more closely, recent research focuses on achieving structural similarity
of the polymer backbones. In this article we review general synthesis of PNAs
and emphasize recent progress on the investigation of their properties and
application.
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2
Synthesis and Physicochemical Properties

Generally PNAs have modified polymer backbones (phosphate groups and su-

gar moieties) and/or modified nucleic acid bases. These analogues can be

classified by their preparation methods:

1. Radical homopolymerizations of vinyl monomers having nucleic acid
bases [2, 3]

2. Grafting of nucleic acid base derivatives onto functional polymer back-
bones [4-6]

3. Radical alternating copolymerizations of nucleoside derivatives with alke-
nyl anhydrides [7-14]

4. Stepwise reactions of bifunctional compounds having nucleic acid bases
[15, 16].

The first three methods generally yield the homopolymers of high molecular
weights, while the fourth method has the advantage of controlling the se-
quences of nucleic acid bases.

2.1
Vinyl Polymers Containing Nucleic Acid Bases

Vinyl, acryl, methacryl groups, or their derivatives were introduced to the 1-
position of pyrimidine (cytosine, uracil, and thymine) or 9-position of purine
(adenine, guanine, and hypoxanthine) to yield the vinyl monomers, which
were polymerized with the aid of radical initiators in organic solvents
(Scheme 1).

Most of these radical polymerizations proceeded very rapidly and the yields
of the polymerization were very high even though the vinyl monomers con-
tained pyrimidine or purine bases. As these PNAs did not contain sugar rings
or hydrophilic groups, most of them were insoluble in water. Their properties
were therefore investigated mainly in organic solvents. Synthesis of the mono-
mer and the polymerizations were well summarized in the reviews [2, 3].

2.2
Functional Polymers Coupled with Nucleic Acid Base Derivatives

PNAs were synthesized by the coupling reactions of activated nucleic acid
base derivatives with functional polymers, such as polyethylenimine [17-21]
or poly-L-lysine [22, 23] (Scheme 2). Hydrophilic polytrimethylenimine [24,
25], and poly(vinyl alcohol) [26, 27] were also used as functional polymers.
These grafting methods have the advantage of obtaining high molecular
weight polymers but also a problem with incomplete coupling. Some of these
polymers were soluble in water depending on the structures of the polymer
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backbones and of the spacers between nucleic acid bases and the polymer
backbones.

Nucleic acids have a chiral center adjacent to the nucleic acid base, which is
believed to provide the polymers with stereoregular structures. To confer this
feature to the analogues, optically pure o--nucleic acid base substituted propa-
noic acids were prepared by the conventional optical resolution method. They
were coupled with the functional polymers via amide or ester bonds to yield
the optically active polymers [4-7]. Functionalization and coupling reactions
of nucleobases with the polymers were well summarized in the reviews [2, 3].

2.3
Alternating Copolymers of Nucleoside Derivatives and Alkenyl Anhydride Monomers

As most of the PNAs synthesized above did not contain sugar moieties or
hydrophilic groups, they were insoluble in water. Additionally, the alternating
sequences between nucleoside and phosphate, observed in the natural nucleic
acids, were rarely realized in the previous synthetic methods, resulting in
structures quite different from those of the natural ones. One of the recent
studies on PNAs intended to synthesize those resembling more closely the
natural ones and investigate their properties in aqueous solutions (biological
conditions) [8-14].

In order to synthesize PNAs containing ribose rings on their backbones,
double bonds were introduced directly either inside of or as side groups on
the ribose rings of nucleosides as follows: oxidation of deoxyribonucleosides
(10) by platinum oxide and oxygen resulted in 5’-carboxylic acid (11) of the
nucleosides, which gave dihydrofuran derivatives (12) by decarboxy dehydra-
tion with the aid of N,N-dimethyl formamide dineopentyl acetal [8, 10, 11].
Starting from ribonucleoside, 5’-hydroxyl group was transformed to 5’-iodo
group with the aid of methyl triphenoxyphosphonium iodide. Elimination of
hydrogen iodide by a strong base resulted in monomer 15 (Scheme 3) [14].
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Copolymerization of 12 or 15 with maleic anhydride or with acrylic anhy-
dride gave four alternating anhydride copolymers, which were hydrolyzed to
result in four PNAs (Scheme4) [8, 10, 12, 14]. In order to facilitate the copo-
lymerization with anhydride monomers, the primary amino groups on the
bases (adenine, guanine, or cytosine) of monomers 12 and 15, and hydroxy
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groups on the furanose rings of monomer 15 were blocked either by acetyl or
ethoxycarbonyl groups, which could be deprotected by hydrolysis without de-
terioration of N-glycosidic bonds after the polymerization.

The radical copolymerization of vinyl ethers with maleic anhydride is
known to yield alternating copolymers by forming charge-transfer complexes
of the monomer pairs during the copolymerization [28-30]. As the electron-
donating character of the vinyl ether groups in 12 and 15 was negligibly influ-
enced by the base groups substituted on C1’ and the acetoxy groups on C2’
and C3’ of the furanose rings, the copolymerization of monomers 12 and 15
with maleic anhydride yielded the alternating anhydride polymers [9-12, 14].

When cyclic vinyl ethers (12 and 15) were copolymerized with acrylic an-
hydrides in the presence of radical initiators, alternating copolymers were also
produced. During copolymerization, the acrylic anhydride formed the glutaric
anhydride radical at the growing chain end by cyclization, which propagated
on the vinyl ether monomer. By repetition of the cross-reactions between
them, the alternating copolymer was obtained [14]. Radical homopolymeriza-
tion was not feasible for both monomers 12 and 15 but was feasible for acrylic
anhydride. The excess feeding mole ratios of the former monomers at the on-
set of copolymerization were necessary for obtaining the alternating copoly-
mers. When hydrolyzed with the aid of aqueous hydroxide, the anhydride
polymers were converted to polymers (17, 19, 21, and 23), removing the
blocking groups for hydroxy and amino groups.

The number-average molecular weight (Mn) of polymer 17 measured by
vapor pressure osmometry (VPO) was found to be very low (1600-1840),
which corresponded to a degree of polymerization (DP) of 6 [8]. The low mo-
lecular weight of the polymer was attributed to transfer reaction on the mono-
mer as shown in Scheme 5 and the compact structure of the polymer. The allyl
and/or allyloxy radicals, formed by hydrogen transfer from the monomer to
the active center, were very stable due to the formation of resonance hybrids
[10]. These stable free radicals could start the copolymerization anew to result
in low molecular weight. In the copolymerization of 12 with acryl anhydride,
this transfer reaction was retarded owing to the longer distance between the
adjacent furanose rings in the polymer chains, to yield moderate molecular
weights (DP higher than 30) [14].

R.+\O HRH+\O < .0

R - :radical chain end

Scheme 5
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2.3.1
Physicochemical Properties

The structures of polymers 17, 19, 21, and 23, the alternating copolymers of
nucleoside derivatives and dicarboxyalkylene, are quite similar to those of nu-
cleic acids, which are the alternating copolymers of nucleosides and methy-
lene phosphate groups. Polymers 17 and 21 are analogous to DNA whereas
19 and 23 are analogous to RNA, owing to either the absence or the presence
of the hydroxyl groups on the C2’ carbon atom of the furanose rings. The
nucleic acid bases of the polymers were bonded to a-position of the riboses,
the same as those of nucleic acids, which were believed to provide the nucleic
acids with stereoregular structures. The fully extended lengths between adja-
cent furanose rings on the polymers (from C4’ to C4” were calculated to be
3.85 A for 17, 4.96 A for 19, 6.24 A for 21, and 6.47 A for 23. The distances in
polymers 17 and 19 were much shorter than that of nucleic acids (6.19 A),
whereas those of polymers 21 and 23 were very close to it. Polymer 17 had a
very compact structure, so that a polymer of a high molecular weight could
not be obtained. As polymer 21 had 1,3-dicarboxytetramethylene linkages re-
placing the methylene phosphate groups of natural nucleic acids and its back-
bone linked to C3” and C4’, the same as that in natural nucleic acids, its struc-
ture had a close resemblance to those of natural nucleic acids. All of them
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Fig.1. CD-spectra of 23A (a) and poly(adenylic acid) (b) in Tris-buffer (pH 7.4) at 25°C
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were soluble in water due to the hydrophilic carboxyl groups on the polymer
backbones, which facilitated the investigation of their physicochemical prop-
erties in aqueous solutions similar to those of the biological systems.

The chiral atoms of C1’ on deoxyribonucleosides and of C1’, C2°, and C3’
on ribonucleosides were intact during monomer synthesis and copolymeriza-
tion; polymers 17, 19, 21, and 23 were optically active, which allowed the use
of circular dichroism (CD) and optical rotary dispersion (ORD) for investiga-
tion of the polymer conformations in aqueous solutions [6, 10, 11]. The CD-
curve of 23A is shown in Fig. 1, which is quite similar to that of natural poly(-
adenylic acid).

The sodium salts of polymers 17, 19, 21, and 23 were polyelectrolytes,
which had viscosity as well as electrophoretic characteristics. Reduced viscos-
ities of the sodium salt of polymer 17U, for example, exhibited typical poly-
electrolyte behavior as a function of concentration in H,O (Fig. 2). By contin-
uous dilution the reduced viscosities of the polymer decreased steadily and
increased rapidly at the concentrations below 0.5 g/dl in water. In a neutral salt
solution (NaCl, 5%) the reduced viscosity retained normal behavior.

Migration of the polyanion of polymer 17T to an anode was investigated in
an electrical field. The thin-layer electrophoresis diagram of the sodium salt of
the polymer developed on an electrophoresis cellulose sheet in a buffer solu-
tion (pH=7.4) showed three separated bands (Fig. 3) [10]. Mobility of charged
polymers was proportional to the net charge and inversely proportional to the
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Fig.2. Reduced viscosities vs concentration of 17U at 30°C in H,0 (@®)and in 5% NaCl
solution (O)
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Fig.3. Electrophoresis diagram of the sodium salt of polymer 17T on a cellulose sheet at a
constant 250V for 2.5h in a pH 7.4 buffer solution

start

two-thirds power of molecular weight [31]. The increase of each repeating unit
in the polymer was accompanied by an increase of two net charges. The poly-
mer band at a farther distance from the starting line, therefore, corresponded
to the polymer of higher molecular weight. Since the average degree of poly-
merization of polymer 17 was found to be six by vapor pressure osmometry,
the polymer should be a mixture of penta, hexa, and heptamers.

2.3.2
Base Stacking

In the biological system DNA formed a double-stranded helix, in which the
sugar-phosphate backbones followed a helical path at the outer edge of the
molecule and the bases were in a helical array in the central core. The bases
of one strand were hydrogen-bonded to those of the other strand to form the
purine-to-pyrimidine base pairs A:T and G:C. The nucleic acid bases either of
the single-stranded or of double-stranded natural nucleic acids are also
stacked with the adjacent bases in the same strand by hydrophobic interac-
tion. The induced dipole-dipole interactions in the chromophores of nucleic
acid bases can result in either hypochroism or hyperchroism, depending on
the relative geometry of the stacked chromophores. Hypochroism is common
to systems with the chromophores stacked one upon the other like a deck of
cards [32, 33], while systems with chromophores in a head-to-tail aggregate
are generally predicted to be hyperchromic [34]. In the measurement of UV-
spectra, most of the polymers 17, 19, 21, and 23 showed high hypochromicity
at the maximum wavelength (250-270 nm) compared with UV-absorption of
the relevant monomers as was observed in natural nucleic acids.

The UV spectra of polymer 17U in H,0 and DME, as a typical example, are
given in Fig. 4, which showed a hyperchromicity of 30.1% in H,O (e=12,360,
Amax=261nm) and a hypochromicity of 29.7% in DMF (e=6690,
Amax=268 nm), compared with those of 2’-deoxyuridine in the relevant sol-
vents (€=9500, Ap.x=263nm in H,0 and £€=9350, A,,x=267 nm in DMF), re-
spectively [11]. It is notable that hyperchromicity has rarely been found in
aqueous solutions of nucleic acids though it was predicted theoretically.
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Fig.4. UV-spectra of polymer 17U in H,O (a) and in DMF (b)

Polymer 17U was composed of uracil-1-yl furanoid as hydrophobic and di-
carboxydimethylene as hydrophilic groups. The carboxyl groups of the poly-
mer in an aqueous solution protruded outward interacting with the aqueous
environment. Consequently, the polymer had a conformation such that the
chromophores aggregated into head-to-tail order in H,O to cause the hyper-
chromicity. On the other hand, the uracil groups in the polymer were stacked
one upon another in DMF to cause hypochromicity, which was also consistent
with the fact that the UV extinction of the polymer in DMF was about half of
that in H,O.

The UV extinction and maximal wavelength of the polymer were measured
in solvent mixtures of DMF-H,O after equilibration for 24 h at 25 °C. When the
water content was increased in the solvent mixture, the extinction was in-
creased while the wavelength of absorption maxima was blue-shifted. At a sol-
vent composition of water 50 vol %, the extinction was equal to that of free
uracil as well as the mean value of the two forms.

In order to confirm whether an equilibrium state can be attained at the
same solvent composition, starting from either one of the two forms, the poly-
mer was dissolved in H,O or in DMF and the time-dependent extinction
changes were measured after diluting with DMF or H,0, respectively (Fig.5)
[11]. The equilibrium value of extinction was attained quickly from the hypo-
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Fig.5. Time-dependent approach to the equilibrium values of extinction coefficients (€)
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tion (O) of polymer 17U

chromic form although very slowly from the hyperchromic form after
270 min. The polymer 17U contained carboxyl groups and their interactions
with water, which compelled the polymer to change its conformation, seem to
be stronger than those of hydrophobic groups of the polymer with the organic
solvent.

Some of polymers 17 and 19 formed excimers in aqueous solution. Exci-
mers are observed in bichromophoric molecules, where the aromatic chromo-
phores are separated by a three-atom linkage. Excimer formation in these sys-
tems requires rotational motion around the bond of the linkage to allow two
chromophores to have, within the lifetime of the excited state, a conformation
suitable for complex formation in which two aromatic rings overlap in a sand-
wich-like arrangement [35, 36]. When these geometrical requirements are sa-
tisfied for the pendent chromophores on the polymer chains, the polymer
shows an excimer fluorescence as observed in poly(vinyl aromatic)s [37] and
polymers containing chromophoric pendant groups [38].

Excimer formation seemed to be favorable for polymers 17 and 19 due to
the shorter distances between their nucleic acid bases, compared with those of
the natural polymers. Fluorescence emissions of compound 10U and of poly-
mer 19U at 20 °C, after exciting at 260 nm, were measured at the same concen-
trations of uracilyl groups (1x107° residue mol/l) in H,O (Fig.6). Compound
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Fig. 6. Fluorescence emission spectra of polymer 19U (a) and uridine (b) after exciting at
260 nm in H,O at the same concentration of 1x107° residue mole/l at 25°C

10U showed a broad peak at 335 nm with very low intensity whereas 19U gave
a broad band at 425 nm with very high intensity. The fluorescence emission of
the polymer was red-shifted relative to the emission band from compound
10U, and devoid of vibrational structures. These are typical characteristics
for the excimer fluorescence, indicating that the chromophores of the polymer
formed excimers in aqueous solutions. This result was further evidence for the
base-stacking of the PNAs.

233
Base Pairing

The formation of complementary base-paired complexes between both RNAs
and DNAs is well known. When the double-stranded complex is heated slowly
in solution state, the base pairs break and finally the strands separate. This
heat transition can be reversed by cooling. An intriguing question remained
as to whether the synthetic PNAs interacted with natural nucleic acids to form
complexes showing heat transitions. The complex formation by base-pairing
and the separation into single strands are generally determined by continuous
variation mixing curves [39, 40] and by the melting profile, respectively.
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Base pairing of polymer 21, DNA analogues, having a distance between
neighboring bases similar to those in natural nucleic acids, was extensively
studied in aqueous solutions. Most of the polymers formed complexes with
natural nucleic acids of complementary bases. Figure 7 shows the continuous
variation mixing curves of 21U-natural poly(deoxyriboadenylic acid) [poly(-
dA)] of 40 bases at room temperature under biological conditions [14]. The
complex was found to be a duplex of the mole ratio of 21U:poly(dA)=1:1,
based on the highest hypochromicity at the same ratio. The corresponding
natural complexes are well documented [41, 42].

To confirm the helical structure of 21U-poly(dA), the complex was also in-
vestigated by surface-enhanced Raman spectroscopy (SERS) [14]. As found in
the studies of natural nucleic acids [43-45], the variation of the band intensi-
ties associated with the polymer backbone (sugar-phosphate and sugar-dicar-
boxytetramethylene) and nucleic acid base moieties was observed during the
conformational change from two separated single strands to a double helical
structure. As shown in Fig. 8, strong bands both of the polymer backbone and
of adenine moieties were initially observed in the mixed solution of 21U and
poly(dA). The band intensities associated with the adenine moieties at
730cm™" and 1330cm™' are decreased significantly in the SERS spectrum
which was recorded three days after mixing, while the band intensity of
2950 cm™' from the polymer backbone remained constant. This is indicative
of the close proximity of the backbone on the Ag film substrate and further
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out in the case of adenine moieties as a result of the formation of double helix
by base-pairing.

Heat transition from the double helix to separate strands is accompanied by
an increase of UV absorption. The melting profiles of the complexes, shown in
Fig. 9, are quite similar to those of the relevant natural complexes. The melting
temperature of 21U-poly(dA) was found to be 62°C, a little lower than that
(65°C) of the natural polymer complex, poly(dA)-poly(deoxyuridylic acid)
[poly(dU)] [41].

2A (Scheme 1) was also reported to form complexes with poly(uridylic acid)
[poly(U)]. Due to the shorter distance between adenines in 2A compared with
that of poly(U), the complexes were proposed to be 2 poly(U)-2A triple-
stranded, poly(U)-2A double-stranded, and poly(U)-25% adenine of 2A dou-
ble-stranded [46].

The RNA analogue, 23A, formed a triplex with natural poly(uridylic acid)
with the mole ratio of 1:2. While the natural triplex {poly(riboadenylic acid)
[poly(rA)]-poly(ribouridylic acid) [poly(rU)]-poly(riboadenylic acid) [poly(-
rA)]} is transformed via a duplex [poly(rA)-poly(rU)+poly(rA)] (Ty: 62°C)
to single strands (Ty,: 44°C ) [14], the complex 23A-poly(rU)-23A was melted
directly to the individual strands [23A+23 A+poly(rU)] at T, of 80°C. Com-
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pared with poly(rA), 23A contained additional C3’-OH groups, which elevated
the Ty, of the complex. The double-stranded complex was also formed between
the synthesized RNA analogues, 23A and 23U with the mole ratio of 1:1, the
melting point of which was found to be 64°C. 4A and 4U (Scheme 1) were
reported to form a stable 1:1 complex in dimethyl sulfoxide-ethylene glycol
[47].

24
Polypeptides with Nucleic Acid Base Derivatives

Polypeptide backbones might have secondary structures as proteins do. Sev-
eral alanine derivatives having nucleic acid bases were prepared and a few of
them were polymerized (Scheme 6) [48-51]. Uracil and adenine were alkylated
by 1-bromo-2,2-diethoxyethane and the resulting acetals were hydrolyzed and
converted to B-(uracil-1-yl)-c-alanine and B-(adenine-9-yl)-ci-alanine by the
Strecker reaction. Thymine, guanine, and cytosine substituted alanine deriva-
tives were also prepared in a similar manner. B-(Uracil-1-yl)-a-alanine is
found as the optically pure L form in nature. Among the synthetic alanine
derivatives, B-(thymine-1-yl)-o.-alanine was resolved and the absolute config-
urations of the enantiomers were determined based on the structure of B-(ur-
acil-1-yl)-o-alanine [50]. Step- reaction polymerizations by the active ester or
mixed anhydride methods or the ring opening polymerization of N-carbox-
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yanhydrides of amino acids were carried out. The polymers, however, had low
molecular weights (DP<25) and showed weak interaction with the polymers
containing complementary bases. Even in the case of the polymer obtained
from optically pure B-(thymine-1-yl)-o-alanine, no hypochromic effect was
observed on mixing with poly(adenylic acid). The polymer showed neither
any evidence for base stacking, nor any secondary structures.

An interesting approach to obtain peptides in which the purine or pyrimi-
dine residues were correctly spaced for interaction with the nucleic acids, was
made by using a spacer amino acid [49]. Serine was used as a spacer and sev-
eral protected tetrapeptides, e.g., 0i-N-t-BOC-L-seryl-D,L-B-(thymin-1-yl)ala-
nyl-L-seryl-D,L-B-(thymin-1-yl)alanine, ethyl ester, were synthesized but little
was reported about their solution properties and interactions with the nucleic
acids. The polymerization of the nucleic acid base-substituted L-lysine deriva-
tives by N-carboxyamino acid anhydride method was also reported [52, 53].

Very recently a new family of polynucleotide analogues, so-called peptide
nucleic acids (PepNAs), have been reported and have attracted a great deal of
attention due to their potential uses as diagnostic and antisense agents. DNA
molecules in the genes have the genetic information. The primary structure of
protein, i.e., the order of amino acid residues, is specified by the sequence of
the bases in the gene. The information in DNA is transcribed to the messenger
RNA, and then translated to synthesize protein [54]. In drug design, inhibition
of gene expression has advantages over inhibition of proteins, since a large
number of m-RNA, and thereby proteins, are produced on transcription [55].
Moreover, the structure of proteins are usually complicated and their func-
tions are not completely understood. Inhibition of genes can be achieved by
using antisense oligonuclotides, which bind specifically with complementary
nucleic acids through base pairing. This process is called hybridization. Anti-
sense oligonucleotides have been prepared by modifying internucleotide
phosphate residue in DNAs, i.e., by replacing the phosphate linkers with
methylphosphonates, phosphorothioates, phosphoramidates, phosphate
ethers, or by using entirely different linkers such as siloxane bridges, carbo-
nate bridges, carboxymethyl ester bridges, acetamidate bridges, carbamate
bridges, or thioester bridges [55]. In addition, modified nucleoside units have
also been used. The major purpose of these modifications is to increase stabi-
lity against nuclease and the ability to penetrate the cell membrane.
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26 NH,

Scheme 7

In 1991, Nielsen and coworkers first reported a thymine-substituted pep-
tide, showing remarkable stability against enzymatic degradation and also
outstanding hybridization properties with DNA (Scheme 7) [56]. In a compu-
ter model, the distance between nucleobases suitable for hybridization with
DNA was estimated. The optimal number of bonds between the nucleobases
was found to be six and the optimal number of bonds between the backbone
and nucleobase to be two to three. To meet these structural requirements, (2-
aminoethyl)glycine was used as a repeating unit of the backbone and nucleo-
bases were attached to the backbone via methylenecarbonyl linkers [56-63].
Oligonucleotides with ten nuclobases were synthesized by Merrifield’s solid
phase method [57]. The lysine was attached to the C-terminal to diminish
self-aggregation of the oligonucleotides. As complementary DNAs, (dA)e,
(dA)g, and (dA),, were used. The PepNAs formed complexes with complemen-
tary DNAs. They showed well-defined melting curves and the melting tem-
perature (T,,) increased as the PepNA length was increased. T, values were
much higher than those of the corresponding DNA/DNA complexes. This was
attributed to the lack of electrostatic repulsion between PepNA and DNA and
the constrained flexibility of the polyamide backbone. T, values for the com-
plexes of DNAs containing mismatches such as (dA),(dG)(dA),(dG)(dA),
were lower, indicating formation of specific hydrogen bondings between com-
plementary bases.

In circular dichroism study on the binding of an octamer of PepNA having
thymine and a terminal lysine, a right-handed triplex was found to form be-
tween the PepNA and poly(dA) [60]. Since PepNA was achiral except for the
terminal lysine, it showed a very weak CD spectrum. When 1 mole of poly(dA)
was mixed with 2 moles of the PepNA, the CD spectrum of poly(dA) was chan-
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ged dramatically, indicating the formation of a triplex. A remarkable thermal
stability of the triplex was also observed in the same study. The CD spectrum
of poly(dA)[PepNA-Ts], triplex was very similar to that of poly(dA)[po-
ly(dT)], triplex. The PepNA-PepNA duplex was also reported. Two comple-
mentary PepNA decamers, H-GTAGATCACT-L-Lys-NH, and H-AGTGATC-
TAC-L-Lys-NH,, were prepared [61]. Neither PepNA decamer showed any
strong CD spectrum resulting from helicity. However, when two complemen-
tary PepNAs were mixed in a 1:1 stoichiometric ratio, a strong CD spectrum
was observed. Very interestingly, the mirror-image CD spectrum was obtained
when the terminal L-lysine was substituted with D-lysine. Further study
showed that the preferred chirality of a PepNA-PepNA duplex was very depen-
dent on the nucleobase next to the chiral terminal amino acid [62]. Only if
guanine or cytosine was the base next to the terminal amino acid did a duplex
of a stable helical structure form. The preferred helical sense was determined
by the absolute configuration as well as the nature of the side chain of the
terminal amino acid. The hydrophobic side chains induced right-handed he-
lices. A PepNA-PepNA-PepNA triplex was also reported to form between one
adenine-PepNA decamer and two thymine-PepNA decamers [63].

Since the first report on the peptide nucleic acids by Neilson, numerous
reports on the synthesis of amino acids having nucleic acid bases and their
polymerization have appeared. PepNAs have amide groups on their backbones
which can exist in E- or Z-form. It was found that all the amide bonds between
nucleobases and the polymer backbones were oriented in Z-form in PepNA-
DNA or PepNA-PepNA complexes, while the monomers of PepNAs or single
strand PepNAs had both Z- and E-isomeric units in solution. In order to con-
trol the stereochemistry of these amide groups, monomer 27 was synthesized,
where the central amide bond of PepNA was replaced by a configurationally
defined C-C double bond (Scheme 8) [64]. The authors expected that the Pep-
NAs derived from monomer 27 would show the similar hybridization ability
with natural nucleic acids, since the deleted carbonyl group is not involved in
any hydrogen bondings which would result in complexation.

PepNAs are achiral and insensitive to CD, but optically pure polyamide nu-
cleic acid analogues were also reported. Monomer 28 (Scheme 8) has naturally
occurring amino acid units, which will confer chirality on the resulting poly-
mers [65]. Although stereocenters on the backbones were expected to influ-
ence the complexation of the PepNAs, no details were reported. Polymer 29

o)
| J\/
COOH N
BocHN BocHN \)J\OH

27 28

Scheme 8
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in Scheme 9 has a glucopyranosyl amide backbone. It was soluble in water and
showed hybridization with DNA [66, 67].

Polymer 30 was named a-PepNA. Nucleobases were attached to o.-position
via ethylene linkages of L-oi-amino acids. The amino acids were coupled with
glycine to yield optically pure monomers of ai-PepNA [68].

3
Alteration of Polynucleotide Analogues

3.1
Dimerization of Nucleobases by UV Irradiation

Photochemical reactions of purines and pyrimidines in light are well known,
and lead to mutations. Although various photochemical reactions can occur
with both pyrimidines and purines, photodimerization of thymine is of the
utmost importance. Photochemical reaction by UV irradiation of thymine re-
sults in formation of dimers with cyclobutane rings, which block DNA replica-
tion. Photodimerization was reported with the synthetic polymers having pen-
dant thymine bases. In a study with polyacrylates and polymethacrylates with
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thymine and their dimer model compounds in the solvents, DMSO, DMF, and
a DMSO-ethylene glycol (EG) mixture, quantum efficiencies for photodimeri-
zation for the polymers about ten times higher than those for the dimer model
compounds were found (Scheme 10) [69]. The quantum efficiencies for the
dimers were almost invariant with the solvents. However, the quantum effi-
ciencies for the polymers increased in the order of DMSO-EG>DMF>DMSO.
This result was related to the self-association by base pairing. Because the
polymer was soluble in DMSO and insoluble in EG, the polymer chain had
the expanded conformation in DMSO, while the self-association of thymine
bases occurred in EG, resulting in compact structures.

The results obtained with poly-L-lysine containing pendant thymine were
especially interesting [70]. In the study of the 88% thymine grafted poly(L-
lysine) by CD and UV at pH above 10, the helicity of the polymer was found
to increase by photodimerization of thymine up to a 30% conversion, and
then decrease. After photodimerization, the helical structure was not affected
by the pH change, indicating that the reaction occurred between thymine
bases on the same backbones, resulting in fixation of the structure. Decrease
of the helicity at high conversion was ascribed to distortion of the helical
structure by a reaction between remote grafted thymine bases.

CH CH,
H,C-C C-CHy——
0=C c=0
0 0
GH2 . GH2
CH2 ?HZ
O N._H H.__N_O
| |
HN\HJiCH?) HSC:QH/NH
o 0
3 CHy CHy
——H,C-C C—-CH,
0=C C=0
., o 0

Scheme 10
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3.2
Depurination and Depyrimidination

The depurination or depyrimidination of nucleic acids, the release of purine
or pyrimidine bases, respectively, from nucleic acids by hydrolysis of the N-
glycosidic bonds, gives rise to alterations of cell genome [71, 72]. The rate
constant of depurination under biological conditions was found to be
3x107s7! ie., a mammalian cell containing 3.86x10° nucleotides sponta-
neously loses 10,000 bases from its genome in 24 h [73]. The rate is increased
as the pH is lowered or as the temperature is elevated. The apurinic sites re-
sulting from depurination are quite stable [74], and the cell evolves mechan-
isms to repair these lesions [75]. Unrepaired apurinic sites are to have two
biological consequences - lethality [76, 77] and base-substitution errors [77].

Depurination and depyrimidination were found to occur in polynucleotide
analogues with much increased rates. When polymers 17 and 19 were dis-
solved in a buffer solution (pH7.4) above 30°C, the N-glycosidic bonds of
the polymers were spontaneously hydrolyzed to liberate nucleic acid bases
from the polymer backbones, as shown, e.g., in Scheme 1l for polymer 19.
Such a reaction was not observed in polymers 21 and 23.

The rates of deurination of 19H [78], for example, at different temperatures
are shown in Fig. 10. The reaction at the beginning was very fast at a higher
temperature (90 °C) and slow at a lower temperature (37 °C). To determine the
rate constants, the logarithmic concentrations of the hypoxanthine remaining
on the polymer chain were plotted against time (Fig. 11), which obeyed first-
order kinetics up to 6 h of reaction time. The initial rate constant at 37 °C was
measured to be 1.9x107%s™!, which is 10°-fold higher than that (3x 107 s
[73] of natural DNAs under the same conditions. Depyrimidination was also
observed in 19U with the rate constant of 2.5x10™*s™" under the same condi-
tions.

Since a similar reaction did not occur with polymers 21 and 23 under the
same conditions, depurination and depyrimidination can be explained by

Scheme 11
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(100-RH)] vs time at pH 7.4 and different temperatures
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Scheme 12

steric effects. Using a simple energy minimization calculation, one of the
probable conformations of the lowest energy for polymer 19U is shown in
Scheme 12. It has a very compact structure. The fully extended distance be-
tween adjacent ribose rings (from C4’ to C4”) of polymer 19 was 4.96 A, which
was much shorter than that (6.19 A) of the corresponding nucleic acid. This
made environment of the bases so crowded that it forced a definite amount of
them to be substituted by small groups (OH) to release the strain of the poly-
mer chains.

The activation energy of the depurination of 19H was found to be 10 kcal/
mol by an Arrhenius plot, about 20 kcal/mol lower than those (31-34 kcal/
mol) [79-81] of the depurination of DNAs in vitro and of hydrolysis of pyr-
imidines of deoxyribonucleosides. Due to the crowded environment around
the hypoxanthine groups, the ground state potential energy of the N-glycosidic
bond in the polymer was elevated more than that of the transition state, and
thus the activation energy for the reaction decreased and the hydrolysis accel-
erated.

Since natural nucleic acids often have compact structures due to the
crowded environment around the bases created by the intricate chain folding,
depurination or depyrimidination may be accelerated in a similar manner in
the biological system.

4
Catalytic Activity for Phosphodiester Hydrolysis and DNA Cleavage

RNA (ribozyme) showed enzymatic activity for transphosphorylation or hy-
drolysis of natural nucleic acids [82-85]. In the self-splicing of - or m-RNA
precursors the cleavage and ligation of the strands occurred to remove the
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intron so that matured RNAs resulted [86-91]. The precursor to t-RNA"" was
matured by hydrolysis with the aid of M1 RNA [92-95]. Moreover, DNA clea-
vage was also catalyzed by the ribozyme from Tetrahymenena [96, 97].
Although the action mechanism of ribozymes is still obscure, it is probable
that 2°,3’-diol groups of furanose rings play key roles.

Polymers 23A and 23C are analogous to RNAs. Very interestingly, they
showed catalytic activities for the hydrolysis of phosphodiesters and the clea-
vage of nucleic acids. To elucidate the action mechanism of the hydrolysis, the
acetonide (32) of polymer 23C was synthesized (Scheme 13).

Hydrolysis rates of p-nitrophenyl phosphate substrate were measured in
Tris buffer (pH7.4) with the ultraviolet absorption (400 nm) of the p-nitro-
phenol evolved. Figure 12 shows the hydrolysis rate of the substrate in the
buffer solution, both in the presence and in the absence of the polymers. The
hydrolysis rate was enormously accelerated by polymer 23C, while no catalytic
activity was found in the presence of polymer 32. It showed clearly that vic-
cis-diol groups of furanose rings played key roles in this catalysis, since the
activity was lost when the diol groups were blocked by isopropylidene groups
(32).

The initial catalysis rates were obtained by fixing concentration of polymer
23C and changing the substrate concentration. Michaelis-Meten kinetics for
the polymer was confirmed by plotting the double reciprocal form of Line-
weaver and Burk (1/v vs 1/s) (Fig. 13), which gave K,;, and V... The k., was
obtained from Vi,.x (kcat=Vmax/[Elo), assuming that one polymer molecule
had one active center, since the polymer with Mn of lower than 4000 showed
no significant catalytic activities. k., was found to be 6.0x10™ h™! for 23C,
which was 670-fold higher than the 9.12x10™*h™" of the uncatalyzed reaction
[98].
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Fig.12. Concentrations of p-nitrophenol evolved [P] during hydrolysis of ethyl p-nitro-
phenyl phosphate as a function of time in the presence of polymers 23C (a) and 32 (b) in
Tris buffer (pH7.4), 50°C, and ionic strength=0.02 (KCI). [polymer]=9.61x10"° mol/l,
[substrate]=4.67 x 10* mol/l
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Fig.13. Reciprocals of the initial rates as a function of the reciprocals of the substrate
concentration at a constant concentration of polymer 23C. [polymer]=9.29x107°mol/l
in Tris-buffer (pH7.4) at ionic strength of 0.02 (KCl) and 50°C



Polynucleotide Analogues 27

M 1 2 b M 1 2 b
23,130
9,416
6,557 —
4,361 —
2,322 -
—
2,027 —
—
(bp)

Fig. 14A,B. Electrophoresis diagram of the reaction mixtures on the agarose gel: nucleic
acids: A DNA; B RNA - both were incubated at 37°C, pH=7.4 (Tris-buffer), and ionic
strength of 0.02 (KCl) for 6h (lane 2), in the presence of polymer 23C (lane 1), lane b;
DNA or RNA, lane M; Maker DNA; pBR322, RNA; BMV. [polymer]=10.7 pmol/20 ul
[DNA]=60 ng/20 pl, and [RNA]=25ng/20 ul

Scheme 14

Supercoiled double-stranded DNA and RNA were incubated in the presence of
polymers 23C and 32 at pH7.4 and 37°C and developed on agarose gel
(Fig. 14). Polymer 23C catalyzed the cleavage of DNA to result in band II after
6 h, while no cleavage was observed with 32.

From these results it was concluded that the catalytic activity was caused by
the vic-cis-diols of ribose rings but not by the nucleic acid base (e.g., cyto-
sine), which might play a role in the formation of active centers. To elucidate
the action mechanism of the catalysis, five polymeric model compounds with-
out nuclei acid bases were synthesized by copolymerizing sugar derivatives
with maleic anhydride, and subsequent hydrolysis (Scheme14) [99, 100].
Starting from polymer 33, the carboxyl groups and 1-OH groups were
blocked by methylation and acetylation to result in 34 and 35, respectively,
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and 2’,3’-vic-cis-diols by isopropylidene to give 36. Polymer 37 contained pyr-
anose instead of furanose rings.

Polymers 33, 34, and 35 showed high catalytic activities for the hydrolysis
of phosphodiester substrate (ethyl p-nitrophenyl phosphate) while no activity
was observed for 36 and 37. The k., were found to be 0.42, 0.90, and 0.17h™!
for 33, 34, and 35, respectively, which were about 10°-fold faster than that
(9.12x10™*h™") of the uncatalyzed reaction. These results showed that vic-cis-
diols of ribose were responsible for the catalysis and that the carboxyl groups
played no significant roles. The activation energy of the catalysis for polymer
33 was found by an Arrhenius plot to be 6.9 kcal/mol, which was 6.6 kcal/mol
lower than that (13.5 kcal/mol) of the uncatalyzed reaction.

Competitive inhibition was observed in the catalysis of polymer 33 on ad-
dition of acetate ions and the dissociation constant of the inhibitor-polymer
complex was found to be 5.9x10™* mol/l. By addition of K,HPOy,, the noncom-
petitive inhibition was observed (K;=2.5x10"* mol/l) (Fig. 15). Both inhibi-
tions occurred by blocking vic-cis-diols through the formation of hydrogen
bondings. The acetate ion competed with the substrate for forming H-bonds
with the polymeric catalyst. The phosphate ions, as dianions, were stronger H-
bond acceptors with vic-cis-diol groups of the polymer catalyst than was the
substrate, leading to a noncompetitive inhibition.
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Fig.15. Double-reciprocal plots (1/v vs 1/[S]) measured at different concentrations of the
inhibitor, sodium acetate, in the presence of polymer 33 in Tris-buffer (pH7.4) and at
ionic strength of 0.02 (KCl) and 50 °C. [polymer 33]=1.62x10"> mol/l. K; determination
is shown in the upper left plot
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Fig.16. Autoradiodiagram of 7 mol/l urea - 8% acrylamide gel electrophoretic analysis of
the reaction mixture. >*P-labeled ssDNA of 30 bases was incubated at 37°C, ionic
strength=0.02 (KCl), pH=7.4 (Tris-buffer) for 12h (lane b), in the presence of polymers
33 (lane 1), 34 (lane 2), 35 (lane 3), and 36 (lane 4). [DNA]=7.5x10"*mol/l, [poly-
mer]=7.3x10"> mol/l

Scheme 15

32p_labeled on 5 of ss DNA of 30 bases, (CATGGCAAAGCCAGTATACA
AATTGTAATA), corresponding to the human foamy virus proviral DNA in
the position of nucleotide 3643-3611, was incubated in a Tris buffer (pH 7.4)
at 37 °C and ionic strength 0.02 (KCI) in the presence of polymers 33-36. Auto-
radiograms of acrylamide gel electrophoretic analysis of the reaction mixtures
are shown in Fig. 16. No DNA cleavage occurred in the buffer or in the presence
of 36, while polymers 33-35 catalyzed hydrolysis of DNA, as was observed in
the hydrolysis of ethyl p-nitrophenyl phosphate substrate [99, 100].

As the catalytic activity was not found in the presence of a-D-ribose itself,
the polymer backbone likely formed active centers by chain folding. The ri-
bose rings having vic-cis-diol groups were located inside the active sites,
where the phosphodiester substrates were also accommodated (Scheme 15).
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The vic-cis-diol groups formed hydrogen bonds with the two phosphoryl oxy-
gen atoms of the substrate so as to activate the phosphorus atoms to be at-
tacked by nucleophiles (H,O) and the alkoxy groups to be left either by an in-
line or by an adjacent mechanism. In the biological system there are plenty of
biopolymers containing riboses with free vic-cis-diol, which might show nu-
clease activities.

5
Application of Polynucleotide Analogues

5.1
Liquid Chromatography

Specific base pairing with complementary bases through hydrogen bondings
was observed in many synthetic polynucleotides. This complementary base
recognition ability of polynucleotides can be applied to high performance li-
quid chromatography for separation of oligonucleotides. Nucleic acid deriva-
tives were immobilized on 3-aminopropylsilanized silica gel and used as a
packing material [101]. To reduce a hydrophobic interaction of the mixture
with the stationary phase, methanol was used as an eluent. The chromatogram
of nucleoside mixtures showed that the complementary nucleosides eluted la-
ter than the other nucleosides, indicating the specific hydrogen binding be-
tween the bases on the stationary phase and the complementary nucleosides.
In another study, poly(L-lysine) having pendant nucleic acid bases was immo-
bilized on silica gel and employed in packing the columns [102]. Oligoethylen-
imine derivatives having nucleic acid bases were separated successfully with
the column in the methanol mobile phase.

5.2
Template Polymerization

The specific interactions between complementary bases were also applied to
template polymerization [103]. Three paths for the template polymerization of
a monomer having uracil in the presence of the template having adenine are
possible; in path (a) the polymerization takes place after base pairing of the
monomers with the bases on the template. If the interaction between the
monomers and the template is not so strong, the complex of the template will
be formed only with growing oligomers (b) or the polymer (c). In the case of
path (a), the rate of the initiation, propagation, and termination will be depen-
dent on the presence of the template, in the case of (b) the rate of termination
will be retarded to cause the acceleration of the polymerization rate, and in the
case of (c) the rate of polymerization will be independent of the presence of
the template. It was found that the polymerization of the methacrylate mono-
mer having a nucleic acid base followed path (b) in the presence of the poly-
methacrylate containing nucleic acid bases. Copolymerization of 38 with 40 in
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the presence of template polymer 39 was carried out in DMSO-EG (3/2, v/v) at
60°C with AIBN (Scheme 16). During polymerization the polymer precipi-
tated, and this precipitated polymer was identified as a stable 39-41 polymer
complex. The polymer remaining in the solution was 39, which was used as
the template polymer. This result shows that the template polymerization of 40
occurred in the presence of polymer 39, where 40 was bound to 39 via specific
hydrogen bonding before polymerization but 38 was not.

53
Photoresist

Photodimerization of pyrimidine bases is a reversible reaction. They undergo
photodimerization by exposure to UV light above 270 nm, and readily reverse
to the monomers by UV light at shorter wavelengths. The reaction was applied
to the preparation of deep-UV negative and positive-type photoresists [104-
106]. The photochemical reaction of poly(methacrylate)s having thymine de-
rivatives was studied in solution and in the film state. The quantum yields of
the polymers in the film state were found to be 5-9 times higher than those in
solution, showing the possibility of intermolecular reaction increases [105].
However, the intramolecular reaction was also expected to occur more readily
in the film state, which was unfavorable for high resolution of the photoresists.
The photoreversal reaction of the pyrimidine photodimers was studied with
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the polymers containing pendent thymine photodimer units [106]. Mono-
meric photodimers 43 and 44 were synthesized by a photochemical reaction
of thymine derivative 42. Under the reaction conditions, four isomers formed
and the cis-isomers were isolated for polymerization (Scheme 17). Polyamides
were obtained by polycondensation of the diacid monomers with 1,3-diami-
nopropane via the activated ester method. The irradiation on the polymer film
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at 254 nm caused photodissociation of the thymine dimers, resulting in the
polymer chain breakage. The application of the polymers as positive-type
photoresists was reported to show resolution of over 0.5 um.

6
Future Perspectives

It is the most striking feature of PNAs that they can recognize the molecules of
particular structures. The specific bindings of PNAs have been observed with
natural nucleic acids or other PNAs of complementary bases through hydro-
gen bondings. The binding patterns have become more elaborated by recent
synthetic efforts to make PNAs more closely resemble natural nucleic acids. As
certain PNAs form the double-stranded helical complexes with the natural nu-
cleic acids of complementary bases showing denaturation at high tempera-
tures, they can be used as templates for the polymerase chain reaction
(PCR). The polymer backbones consist of C-C bonds which are not suscepti-
ble to hydrolysis and thus the templates can be used repeatedly. Since the so-
lubilities of the synthetic polymers are quite different from those of natural
nucleic acids, the separation of the new polymers obtained by PCR can be
accomplished by a simple process. Two complementary strands of synthetic
homopolyribonucleotides, such as poly(I)-poly(C) or poly(A)-poly(U), have
been extensively studied as interferon inducers [107, 108]. The former also
inhibited the rate of growth of human tumor xenografts in mice and even
caused tumor regression. These activities were deteriorated by cleavage of
the chains through hydrolysis in the biological system. Owing to the resistivity
of the C-C bonds to hydrolysis, the double-stranded RNA analogues have po-
tential uses as immunomodulating chemotherapeutic agents. When the se-
quences of bases can be controlled, they could be used as antitemplate com-
pounds by blocking the functions of templates or primers, as antisense com-
pounds by blocking m-RNAs translations, and as antigene compounds by tri-
plex formations. Peptide nucleic acids have already attracted great attention as
antisense agents. Finally, it will be noteworthy to see whether the ribozyme
analogues can be obtained by introducing bases to polymers 33 or 34, which
might cut the target RNA at predictable positions for the chemotherapy of
tumors or viral diseases.
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Poly(vinyl alcohol) (PVA) is a polymer of great interest because of its many desirable
characteristics specifically for various pharmaceutical and biomedical applications. The
crystalline nature of PVA has been of specific interest particularly for physically cross-
linked hydrogels prepared by repeated cycles of freezing and thawing. This review in-
cludes details on the structure and properties of PVA, the synthesis of its hydrogels, the
crystallization of PVA, as well as its applications. An analysis of previous work in the
development of freezing and thawing processes is presented focusing on the implications
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1
Structure and Properties of Poly(vinyl alcohol) (PVA)

Poly(vinyl alcohol) (PVA) has a relatively simple chemical structure with a
pendant hydroxyl group. The monomer, vinyl alcohol, does not exist in a
stable form rearranging to its tautomer, acetaldehyde. Therefore, PVA is pro-
duced by the polymerization of vinyl acetate to poly(vinyl acetate) (PVAc),
followed by hydrolysis of PVAc to PVA. The hydrolysis reaction does not go
to completion resulting in polymers with a certain degree of hydrolysis that
depends on the extent of reaction. In essence, PVA is always a copolymer of
PVA and PVAc. Commercial PVA grades are available with high degrees of
hydrolysis (above 98.5%). The degree of hydrolysis, or the content of acetate
groups in the polymer, has an overall effect on its chemical properties, solubi-
lity, and the crystallizability of PVA [1].

The degrees of hydrolysis and polymerization affect the solubility of PVA in
water [2]. It has been shown that PVA grades with high degrees of hydrolysis
have low solubility in water. Figure 1 shows the solubility of a PVA sample with
a number average molecular weight of M;,=77,000 as a function of the degree
of hydrolysis at dissolution temperatures of 20 and 40 °C. Residual hydropho-
bic acetate groups weaken the intra- and intermolecular hydrogen bonding of
adjoining hydroxyl groups. The temperature must be raised well above 70 °C
for dissolution to occur. The presence of acetate groups also affects the ability
of PVA to crystallize upon heat treatment. PVA grades containing high degrees
of hydrolysis are more difficult to crystallize.
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Fig.1. Solubility as a function of degree of hydrolysis at dissolution temperatures of 20
and 40°C
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PVA is produced by free radical polymerization and subsequent hydrolysis,
resulting in a fairly wide molecular weight distribution. A polydispersity index
of 2 to 2.5 is common for most commercial grades. However, polydispersity
indices of 5 are not uncommon. The molecular weight distribution is an im-
portant characteristic of PVA because it affects many of its properties includ-
ing crystallizability, adhesion, mechanical strength, and diffusivity.

2
Synthesis and Properties of PVA Hydrogels

PVA must be crosslinked in order to be useful for a wide variety of applica-
tions, specifically in the areas of medicine and pharmaceutical sciences. A
hydrogel can be described as a hydrophilic, crosslinked polymer (network)
which swells when placed in water or biological fluids [3]. However, it remains
insoluble in solution due to the presence of crosslinks.

PVA can be crosslinked through the use of difunctional crosslinking agents
[4]. Some of the common crosslinking agents that have been used for PVA
hydrogel preparation include: glutaraldehyde, acetaldehyde, formaldehyde,
and other monoaldehydes. When these crosslinking agents are used in the
presence of sulfuric acid, acetic acid, or methanol, acetal bridges form be-
tween the pendant hydroxyl groups of the PVA chains. As with any crosslink-
ing agent, however, residual amounts are present in the ensuing PVA gel. It
becomes extremely undesirable to perform time-consuming extraction proce-
dures in order to remove this residue. If the residue is not removed, the gel
will not be acceptable for biomedical or pharmaceutical applications. If the gel
were to be used in biomedical applications, the release of this toxic residue
would have obvious undesirable effects. For pharmaceutical applications,
especially when PVA is used as a carrier in drug delivery, the toxic agent could
alter the biological activity or degrade the biologically active agent being re-
leased. There are also other toxic residual components associated with chemi-
cal crosslinking such as initiators, chain transfer agents, and stabilizers.

Other methods of chemical crosslinking include the use of electron beam or
Y-irradiation. These methods have advantages over the use of chemical cross-
linking agents as they do not leave behind toxic, elutable agents. Danno [5]
discussed the quantitative and qualitative effects of irradiation by y-rays (from
®Co sources) to produce hydrogels from aqueous PVA solutions. He found
that the minimum gelation dose depended on the degree of polymerization
and the concentration of the polymer in solution. Further studies by Saito
[6] and Dieu and Desreux [7] showed that when no impurities are present,
the intrinsic viscosity and the viscosity-average molecular weight of irradiated
aqueous solutions of PVA increase with radiation dose.

Sakurada and Mori [8] and Peppas and Merrill [9] investigated the effects
of y-irradiation by “°Co on the physical properties of PVA fibers, hydrogels,
and films irradiated in water. The effect of the irradiation dose on the mole-
cular weight between crosslinks is more closely represented in Fig. 2 for aqu-
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eous PVA solutions of 10 and 15 wt %. Significant differences in swollen films
were observed between irradiation under vacuum and in air. However, when
the concentration of the aqueous solution was significantly high, little differ-
ence was observed. One problem observed in this technique of crosslinking
was bubble formation. This problem was also encountered by other research-
ers [5, 10] with little success in solving the problem. A proposed solution was
to pre-cool the aqueous solution for a certain amount of time to yield homo-
geneous hydrogels. This, however, is not a desirable procedure to carry out
with PVA.

The mechanical strength of crosslinked, partially crystalline PVA hydrogels
has already been examined [11]. In particular, efforts were made to enhance
the mechanical strength of crosslinked PVA networks that were prepared in-
itially by electron beam irradiation of aqueous PVA solutions. Peppas and
Merrill [9, 12] examined the phenomenon of partial crystallization by a pro-
cess of dehydration and annealing. Resulting materials contained crystallites
in addition to crosslinks. The crystalline regions essentially served as addi-
tional crosslinks to redistribute external stresses. The degree of crystallinity
of samples annealed at 120 °C for 30 min is shown as a function of the cross-
linking density in Fig. 3.

A third mechanism of hydrogel preparation involves “physical” crosslink-
ing due to crystallite formation [13]. This method addresses toxicity issues
because it does not require the presence of a crosslinking agent. Such physi-
cally crosslinked materials also exhibit higher mechanical strength than PVA
gels crosslinked by chemical or irradiative techniques because the mechanical
load can be distributed along the crystallites of the three-dimensional struc-
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Fig.3. Degree of crystallinity as a function of crosslinking density of PVA gels swollen to
equilibrium in water at 37°C

ture. Aqueous PVA solutions have the unusual characteristic of crystallite for-
mation upon repeated freezing and thawing cycles. The number and stability
of these crystallites are increased as the number of freezing/thawing cycles is
increased. Some characteristics of these “physically” crosslinked PVA gels in-
clude a high degree of swelling in water, a rubbery and elastic nature, and
high mechanical strength. In addition, the properties of the gel may depend
on the molecular weight of the polymer, the concentration of the aqueous PVA
solution, the temperature and time of freezing and thawing, and the number
of freezing/thawing cycles. The development of this technique and its ensuing
materials will be discussed in more detail in Sect. 4.

3
Crystallization of PVA Hydrogels

The crystalline structure of PVA has been discussed in detail by Bunn [14]. On
a molecular level, the crystallites of PVA can be described as a layered struc-
ture [15, 16]. A double layer of molecules is held together by hydroxyl bonds
while weaker van der Waals forces operate between the double layers. A folded
chain structure of PVA chains leads to small ordered regions (crystallites)
scattered in an unordered, amorphous polymer matrix. Values representative
of the crystallinity and thermal properties of PVA have been reported [4]. The
crystalline melting range of PVA is between 220 and 240 °C. The glass transi-
tion temperature of dry PVA films has been reported at 85 °C. In the presence
of water (and other solvents), the glass transition temperature decreases sig-
nificantly [2].
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Usually, there is a minimum PVA chain length necessary to crystallize PVA.
Mandelkern [17] reported that as the molecular weight of the polymer in-
creased, the size of crystallites also increased. However, the character and ap-
pearance of the crystallites did not change over a molecular weight range. The
stereoregularity of PVA has also been shown to influence the crystallizability
of PVA. Harris et al. [18] examined these effects by determining dissolution
temperatures as a function of crystallization temperatures for PVA samples of
varying tacticity. In addition, degrees of crystallinity were also determined for
PVA samples of varying tacticity that were prepared by solution-crystalliza-
tion techniques. Overall, the stereoregularity was found to significantly affect
the crystallizability. However, PVA of increasing stereoregularity did not in-
crease the crystallizability. In particular, isotactic PVA resulted in less crystal-
line samples than syndiotactic PVA due to increased intramolecular hydrogen
bonding and, thus, reduced intermolecular forces. Fujii [19] has further shown
that stereoregular structures do not favor crystallizability. In fact, he reported
that atactic PVA is the most crystallizable form, with syndiotactic somewhat
less crystallizable, with the isotactic form showing poor crystallinity.

Different methods have been investigated for the crystallization of PVA.
Most of these methods involve heat treatment to introduce crystallites. The
degree of crystallinity, as well as the size of crystallites, depends on the drying
conditions. One method involves slow-drying rate dehydration at room tem-
perature under different relative humidities [20-22]. In this process, the
amount of polymer in the system is increased and crystallization actually be-
gins late in the process. The effect of drying time on the degree of crystallinity
is shown in Fig.4 where dehydration of the samples was performed with
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Fig.4. Degree of crystallinity of dehydrated PVA gels as a function of drying time



Structure and Applications of Poly(vinyl alcohol) Hydrogels 43

Ca(NOs), as the drying agent. Fast-drying rate processes, such as annealing,
usually result in the rapid formation of crystallites. One such method involves
annealing PVA films at a constant temperature that is between the glass transi-
tion temperature and the melting point of the polymer [23]. Under these con-
ditions, macromolecular chains have enough mobility to align themselves and
fold to form crystallites. Gels produced by such techniques involving these
annealing conditions have been further characterized recently in terms of
their structure and dissolution behavior in water [24].

Yamaura et al. [25-27] examined PVA gels that had been prepared in the
presence of various solvents including dimethylformamide, ethylene glycol,
and phenol. The thermal and mechanical properties of these gels and dried
gel films were studied. Additionally, gel spinning was implemented with solu-
tions of PVA, phenol, and water to produce filaments with very high dynamic
moduli (up to 45 GPa).

It has also been shown that crystallization takes place in PVA gels due to
aging [28]. A decrease in the swelling ratio in water is indicative of this phe-
nomenon which has been confirmed by X-ray analysis. Tanigami et al. [29]
have more closely characterized aged PVA gels. Such gels were prepared in a
mixed solvent of dimethyl sulfoxide (DMSO) and water. PVA films were aged
in water for several months at 10°C, then dried, and drawn at 200 °C. The
aging process significantly affected the tensile strength and modulus of the
drawn films. Specifically, the low temperature of 10 °C was necessary to allow
for crystallites at low melting temperature to grow within the aged gel. Addi-
tional work by Tanigami et al. [30] more closely examined the swelling of PVA
gels that had been dried and annealed. The swelling agent was a mixed solvent
of DMSO and water. They characterized the relaxation and swelling rates of
such gels in relation to the solvent composition and degree of crystallinity.
Anomalous swelling was attributed to the low relaxation rate of PVA that com-
pared with the diffusion coefficient of the penetrant. Another key observation
was that the degree of crystallinity played an important role in controlling the
relaxation rate. Further work by Tanigami et al. [31] also characterized the
aging of PVA gels prepared by freezing and thawing techniques and will be
discussed in Sect. 4.

Semicrystalline PVA is characterized by its degree of crystallinity which is
defined as the ratio of the volume of PVA crystallites to the total volume of
PVA. Density measurements, calorimetric methods, spectroscopic methods,
X-ray analysis, and other methods such as NMR spectroscopy have been used
to determine degrees of crystallinity of PVA hydrogels [32]. Using such meth-
ods, degrees of crystallinity were determined for PVA samples (M.=4770) that
were prepared under varying annealing conditions (Table 1).

Density measurements can be used for PVA hydrogels without the presence
of voids or other imperfections. The calculation of the degree of crystallinity
uses the principle of additivity of volumes and the densities of 100% crystal-
line and amorphous PVA [15]. These values have been reported in the litera-
ture by Sakurada et al. [34] as p.=1.345 g/cm3 for 100% crystalline PVA and
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Table 1. Crystallinity as a function of preparation conditions as determined from various
techniques

Annealing conditions Degree of crystallinity (%)

Temp (°C) Time (min) From density From DSC From IR spectra
90 30 30.0 35.6 31.1

105 60 45.0 46.8 44.5

120 30 50.8 50.1 52.3

120 920 64.7 71.1 62.7

P.=1.269 g/cm’ for 100% amorphous PVA. The degree of crystallinity, X, of
PVA on a dry basis is:
1 X 1-X

— =4 (1
Pg  Pc Pa )

where pg is the density of the sample. This can be modified for PVA hydrogels
where the additivity of the volumes of PVA and water is assumed:
1L _1—Woeva  Weva

— + (2)
Ph PH,0 Pg

Here, py, is the density of the hydrogel, Wpy, is the weight percentage of PVA
in the sample, and py,0 is the density of water.

Calorimetric methods can also be used to determine the crystallinity of
PVA films. They include differential thermal analysis, differential scanning ca-
lorimetry (DSC), and thermogravimetric analysis. Typically, the heat of crys-
tallization of a PVA sample, AH, is compared to the heat of crystallization of
100% crystalline PVA, AH.. The degree of crystallinity is expressed as:

AH

X= AH, 3)
The melting of PVA occurs over a range of temperatures because the crystal-
lites range in size. Therefore, calorimetric methods can also be used to calcu-
late crystallite size distributions.

Of the spectroscopic methods, infrared (IR) spectroscopy is the most
widely used. The intensity of the peak at 1141cm™ in the IR spectrum of
PVA depends on the degree of crystallinity. It has been proposed that the band
arises from a C-C stretching mode and increases with an increase in the de-
gree of crystallinity [34]. A method for determining degrees of crystallinity
from ATR-FTIR spectra has been further discussed by Peppas [35]. The height
of the peak at 1141cm™ is analyzed in terms of the height of the peak at
1425 cm™" which remains constant.

X-ray analysis has also been used for films and fibers of PVA. X-ray diffrac-
tion methods are used to determine the percentage of crystalline PVA by com-
paring the scattering of a sample to that of a completely amorphous one. How-
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ever, in the case of swollen PVA films, results are difficult to analyze due to the
existence of the pattern of water. Sakurada et al. [33] analyzed the crystallinity
of swollen PVA films, showing that swelling does not change (“melt out®) the
crystalline regions of PVA.

4
Hydrogels by Freezing and Thawing of Aqueous PVA Solutions

To avoid crosslinking processes which potentially lead to the release of toxic
agents, a physical method of gelation and solidification of some polymers,
particularly PVA, has been developed. This freezing and thawing process of
PVA gel preparation has been summarized recently by various researchers
[36, 37]. In particular, the impact of various preparation conditions on the
overall properties of such materials has been addressed. Here, a thorough ana-
lysis of previous work in this area will be presented. In particular, the implica-
tions of such materials prepared by freezing and thawing processes for various
applications will be described.

The preparation of pure PVA hydrogels using freezing and thawing techni-
ques was first reported by Peppas [38] in 1975. In this work, aqueous solutions
of between 2.5 and 15wt% PVA were frozen at -20°C and thawed back to
room temperature resulting in the formation of crystallites. The crystallites
were characterized using measurements of the change in turbidity of the PVA
samples. The formation of crystallites in the samples was found to be related
to the concentration of PVA in solution, the freezing time, and the thawing
time. The transmittance of visible light through samples prepared with vary-
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ing aqueous PVA concentrations is shown as a function of thawing time in
Fig. 5. Overall, the crystallinity was found to increase with increasing freezing
time. During the thawing process, the size of the crystallites initially increased
and then decreased. This was attributed to the breakdown of the crystalline
structure. The degree of crystallinity was found to increase with increasing
PVA solution concentration.

Since this pioneering discovery, much research has been conducted on the
freezing and thawing process as well as on the characterization of such gels
produced with these techniques. The research of Nambu [39] introduced the
potential use of pure PVA gels produced by freezing and thawing processes for
biomedical applications. His freeze-drying technique consisted of cooling a
PVA solution to below -3°C followed by the vacuum evaporation of water.
Further work by Nambu and collaborators [40] examined the mechanical
properties of gels prepared with this freeze-drying process. Simple extension
experiments were performed to analyze the force-extension relationship at
large deformations. It was determined that an increase in the evacuation (eva-
poration of water) time resulted in an increase in the tensile force. This was
attributed to the strengthening of the gel by decreasing the number of imper-
fections which may not have been attached to the network structure. More
recently, Nambu and collaborators [41] have also examined PVA gels prepared
by freezing and thawing techniques for use as a phantom in magnetic reso-
nance imaging due to its close resemblance to human soft tissue.

Yokoyama et al. [42] further examined gels that had been prepared by Nam-
bu’s method of repeated freezing and thawing cycles. Using X-ray diffraction,
scanning electron microscopy (SEM), light-optical microscopy, and tension
experiments, the structure was described as one consisting of three phases: a
water phase of low PVA concentration, an amorphous phase, and a crystalline
phase that restricts some of the motion of the amorphous PVA chains.

Watase and Nishinari [43] further characterized freeze/thawed gels through
the analysis of DSC endotherm peaks and X-ray diffraction. They also per-
formed an extensive analysis concerning the effect of the degree of hydrolysis
on various properties of PVA gels prepared by freezing and thawing [44]. They
reported that the presence of bulky acetate groups can inhibit the formation of
a gel. Additionally, slight differences in the degree of hydrolysis can signifi-
cantly impact the thermal behavior of the gels.

In preparing such PVA gels by freezing and thawing techniques, the addi-
tion of solvents has also been investigated. Hyon and Ikada [45] prepared por-
ous and transparent hydrated gels from a PVA solution in a mixed solvent of
water and water-miscible organic solvents. The concentration of PVA in solu-
tion was between 2 and 50 wt %. The organic solvents examined included di-
methyl sulfoxide, glycerine, ethylene glycol, propylene glycol, and ethyl alco-
hol. The method consisted of cooling the solution to below 0°C for the crys-
tallization of PVA followed by the subsequent exchange of the organic solvent
in the gel with water. This process resulted in the formation of a hydrated gel
of PVA with high tensile strength, high water content, and high light transmit-
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tance. High light transmittance was an important property of the material,
especially when considering the material for contact lens applications. Expla-
nations were offered concerning the mechanism for gel formation as well as
increased light transmittance. As the temperature of the homogeneous solu-
tion was lowered, there was a restriction in the molecular motion. The inter-
molecular interaction of PVA, likely due to hydrogen bonding, was promoted
to yield small crystalline nuclei. Crystallization could proceed further as the
solution remained at low temperatures for longer times. The crystallites
served as crosslinks to hold the three-dimensional structure together. The ad-
dition of the organic solvent served to prevent the PVA solution from freezing
even below 0°C. This allowed for PVA crystallization to proceed without sig-
nificant volume expansion. Therefore, the ensuing gel contained pores of less
than 3 um, resulting in a transparent gel. Additional work by Hyon et al. [46]
further examined the preparation of such PVA gels due to crystallization at
low temperatures.

Other contributions have been made concerning the characterization of
PVA gels prepared by freezing and thawing techniques in the presence of other
solvents. In particular, Berghmans and Stoks [47] described a two-step me-
chanism for the gelation of PVA gels in the presence of ethylene glycol. The
first step involves a liquid-liquid phase separation that occurs as the gel turns
opaque. Then during the second step, crystallization occurs in the more con-
centrated phase.

Lozinsky and collaborators [48, 49] characterized various aspects of cryo-
gels, or gels prepared by freezing and thawing processes. Initial work showed
that upon exposing aqueous PVA to one cycle of freezing and thawing, no
destruction or covalent crosslinking of macromolecules of PVA was noted.
An extensive investigation of freeze/thawed PVA gels involved the introduction
of a filler that could model microbial cells. The filler that was used consisted of
spherical particles of a crosslinked dextran gel. Such gels were characterized
in terms of their rheological and thermal properties. Additional work in this
group [50, 51] examined various properties of freeze/thawed gels prepared in
the presence of other components. The influence of both polyols and low mo-
lecular weight electrolytes was investigated. The addition of triethylene glycols
and higher oligomers of ethylene glycol was found to increase the strength
and thermal stability of the gels. Freezing and thawing in the presence of elec-
trolytes was also found to impact the gelation process and subsequent swelling
characteristics.

PVA hydrogels prepared by freezing and thawing techniques were further
characterized by Urushizaki et al. [52, 53], and it was determined that many
properties of these gels were closely related. They found a good correlation
between tack and viscoelasticity which was useful for predicting the proper-
ties of the material for pressure-sensitive adhesives in transdermal drug-deliv-
ery systems. Additionally, the amount of unincorporated PVA, the density of
the PVA gel, viscoelasticity, and swelling behavior were also closely related.
The rate of swelling of the gels was found to increase linearly with the square
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root of time immersed in water. In addition, the water uptake upon swelling in
water increased with increasing temperature. In studying the mechanical
properties, the viscoelasticity showed little change between 15 and 50 °C but
changed significantly above 50 °C as there was an irreversible physical change
from gel to sol.

Further research by Ohkura et al. [54] focused on the use of dimethyl sulf-
oxide/water solutions. They reported interesting features of PVA gels that were
formed from solutions of mixtures of DMSO and water. Gels that were pre-
pared by freezing below 0°C were transparent and exhibited high elasticity.
Higher gelation rates were observed when compared with aqueous solutions
of only PVA in water. Specifically, the properties were dependent on the ratio
of dimethyl sulfoxide to water. It was also observed that gelation from the
mixture occurred without phase separation below -20 °C. However, above this
temperature, phase separation plays an important role for the gelation pro-
cess. This research emphasized that the structure of the gels was not well un-
derstood from microscopic viewpoints leading to a sparked interest in study-
ing the gels by wide- and small-angle neutron scattering. Additional work by
this group [55] determined the gelation rate as a function of polymer concen-
tration, quenching temperature, and degree of polymerization.

In this continued work [56-58], it was confirmed by wide-angle neutron
scattering that crosslinking, or points of junction, in the gels were indeed
crystallites. Furthermore, small-angle neutron scattering experiments showed
that the surface of the crystallites had a clear boundary. The average size of
the crystallites was approximately 70 A and the average distance between crys-
tallites was approximately 150 to 200 A

The thermal properties of gels prepared by freezing and thawing techniques
were further examined by Hatakeyama et al. [59]. They classified the water
contained within the gels as non-freezing, restrained, and free water. In addi-
tion, the work showed that the rate of freezing affected the size of ice crystals
formed and, therefore, the number of crosslinks formed.

Cha et al. [60] further examined the microstructure of PVA gels with differ-
ential scanning calorimetry. They also classified the water in PVA hydrogels as
free, intermediate, or bound water. PVA gels were prepared by three different
techniques: chemical crosslinking with glutaraldehyde, annealing of dried
films, and crystallization at low temperatures. Gels prepared by low tempera-
ture crystallization contained less bound water with the concentration increas-
ing as the degree of polymerization of PVA was increased. This was likely at-
tributed to the fact that the concentration of free PVA chains, which did not
participate in the crystallite formation process, increased with the increasing
degree of polymerization. It was determined that low temperature crystalliza-
tion resulted in larger free space between crystallites and larger size of crystal-
lites than annealing.

Significant changes in the crystalline structure of freeze/thawed gels over
time was examined by Murase et al. [61]. They studied the syneresis, or volu-
metric shrinkage (i.e. solvent exclusion), of gels prepared from PVA solutions
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in a mixed solvent of DMSO and water. They attributed increased crystallinity
over time to be due to the interaction between DMSO and water which iso-
lated PVA hydroxyl groups. Further work by this group [31] studied the struc-
ture of aged PVA gels and the associated syneresis. The gels were prepared
from PVA solutions in a mixed solvent of DMSO and water by freezing at
-34°C for one day. The gels were aged for up to 500 days at 30 °C to allow for
the growth of crystallites. The aged gel was found to have an increased mod-
ulus as well as solvent exclusion. This was again attributed to a densification
of the structure caused by phase separation. The crystallization produced
three components which were detected in the form of a multi-peak endotherm
using differential scanning calorimetry.

Trieu and Qutubuddin [62] further examined the structure of freeze/thawed
PVA gels prepared from aqueous DMSO solutions. In particular, they charac-
terized the gels using freeze-etching and critical point drying SEM techniques.
A higher porosity was observed at the surface than within the bulk of the gel.
Tazaki et al. [63] also examined the porous nature of freeze/thawed PVA gels
through SEM techniques. They confirmed the presence of fairly large pores
within the structure. They further examined such gels for the separation of a
water/ethanol mixture by pervaporation.

The porous structure of freeze/thawed PVA gels has been further character-
ized by Suzuki et al. [64, 65]. Gels containing poly(acrylic acid) and poly(allyl
amine) have porous structures that result in the fast exchange of solvents. The
relationship between the mechanical properties and porosity was more closely
examined. A substantial increase in the modulus was observed with increasing
cycles of freezing and thawing for up to ten cycles. Above ten cycles, the mod-
ulus still increased but not as significantly. Additional work focused on cryo-
SEM techniques and X-ray analysis to characterize the porous structure of
amphoteric PVA gels. The influence of the cooling rate and the number of
freezing and thawing cycles was further examined.

There have also been applications of such freeze/thawed materials in the
biomedical field. Bao and Higham [66] reported the use of such materials as
intervertabrate disc nuclei. Specifically, the hydrogels prepared had a water
content of 30% or higher and a compressive strength of 4 MPa or higher. They
discussed the combination of various pieces of the hydrogel to obtain an over-
all conformation of the natural disc nucleus.

Recently, the use of freeze/thawed PVA hydrogels for particular drug-release
applications has been investigated. Takamura and collaborators [67-69] exam-
ined the use of PVA gels prepared by freezing/thawing processes for various
applications including controlled drug release. Early work [67] first addressed
the preparation of strong, freeze/thawed PVA gels. They reported that it was
necessary for the grade of PVA to have a degree of polymerization of over 1000
and a concentration of PVA of over 6% to obtain adequate strength. In parti-
cular, the strength was found to increase with the first three cycles of freezing
and thawing and then level off. They also characterized the drug release of
PVA gels prepared from emulsions [68]. Release of both hydrophobic and hy-
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drophilic drugs was found to be zero-order. Such a system was examined for
use as a suppository. Additional work by this group [69] focused on studying
the effects of additives on the release and physicochemical properties of the
gel. The additives used were sodium alginate and Pluronic L-62. The physical
strength of the gels was found to increase with increasing sodium alginate
concentration. The addition of Pluronic L-62 had no effect on the overall
strength. However, drug release from the gel was found to decrease with an
increase in the content of sodium alginate or Pluronic L-52.

PVA gels prepared with a mixed solvent of water and DMSO were also char-
acterized in terms of artificial articular cartilage applications [70]. The solu-
tions were cooled to below room temperature to allow for gelation. The gels
were then exposed to annealing at various temperatures. Such preparation
techniques produced PVA gels with increased tensile strength and dynamic
modulus which are important when considering the wear properties of the
polymer.

Significant contributions to the development of PVA gels prepared by freez-
ing and thawing techniques have been made in our own laboratory. Some of
the parameters that have been investigated include the concentration of aqu-
eous PVA, the molecular weight of PVA, the number of freezing and thawing
cycles, the time of freezing, and the time thawing. Specifically, the gels inves-
tigated have been characterized in terms of swelling behavior, degree of crys-
tallinity, the transport and release of drugs and proteins, mechanical strength,
and adhesive and mucoadhesive characteristics. Some of the most recent char-
acterizations have been described by Peppas [71] and addressed in terms of
potential applications.

Stauffer and Peppas [13] investigated the preparation and properties of
such materials. Aqueous solutions of 10 to 15wt % PVA were frozen at -20°C
for between 1 and 24 h and then thawed at 23 °C for up to 24 h for five cycles.
It was found that 15wt % solutions produced strong thermoreversible gels
with mechanical integrity. Specifically, gels that were frozen for 24h for five
cycles and thawed for any period of time were the strongest. Swelling experi-
ments as a function of thawing time and freezing cycles indicated that denser
structures were observed after five cycles (Fig. 6). This was indicative that the
physical crosslinking, due to the presence of crystallites, increased with an
increasing number of freeze/thaw cycles.

Peppas and Scott [72] investigated such PVA gels in terms of controlled
release applications. PVA hydrogels were prepared by freezing aqueous solu-
tions of 15wt % PVA at -20°C for 18 h and thawing at room temperature for
6 h for three, four, and five cycles. The samples with the highest PVA molecu-
lar weight and the highest number of freeze/thaw cycles led to the densest gel
structure. These gels were also observed to be the strongest and most rigid.
Swelling studies in conjunction with DSC experiments indicated that there was
an initial decrease in the degree of crystallinity due to the melting out of smal-
ler crystallites. This stage was followed by an increase in the crystallinity at
long times which was attributed to additional crystallite formation due to
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Fig. 6. Swelling in water at 23 °C for freeze/thawed gels prepared with two (H), three (@),
four (1), and five (O) cycles of freezing and thawing

aging. The melting out of crystallites as well as secondary crystallization have
proved to be important issues when considering the overall stability of this
system. Release studies were also conducted with bovine serum albumin
which was incorporated into the gel prior to freezing and thawing. The release
profile was examined over a period of 19 days and determined to be Fickian.
Therefore, bovine serum albumin release was controlled by diffusion with
changes in crystallinity having little effect on the release mechanism.

Ficek and Peppas [73, 74] further examined controlled drug delivery from
ultrapure PVA gels with the preparation of microparticles. PVA microparticles
with diameter ranging from 150 to greater than 1400 um were prepared by
freezing and thawing processes. An aqueous solution of PVA was dispersed
in corn oil with 1.25wt% sodium lauryl sulfate as the surfactant. The sus-
pended droplets of PVA solution were solidified upon exposure to several
freezing/thawing cycles. Important parameters which were investigated in this
work were the oil to PVA ratio, the amount of surfactant added, and the rea-
gitation of particles after the oil had been partially frozen. The microparticles
were investigated for bovine serum albumin release. High release rates were
initially observed followed by a constant period of release over longer times
(7 days).
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Fig.7. Diffusion coefficients through freeze/thawed PVA gels as a function of the crystal-
line PVA volume fraction for theophylline (curve 1) and FITC-dextran (curve 2)

The diffusive characteristics of PVA gels prepared by freezing/thawing tech-
niques were examined more closely by Hickey and Peppas [75]. Semicrystal-
line PVA membranes were prepared by freezing and thawing aqueous solu-
tions of PVA for up to ten cycles under the conditions previously described.
It was determined that the PVA crystalline fraction was a function of the num-
ber of cycles as well as the duration of each cycle. The volume-based crystal-
line fraction of PVA on a wet basis ranged from 0.052 to 0.116. The equili-
brium volume swelling ratio also varied from 4.48 to 9.58 with decreasing
degree of crystallinity. The focus of this work concerned diffusion studies.
The permeation of theophylline and FITC-dextran was investigated with PVA
membranes to determine size exclusion characteristics. It was determined that
the diffusion coefficient could be approximated by a linear relation with the
crystalline PVA volume fraction as shown in Fig.7. It was also found that the
transport of theophylline in semicrystalline PVA membranes produced by heat
treatment was an order of magnitude higher than transport in the membranes
under investigation. Overall, solute transport was a function of the crystalline
fraction of PVA and the mesh size. Figure 8 shows in more detail the three-
dimensional network structure of swollen, freeze/thawed PVA gels that was
proposed in this work. The mesh size is shown between the crystalline regions
that serve as the physical crosslinks. Overall, a size exclusion phenomenon was
demonstrated by these permeation studies which was attributed to the crystal-
lites that created the physical network.

The mucoadhesive characteristics of ultrapure PVA gels were examined in
detail by Peppas and Mongia [76]. PVA hydrogels were prepared by exposing
15 to 20 wt % aqueous solutions of PVA to repeated cycles of freezing for 6 or
12h at -20°C and thawing for 2 h at 25 °C. The average degree of crystallinity
for the 20 wt % solution was 19.3% on a dry basis. Adhesion studies showed
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Fig.8. Three-dimensional network structure of freeze/thawed PVA gels

that the work of fracture, or detachment, decreased with an increasing number
of freezing/thawing cycles due to the increase in PVA degree of crystallinity.
Maximum adhesion was achieved after two cycles. So, although increasing the
number of freezing and thawing cycles likely contributed to the stability of the
network, the adhesive characteristics decreased. Oxprenolol and theophylline
were used in drug-release studies. Drug release was affected by the number of
freezing/thawing cycles. Their results indicated that the mucoadhesive charac-
teristics and drug release could be optimized for a certain mucoadhesive con-
trolled release application by controlling freezing and thawing conditions.

Such bioadhesive materials were also examined for the controlled release of
growth factors and other proteins [77-82]. Of particular interest was the in-
vestigation of mucoadhesive PVA gels for use in epidermal bioadhesive sys-
tems for the controlled release of epidermal growth factor or ketanserin to
accelerate wound healing [78]. Such systems were examined not only for their
drug-release properties but also for their strength and adhesive characteris-
tics.

The most recent work on PVA gels prepared by freezing and thawing tech-
niques [83-85] has focused on the effect of preparation conditions on the
structure, morphology, and stability over long time periods. Parameters in-
volved in the preparation of the PVA gels included the number of freezing
and thawing cycles, the concentration of the aqueous solution, and the mole-
cular weight of PVA. When considering the stability, several issues were ad-
dressed including the possible dissolution of PVA, melting out of crystalline
regions, and additional crystallization during swelling at long times. In addi-
tion, structure and stability have been related to the use of such materials as
carriers for drug delivery [85].
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Although the work of Mallapragada and Peppas [24, 86] did not involve
pure PVA gels prepared by freezing and thawing techniques, the analysis and
results obtained are quite applicable to the current research. They examined
the dissolution of semicrystalline PVA in water. These materials, however, were
crystallized by annealing at 90, 110, and 120 °C for 30 min. The samples were
partially dissolved in deionized water at 25, 35, and 45 °C. The samples were
analyzed during the dissolution process using DSC, FTIR, and IR spectral ana-
lysis in order to determine the changes in the degree of crystallinity and la-
mellar thickness distribution. It was determined that an initial drastic de-
crease occurred in the degree of crystallinity due to the unfolding of most of
the smaller crystallites when placed in water. The initial decrease was followed
by a constant degree of crystallinity during which the unfolding of larger crys-
tals took place. This continued until complete unfolding and subsequent dis-
solution of the gel in water. Some important findings were that an increase in
the molecular weight of PVA resulted in a smaller number of crystallites, but
larger lamellar thicknesses. So although there were fewer crystals in such a
system, the crystals formed were more stable. This analysis can be applied to
the issue of stability when considering other semicrystalline PVA systems such
as freeze/thawed hydrogels.

A mathematical model was also proposed by Mallapragada and Peppas [87]
to describe the dissolution of semicrystalline polymers. The development of
this model was based on free energy changes during the crystal unfolding
and disentanglement process in order to predict the overall dissolution ki-
netics. In addition, further work [88] examined controlled release systems
based on semicrystalline polymers that exhibit such dissolution behavior in
the presence of a solvent. Drug release was found to be controlled by the rate
of crystal dissolution in a solvent (water or a biological fluid). A model was
also developed to predict the drug release from such a device. The new system
was described as a crystal dissolution-controlled system, a type of phase-ero-
sion polymeric system.

In addition, such semicrystalline materials of PVA were further examined in
some rather unique ways by Mallapragada et al. [89, 90]. Specifically, the crys-
tal dissolution-controlled system described was investigated for the controlled
release of metronidazole [89]. The crystalline phase of this system was also
characterized more closely in terms of modifications of drug-release profiles
[90].

Narasimhan et al. [91, 92] also examined the dissolution of PVA in water
using magnetic resonance imaging to detect changes in the microstructure
and molecular mobility. In this work, however, PVA samples were prepared
by a quenching technique that yielded samples with degrees of crystallinity
less than 5%. Such imaging techniques gave information as to solvent concen-
tration profiles and the spatial variation of the water self-diffusion coefficient.
This analysis shows promise for assisting in the development of drug-delivery
systems based on polymer dissolution.
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5
PVA Blends by Conventional and Freezing/Thawing Techniques

There has been a considerable amount of research which has investigated the
addition of other components, notably other polymers, with poly(vinyl alco-
hol) to create a material with desirable characteristics and properties. This
section will discuss the work involving pH-sensitive polymeric systems con-
taining PVA and poly(acrylic acid) (PAA). The addition of poly(ethylene gly-
col) (PEG) into a poly(vinyl alcohol) system to reduce protein adsorption will
also be discussed.

pH-sensitive membranes of interpenetrating polymer networks of PVA and
PAA were investigated by Gudeman and Peppas [93, 94]. Membranes were pre-
pared by chemical crosslinking techniques to contain varying degrees of
crosslinking and ionic content. The molecular weight between crosslinks was
found to vary from 270 to 40,000 from equilibrium swelling studies. The mesh
size, upon swelling, varied from 19 to 710 A as shown in Fig. 9. The oscillatory
swelling behavior of the system was investigated over the pH range 3-6. An
increase of 13-86% in the mesh size was observed when going from pH 3 to 6.
The swelling ratio was also found to increase with a decrease in the ionic
strength of the swelling environment. Swelling and syneresis occurred more
abruptly with more loosely crosslinked membranes. Permeation studies indi-
cated that solute separation was greatly affected by size exclusion and ionic
interactions. These results showed that desired separation and selectivity
characteristics can be obtained by appropriately designing the gel.

The diffusion of solutes in composite membranes of PVA and PAA was stu-
died by Hickey and Peppas [95, 96]. These membranes were prepared by the
freezing and thawing of aqueous solutions of the two components. The mem-
branes were found to be strong and swelled to equilibrium within a few hours
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at 25°C. As the PAA content increased, the membrane swelling ratio increased
due to the ionization of the carboxylic groups of PAA. In general, it was ob-
served that the equilibrium mesh size was larger than that of PVA membranes
prepared by the same techniques due to the ionic nature of PAA. Results from
permeation studies with theophylline and FITC-dextran indicated that solute
transport through such PVA/PAA membranes produced by freezing/thawing
techniques is considerably slower than through chemically crosslinked mem-
branes. A size exclusion phenomenon was observed and attributed to the phy-
sical network created by the formation of crystallites.

Solute transport in PVA/PAA interpenetrating networks was further inves-
tigated by Peppas and Wright [97-99] to address the possible binding of so-
lutes during the transport process. Chemical crosslinking was implemented in
the preparation of such networks. The diffusion of theophylline, vitamin B,,
and myoglobin was analyzed under varying pH conditions of 3 and 6. ATR-
FTIR spectroscopy was used to qualitatively analyze the interactions between
the ionized membranes and ionized solutes. It was found that solute binding
occurred only for hydrogels in the ionized state.

Argade and Peppas [100] examined copolymers of PVA and PAA for their
superabsorbent properties. A functionalized PVA was copolymerized with ac-
rylic acid to prepare such materials. Additionally, the degradation of the PVA
links between PAA chains was examined to determine the possible biodegra-
dation to lower molecular weight polyacrylates.

A temperature- and pH-sensitive PVA/PAA interpenetrating polymer net-
work was investigated by Shin et al. [101]. The release of the model drug,
indomethacin, was studied under varying environmental conditions. The
amount of drug released increased as the temperature was increased due to
the dissociation of hydrogen bonding and resulting increase in swelling. How-
ever, a more significant change in drug release was observed when alternating
the pH of the environment. This was attributed to the ionization created with-
in the network. Overall, it was concluded that the release rate of a drug could
be optimized in such a system by controlling the degree of swelling/deswelling
as a function of pH and/or temperature. Further work by this group [102]
examined the permeation of non-ionic and ionic solutes through interpene-
trating polymer networks of PVA and PAA. Non-ionic solutes showed permea-
tion results corresponding with the swelling in response to changes in the en-
vironment. However, with the permeation of ionic solutes, different trends
were observed due to the attraction or repulsion between ionized groups in
the gel and ionized electrolytes in solution.

Of additional interest is the incorporation of poly(ethylene glycol) (PEG)
onto a poly(vinyl alcohol) hydrogel in order to decrease the adsorption of
proteins and deposition of cells. Llanos and Sefton [103] examined the immo-
bilization of PEG onto a PVA hydrogel using acetal or urethane linkages. Two
mechanisms were investigated to accomplish this. In the first mechanism, the
hydroxyl terminus of PEG was oxidized to an aldehyde. In the second mechan-
ism, PEG was modified with a diisocyanate to produce an isocyanate end
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group. Upon completion of either mechanism, the modified PEG was grafted
through a reaction with the hydroxyl groups of PVA. These grafted gels were
characterized by various spectroscopic techniques. It was suggested that the
immobilization was limited by the degree of mixing of PVA and PEG, not by
the reactivity of the PEG end groups. Both mechanisms, therefore, were
equally satisfactory resulting in a maximum oxyethylene content of between
70 and 75%. The findings were significant in that as the molecular weight of
PEG was increased, it was expected to have fewer PEG molecules covalently
bound to the surface. Thus, the biological properties of the surface would be
adversely affected.

To gain a better understanding of the preparation of blends containing both
PVA and PEG, there has been extensive work to further characterize polymer-
polymer interactions. Sawatari [104] examined blends of PVA and poly(ethy-
lene oxide) (PEO). In particular, different preparation conditions were inves-
tigated including the ratio of PVA to PEOQ, solvent concentration, and tempera-
ture. An increase in the amount of solvent resulted in a decrease in the crystal-
linity of the resulting films of the PVA/PEO blend. Inamura [105] more accu-
rately described the phase separation of a system containing PVA, PEG, and
water. It was found that the PEG molecular weight was a key issue in both
phase separation and gelation. Further work by Inamura et al. [106] utilized
viscometry to study interactions of the PVA-PEG-water system particularly
between PVA and PEG. This work showed that there are repulsive interactions
between the polymers and considerable incompatibility.

Recently, Masaro and Zhu [107] studied the diffusion of PEG in PVA solu-
tions using pulsed-gradient NMR spectroscopy. In fact, the self-diffusion coef-
ficients of ethylene glycol, its oligomers, and polymers were determined in
aqueous solutions and gels of PVA. A diffusion model was proposed to de-
scribe the effect of diffusant size, polymer concentration, and temperature.
Continued work in this area is focusing on more accurately predicting the
effect of the diffusant shape and molecular interactions.

6
Biomedical and Pharmaceutical Applications of PVA

PVA hydrogels have been used for numerous biomedical and pharmaceutical
applications [32]. PVA hydrogels have certain advantages that make them ex-
cellent candidates for biomaterials. Some of these advantages include their
non-toxic, non-carcinogenic, and bioadhesive characteristics, as well as their
associated ease of processing. PVA has an uncomplicated chemical structure
and modifications are possible by simple chemical reactions. In addition, PVA
gels exhibit a high degree of swelling in water (or biological fluids) and a
rubbery and elastic nature. Because of these properties, PVA is capable of si-
mulating natural tissue and can be readily accepted into the body. PVA gels
have been used for contact lenses, the lining for artificial hearts, and drug-
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delivery applications. In addition, they have been shown to have potential ap-
plications for soft tissue replacements, articular cartilage, catheters, artificial
skin, artificial pancreas, and hemodialysis membranes. Some specific applica-
tions of PVA will be discussed here.

Peppas and Merrill [108, 109] conducted some of the earliest work in con-
sidering PVA hydrogels as biomaterials. PVA gels were examined for their use
in applications where blood compatibility was a major issue. The physical and
surface properties of the gels were examined. In particular, the heparinization
of PVA to provide for biocompatibility was examined. In addition, the elastic
nature of such PVA gels was investigated and recognized for its importance in
various biomedical applications. Based on such observations, PVA hydrogels
were investigated for the possible reconstruction of vocal cords [110, 111].
Crosslinked PVA hydrogels have also been considered as candidates for bio-
membranes in artificial kidney applications [112].

Much research has focused on biocompatibility issues to more accurately
ascertain information as to the use of such PVA gels for biomedical or phar-
maceutical applications. Tamura et al. [113] examined the use of PVA gels pre-
pared by freezing/thawing processes as a material for medical use. The gel had
a water content of 80 to 90% by weight, high mechanical strength, and rubber-
like elasticity. The characteristics of the gel, which resembled those of natural
tissue, did not change after long-term implantation. In addition, gel samples
that were implanted subcutaneously or intramuscularly into rabbits showed
good bioinertness. No adhesion to surrounding tissue was found. Although
there was some infiltration of inflammatory cells initially, it disappeared dur-
ing the second week after implantation. They concluded that the material
would be useful for clinical applications.

Further biocompatibility issues of PVA were addressed by Fujimoto et al.
[114]. This work focused on PVA gels that had been annealed in the presence
of glycerol. When such materials were examined for their interactions with
blood components, reduced adsorption and platelet adhesion were observed
due to the addition of glycerol. Glycerol essentially altered the surface of the
PVA gel. They described the mechanism as being due to increased tethered
PVA chains on the surface which served to decrease the direct contact of blood
components with the surface.

There has been a great deal of work focusing on the use of hydrogel materi-
als for the development of articular cartilage. Oka et al. [115] investigated PVA
hydrogels for such applications. They reported on the biocompatibility as well
as the mechanical properties of PVA gels in relation to their usefulness as
artificial articular cartilage. They examined such aspects as lubrication, load
bearing, biocompatibility, and attachment of the material to the bone to look
at the overall biomechanics of the material. Problems that were encountered
with the use of PVA for such applications included its wear resistance proper-
ties. However, continued work has examined the use of higher molecular
weight PVA along with a new annealing process to enhance the mechanical
properties.
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With the continuation of this work by Noguchi et al. [116], the new manu-
facturing process was found to increase the tensile strength to 17 MPa, which
resembles that of normal human articular cartilage. However, it was necessary
to investigate the biocompatibility of the improved PVA hydrogel. A series of
in vivo tests was performed in an intra-articular environment. It was found
that upon implantation of the material into the rabbit knee joint, there was
only slight to mild inflammation initially. This new material was found to have
excellent biocompatibility and physical properties for use as artificial articular
cartilage. They did, however, report some issues that needed to be addressed
such as degradation in vivo, the reaction of tissue to wear particles, and meth-
ods for shaping the material.

In considering such applications, the mechanical and wear properties of the
material of interest are critical. Cha et al. [117] made additional contributions
in preparing PVA gels with increased mechanical strength and hardness. The
method involved the preparation and characterization of gels of low water
content by low temperature crystallization of PVA in a mixed solvent of di-
methyl sulfoxide (DMSO) and water.

Further biomedical applications of PVA were examined by Scotchford et al.
[118]. In this work, blends of collagen and PVA were cast into films and used
as substrates for the culture of osteoblasts. They investigated the ratio of col-
lagen to PVA as well as the crosslinking technique. The crosslinking technique
of interest, dehydrothermal treatment, involved two dehydration steps fol-
lowed by a crosslinking step by annealing. This method was found to be fa-
vored over chemical crosslinking (through the use of glutaraldehyde) due to
increased biological stability. Overall, this work showed the potential of PVA
for orthopedic applications.

PVA gels have also been closely investigated in terms of their diffusive char-
acteristics. The diffusion of macromolecules through crosslinked PVA net-
works was studied by Sorensen and Peppas [119]. Such an analysis was im-
portant particularly when considering such materials for potential drug-deliv-
ery applications. Further research by Peppas and collaborators [120, 121]
more closely analyzed drug and protein diffusion in such PVA materials. Spe-
cifically, the release of a water-soluble drug, theophylline, was investigated
from matrices of crosslinked PVA. The effect of the molecular weight between
crosslinks, M, on the diffusion of bovine serum albumin (BSA) was also ex-
amined as shown in Fig. 10. The diffusion coefficient of BSA was normalized
with respect to its diffusion coefficient in pure water at 37 °C. Additional work
by Gander et al. [122-124] further demonstrated the appropriateness of cross-
linked PVA for various pharmaceutical applications. Kim and Lee [125] also
investigated PVA gels for oral drug-delivery applications. They prepared sphe-
rical PVA beads by suspension polymerization techniques. The effect of the
crosslinking density on the overall swelling and drug-release behavior was
examined.

Additional drug-release applications have been investigated which employ
the bioadhesive nature of PVA gels. Morimoto et al. [126, 127] examined the
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Fig. 10. Normalized diffusion coefficient of bovine serum albumin as a function of mole-
cular weight between crosslinks for PVA hydrogels swollen to equilibrium

controlled release of several drugs from crosslinked PVA gel carriers for rectal
administration. Of specific interest was the transrectal delivery of drugs for
the treatment of hypertension. Buccal delivery systems of PVA hydrogels were
also examined by Tsutsumi et al. [128] for the release of ergotamine tartrate
for the treatment of migraine headaches. Recently, there has been considerable
work in our own laboratory with the use of freeze/thawed PVA gels for various
bioadhesive applications [76-82]. This work will be discussed in more detail
in the following section.

PVA gels have shown promise for use as a soft contact lens material. Peppas
and Yang [129] investigated the transport of oxygen through crosslinked and
pure PVA materials. In particular, the permeation of oxygen was related to the
overall polymer structure. Cha et al. [130] performed preliminary studies with
transparent PVA gels that were prepared using low temperature crystallization
from PVA solutions in a mixed solvent of water and DMSO. Such gels showed
the potential for contact lens applications due to a decrease in protein adsorp-
tion. Hyon et al. [131] further developed such materials with certain enhanced
properties for contact lens applications using low temperature crystallization
with a water-miscible organic solvent. Such a technique allowed for the pre-
paration of a transparent gel with high mechanical strength and high water
content. This material was further investigated as a soft contact lens material
through numerous experiments. It was determined that the gel had five times
the tensile strength of poly(2-hydroxyethyl methacrylate), the most widely
used soft lens material today. In addition, the adsorption of proteins to the
PVA material was half to one thirtieth of the adsorption to conventional lens
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materials. Additional studies showed that the corneal epithelium of rabbit eyes
was not affected by wearing the lens material.

Kuriaki et al. [132] also examined PVA gels with potential contact lens ap-
plications. They reported a process for preparing transparent PVA gels with
high tensile strength. PVA solutions of 20wt % were freeze-dried at -4°C.
Dried PVA gels were then swollen in an ethanol and water solution followed
by the exchange of water. The resulting transparent gels had high tensile
strength and elongation.

Hirai and collaborators [133-136] have also examined some rather interest-
ing applications of PVA gels involving shape-memory properties. The contrac-
tion and relaxation of chemically crosslinked PVA gels in response to the ex-
change of the solvents, DMSO and water, was examined. The research pro-
gressed further with the application of an electric field to actuate a rapid gel
response. PVA gels prepared by freezing and thawing techniques were also
examined for their shape-restoring properties. In fact, chemical crosslinks
were introduced into such freeze/thawed gels to enhance the shape-memory
characteristics. It was proposed that the added chemical crosslinks served to
“remember® the distribution of physical crosslinks within the gel to restore
the shape upon elongation.

PVA gels have also been proposed for waste water cleaning applications.
Okazaki et al. [137] investigated the immobilization of microorganisms on
PVA gel particles as such a method for waste water treatment and compared
it with the use of poly(ethylene glycol) (PEG) and polyacrylamide (PAAm)
gels. PVA hydrogel particles were prepared by freezing and thawing techni-
ques. The material was found to have a treating capacity for synthetic sewage
of two to three times that of standard activated sludge processes. When com-
pared with PEG and PAAm networks, PVA gels have the presence of voids of
several microns which were formed upon freezing. Therefore, the PVA gel had
many more desirable characteristics, such as a large free volume of water and
good oxygen permeability. This created a favorable environment for microor-
ganisms. An effluent treatment was created with microorganisms immobilized
in the frozen PVA gel. This research has shown to be an interesting as well as a
promising application of PVA gels.

7
Summary

Poly(vinyl alcohol) has been characterized on many levels and examined for
numerous applications. It is a polymer of great interest because of its relatively
simple chemical structure, ease of processing, and potential use in pharma-
ceutical and biomedical fields. The crystalline nature of PVA has been of spe-
cific interest. Crystallinity in PVA gels has been introduced by various meth-
ods including annealing, aging, low temperature crystallization, and repeated
cycles of freezing and thawing. Combinations of the above techniques to en-
hance certain properties have also been studied. In addition, various solvents
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have been introduced during preparation techniques to improve certain prop-
erties of PVA gels, specifically with freeze/thawed gels. In particular, preparing
transparent gels with high mechanical integrity has been of great interest par-
ticularly for contact lens applications. Overall, PVA gels prepared by freezing
and thawing methods have shown many improved properties over traditional
PVA gels prepared by chemical crosslinking techniques with increased me-
chanical strength being the most notable.

PVA hydrogels prepared by freezing and thawing processes have shown in-
credible potential for applications in medicine and pharmacy. However, the
long-term stability of such gels still remains an important issue. In addition,
there are numerous parameters that can impact the resulting structure and
properties of the prepared gels. Initial insight has been obtained by several
researchers over the past 20 to 25 years. However, there is still a need to gain
a better understanding of structure-property relationships with specific em-
phasis on biomedical and pharmaceutical applications.
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1
Introduction

One of the goals of synthetic polymer chemistry is to develop methods for the
synthesis of polymers with predictable, well-defined structures. Living anionic
polymerization, particularly alkyllithium-initiated polymerizations of styrene
and diene monomers, provides one of the best methodologies for the synth-
esis of polymers with control of the major variables affecting polymer proper-
ties [1-11]. These variables include molecular weight, molecular weight dis-
tribution, copolymer composition and microstructure, tacticity, chain-end
and/or in-chain functionality, architecture, and morphology. Thus, for poly-
merizations with monomer/initiator/solvent systems that proceed in the ab-
sence of chain termination and chain transfer reactions, polymers can be pre-
pared with low degrees of compositional heterogeneity [3, 7]. However, the
synthesis of such well-defined polymers requires careful experimental proce-
dures [12-14]; unfortunately, overreliance on the potential of the method has
fostered the erroneous belief that the mere use of anionic polymerization ob-
viates the necessity of characterization and structure proof [7]. This review
will describe the unique chemistry and applications of 1,1-diarylethylenes in
anionic polymer synthesis. The background, scope, and limitations of these
procedures will be critically presented.
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2
Reactions of Alkyllithium Compounds with 1,1-Diphenylethylene

2.1
Stoichiometry, Kinetics, and Mechanism

The discovery by Firestone scientists [15] that anionic polymerization of iso-
prene with lithium metal produced high cis-1,4-polyisoprene and the elucida-
tion of the concept of living anionic polymerization by Szwarc and coworkers
[16, 17] generated considerable research interest in elucidating the mechanis-
tic details of anionic polymerization and related processes. It was soon found
that the mechanism of initiation in anionic polymerization of vinyl monomers
with alkyllithium compounds and other organometallic compounds is compli-
cated by chain-end association and cross-association phenomena in hydrocar-
bon solvents [18] and by the presence of a variety of ionic species in polar
media [4, 6, 9]. Consequently, several simple addition reactions of alkyllithium
initiators to vinyl-type compounds were utilized as models for these initiation
reactions without the added complication of concurrent propagation which
occurs with most vinyl monomers. Thus, the kinetics and mechanism of the
addition reactions of alkyllithium compounds with 1,1-diphenylethylene
(DPE) were investigated as a model for the reaction of alkyllithium compounds
with styrenes and dienes in the initiation step for anionic polymerization. The
results of these investigations provide the foundation for understanding the
many synthetic applications of DPE chemistry in anionic polymerization.

2.1.1
Stoichiometry

It is generally considered that polymeric and simple organolithium com-
pounds react quantitatively and relatively rapidly with 1,1-diphenylethylene
(DPE) to produce the corresponding 1,1-diphenylalkyllithium species, as
shown in Eq. (1) [19]:

Cots CeHs
CyqHoLi +CH2=|C —> C4HgCHyCLi (1)
CeHs CeHs

The stoichiometric reaction of n-butyllithium with DPE was first examined by
Ziegler and coworkers [20] in benzene solution at room temperature as shown
in Eq. (2):
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CgHs CgHs CgHs
_ 7/ CeH | pco,
C4HgLi + CHy=— C\ —> C4HgCH,CLIi —>  C4HyCH,CCOH  (2)
CeHs 2) H30O*
CeHs CeHs

The structure of the carboxylated derivative of the addition product was pro-
ven from a mixed melting point determination with an authentic sample. K6-
brich and Stober [21] reinvestigated this reaction in tetrahydrofuran (THF) at
-80 to 20 °C and isolated o, c-diphenylheptanoic acid in 98% yield; protonation
and alkylation of the intermediate 1,1-diphenylhexyllithium with water and -
butyl bromide formed 1,1-diphenylhexane and 5,5-diphenyldecane in 99%
and 97% yields, respectively. However, Evans and George [22] have reported
that further reversible addition can occur when a large molar excess (6.4-fold)
of 1,1-diphenylethylene is reacted with n-butyllithium in benzene at 30°C as
shown in Scheme 1. The amount of 1,1,3,3-tetraphenyloctane isolated after hy-
drolysis was much less than the amount of 1,1-diphenylhexane; therefore it
was concluded that the second equilibrium step in Scheme 1 strongly favors
the monoadduct. No 1,1,3,3-tetraphenyloctane was detected when only a 1.8-
fold excess of DPE was used [22, 23]. From the kinetics of the reaction it was
concluded that the addition of n#-butyllithium to DPE is irreversible [23].

The reaction of dibutylmagnesium with an unspecified amount of 1,1-di-
phenylethylene in hexamethylphosphoric triamide (HMPA) has been reported

C4HgLi +CHy=—C —> C4HgCH,yCLi

CeHs CeHs
CgHs
cri—rt
CeHs
CeHs CgHs

C4H9CH2C —CH,CLi
CeHs  CgHs

Scheme 1.



72 Roderic P. Quirk, Taejun Yoo, Youngjoon Lee, Jungahn Kim, Bumjae Lee

to result in significant amounts of diaddition [24]. Thus, monoaddition would
be expected for addition of organolithium compounds to 1,1-diphenylethylene,
except when a large excess of DPE is used; therefore, stoichiometric amounts of
DPE should be utilized for most synthetic applications.

2.1.2
Kinetics and Mechanism

The kinetics of the addition reaction of alkyllithium compounds with 1,1-di-
phenylethylene as shown in Eq. (3) have been extensively investigated [19]:

f|36H5 (|:6H5
k
RLi + CHy==C —> RCHoCLi (3)
CeHs CeHs

This addition reaction with DPE is of interest as a model for the initiation step
in alkyllithium-initiated polymerization without the added complication of
propagation. Another advantage is that the diphenylalkyllithium adduct exhi-
bits strong UV-visible absorbances at A,,=428 nm (e=1.6X10%), Apu=
438 nm (e=2.5x10%), and Apa,=495nm (£=2.8x10*) in benzene [23], diethyl
ether [25], and THF [26], respectively, which are well separated from the ab-
sorptions due to the alkyllithium initiators. The kinetics exhibit a first order
dependence on the DPE concentration, but fractional kinetic order dependen-
cies on the alkyllithium concentrations have generally been observed as
shown in Table 1. For example, in benzene a one-sixth order dependence on
the n-butyllithium concentration has been reported [23], while a one-fourth
order dependence has been observed for tert-butyllithium [28]. In most cases
these fractional kinetic orders correspond to the reciprocals of the degrees of
association (N) of the organolithium compound, which are also listed in Ta-
ble1 [3, 8, 19]. These results have most simply been rationalized by proposing
that dissociation of the kinetically inactive organolithium aggregates to a ki-
netically active monomeric (unassociated) species is required prior to addi-
tion to DPE as shown in Scheme 2. However, a kinetic order of 0.65 for phe-
nyllithium addition to DPE in THF has been interpreted in terms of an equili-
brium between monomeric and dimeric phenyllithium species and the propo-
sal that both species react with DPE [26].

It is prudent to note that Brown [31] has pointed out that the mechanism
shown in Scheme 2 is not consistent with available experimental evidence re-
garding the kinetics and energetics of dissociation of alkyllithium aggregates.
Thus, there is no direct experimental evidence which demonstrates the exis-
tence of species such as monomeric #-butyllithium as a distinct molecular
species in hydrocarbon solvents [8]. In addition, ab initio calculations predict
that the enthalpy of dissociation of tetramers into dimers is 144-152 kJ/mol
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Table 1. Degrees of aggregation (N) of alkyllithiums and kinetic reaction orders (n) for
addition of alkyllithiums (in excess) with 1,1-diphenylethylene

RLi N® Solvent n AG”™  AH”® AS”C  Ref
n-C4HoLi 6 Benzene 0.18 23.8 15.8 -26.4 23,
27
C,H;Li 6 ~0.11 24.2 17.3 -22.8 27
tert-C4HoLi 4 0.25 21.0 15.5 -18.0 28
ArCH,Li¢ 2°¢ Toluene 0.5° - - - 29
n-C4HoLi - 0.4% Et,0/C¢Hg 0.50 20.7 9.4 -37.3 30
C,H;Li - 0.25 21.4 9.4 -39.6 30
CeHsLi - 4% Et,0/C4Hg 0.41 23.7 14.9 -29.1 30
CgH5CH,Li - Et,0 1.2 - - - 25
CH;Li 4 0.21 - - - 25
CH,=CHCH,Li 2 1.3 - - - 25
CgH;Li - 0.51 - - - 25
n-C4HoLi 4 0.3 - - - 25
n-C4HoLi 2.4-2.8% THF 0.5 16.1 7.9 -27.2 30
n-C4HoLi ~0.4 - - - 26
CH,=CHLi 4h 034 - - - 26
CsH5CH,Li 1 1.1 - - - 26
CH;Li 4 0.27 - - - 26
CH,=CHCH,Li 2.1® ~1 - - - 26
CgH;Li 2 0.66 - - - 26
? See [3, 8, 19].
> keal/mol.
¢ cal/mol deg.
4" p-tert-Amylbenzyllithium.
: Degree of aggregation assumed to be the same as benzyllithium in benzene.

Kinetics effected with excess DPE (0.24-5.9 molar excess) and in the presence of residual diethyl
ether.

-108°C.

Degree of aggregation of trans-1-propenyllithium.

—~— nRLi

(RLi);,

CeHs CgHs

RLi + CH2=|C Ky RCHQ(|3Li

CgHs CeHs

Scheme 2.
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(RLi)g (RLi)4 + (RLi)»
(RLi)g (RLi)5 + RLi
(RLi)4 2 (RLi)»
(RLi) 5 2 RLi

Scheme 3.

while the enthalpy of dissociation to the unaggregated species is 420.4-
514.6 kJ/mol [32, 33]. In contrast to these large predicted heats of dissociation,
the observed activation parameters for addition of alkyllithiums to 1,1-DPE
are much smaller as shown in Table 1. For example, the enthalpy of activation
for addition of n-butyllithium to DPE in benzene is only 66.2kJ/mol. This
number appears to be too low to involve dissociation of the hexameric aggre-
gate prior to addition to DPE.

An alternative interpretation of these fractional kinetic orders in alkyl-
lithium concentration as proposed by Wakefield [19] is that the rate-determin-
ing step involves coordination of a DPE molecule to one face of the polyhedral
organolithium aggregate. As suggested previously [8], incomplete or stepwise
dissociation equilibria such as those shown in Scheme 3 would be expected to
require less energy as predicted by theoretical calculations [32]. It is important
to note that Brown and coworkers [34, 35] have reported that dissociation en-
ergies for tetramer-dimer equilibria are 46.1 kJ/mol and 100 kJ/mol for methyl-
lithium in ether [34] and tert-butyllithium in cyclopentane [35], respectively.

A further problem that complicates the kinetics of these addition reactions
is the fact that cross-association [3] of the diphenylalkyllithium species (di-
meric in hydrocarbon solution) [36] with the alkyllithium (tetrameric or hex-
americ association) [3, 37-40] would be expected to change the average asso-
ciation state of the predominant form of the initiator as the reaction proceeds
[3, 8, 40]. Thus, interpretable kinetic orders may only be available for the in-
itial part of the kinetics. Fortunately, most kinetic studies have utilized a large
excess of alkyllithium relative to DPE which not only minimizes the effect of
this cross-association but effectively eliminates the problem of oligomeriza-
tion of DPE (Scheme 1).

A further consequence of the association of alkyllithium compounds and
the corresponding fractional kinetic orders for addition to DPE is the obser-
vation that the relative reactivities of alkyllithium compounds with 1,1-DPE in
THF are concentration dependent [25]. Thus, structure-reactivity correlations
do not necessarily follow from consideration of the expected acidities of the
corresponding hydrocarbons [3]. At low concentrations, n-butyllithium is
more reactive than benzyllithium, while at higher concentrations it was pre-
dicted by extrapolation that benzyllithium would be more reactive than n-bu-
tyllithium.

The reactivity of DPE relative to styrene can be determined by comparison
of their rates of reaction with n-butyllithium in benzene. The initiation rate
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constant for styrene at 30.3°C was reported to be 2.33x107> (I/mol) "®s™
[41], while the corresponding rate constant for addition to DPE was reported
to be 4.17x10™° (I/mol) ¢ s7! [23]. Thus, DPE is about twice as reactive as
styrene with respect to addition of n-butyllithium.

Thus this model system for initiation, the reaction of alkyllithium initiators
with DPE, is still quite complicated primarily because of the association of the
organolithium chain ends and the cross-association of residual alkyllithium
with the product, 1,1-diphenylalkyllithium. In spite of these complications,
several interesting and important conclusions can be gleaned from these stu-
dies. In general there is an inverse relationship between the reactivity of a
given organolithium compound and its degree of association, i.e., less asso-
ciated species are more reactive. Thus, tetrameric tert-butyllithium is 200
times more reactive than hexameric n-butyllithium [28]. Furthermore, this
generalization can be extended further by noting that addition of Lewis bases
such as amines and ethers generally decreases the average degree of associa-
tion of an alkyllithium or eliminates association completely [3, 8, 19, 42]. As
shown in Table 1, the reactivity of alkyllithiums is enhanced in the presence of
ethers as shown by lower enthalpies of activation and increases in the magni-
tudes of the exponents for the kinetic orders with respect to the alkyllithium
concentration.

2.2
Stability and Structure of 1,1-Diphenylalkyllithiums

Insight into the chemistry and reactivity of 1,1-diphenylalkyllithiums can be
obtained by examination of their stability and structure. A carbanion can be
defined as the species formed by removal of a proton from a carbon acid. For
the diphenylmethyl carbanion, the corresponding carbon acid would be di-
phenylmethane as shown in Eq. (4):

K
(CHy)CH, <=t (CeHy),CH + H® (4)

Diphenylmethane is the conjugate acid of the diphenylmethyl carbanion, and
the equilibrium acidity constants (K,) have been measured both directly and
indirectly in the gas phase and in solution [3]. The most extensive investiga-
tions of the effect of structure on acidity for carbon acids have been carried
out in DMSO using a carbon indicator method to determine relative acidities
and this scale was anchored with potentiometric measurements to provide an
absolute scale of acidities [3, 43]. A summary of relevant pK, values for var-
ious carbon acids is shown in Table 2. The data in Table2 are especially rele-
vant for considering the reactivity of 1,1-diphenylmethyl carbanionic species
as initiators in anionic polymerization. In general, an appropriate initiator for
a given monomer is an anionic species that has a reactivity (stability) similar
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Table2. Acidities of carbon acids® in DMSO at 25 °C [pK,(DMSO)]

Carbon acid pK. (DMSO) Reference
Fluorene 22.6 44
Triphenylmethane 30.6 44
Ethyl acetate 30-31* 45
Diphenylmethane 32.2 43
Dimethylsulfoxide 35.1 43
Toluene 43° 43
Propene 44° 43
Methane 56° 43

? A carbon acid has a carbon-hydrogen covalent bond which can dissociate to form a carbanion and
a proton; a carbon acid is the conjugate acid of the corresponding carbanion (see [3], p 33).
b Estimated by extrapolation.

to the propagating carbanionic species [3, 7]. Thus, it would be expected that
an effective initiator for a given monomer would have a pK, value with the
same or larger value than the conjugate acid of the propagating anionic spe-
cies. Diphenylmethane has a pK, (32.2) which is larger than, but similar to,
the pK, of ethyl acetate (30-31), which can be considered as the conjugate acid
of the propagating ester enolate anion for polymerization of methyl methacry-
late. Indeed, 1,1-diphenylalkylcarbanions are useful and effective initiators for
anionic polymerization of alkyl methacrylates [3, 46-48]. Using the same lo-
gic, it would be predicted that 1,1-diphenylalkylcarbanions would not be ef-
fective initiators for the anionic polymerization of styrenes or dienes. The pK,
of diphenylmethane (32.2) is much smaller than the pK, values of toluene (43)
and propene (44), which correspond to the conjugate acids of benzyl and allyl
carbanions. The benzyl and allyl carbanions can be considered as models for
the propagating anions in anionic polymerization of styrenes and dienes, re-
spectively. Contrary to these predictions, 1,1-diphenylmethylcarbanions are
reactive and efficient initiators for the anionic polymerization of both styrene
and diene monomers [3, 49, 50]. This result can be rationalized by noting that,
in addition to the energetics of forming a less stable carbanion from a more
stable carbanion, a m-bond is converted to a more stable c-bond. This
exothermic process must contribute significant stabilization to the transition
state such that this initiation reaction is energetically favorable [51].

Insight into the structure of organolithium compounds can be deduced
from their X-ray crystal structures, recognizing that the energetics in the solid
state may perturb the structure compared to the structure in solution [3]. A
model for 1,1-diphenylalkyllithium compounds has been provided by the 2-
electron reduction of 1,1-diphenylethylene with lithium metal in diethyl ether
as shown in Eq. (5) [52]:
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Li @ (5)
2 C=CH, —>

Et,0 -

In the observed structure, each lithium cation is coordinated to two ether mo-
lecules (not shown) and also m-coordinated both to the almost trigonal-planar
trisubstituted anionic carbon centers and also to adjacent centers of the less
twisted (w=8°) phenyl ring. The other phenyl ring is twisted by 37° out of the
plane of the 1,4-butane-diide salt. The salt possesses a center of inversion, i.e.,
one lithium is above the plane of the primary structure and the other lithium
is below this plane. The strong interaction between lithium and two of the
aromatic carbons of the less twisted ring is shown by the bond distances in
structure 1. An analogous interaction of lithium with both the C, carbon and
one of the ortho carbons has been observed in the X-ray structure of a quinu-
clidene adduct of benzyllithium [53]. This structural information provides
confirmation of the expectation that diphenylalkyl carbanions exhibit trigonal,
planar structures (C,-C,, C;-CH,, C,-C,’) and that the negative charge is delo-
calized into the phenyl rings.

NMR studies have provided insight into the hybridization and charge dis-
tribution for 1,1-diphenylalkyllithiums [54-57]. In general, proton chemical
shifts are sensitive to the charge distribution on carbon; a conversion factor
of 10 ppm/electron has been used to estimate charge distributions in carba-
nions [54, 57, 58]. Proton chemical shifts are generally shifted upfield by in-
creased negative charge on the attached carbon. "HNMR studies of ring hy-
drogen chemical shifts for 1,1-diphenylhexyllithium indicate that there is
more delocalization of charge in THF (0.87 electron) compared to cyclohexane
(0.61 electron) [56]. An analogous study reported that the amount of charge
delocalized into the rings corresponded to 0.50 electron in deuterated benzene
and 0.78 electron in THF; similar charge distributions were also observed for
1,1-diphenyl-n-butyllithium [56]. For 1,1-diphenylmethyllithium it was esti-
mated that the charge delocalized into the phenyl rings corresponded to 0.72

o @ Li—C,= 2.28A
Qe

& Li—C,= 2.32A
CHZ_]_Z Li—C,= 258A
1

/ =
s,
%,

“1ie
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electron in THF [57]. The ’C chemical shift for the ci-carbon of diphenyl-
methyllithium in THF is reportedly shifted upfield by 43 ppm [54] or 39 ppm
[59] relative to the methylene carbon in 1,1-diphenylmethane. In general, car-
bon chemical shifts are shifted upfield by an amount corresponding to 160-
200 ppm/electron [54]. Upfield shifts are also observed upon rehybridization;
an upfield shift of 110 ppm is observed for a hybridization change from sp> to
sp2 for carbon [54]. The J(**C-H) coupling constant is a useful probe for hy-
bridization as shown in Eq. (6):

J(’C-H)=5%(% s) [Hz] (6)

where % s represents the percentage s character of the carbon hybrid orbital
participating in the C-H bond [60, 61]. An sp’-hybridized carbon would be
expected to exhibit a J(**C-H)=125Hz and an spz—hybridized carbon would
be expected to exhibit J(**C-H)=167 Hz. Thus, the o--carbon of 1,1-diphenyl-
methane exhibits J(*’C-H)=126 Hz while diphenylmethyllithium exhibits
J(**C-H)=142 Hz [54]. For comparison, the 13C chemical shift of benzyllithium
is shifted only 9 ppm relative to toluene [54] and the J(**C-H) coupling con-
stant is reported to be 131-134Hz [55, 59, 62, 63]. These data for benzyl-
lithium have been interpreted in terms of a pyramidal benzylic CH, group
[59]. The combination of >C chemical shift and J(*>C-H) coupling constant
for diphenylmethyllithium have been interpreted in terms of sp*-hybridiza-
tion for the o-carbon [54, 55]. Further evidence regarding the structure of
1,1-diphenylalkyllithiums can be deduced from UV-visible spectral studies.
The UV spectral absorption maximum for 1,1-diphenylhexyllithium shifts
from 410 nm in hexane to 496 nm in THF [55]. These results suggest that there
is more interaction between lithium and the ai-carbon in hexane, resulting in
less charge delocalization into the phenyl rings compared to the charge distri-
bution in THE. Of course, this interpretation has to be oversimplified, recog-
nizing that 1,1-diphenylalkyllithiums are dimeric in hydrocarbon solution
and presumably unassociated in THF [36].

In conclusion, the structure and charge distribution for a 1,1-diphenylalkyl
carbanion and the corresponding dimers can be represented by structures 2, 3
and 4 below, in which the o-carbon is sp”-hybridized (3). The delocalized sys-
tem (2) including the C, carbons of the phenyl rings and the o-carbon would
be expected to be sensibly planar; however, at any given time, one or both of

CgH
R’HIHR_ CeHs
Li Li<)C>II_"i R
it R CaHy —— W e
C6H5 — A ——— C6H5 65 CGHS

dimer
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the phenyl rings would be expected to be slightly twisted to minimize steric
crowding with the alkyl group R and the other phenyl ring (2). A dynamic
twisting of the two phenyl rings would be expected to occur. The charge dis-
tribution (2) will depend on the solvent and the presence of Lewis base addi-
tives. The charge would tend to be more concentrated on the o-carbon in
hydrocarbon solution where the presence of the small, highly charged lithium
cation would perturb the electron distribution. It should also be noted that
1,1-diphenylalkyllithiums are associated into dimers in hydrocarbon media
(4) [36], but would be expected to be unaggregated in polar media. In polar
media or in the presence of Lewis bases which solvate the lithium cation, in-
teraction with the o-carbon would be reduced and more of the negative charge
would be delocalized into the aromatic rings.

23
Initiators for Anionic Polymerization

As discussed in the previous section, a useful guide to choose appropriate in-
itiators for anionic polymerization of a given type of monomer is that the
initiator should have approximately the same structure and reactivity as the
propagating anionic species, i.e., the pK, of the conjugate acid of the propagat-
ing anion should correspond closely to the pK, of the conjugate acid of the
initiating species [3, 7, 64]. If the initiator is too reactive, side reactions be-
tween the initiator and monomer will often occur; if the initiator is not reac-
tive enough, then the initiation reaction may be slow, inefficient, or not occur
at all.

23.1
Alkyl Methacrylates

It would be expected that 1,1-diphenylalkylcarbanions would be useful initia-
tors for the anionic polymerization of alkyl methacrylates, since models for
the corresponding conjugate acids, i.e., diphenylmethane and ethyl acetate,
have similar pK, (DMSO) values of 32.2 [43] and 30-31 [45], respectively
(see Table2). Pioneering studies by Wiles and Bywater [47, 48] and Rempp
and coworkers [46] demonstrated the usefulness of 1,1-diphenylalkylcarba-
nions as initiators for the controlled polymerization of alkyl methacrylates,
especially methyl methacrylate (MMA). Wiles and Bywater [48] generated the
1,1-diphenylhexyllithium initiator by the quantitative and facile addition of
butyllithium to 1,1-diphenylethylene (see Eq.1). They used this initiator for
methyl methacrylate polymerization in toluene at low temperatures. Unfortu-
nately, the use of toluene results in complex product mixtures; broad and often
multimodal molecular weight distributions, indicating a multiplicity of active
propagating species, are typically obtained in toluene and include low mole-
cular weight, soluble fractions [65-68]. However, in spite of these complica-
tions and in contrast to work with n-butyllithium as initiator, the kinetics of
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polymerization of MMA in toluene using the 1,1-diphenylhexyllithium initia-
tor exhibited first-order dependence on both the monomer and the initiator
concentrations [48]. Later work by Hatada and coworkers [68] has shown that
the reaction of MMA with n-butyllithium in toluene at -78 °C produces ap-
proximately 51% of lithium methoxide by attack at the carbonyl carbon of
methyl methacrylate. In contrast, only 17% lithium methoxide was formed
when 1,1-diphenylhexyllithium was used in place of n-butyllithium. Rempp
and coworkers [46] prepared a polymeric 1,1-diphenylalkylpotassium initia-
tor in THF by addition of poly(styryl)potassium to DPE at -78 °C and demon-
strated that this polymeric carbanion efficiently initiated MMA block copoly-
merization to form the corresponding block copolymers with narrow molecu-
lar weight distributions. Since these reports on the use of 1,1-diphenylalkyl-
carbanions as initiators for MMA polymerization, the adduct of butyllithium
with 1,1-diphenylethylene has been the initiator of choice for controlled anio-
nic polymerization of MMA at low temperatures [3, 69, 70]. Using this initia-
tor system, controlled MMA polymerization can be effected to form PMMA
with controlled M,, and narrow molecular weight distribution (M,,/M,=1.1).
Recent advances include the addition of lithium chloride [71-73], lithium tert-
butoxide [74], lithium 2-(2-methoxyethoxy)ethoxide [75], or lithium butyldi-
methylsilanolate [76] to generate narrow molecular weight distributions and
to improve the stability of active centers for anionic polymerization of both
alkyl methacrylates and tert-butyl acrylate.

The adducts of either butyllithium with DPE (1,1-diphenylhexyllithium) or
polymeric organolithiums with DPE are the preferred initiators for polymer-
ization of a wide variety of alkyl methacrylates and tert-butyl acrylate [3]. For
example, Stithn and coworkers [77] recently reported the synthesis of well-
defined, narrow molecular weight distribution polymers from methyl, ethyl,
n-propyl, n-butyl, n-pentyl, and n-hexyl methacrylates using the adduct of
sec-butyllithium and DPE as initiator in THF at -78°C in the presence of
lithium chloride. This initiator was also used recently to copolymerize 2-tri-
methylsiloxyethyl methacrylate and butyl methacrylate using analogous reac-
tion procedures [78].

2.3.2
Styrenes and Dienes

One of the most surprising and useful aspects of the organolithium chemistry
of 1,1-diphenylethylene is that reactions with simple and polymeric organo-
lithiums form the corresponding 1,1-diphenylalkyllithiums which are effective
initiators for the anionic polymerization of styrene and diene monomers [64].
As described in Sect. 2.2, the pK, (DMSO) value of diphenylmethane (32.2) is
much lower than the estimated pK,s (DMSO) of toluene (43) and propene (44)
(see Table 2) [43]. These pK, differences correspond to an energy difference of
> 64.5k]/mol; thus, the diphenylmethyl carbanion is 64.5kJ/mol more stable
than either the benzyl carbanion or the allyl carbanion. Since these latter car-
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banions serve as models for the carbanionic propagating species which would
be formed upon addition of a diphenylmethyl carbanion initiator to styrene
(Eq.7) and butadiene (Eq.8), it would be expected that these initiation reac-
tions would be energetically unfavorable:

k.
(CgHs)>CH  + CHy=—=CH——> (C¢Hs),CHCH,CH®

C¢H; CeHs (7)

k.
© 1

(CgHy),CHCH,— CH=CH—CH},

i (8)

S]
(C6H5) 2CHCH2 - CH_CH=CH 2

As noted previously, the fallacy of this argument is that an accounting of the

energetics of these initiation reactions must also include the energetics of con-

verting a m-bond in the monomer to a more stable 6-bond [51] in the adduct,
and this is the primary driving force for all vinyl polymerizations.

Before discussing the use of 1,1-diphenylalkylcarbanions as initiators for
the anionic polymerization of styrenes and dienes, it is important to consider
the characteristics of a useful anionic initiator. Several criteria have been pro-
posed for judging whether an organolithium initiator is useful for preparation
of well-defined polymers [79, 80]:

Criterion 1. The initiator should be soluble in hydrocarbon media. Hydrocar-
bon solubility provides the possibility to prepare polydienes with high 1,4-
microstructure [3, 81].

Criterion 2. The initiator must efficiently initiate chain-growth polymerization
such that all of the initiator is consumed before monomer consumption is
complete. Initiator efficiency is essential to prepare polymers with con-
trolled molecular weight. If the initiator is efficient, then the observed num-
ber average molecular weight will be in agreement with the value calculated
based on the stoichiometry of the polymerization as shown in Eq.(9) [3,
82]:

YR of monomer polymerized

©)

Criterion 3. The rate of initiation should be competitive with or faster than the
rate of propagation (R;>R,) [82]. As delineated by Flory [83, 84], it is pos-
sible to obtain a Poisson-like, narrow molecular weight distribution (M,/
M, <1.1) if all of the chains are initiated at approximately the same time
and grow for approximately the same time (no termination and no irrever-

moles of RLi initiator
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sible chain transfer). Under these conditions the molecular weight distribu-
tion will obey the following relationship (Eq. 10):

Xn
Xw/Xp=14+—"—""-= 10
W/ n (Xn — 1)2 ( )
where X,, is the weight average degree of polymerization and X, is the
number average degree of polymerization. When the number average mo-
lecular weight is large relative to 1 (X,,>>1), Eq. (10) reduces to Eq. (11):

Xin (1)

These three criteria provide a basis upon which to judge the usefulness of
1,1-diphenylethylene-derived organolithium initiators for polymerization
of styrene and diene monomers in hydrocarbon solution.

Xw/Xp =1+

The first publication on the use of 1,1-diphenylalkyllithiums as initiators for
diene or styrene polymerization is the pioneering study of Morton and Fetters
[49] on the preparation of poly(o-methylstyrene-block-isoprene-block-o.-
methylstyrene) using the dilithium dimer of 1,1-diphenylethylene, 1,4-di-
lithium-1,1,4,4-tetraphenylbutane (6) (see Scheme4). The dilithium initiator

i anisole .
Li + CH,=—=C(C¢Hs), [CH2=C(C6H5)2:| -
cyclohexane 5 ’
48 h
20 °C
CeHs CsHs
25 —> LiCCH,—CH,CLi
CHs o Cofls

6 + (n +2) isoprene—> LiCH,C=CHCH ;- isoprene +—CH,CH=CCH,Li

CH, 7 CH,

-78°C
7 +(2m +2) a-methylstyrene ——>

cyclohexane/THF (90/250,vol/vol)
CH, CH,

LiCCH,—t a-methylstyrene ];PI—[— a-methylstyrene +—CH,CLi
m
CeHs

CeHs
l CH,0H

poly(a-methylstyrene- block-isoprene- block-0-methylstyrene)
PaS-b-PI-b-PasS
Scheme 4.
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was formed by electron transfer [6, 9] from lithium metal to 1,1-diphenyl-

ethylene to form the corresponding radical anion, 5, which rapidly dimerizes

to form 6 [85-87]. The initiator was formed in a solvent mixture of cyclohex-
ane and anisole (15vol. %). With respect to the criteria delineated above to
evaluate the 1,1-diphenylethylene-based initiators:

Criterion 1. The dilithium initiator, 6, was soluble (0.01-0.08 mol/l) in a mix-
ture of cyclohexane/anisole (85/15, v/v), but like most dilithium initiators
[88, 89] precipitated from solution when added to the polymerization sol-
vent, cyclohexane. Therefore, the dilithium initiator was chain extended
with approximately 30 units of isoprene to generate an isoprenyldilithium
oligomer which was soluble when added to cyclohexane. Since the final
anisole concentration was less than 1vol. %, a high (>85%) 1,4-polyiso-
prene center block was obtained (65-70% cis-1,4, 20-25% trans-1,4 and
the remainder was 3,4-enchainment).

Criterion 2. The number average molecular weights of polyisoprenes and
poly(o-methylstyrene-block-isoprene-block-ci-methylstyrene) block copoly-
mers prepared with the initiator, 6, were all within 4% of the number aver-
age molecular weights calculated based on the stoichiometry of the reaction
(see Eq.9; note this equation should be modified to Eq.12 if the moles of
dilithium initiator is used in the denominator of Eq. (9)]:

g of monomer polymerized
M, = el s T
0.5 moles of dilithium initiator

(12)

Criterion 3. All of the polyisoprenes and poly(o-methylstyrene-block-iso-
prene-block-o.-methylstyrene) block copolymers prepared using the iso-
prene chain-extended derivative of 6 exhibited monomodal molecular
weight distributions as observed by SEC. In addition, the triblock copoly-
mers prepared using this initiator exhibited polydispersities (M,/M,) equal
to 1.07, based on light scattering and osmometric molecular weight deter-
minations.

In terms of these criteria, the initiator 1,4-dilithium-1,1,4,4-tetraphenylbutane
(6) is a useful anionic initiator for the polymerization of isoprene monomer in
hydrocarbon media. In fact, Yuki and Okamoto [90] reported that 1,1-diphe-
nylhexyllithium reacts quantitatively with one mole of isoprene in benzene at
room temperature. Apparently the steric effects of the diphenylalkyl group
reduce the rate of oligomerization. Guzman and coworkers [91] investigated
the kinetics of the anionic polymerization of isoprene in n-hexane and ben-
zene initiated by 1,1-diphenyl-n-hexyllithium. They reported that the initia-
tion reaction started immediately upon mixing and that it was complete in
3-10 min. Thus, these initiators are amazingly reactive for isoprene polymer-
ization. In fact, it may be deduced that this initiator is more reactive than -
butyllithium in spite of the fact that the basic butyl carbanion would be ex-
pected to be much more reactive. Thus, at 30 °C, Hsieh [92] has reported that
approximately 50% of n-butyllithium (2.6 x 10~ mol/l) remains when all of the
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isoprene (1.3 mol/l) is completely polymerized in cyclohexane. Since Fetters
and Young [36] have reported that 1,1-diphenylalkyllithiums are associated
into dimers in hydrocarbon solution while n-butyllithium is associated into
hexamers [3, 19, 38, 93], this reactivity pattern is in accord with the general
trend that the reactivity of alkyllithiums increases as the degree of association
decreases [3, 94].

One would expect that these 1,1-diphenylalkyllithium initiators would also
be effective for butadiene polymerization. However, it is not clear from these
results that 1,1-diphenylalkyllithium initiators are satisfactory for the poly-
merization of styrene monomers. These subjects will be discussed in Sect. 4.

3
Reactions of Polymeric Organolithium Compounds with
1,1-Diphenylethylene

Many interesting and important synthetic applications of 1,1-diphenylethylene
and its derivatives in polymer chemistry are based on the addition reactions
of polymeric organolithium compounds with 1,1-diphenylethylenes. There-
fore, it is important to understand the scope and limitations of this chemistry.
In contrast to the factors discussed with respect to the ability of 1,1-dipheny-
lalkylcarbanions to initiate polymerization of styrenes and dienes, the addi-
tions of poly(styryl)lithium and poly(dienyl)lithium to 1,1-diphenylethylene
should be very favorable reactions since it can be estimated that the corre-
sponding 1,1-diphenylalkyllithium is approximately 64.5kJ/mol more stable
than allylic and benzylic carbanions as discussed in Sect.2.2 (see Table2).
Furthermore, the exothermicity of this addition reaction is also enhanced by
the conversion of a m-bond to a more stable 6-bond [51]. However, the rate of
an addition reaction cannot be deduced from thermodynamic (equilibrium)
data; an accessible kinetic pathway must also exist [3]. In the following sec-
tions, the importance of these kinetic considerations will be apparent.

3.1
Kinetics

The kinetics of the addition of polymeric organolithium compounds to 1,1-
diphenylethylene (Eq.13) would be expected to be analogous to the kinetics
of the corresponding reaction with simple alkyllithiums (Eq. 3):

(|36H5 (|:6H5

_ k _

PLi + CHy=—C —> PCH,CLi (13)
CeHs g CeMs

Thus, monoaddition of one 1,1-diphenylethylene to the polymeric chain end
would be expected, except when a large excess of DPE is employed [20-23].
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The rate and efficiency of these addition reactions can be readily monitored
by ultraviolet-visible spectroscopy, because the adduct 1,1-diphenylalkyl-
lithium (8) absorbs at A,,x=440nm in benzene and cyclohexane [23, 95],
which is well separated from the absorption peak maxima for poly(styryl)-
lithium (A.,=334nm in benzene [96] and 328 nm in cyclohexane [97]) and
for poly(butadienyl)lithium (A.x=272nm in cyclohexane [97]). Because
poly(styryl)lithium, poly(dienyl)lithium, and polymeric 1,1-diphenylalkyl-
lithium [36] chain ends are associated in hydrocarbon solution to at least di-
mers [3], the kinetics would be expected to be complicated by cross-aggrega-
tion of the polymeric organolithium chain ends with the chain ends of the
polymeric 1,1-diphenylalkyllithium adducts (8) as shown schematically in
Eq. (14):

|CeH5 CgHs
(PLi)p.g4 + [PCHZCLi]Z B [(PLi)X- (PCHZCLi)y} (14)
8 CgHs CgHs

3.2
Poly(styryl)lithium

Laita and Szwarc [98] have investigated the kinetics of the addition of poly(-
styryl)lithium to excess 1,1-diphenylethylene (4-1153 molar excess) in ben-
zene. It was assumed that only monoaddition occurred, although previous
work suggests that oligomerization may occur at higher ratios of DPE to orga-
nolithium [22, 23] as discussed in Sect.2.1.1. Fortunately, even if oligomeriza-
tion did occur, it would not be expected to affect the kinetic results signifi-
cantly. The observed kinetics were dominated by the presence of equilibria
between homodimers of poly(styryl)lithium (K;), homodimers of the poly-
meric 1,1-diphenylalkyllithium (K,), and the mixed dimers (K;,) as shown in
Scheme 5. Under these conditions, the addition reaction was first-order in
DPE, proportional to the concentration of unconverted PSLi and the observed

K1
(PSLi)y 2PSLi
Ko
(PS-DLi)7 2PS-DLi
. K . .
(PSLi, PS-DLi) PSLi + PS-DLi

Scheme 5.
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Ky
(PSLi)y ===

2PSLi

k1
PSLi + styrene —> PS-SLi

Scheme 6.

rate constant was inversely proportional to the initial concentration of PSLi
([PSLi],) as shown in Eq. (15):

—d[PSLi]  kK)*[PSL][DPE] 15)
dt [PSLily’?

Thus, a first-order dependence on [PSLi] is observed, in spite of the dimeric
nature of poly(styryl)lithium in benzene solution. This unusual kinetic beha-
vior requires that the equilibrium constant for mixed dimerization (K;,) can
be approximated by the geometric mean of the homodimerization equilibrium
constants (Eq. 16):

K, = (Kle)l/z (16)

Also implicit in the derivation of this kinetic equation is the assumption that
PSLi present in the self-associated and cross-associated states is unreactive
toward the addition to DPE [99].

The kinetic results of Laita and Szwarc [98] provide insight into the reac-
tivity of 1,1-diphenylethylene. The rate constant for addition of DPE to mono-
meric poly(styryl)lithium (ke K;"?=2.1x102M"*s™") can be compared to
the rate constant for styrene propagation by poly(styryl)lithium (k,,K;"?
=9.4x 10> M%s7") [97] as described in Scheme 6. This indicates that DPE is
twice as reactive as styrene monomer with respect to addition to PSLi. This
same reactivity difference was observed for addition of n-butyllithium to 1,1-
diphenylethylene compared to styrene [23, 41].

3.2.1
Substituent Effects

Busson and van Beylen [95] investigated the kinetics of addition of excess
poly(styryDlithium to ring-substituted 1,1-diphenylethylenes. The expected
one-half order kinetic dependence on [PSLi] was observed (Eq.17):

—d[DPE]
dt

This result is consistent with the fact that poly(styryl)lithium exists predomi-
nantly as dimers in benzene solution [3] and the proposal that the reactive
species for addition to DPE is unassociated PSLi which is present in low con-
centrations in equilibrium with the dimers (see Sect.2.1.2). The general valid-

= Kops [PSLi]/*[DPE] (kobs _ kde;/Z) (17)

tot
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ity of this interpretation, i.e., the relationship between degree of association
and kinetic order, however, is a subject of current controversy [99-103].

The results of Busson and van Beylen [95] were analyzed in terms of the
Hammett equation (Eq. 18) [104]:

ky
Logk— = po (18)

where k, is the rate of addition of PSLi to a 1,1-diphenylethylene substituted
on the aromatic ring with a substituent x, k, is the rate of addition of PSLi to
unsubstituted 1,1-diphenylethylene, p (rho) represents the sensitivity of the
reaction to the effect of changing the substituents, and ¢ (sigma) is a substi-
tuent constant. The substituent constants in the Hammett relationship are de-
fined in Eq. (19):

K
LogK—x:pJ:a p=1 (19)
0

in which the logarithm of the ratio of the equilibrium constants for ionization
of substituted benzoic acid (Ky) relative to the equilibrium constant for ioni-
zation of unsubstituted benzoic acid (K,) is used to define the substituent
constants, 0, by defining p as having a value of unity for the ionization of
benzoic acids (Eq.19). Thus, the effect of substituents on a given reaction is
always compared with the effects of substituents on the ionization of benzoic
acid as a model, for which p is equal to one. Since the ionization of benzoic
acids would be enhanced by electron-withdrawing substituents, reactions (or
equilibria) which are favored by electron-withdrawing substituents would also
be expected to exhibit a positive value of p and the magnitude of p would
indicate whether this reaction (or equilibrium) is more or less sensitive to
the effect of substituents than the ionization of benzoic acids. Conversely, if a
reaction or equilibrium is favored by electron-donating groups, a negative va-
lue of p would be expected and the magnitude of p would indicate how sensi-
tive the reaction or equilibrium is to the effect of substituents.

The p value for addition of poly(styryl)lithium with substituted 1,1-diphe-
nylethylenes varied from +1.7 to +1.9 in benzene and cyclohexane [95]. The
average value of 1.8 indicates that this reaction is twice as sensitive to substi-
tuents as the ionization of benzoic acids (p=1). This enhanced sensitivity
would be expected, since the developing negative charge in the transition state
can be conjugated directly with the substituents, whereas no direct conjuga-
tion of the negative charge with substituents on the aromatic ring can occur in
the benzoic acid system. Perhaps the surprising aspect of this result is that the
p value is not larger. Rho (p) values of +2.2 and +2.4 were reported for addi-
tion of poly(styryl)potassium and poly(styryl)cesium, respectively, with sub-
stituted 1,1-diphenylethylenes in benzene [95]. The p value varied from 2.8-
3.5 for the poly(styryl)potassium addition to substituted DPEs in THE. For
comparison, a positive p value (p=+1) was found for the initiation reaction
of substituted styrenes using n-butyllithium as initiator in benzene [105]. A



88 Roderic P. Quirk, Taejun Yoo, Youngjoon Lee, Jungahn Kim, Bumjae Lee

5>050 Li®  5.0501F
PSCH,CHLi +CH,==C(C¢Hj,),—| PSCH,CH--- CH"= C(C,H;),

CeHs  initial state CcHs transition state

l Li®
©

PSCH,CH— CH,— C(C¢H;),
C,H; final state

Scheme 7.

H"':. ! C6H5
H Li CeHs
PSCH2~8,--"" H
CGHS
9

larger, positive p value was reported for anionic polymerization of substituted
styrenes with sodium counterion in THF (p=+5.0) [106].

In interpreting these results, several factors must be considered. One of the
most important considerations is the structure of the transition state (see
Scheme 7). Based on the facts that a more stable 1,1-diphenylalkyl carbanion
is formed from a benzyl carbanion and also a m-bond is converted into a o-
bond, the addition of PSLi to DPE should be an exothermic reaction. Accord-
ing to the Hammond Postulate [107], the structure of the transition state for
an exothermic reaction should resemble the reactants. Thus, the amount of c-
bond making and w-bond breaking should have progressed less than 50%, i.e.,
more like reactants than products. An orbital description of the reaction is
shown in structure 9.

Consideration of the effect of counterion on the p value for addition of
poly(styryl)carbanions to DPE is also instructive. The p value increases as
the size of the counterion increases, i.e., as the electrostatic interaction of the
counterion with the negative charge decreases. This effect would be expected
for any transition state structure, since the small lithium cation would be ex-
pected to minimize delocalization into the phenyl rings (see Sect.2.2 of this
review and Chap. 1 of [3]). Thus, with the cesium counterion, for any degree of
charge transfer onto the 1,1-diphenylcarbon in the transition state, this charge
would be more delocalized than for the corresponding lithium system. It
would also be predicted that the p value for addition of butyllithium to styrene
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would be less than that of the PSLi/DPE system (p=+1 vs 1.8 for the DPE
system).

Thus, because this reaction would be even more exothermic, it would be
predicted based on the Hammond Postulate [107] that there would be less
charge transfer onto the benzylic carbon in the transition state. The fact that
p values in THF are much larger than in hydrocarbon solution can also be
explained by the effect of solvent on the counterion; solvation of the counter-
ion would decrease the interaction of the counterion with the carbanion which
would result in more delocalization of charge. Or in terms of the Winstein
spectrum of ionic species [3, 108], solvation of the counterion and an increase
in the dielectric constant of the medium would shift the structure towards a
more ionic species.

In conclusion, the effect of substituents on the addition of PSLi to DPE is
consistent with an exothermic transition state in which less than half of the
charge has been transferred to the 1,1-diphenylalkylcarbanion, and the o©-
bond-making and n-bond-breaking have also progressed to less than 50%.

3.2.2
Synthetic Utility

Lee [109] has investigated the rates of addition of polymeric organolithium
compounds to 1,1-diphenylethylene from the point of view of synthetic utility.
The addition of poly(styryl)lithium with stoichiometric amounts of DPE was
complete at room temperature in 6h in benzene and in 8h in cyclohexane.
This addition reaction was found to be independent of molecular weight in
the range of 1500-8500. In order for this reaction to be synthetically useful
for preparation of well-defined polymers, it is important to establish that this
end-capping reaction is quantitative and irreversible for stoichiometric
amounts of reactants. This question was investigated by using the UV-visible
absorbances and absorption coefficients for poly(styryl)lithium (Apax=
334nm; £=1.30x10*1/mol cm) [96] and the corresponding polymeric 1,1-di-
phenylalkyllithium (Ap.=440 nm; €=1.60x10*1/mol cm) [23, 95] formed by
addition of a stoichiometric amount of 1,1-diphenylethylene to calculate the
efficiency of the end-capping reaction. The results shown in Table 3 are con-
sistent with almost quantitative end-capping. It was also established that the
1,1-diphenylalkyllithium was stable in benzene for one week at room tempera-
ture as judged by the constancy of the UV-visible absorbance.

Further evidence for the quantitative addition of poly(styryl)lithium with a
stoichiometric amount of 1,1-diphenylethylene can be deduced by 'HNMR
analysis of the adduct formed after methanol termination. A characteristic
peak (multiplet) at § 3.5 ppm is observed by 'H NMR for the terminal methine
hydrogen at the chain end in the PS-DPE and no corresponding peak is ob-
served in the base polystyrene. Integration of the area of this peak relative to
the area of the resonances corresponding to the methyl protons of the sec-
butyllithium initiator fragment at 8 0.5-0.78 ppm gave a value of 1:5.9, in close
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Table3. UV-visible absorption analysis of the efficiency of the end-capping reaction of
poly(styryD)lithiums with 1,1-diphenylethylene in benzene at 25°C

M, of PSLi Analysis of end-capping reaction

(g/mol) Ass, (PSLI)? Agy (PS-DPELI)®  [PSDPELi]/[PSLi]
4,500 1.430 1.730 0.983

10,000 1.425 1.759 1.00

10,000 1.421 1.696 0.970

# Absorbance of poly(styryl)lithium. The extinction coefficient of poly(styryl)lithium at 334 nm is
£=1.30x10*1/mol cm [96].

> Absorbance of 1,1—dighenylalkyllithium. The extinction coefficient of 1,1-diphenylalkyllithium at
440 nm is €=1.60x 10%1/mol cm) [95].

¢ [PSDPELI]/[PSLi]=[A(PS-DPELi)/e(PS-DPELIi)] /[A(PSLi)/e(PSLi)].

agreement with the expected value of 6.0 [109]. Thus, all of this spectroscopic
evidence is consistent with the quantitative addition of stoichiometric
amounts of DPE to poly(styryl)lithium in hydrocarbon solvent at room tem-
perature after a period of approximately 8 h.

33
Poly(dienyl)lithiums

The kinetics of the addition of poly(2,4-hexadienyl)lithium to 1,1-dipheny-
lethylene has been investigated by two groups. Fetters et al. [99] observed that
the rate of addition exhibited a first-order dependence on the concentration of
poly(2,4-hexadienyl)lithium, but the apparent first-order rate constant for ad-
dition was inversely proportional to the initial concentration of poly(2,4-hex-
adienyl)lithium chain ends. However, in contrast to the dimeric degree of as-
sociation of poly(styryl)lithium, it was determined by concentrated solution
viscometry studies that 35-40% of the poly(2,4-hexadienyl)lithium chain ends
were not associated. Thus, it was concluded therein and elsewhere [100, 101]
that there is no necessary relationship between the degree of association of the
chain ends and the fractional kinetic orders observed.

Wang and Szwarc [110] reexamined the kinetics of the addition of poly(2,4-
hexadienyl)lithium to DPE. They reported that the kinetic plots were curved,
implying that, in contrast to the analogous poly(styryl)lithium addition, the
geometric mean relationship for the dimerization constants was not fulfilled,
ie, K, # (K;Ky)"? (see Eq. 16). Using only the data from the initial, linear
portion of the rate plot, the pseudo-first-order rate constants were found to be
proportional to the initial chain end concentration raised to the power 0.43
rather than 1.0 as observed by Fetters and coworkers [99]. Concentrated solu-
tion viscosity measurements were interpreted in terms of dimeric association
of the chain ends [110].

Lee [109] has also investigated the rates of addition of poly(dienyl)lithiums
to 1,1-diphenylethylene from the point of view of synthetic utility. The rates of
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Fig. 1. Reaction rate plots for the addition of poly(isoprenyl)lithium (PILi) (M,=1500 g/
mol) to 1,1-diphenylethylene in cyclohexane with [PILi]=1.5%10> mol/l: (A) at 25°C
without THF; (B) at 50 °C without THF; (C) at 25 °C with THF ([THF]/[PILi]=40)
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Fig.2. Reaction rate plots for the addition of poly(butadienyl)lithium (PBDLI)
(M,=1400 g/mol) to 1,1-diphenylethylene in cyclohexane at 25°C with [PBDLi]=1.1x
10~ mol/l

addition of poly(isoprenyl)lithium (M,=1500) and poly(butadienyl)lithium
(M,=1400) with stoichiometric amounts of 1,1-diphenylethyene in cyclohex-
ane are shown in Figs.1 and 2, respectively. The reactivity of poly(dienyl)-
lithiums with 1,1-diphenylethylene is unexpectedly slow compared to the ana-
logous relatively rapid end-capping of poly(styryl)lithium [109]. After 3 days
at 25°C, the extent of end-capping with DPE was only 9% for poly(butadie-
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nyl)lithium (Fig. 2). The addition of DPE with poly(isoprenyl)lithium proceeds
to the extent of only 15% after 3 days at room temperature in cyclohexane
(Fig. 1); after 4 days at 50 °C, the yield of adduct was still only 60%.

Jerome and coworkers [111] have recently confirmed the greatly reduced
reactivity of poly(butadienyl)lithium and poly(isoprenyl)lithium with DPE in
cyclohexane using 'Li NMR analysis. The addition of poly(butadienyl)lithium
(M,=5000) with two equivalents of DPE required 61 days for completion. The
addition of 2 equivalents of DPE with poly(isoprenyl)lithium was faster than
with poly(butadienyl)lithium; complete reaction required 14 days in cyclohex-
ane. Jerome and coworkers [111] also reported that addition of DPE to poly(-
dienyl)lithiums was faster in toluene compared to cyclohexane; for example,
the appearance of the diphenylalkyllithium resonance from the addition of
poly(butadienyl)lithium with 5 equivalents of DPE was detected after 30 min
in toluene compared to 60 min in cyclohexane.

3.3.1
Synthetic Utility

Thus, it is obvious that the addition of DPE to poly(dienyl)lithiums is not a
synthetically useful reaction in hydrocarbon solution, even at elevated tempera-
tures. Since it is known that poly(dienyl)lithiums are aggregated to at least
dimers and perhaps tetramers or even higher aggregates in hydrocarbon solu-
tion and that less aggregated organolithiums are more reactive in general [3,
19], the effects of addition of the Lewis base, tetrahydrofuran (THF), on these
reactions were investigated by Lee [109]. It has been shown that addition of
Lewis bases promotes dissociation of organolithium aggregates [3, 19, 36, 112,
113]. Thus, addition of small amounts of THF ([THF]/[PLi]=40) was sufficient
to effect quantitative addition of poly(isoprenyl)lithium to one equivalent of
DPE within 4h at room temperature in benzene as shown in Fig. 1. The addi-
tion of DPE to poly(butadienyl)lithium was complete within 1h at 25°C in the
presence of 40 equivalents of THF as shown in Fig.2. Only stoichiometric
amounts of THF were utilized because of the known instability of polymeric
organolithium compounds in THF [3, 111, 114]. In addition, the THF was
added after the polymerization of the diene monomers was completed to pre-
serve the high 1,4-diene microstructure which is unique to lithium counterion
in hydrocarbon solution [3].

Similar observations have been reported by Jerome and coworkers [111].
These workers utilized 10 vol. % of either THF or diethyl ether. Chain end in-
stability was observed as expected for the organolithium chain ends with this
amount of THF at room temperature. However, it was observed that the chain
ends were stable in the presence of a 1/9 diethyl ether/cyclohexane (v/v) mix-
ture. A retarding effect of lithium alkoxides was also reported, in accord with
the previous reports of Lochmann and coworkers [115].

It is interesting to speculate on the reasons for the relative unreactivity of
poly(dienyl)lithium with DPE in hydrocarbon solvents. Since this relative un-



Applications of 1,1-Diphenylethylene Chemistry in Anionic Synthesis . . . 93

reactivity is eliminated in the presence of the Lewis base, THF (see also the
discussion of copolymerization in the following section), the unreactivity in
hydrocarbon solution does not reflect an intrinsic unreactivity of poly(die-
nyl)lithium chain ends with DPE. It is proposed that this relative unreactivity
is a consequence of the stronger association of poly(dienyl)lithium chain ends
compared to poly(styryl)lithium chain ends which results in a lower extent of
dissociation into reactive unassociated chain ends. As discussed previously,
poly(dienyl)lithium chain ends are associated into at least dimers and higher
aggregates [3]. The effects of the addition of THF on the degree of association
also indicates that the energetics of association are higher also, since much
more THF is required to dissociate the poly(dienyl)lithium chain ends com-
pared to poly(styryl)lithium chain ends [3, 8, 113]. In support of this conclu-
sion, it should be noted that the crossover reaction rate of poly(2,4-hexadie-
nyl)lithium to 1,1-DPE was found to be very fast [110]; the rate constant was
one-half of the corresponding rate constant for addition of poly(styryl)lithium
to DPE [98]. The association state of poly(2,4-hexadienyl)lithium has been
reported to be 1.6 by Fetters and coworkers [99] and 2.0 by Wang and Szwarc
[110]. Thus, the higher reactivity of poly(2,4-hexadienyl)lithium (PHDLI)
compared to poly(butadienyl)lithium or poly(isoprenyl)lithium for addition
to 1,1-DPE can be explained in terms of a lower degree of aggregation of
PHDLi and a corresponding larger extent of dissociation to more reactive,
unassociated species.

4
Polymeric 1,1-Diphenylalkyllithium Initiators
for Block Copolymer Synthesis

Many of the applications of DPE in anionic polymerization chemistry require
the adduct of a polymeric organolithium compound and DPE, e.g., a poly-
meric 1,1-diphenylalkyllithium (10, Scheme 8), to reinitiate polymerization of
another monomer (M, in Scheme 8). As discussed in Sect. 2.3.1, initiation of a
methacrylate monomer which forms a much more stable ester enolate anion is
favorable and rapid. A wide variety of amphiphilic block copolymers have
been prepared by first polymerization of a styrene or diene monomer using
an alkyllithium initiator, followed by end-capping with DPE and then block
copolymerization of an alkyl methacrylate or acrylate [3]. For example, poly(-
butadiene-block-methyl methacrylate) and poly(isoprene-block-methyl metha-
crylate) block copolymers were prepared by sec-butyllithium-initiated poly-
merization of the diene in cyclohexane, followed by addition of DPE in the
presence of 10vol. % diethyl ether at room temperature and then addition of
methyl methacrylate and THF (58 vol. %) at -78 °C [111]. Although the result-
ing butadiene block copolymer exhibited a somewhat broad molecular weight
distribution (M,/M,=1.15), the isoprene block copolymers exhibited narrow
molecular weight distributions (M,/M,=1.02, 1.04) under the same condi-
tions.
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A series of poly(styrene-block-n-butyl methacrylate) block copolymers have
been prepared by sec-butyllithium initiated polymerization of styrene in THF
at -78 °C, end-capping with DPE and then addition of n-butyl methacrylate
[116]. Similarly, well-defined, smectic liquid-crystalline block copolymers
were prepared by sequential polymerization of styrene, end-capping with
DPE and block copolymerization of methacrylate monomers containing (S)-
2-methylbutyl 4-(4-hydroxyphenylcarbonyloxy)biphenyl-4’-carboxylate meso-
gens at -78 °C in THF [117]. Using similar procedures, side-chain liquid crys-
talline polystyrene block copolymers have also been prepared from 6-[4-(4'-
cyanophenyl)phenoxy]hexyl methacrylate [118]. Thermoplastic elastomeric
poly(methyl methacrylate-block-butadiene-block-methyl methacrylate) tri-
blocks have been prepared using the dilithium initiator formed from 2 moles
of sec-butyllithium and m-diisopropenylbenzene in cyclohexane (5vol.%
diethyl ether) to polymerize butadiene, followed by end-capping with DPE,
addition of lithium chloride and THE and then polymerization of methyl
methacrylate at -78 °C to form the two end blocks [119].

However, the use of 1,1-diphenylalkyllithium initiators for initiation of
styrene and diene monomers is more problematic, since addition of these
monomers forms much less stable styryl and dienyl carbanions (see Table 2).
Lee [109] has investigated and optimized these crossover reactions from poly-
meric 1,1-diphenylalkyllithiums to dienes and styrenes (see Scheme 8).

4.1
Crossover Reactions of Polymeric 1,1-Diphenylalkylithiums to Dienes

In accord with the previously described work of Morton and Fetters [49] and
Guzman and coworkers [91] for low molecular weight 1,1-diphenylalky-
lithiums, B. Lee [109] found that the crossover reactions of PS-DPELi (the
adduct of PSLi with DPE) to both isoprene and butadiene monomers were
completed in a few minutes in cyclohexane. Even at 10 °C, the crossover reac-



Applications of 1,1-Diphenylethylene Chemistry in Anionic Synthesis . . . 95

tion to isoprene was completed in approximately 2 min. In accord with expec-
tations, the SEC traces of the resulting block copolymers were clean and
monomodal. It was also found that PS-DPELi was an efficient initiator, i.e.,
M, (calc)-out~=M,(obs)-out, and very narrow molecular weight distributions
(M,,/M,=1.01) were obtained for the block copolymers resulting from these
crossover reactions, even for number average molecular weights as low as
2900 for the polybutadiene block. Thus, both simple and polymeric 1,1-diphe-
nylalkyllithium initiators are useful for the synthesis of well-defined polydiene
block segments with predictable molecular weights and narrow molecular
weight distributions.

4.2
Crossover Reactions of Polymeric 1,1-Diphenylalkylithiums to Styrene

In contrast to the results observed for crossover reactions to diene monomers,
the crossover reactions of PS-DPELi to styrene monomer required 1-2h for
completion in benzene and in cyclohexane. However, it was found that PS-
DPELi was an efficient initiator, i.e., M,(calc)-out~M,(obs)-out, for crossover
to styrene monomer, provided that the number average molecular weight of
the formed polystyrene block was=4000.

The apparent rate constants (k,’) (see Eq.20) for the crossover reaction of
PS-DPELIi to styrene monomer were determined from the initial slope of the
pseudo first order plot of the decay of the absorption peak for PS-DPELI:

—d[S '
% = K, [PSDPELi]/2[S] (20)
These apparent crossover rate constants are listed in Table4 and compared
with analogous apparent rate constants for propagation (k') of styrene mono-
mer (Eq.21):

~0S s @)
An analogous rate constant determined by Yamagishi and Szwarc [121] is also
included for comparison.

The data in Table 4 show that the rate of crossover from PS-DPELI to styr-
ene monomer is slower by at least a factor of ten compared to the propagation
rate constant for styrene under the same conditions. This discrepancy pro-
vides an explanation for the fact that somewhat broader molecular weight dis-
tributions are obtained for polystyrene blocks initiated by PS-DPELi com-
pared to the corresponding polydiene blocks. This also explains why it is ne-
cessary to have a minimum block molecular weight for the growing polystyr-
ene block (M,=4,000) since residual PS-DPELi is observed for formation of
lower molecular weight blocks because of the slower rate of crossover relative
to propagation.
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Table4. Comparison of the apparent first order rate constants, k,’, for crossover from
PSDPELI to styrene monomer with styrene propagation rate constants, k', in cyclohex-
ane and in benzene [109]

’ ’

Solvent k, . ky /k,
[M—I/ZS —l] [M—I/ZS —1]

Cyclohexane™® 3.7x107* 3.1x107¢ 0.12

Benzene™® 6.6x1074(7.7x107%)¢ 9.4x107¢ 0.07

2 M, (PS initial)=1500; [PSDPELi]=1.0x10"> mol/l; M,, (PS 2nd block)=10,000.
b o
At 25°C.
€ Obtained from [120].
4 Obtained from [121].
¢ Obtained from [122].

5
Copolymerization of 1,1-Diphenylethylene with Styrenes and Dienes

Although 1,1-diphenylethylene does not hompolymerize, it will copolymerize
with styrene and diene monomers. The anionic copolymerization behavior of
1,1-diphenylethylene with these monomers can be described in terms of the
Mayo-Lewis copolymerization equation (Eq.22) [123, 124]:

dM; _ [my](ri[my] + [my])

a5, [ma] ez ma] ) 22)

where M; refers to the amount of monomer i incorporated into the copolymer
at a time t, [m;] refers to the concentration of monomer i in the feed, r; and r,
are the monomer reactivity ratios for monomer 1 and monomer 2, respec-
tively, as defined in Eq. (23) using the kinetic parameters described in
Eqs. (24-27):

r = kn/klz I, = kzz/k21 (23)
S ki © (24)
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k
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It is assumed that the reactivity of the chain end depends only on the last unit
added to the chain end, i.e., there are no penultimate effects.

The Mayo-Lewis equation is general for all chain reaction polymerizations
regardless of whether the mechanism involves anionic, cationic, radical, or
organometallic reactive chain species; furthermore, it is independent of the
mode of termination of chain growth.

Because DPE cannot homopolymerize, its monomer reactivity ratio is zero,
i.e., ky»=0. When 1,1-diphenylethylene copolymerizes with styrene or dienes,
an alternating-type copolymer is obtained (r;r,=0) [125].

5.1
Copolymerization with Styrenes

A study of the copolymerization of 1,1-diphenylethylene and styrene (M,)
showed that an almost perfectly alternating copolymer was prepared in to-
luene at 30°C with n-butyllithium as initiator (r;=0.44, see Table5) [126].
When the temperature was changed to 0°C or 50°C, the reactivity ratio r;
changed only slightly to 0.47 and 0.55, respectively. Thus, it seems that the
reactivity ratio r; is relatively independent of temperature. These results show
that, with respect to addition to poly(styryl)lithium, 1,1-diphenylethylene is
more reactive than styrene by a factor of approximately two in hydrocarbon
solution. This is the same relative reactivity for DPE vs styrene that was de-
duced from the rate constants for addition of n-butyllithium [23, 41] (see
Sect.2.1.2). When copolymerizations of styrene and DPE were performed in
THE, the monomer reactivity ratio for styrene was reduced as shown in Ta-
ble 5. Thus, in THF 1,1-diphenylethylene is 4.8 times more reactive than styr-
ene with respect to addition to poly(styryl)lithium chain ends. It is note-
worthy that the softening points of the resulting alternating styrene-DPE co-
polymers were in the range of 169-175°C when the ratio of styrene/DPE was
in the range of 1.1-1.3 [126]. Trepka [127] reported that styrene/DPE copoly-
mers with softening temperatures of 182°C could be obtained. When DPE/
styrene end blocks were incorporated into ABA triblock copolymers with buta-
diene center blocks, thermoplastic elastomers with significantly greater tensile
properties and a higher upper use temperature were obtained.

Table5. Styrene monomer reactivity ratios for copolymerizations of styrene (M,) with
1,1-diphenylethylene using n-butyllithium as initiator [126]

Solvent Temperature, °C I
Toluene 0 0.47
30 0.44
50 0.55
Benzene 30 0.71
Hexane 30 0.63

THF 30 0.13
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Table 6. Monomer reactivity ratios (r;) for copolymerization of substituted styrenes (M,)
with 1,1-diphenylethylene using n-butyllithium as initiator [125, 129, 130]

M, r; in THF (0°C) r, in benzene (40°C)
Styrene 0.13 0.44
o-Methylstyrene 0.17 2.7
o-Methoxystyrene ~0 20
p-Methoxystyrene ~0 <0.3
m-Methoxystyrene 0.26 8.7
m-Divinylbenzene 1.2* 2.5°
p-Divinylbenzene 2.8° 16°

* -78°C.

® Toluene at -20°C.

Ureta et al. [128] reported that the kinetics of copolymerization of styrene
and DPE with sodium as counterion in THF were complicated by the reversi-
bility of the addition of styrene to the polymeric 1,1-diphenylmethyl carba-
nion as shown in Eq. (28):

o k21 a
wwiM” 4 Mg > e My My (28)
<
kr

The apparent rate constant was k,;=0.5-0.71/mol s and the equilibrium con-
stant was K,,=5x10721/mol.

Yuki and Okamoto [129] investigated the copolymerization of ring-substi-
tuted styrenes with 1,1-diphenylethylene and the results are summarized in
Table 6 [125]. Highly alternating copolymers were obtained for all monomers
in THE However, in benzene the ortho- and meta-substituted styrenes exhib-
ited much larger monomer reactivity ratios. These results suggest that, with
these substitution patterns, steric effects of the substituents with the incoming
1,1-diphenylethylene retard crossover relative to addition of the substituted
styrene monomer to the chain end. The relatively large monomer reactivity
ratio for o-methoxystyrene in benzene has been ascribed to coordination of
the methoxy group of the incoming monomer with the lithium counterion at
the chain end as illustrated schematically in 14 below. Consistent with intra-
molecular coordination is the fact that highly isotactic poly(o-methoxystyr-
ene) is obtained in toluene at low temperatures [131].

Hatada and coworkers [130, 132] have investigated the copolymerization of
divinylbenzenes with 1,1-diphenylethylene and the monomer reactivity ratios
are listed in Table 6. Using ratios of DVB/DPE=0.5 in THF at -78 °C, soluble
copolymers could be obtained with compositions of DVB/DPE=1.2-1.4. The
monomer reactivity ratios in Table6 suggest that a more highly alternating
polymer structure will be obtained with meta-DVB compared to para-DVB.
The resulting polymers were reacted with butyllithium at -78°C in THF to
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form anionic sites which were used to initiate graft copolymerization of
methyl methacrylate.

5.2
Copolymerization with Dienes

Studies of the copolymerizations of 1,1-diphenylethylene and dienes showed
rather different behavior compared with the copolymerizations of styrene and
1,1-diphenylethylene [125, 133-136]. The monomer reactivity ratios for copo-
lymerizations of dienes with DPE are shown in Table 7. When butadiene was
copolymerized with 1,1-diphenylethylene in benzene at 40°C with n-butyl-
lithium as initiator, the monomer reactivity ratio for butadiene, r;, was 54;
this means that the addition of butadiene to the butadienyl anion is 54 times
faster than addition of 1,1-diphenylethylene to the butadienyl anion [133].
This unreactivity of poly(butadienyl)lithium towards addition to DPE was also
observed in studies of end-capping of poly(butadienyl)lithium with DPE in
hydrocarbon solution (see Sect.3.3) [109, 111]. Because of this unfavorable
monomer reactivity ratio, few DPE units would be incorporated into the co-

Table7. Monomer reactivity ratios (r;) for the copolymerization of dienes (M,) and 1,1-
diphenylethylene using n-butyllithium as initiator [125, 133-136]

Monomers I

THF?* Benzene®
Butadiene 0.13 54
Isoprene 0.11 37
2,3-Dimethylbutadiene ~0° 0.23
2 At0°C.
b At40°C.

¢ At22°C.
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polymer in hydrocarbon solution with lithium as counterion. It is interesting
to note that this unreactivity of butadienyl carbanions toward DPE is unique
to lithium; the monomer reactivity ratios for butadiene in benzene were 0.71
and 0.10 with sodium and potassium as the counterions [125, 133]. Thus, with
sodium or potassium as counterions, DPE is more reactive than butadiene
with respect to addition to butadienyl carbanionic chain ends. When THF
was used as solvent at 0°C with lithium as counterion, r; decreased to 0.13.
Thus, in THF a highly alternating copolymer structure would be expected.

This lack of copolymerization reactivity of DPE was also observed for the
copolymerization of 1,1-diphenylethylene and isoprene [125, 134]. As shown
in Table7, when isoprene was copolymerized with DPE in benzene using -
butyllithium as initiator, the monomer reactivity ratio was 37, which indicates
that the addition of isoprene to the isoprenyllithium chain end is 37 times
faster than the addition of 1,1-diphenylethylene. The unreactivity of isoprenyl
carbanions toward DPE is unique to lithium; the monomer reactivity ratios
for isoprene in benzene were 0.38 and 0.05 with sodium and potassium as
the counterions [125, 134]. When THF was used as the solvent at 0°C, r; de-
creased to 0.11 with lithium as counterion.

Surprising results were obtained for the copolymerization of 2,3-dimethyl-
butadiene and 1,1-diphenylethylene [125, 135, 136]. When these two mono-
mers were copolymerized in benzene at 40 °C with n-butyllithium as initiator,
the reactivity ratio for 2,3-dimethylbutadiene, r;, was 0.23, while in THF at
22°C, r; decreased to about 0 (see Table 7). These results show that, with in-
creased steric requirements in the 1,3-diene, the r; value decreases dramati-
cally and DPE is preferentially added compared to the hindered diene, 2,3-
dimethylbutadiene. One of the main factors affecting the reactivity of organo-
lithium compounds is the degree of aggregation; it has been found that less
aggregated organolithium compounds are more reactive [3, 19]. In general,
more sterically hindered organolithiums are less aggregated. Therefore, it is
possible that poly(2,3-dimethylbutadienyl)lithium has either a lower degree
of aggregation or weaker aggregation than poly(butadienyl)lithium or poly(i-
soprenyl)lithium; this would explain the dramatic increase in reactivity in hy-
drocarbon solution.

One of the most surprising aspects of the copolymerizations of dienes with
1,1-diphenylethylene is the diene stereochemistry of the highly alternating co-
polymers formed in tetrahydrofuran with butyllithium as initiator [125, 133].
In general, high 1,4-diene microstructure is only observed for lithium as
counterion in hydrocarbon solution [3, 81]. However, diene/DPE copolymers
exhibit much higher 1,4-diene microstructures in tetrahydrofuran than the
corresponding diene homopolymers under the same conditions as shown in
Table 8 [125, 133]. For example, while polybutadiene prepared in THF contains
81% 1,2-enchainment, the corresponding DPE copolymer exhibits 70% 1,4-en-
chainment. Similarly, while polyisoprene prepared in THF contains 71% 3,4-
enchainment, the corresponding DPE copolymer exhibits 83% 1,4-enchain-
ment. A similar trend was observed for 2,3-dimethyl-1,3-butadiene where the
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Table 8. Diene microstructure in homopolymers and alternating copolymers with 1,1-di-
phenylethylene obtained using n-butyllithium as initiator in THF [125, 133]

Diene Diene homopolymer Alternating copolymer
microstructure microstructure

(mol %) (mol %)

1,2- 1,4- 3,4- 1,2- 1,4- 3,4-
1,3-Butadiene 82 18 - 30 70 -
Isoprene 29 ~0 71 ~0 83 17
2,3-Dimethyl-1,3-butadiene 49 51 - 0 100 -
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Scheme 9.

copolymer contains essentially all 1,4-units. Yuki [125] has proposed that the
microstructure of diene units in the corresponding alternating DPE copoly-
mer is controlled by steric factors. The competing reactions are illustrated in
Scheme 9. It would be reasonable to expect that the diphenylmethyl group in
the penultimate unit would tend to hinder sterically approach of the incoming
monomer to form the 1,2-diene unit relative to attack at the less hindered
terminal methylene unit. In addition, this steric congestion is exacerbated by
the steric requirements of the incoming 1,1-diphenylethylene unit in this alter-
nating copolymerization.
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6
Anionic Functionalization Chemistry of 1,1-Diphenylethylenes

6.1
Introduction to Anionic Functionalization Reactions

The methodology of living anionic polymerization, especially alkyllithium-in-
itiated polymerizations of styrene and diene monomers, is particularly suita-
ble for the synthesis of functionalized polymers with well-defined structures
[3, 137]. Since these living polymerizations generate stable, anionic polymer
chain ends (PLi) when all of the monomer has been consumed, post-polymer-
ization reactions with a variety of electrophilic species (X-Y) can be used to
generate polymers with a diverse array of functional end groups (P-X) as illu-
strated in Eq. (29) [8]:

PLi + X-Y — P-X + LiY (29)

The literature abounds with tabular and text descriptions of functionalization
reactions for living polymeric carbanions with a variety of electrophilic spe-
cies [2, 19, 138-140]. Unfortunately, many of these functionalization reactions
have not been adequately characterized or optimized for general utility [3, 8,
137]. Furthermore, different, specific functionalization reactions are generally
required for each different functional group. Thus, it is necessary to develop,
analyze, and optimize new procedures for each different functional group.
One factor which has been found to promote efficient chain-end functionali-
zation for a variety of systems is the conversion of the polymeric organo-
lithium chain ends to the corresponding 1,1-diphenylalkyllithium chain ends
by reaction with 1,1-diphenylethylene (see Eq. 13) as discussed in the follow-
ing section.

6.2
Applications of 1,1-Diphenylethylene in Specific Functionalization Reactions

6.2.1
Carbonation

The limitations of the anionic polymerization methodology of using specific
functionalization reactions to prepare chain-end functionalized polymers can
be clearly illustrated by the carbonation reaction. The carbonation of poly-
meric carbanions using carbon dioxide is one of the most useful and widely
used functionalization reactions. However, the direct carbonation of poly-
meric organolithium compounds is not an efficient reaction [3, 137]. For ex-
ample, when carbonations with high-purity, gaseous carbon dioxide are car-
ried out in benzene solution at room temperature using standard high va-
cuum techniques, the carboxylated polymers are obtained in only 27-66%
yields for poly(styryl)lithium, poly(isoprenyl)lithium, and poly(styrene-b-iso-
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prenyl)lithium [141]. The functionalized polymer is contaminated with di-
meric ketone (23-27%) and trimeric alcohol (7-50%) as shown in Eq. (30):

pLi “=™% PCO,H + P,CO + P;COH (30)

In order to optimize specific anionic functionalization reactions such as
carbonation with carbon dioxide, the effect of chain end structure (stability
and steric requirements) has often been investigated. The steric and electronic
nature of the anionic chain end and the chain-end aggregation can be modi-
fied by reaction with 1,1-diphenylethylene as shown in Eq.(13). When the
direct carbonation is effected in benzene at room temperature with the diphe-
nylalkyllithium species formed by addition of poly(styryl)lithium to 1,1-di-
phenylethylene (Eq.31), the carboxylated polymer can be isolated in 98%
yield compared to only a 47% yield for poly(styryl)lithium without end-cap-
ping under the same conditions [141]:

Fets T@Hs 1) COy 6Hs
PSLi + CH2=C\ — > PSCHyCLi —> PSCHyCCO,H (31)
CgHs é 2) H30*
65 6Hs5
6.2.2
Sulfonation

Another dramatic example of the usefulness of DPE end-capping of polymeric
organolithium compounds to promote efficient functionalization reactions is
the sulfonation reaction using sultones [142]. A careful examination of the
functionalization of poly(styryl)lithium with 1,3-propane sultone showed that
the corresponding sulfonated polymer (see Eq.32) was obtained in maximum
yields of only 30% and 53% in benzene or tetrahydrofuran, respectively [142]:

PSLi + @soz —> PSCHyCHyCH,SO57Li* (32)

It was proposed that the low yields of sulfonated polymer resulted from the
competing metalation reaction of poly(styryl)lithium with the acidic a-hydro-
gens of the sultone as shown in Eq. (33) [143]:

. ON O.
PSL|+§ SOZ—>PSH+< SOy (33>
[ST)
Li

When poly(styryl)lithium was end-capped with 1,1-diphenylethylene prior to
sulfonation with the sultone, the corresponding sulfonated polymer was ob-
tained in 93% yield (Scheme 10). Both the increased steric requirements of
the chain end and the more stable 1,1-diphenylalkyllithium chain end appar-
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CeHs 6H5
PSLi + CHy=—C —> PSCHCLi

CeHs CeHs

l @SOZ

CeHs

PSCI-Izj?(CHz)3SO3Li
CeHs
Scheme 10.

ently contributed to the decreased reactivity toward the competing metalation
side reaction compared with ring-opening to form the functionalized polymer.
These procedures have been applied to the synthesis of o,w-disulfonatopolys-
tyrenes [144]; the sulfonation yields were reported to be >95%.

6.2.3
Epoxide-Functionalized Macromonomers

The reaction of poly(styryl)lithium (PSLi) with epichlorohydrin (EPC) in ben-
zene produced the corresponding w-epoxide-functionalized polystyrene, 15,
in only 9% yield (Eq. 34); the main product corresponded to dimeric species
(70%) and ring-opened products [145]:

O 0
PSLi + Cl—CHy—= ——> ps—CHy— 4 (34)
15

The most efficient synthesis of an epoxide-functionalized macromonomer
(97% yield, no dimer) was obtained by first end-capping poly(styryl)lithium
with 1,1-diphenylethylene as shown in Scheme 11. The decreased reactivity
and increased steric requirements of the diphenylalkyllithium chain end pro-
moted selectivity and decreased the formation of dimer in this epoxide func-
tionalization reaction.

Because of the limitations of specific electrophilic functionalization reac-
tions, there has been a need to develop general functionalization reactions
which proceed efficiently to introduce a variety of different functional groups.
One of the most useful general functionalization reactions which has been
developed is the use of ring-substituted 1,1-diphenylethylenes as described in
the following section.
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PSCHyC —CHy—4—
CeHs

Scheme 11.

6.3
General Aspects of Anionic Functionalization Chemistry with 1,1-Diphenylethylenes

The reaction of polymeric organolithium compounds with substituted 1,1-di-
phenylethylene derivatives (16) has been shown to be an excellent methodol-
ogy for anionic synthesis of chain-end functionalized polymers (18) (Eq. 35)

CGH5 CeHs
C6H5 ROH

PLi +CHy = PCHZCLI —> PCHZCH
(35)

because:

1. These addition reactions are simple and quantitative

2. Only monoaddition, i.e., no oligomerization has been reported using stoi-
chiometric concentrations

3. The rate and efficiency of the crossover reaction can be monitored by ultra-
violet-visible spectroscopy

4. Copolymerization of substituted 1,1-diphenylethylene derivatives with
other monomers will result in polymers with multiple functional groups
along the polymer chain

5. These addition reactions take place readily in hydrocarbon solution at
room temperature and above

6. A variety of substituted 1,1-diphenylethylenes with functional groups on
the aromatic ring can be prepared readily [3, 137, 146, 147].
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Unlike most electrophilic functionalization reactions, this reaction is not a
termination reaction. The product of the addition reaction of a simple or poly-
meric organolithium compound to a substituted 1,1-diphenylethylene is a car-
banionic species (1,1-diphenylalkyllithium; see 17 in Eq. 35) which can initiate
anionic polymerization of an additional monomer such as isoprene [49] or
methyl methacrylate [46-48] to extend the chain or form a new block as dis-
cussed in Sect.2.3. Thus, this procedure can be described as a living functio-

H.
C6H5 6 5
RLi +CH2—C\ I RCHZCLI

%9

CeHs CeHs
nM2 ROH
aMe 21 2
19 RCH,C—P2Li —> RCH,C— P2H

X 0 x
Scheme 12.
CgH
CgHs C6H5 615
PlLi + CHy=C R PICHQ Li—> PICH2C P2Li
AN
l ROH
6Hs

PlCH,G—P2H

Scheme 13. 22
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nalization reaction. Consequently, this method can be used to prepare poly-
mers with functional groups at the initiating end (o) of the polymer chain (20
in Scheme 12) by reaction of a substituted 1,1-diphenylethylene with an alkyl-
lithium compound (RLi) to form the corresponding functionalized initiator,
19. Functional groups can also be inserted within the polymer chain (22 in
Scheme 13), for example, at the junction between two blocks. Thus, the 1,1-
diphenylethylene functionalization methodology provides a versatile, general
anionic functionalization procedure with which one can rationally design and
place functional groups at essentially any position in a polymer molecule.
Furthermore, this methodology can be used to synthesize polymers with two
or more functional groups by utilizing 1,1-diphenylethylene derivatives which
contains two or more functional groups. By analogy with the monofunctional
chemistry described in Eq.(35) and Schemes12 and 13, these functional
groups can be located at the initiating chain end, within the polymer chain
or at the terminating chain end as exemplified in Eq. (36) for terminal difunc-
tionalization, where X and Y can either be the same or different functional
groups [148]:

g ¢, 9

PLi +CH2=C\ —> PCHyCLi —> PCH,CH (36)

e q

The a,0- or m,m-difunctional products of these functionalization reactions
can behave as macromolecular monomers for condensation-type copolymeri-
zation reactions to form comb-type graft copolymers [149-151].

The following sections describe the applications of substituted 1,1-dipheny-
lethylene chemistry for the preparation of phenol, amino, and carboxyl func-
tionalized polymers as well as for the preparation of polymers with aromatic
functional groups which provide fluorescent labels. These examples show that
anionic functionalization chemistry utilizing substituted 1,1-diphenylethy-
lenes as outlined herein provides a versatile and general functionalization
methodology for quantitative introduction of functional groups at the chain
ends and within the polymer chain by design.

6.3.1
Protecting Groups

Because many functional groups of interest (e.g., hydroxyl, carboxyl, amino)
are not stable in the presence of either simple or polymeric organolithium
reagents, it is generally necessary to use suitable protecting groups for the
substituted 1,1-diphenylethylene functionalizing agents [152]. Fortunately,
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protecting groups for a wide variety of functional groups have been developed
for applications in anionic polymerization chemistry [79, 153-157]. However,
many of the previous applications of these protecting groups involved low
temperatures (e.g., -78 °C) in polar solvents such as tetrahydrofuran (THF)
and counterions other than lithium [155, 156]. It was thus necessary to deter-
mine the suitability of many of these protecting groups for use with organo-
lithium compounds in hydrocarbon solution at room temperature and above,
i.e., under conditions which promote chain end stability and high 1,4-poly-
diene stereospecificity.

6.3.2
Phenol Functionality

The first application of this methodology was directed to the preparation of
phenol-terminated polymers [148, 158]. The tert-butyldimethylsilyl-protecting
group was chosen for the aromatic hydroxyl group based on the previous re-
sults reported by Nakahama and coworkers [155, 156, 159]. The addition of
poly(styryDlithium to 1-(4-tert-butyldimethylsiloxyphenyl)-1-phenylethylene
(24) (0.2 molar excess) in benzene at room temperature was monitored by
the appearance of a ultraviolet-visible absorption at 406 nm; complete addi-
tion required three days at room temperature.

The corresponding reaction with DPE was completed in a matter of hours
[109]. The reduced rate of addition to the siloxyl-substituted DPE is consistent
with the Hammett p value of +1.8 for these reactions [95] as discussed in
Sect.3.2.1. The phenol-end-functionalized polystyrenes were obtained in
>99% yield after hydrolysis with 1% HCI in tetrahydrofuran under reflux for
3 h. The efficiency of these functionalization reactions was evaluated by end-
group titration, elemental analyses, '"H NMR and '>*CNMR analyses, as well as
by thin-layer chromatography. All of the available evidence suggested that this
is an essentially quantitative functionalization reaction; <1% unfunctionalized
polystyrene was formed. It is noteworthy that Heitz and Hocker [148] have
carried out similar functionalizations using 1,1-(4,4’-dimethoxyphenyl)ethy-
lene.

CgH
ey
—
K@k
OSIC(CHy)3
24
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6.3.3
Tertiary Amine Functionality

In an analogous fashion, 1-(4-dimethyl-aminophenyl)-1-phenylethylene (25)
was used to prepare amine- terminated polymers [50, 160, 161].

The reaction of poly(styryl)lithium in benzene solution with 25 (0.2 molar
excess) was monitored by ultraviolet-visible spectroscopy at 406 nm; a period
of three days was required for complete addition at room temperature. After
methanol termination, the ®-dimethylamino-terminated polystyrene was ob-
tained in >99% yields (<1% unfunctionalized polystyrene was detected) [50].
Similarly, the functionalization of poly(butadienyl)lithium in benzene was ef-
fected in the presence of THF ([THF]/[PBDLi]=21) to form the corresponding
w-dimethylamino-functionalized polybutadiene with a functionality of 0.94
and high 1,4-microstructure (90.5%) [160]. It is noteworthy that in the ab-
sence of THE no addition of poly(butadienyl)lithium to 25 was detected by
UV spectroscopy; this is in accord with the unreactivity of poly(dienyl)lithium
compounds with respect to addition to 1,1-diphenylethylenes (see also
Sect. 3.3). Telechelic o, w-bis(dimethylamino)-terminated polystyrene was pre-
pared by first reacting sec-butyllithium in benzene with a stoichiometric
amount of 25 to form an amine-functionalized initiator, 26; o-dimethylamino-
poly(styryDlithium, 27, was prepared by initiating styrene polymerization
with 26 as shown in Scheme 14. An aliquot of 27 was removed from the reactor
and terminated with methanol to form the corresponding o-dimethylamino-
functionalized polystyrene, 28. This polymer exhibited an amine functionality
of 1.2 as determined by amine end group titration. The remainder of the living
polymer, 27, was then functionalized by addition of 25 to form the corre-
sponding o,w-dimethyl-aminopolystyrene, 29, after methanol termination as
shown in Scheme 14. The SEC chromatograms of both the o-dimethylamino-
polystyrene and the o,w-bis(dimethylamino)polystyrene exhibited narrow
molecular weight distributions (M,,/M,=1.04) [50]. These narrow molecular
weight distributions indicate that the amine-functionalized initiator, 26, initi-
ates styrene polymerization at a rate which is competitive with or faster than
propagation [82], a requisite condition for a useful organolithium initiator
[80]. Furthermore, there was good agreement between the calculated molecu-
lar weight (M,=19,400) and the observed molecular weight (M,=20,500)
which indicates that the initiator, 26, is also an efficient initiator for styrene

- /C6H5

CHy—

25 N(CHg)»
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CeH CeHs
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n styrene .
C4HoLi +CH2=c\ — > C4HyCHyCLi — > C4HoCHyC—PSLi

25 N(CH3),

26 N(CHz) 27 N(CHy)
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ROH
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25 “N(CHz)y @
29 N(CHz)p N(CH3),

Scheme 14.

polymerization. The amine group functionality of this telechelic polymer was
2.1 as determined by end-group titration [50].

The hydrocarbon-soluble, functionalized initiator, 26, has also been used to
prepare o-4-dimethylaminophenyl-functionalized polybutadiene in cyclohex-
ane with 90.5% 1,4-microstructure [160]. The initiator was efficient for buta-
diene polymerization since there was good agreement between the calculated
molecular weight (M,=259,500) and the observed molecular weight
(M,=265,000). The molecular weight distribution determined by SEC was nar-
row (My/M,=1.04), indicating that the initiator initiates at a rate which is
competitive with or faster than propagation for butadiene. A functionality of
0.93 for this high molecular weight polybutadiene was determined by UV-visi-
ble spectroscopy using the absorptions at A;,,x=262 and 303 nm. The ability to
determine the functionality for high molecular weight polydienes by UV-visi-
ble spectroscopy is an added advantage of this 1,1-diphenylethylene functio-
nalization methodology.

Kim and coworkers [162] have recently prepared 1,1-bis[4-dimethylamino-
phenyl]ethylene and used this difunctional diphenylethylene to prepare o.,0'-
diaminopolystyrene, o,/ -diaminopolystyrene, o,0,®,0’'-tetraaminopolystyr-
ene, 0,0/-diaminopolyisoprene, and o,0/,®,0'-tetraaminopolyisoprene using
analogous chemistry to that shown in Scheme 14.
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The ability to place functional groups within polymer chains was demon-
strated by first functionalizing poly(styryl)lithium with 25 to form the func-
tionalized, living polymer, 30, followed by chain extension with butadiene to
form a diblock polymer, poly(styrene-block-butadiene), 32, with the dimethy-
lamino functional group at the interface between the blocks after termination
as shown in Scheme 15 [50]. The block copolymer, 32, exhibited good agree-
ment between the calculated molecular weight (M,=20,800), the molecular
weight from membrane osmometry (M,=21,300), and end-group titration
(M,=21,900). SEC analysis showed that the molecular weight distribution
was narrow (M,,/M,=1.01). These results show that functionalized diphenyla-
kyllithiums with electron-donating substituents are effective initiators for an-
ionic polymerization of styrene and diene monomers, i.e., polymers with pre-
dictable molecular weights and narrow molecular weight distributions are ob-
tained.

The functionalized initiator, 26, has also been used to initiate polymeriza-
tion of methyl methacrylate in THF at -78°C to form the corresponding o-
dimethylamino-functionalized poly(methyl methacrylate), 34, as shown in
Scheme 16 [50]. The resulting o-dimethylamino-poly(methyl methacrylate)
with 82% syndiotactic diads exhibited a narrow molecular weight distribution
as determined by SEC analysis (M,,/M,=1.06) and the amine functionality was
1.0 as determined by end-group titration. A telechelic o,®-bis(dimethylami-
no)poly(methyl methacrylate) (35) was prepared by reacting living amine-
functionalized poly(methyl methacrylate)lithium enolate (33) with a one-half
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molar equivalent of o,0/-dibromoxylene at -78°C as shown in Scheme 16
[163]. The coupling efficiency to form the telechelic polymer (35) was 94%
as determined by SEC analysis. The pure telechelic polymer was isolated by
fractionation and exhibited a narrow molecular weight distribution (M,/
M,=1.06) and the amine functionality was 2.0 as determined by amine end-
group titration.

6.3.4
Primary Amine Functionality

o-Primary amine-functionalized polystyrenes, 38, were synthesized by react-
ing poly(styryl)lithium with 1-[4-[N,N-bis(trimethylsilyl)amino]phenyl]-1-
phenylethylene, 36, in benzene at room temperature followed by acid-cata-
lyzed hydrolysis and neutralization as shown in Scheme 17 [164]. The isolated
amine-functionalized polymer had an amine functionality of 98.5%. Charac-
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terization by 'HNMR, ?’CNMR, and FTIR spectroscopy was consistent with
the presence of the primary aromatic amine functionality; less than 0.5 wt %
of the unfunctionalized polymer was isolated by column chromatography. It is
noteworthy that the addition of poly(styryl)lithium to 36 (0.3 molar excess)
was complete within 6 h at 25°C. This can be compared with the rate of addi-
tion to 1,1-diphenylethylene, to 1-(4-tert-butyldimethylsiloxy-phenyl)-1-phe-
nylethylene (24), and 1-(4-dimethylamino-phenyl)-1-phenylethylene (25)
which required 6h [109], 3 days [158] and more than 48 h [50], respectively,
to go to completion. The comparable reactivity of 36 to 1,1-diphenylethylene
is not in accord with expectations based on the Hammett p value of +1.8 for
addition of poly(styryl)lithium to substituted DPEs [95]. These results suggest
that the bis(trimethylsilyl)amine group has reduced electron-donating charac-
ter compared to the corresponding amine group [164].

Telechelic o,m-bis(amino)-terminated polystyrene (41, Scheme 18) was pre-
pared by first reacting sec-butyllithium in benzene with 36 to form the corre-
sponding amine-functionalized initiator, 39 [165]. This addition reaction was
complete in 1.5h, once again consistent with the reduced electron-donating
character of the bis(trimethylsilyl)amine group. o-Bis(trimethylsilyl)amino-
poly(styryl)lithium (40) was prepared by initiating styrene polymerization
with initiator 39 in benzene. An aliquot of 40 was removed from the reactor
and characterized. The resulting o-bis(trimethylsilyl)aminopolystyrene exhib-
ited a narrow molecular weight distribution (M,,/M,=1.08) and good agree-
ment between calculated and observed number average molecular weights.
These results indicate that the silylamine-functionalized initiator, 39, initiates
styrene polymerization at a rate which is competitive with or faster than pro-
pagation and that this initiator is also an efficient initiator for styrene poly-
merization. The functionalities of the amine-terminated polymers ranged be-
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tween 89-94% as determined by end-group titration. However, analysis of the
functionalized polymers by both TLC and column chromatography indicated
that the amount of non-functional polymer was <2wt % for the monofunc-
tional derivative, 38, and the amount of monofunctional impurity in the di-
functional polymer, 41, was approximately 3 wt % [165].

6.3.5
Carboxyl Functionality

The use of substituted 1,1-diphenylethylenes to prepare end-functionalized
polymers has also been utilized to prepare carboxyl-functionalized polymers.
The carboxyl functionality has been protected using the oxazoline group
[166]. However, the oxazoline-substituted 1,1-diphenylethylene (42) was not
stable to the anionic chain end at room temperature [167]. Therefore, the
functionalization reaction was effected in toluene/THF mixtures (4/1, v/v) at
-78°C to produce the carboxyl-functionalized polymer (44) in quantitative
yield after acid hydrolysis as shown in Scheme 19. Quantitative formation of
the oxazolyl-functionalized polystyrene (43) was determined by elemental
analysis of the polymer.

The carboxyl group has also been protected using the diisopropylamide de-
rivative [168]. It was found that the diisopropylamide group in 45 was not
stable to the organolithium chain ends at room temperature [169]. Therefore,
the functionalization reaction was effected in toluene/THF mixtures, (4/1, v/v)
at -78°C to produce the amide-functionalized polystyrenes in 92-100% yields
as shown in Scheme 20. Although it was somewhat difficult to hydrolyze the
amide, heating under reflux in toluene with toluenesulfonic acid was found to
be effective in generating the carboxyl-functionalized polymers [169].
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6.3.6

Condensation Macromonomers: Diphenol Functionality

Another advantage of the 1,1-diphenylethylene functionalization methodology
is that it can be used to prepare condensation macromonomers, 47, which are
polymers with two polymerizable functional groups at one chain end.

This type of macromonomer can participate in step-growth (condensation)
polymerization with other difunctional monomers to form model comb-type,
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branched condensation copolymers [149-151]. ®,w'-Diphenolpolystyrenes,
50, were synthesized in quantitative yields by reacting poly(styryl)lithium
with 1,1-bis(4-tert-butyldimethylsiloxyphenyl)ethylene, 48, followed by
methanol termination and hydrolysis with dilute acid as shown in Scheme 21
[170]. No unfunctional polystyrene was detected by TLC analysis of the func-
tionalized polymers (49, 50) which were also characterized by end-group titra-
tion, UV-visible, 'H and *C NMR spectroscopy.

In accord with the Hammett p value of +1.8 for additions of poly(styryl)-
lithium with substituted 1,1-diphenylethylenes [95], the rate of addition of
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PSLi to 48 was retarded relative to DPE. The addition reaction in benzene
required 3-5days for completion as monitored by UV-visible spectroscopy.
The addition was accelerated in the presence of small amounts of THF
([THF]/[Li]=30) such that addition was complete in 12 h. Using the rate con-
stant for addition of PSLi to 48 [1.7x10> M "?57!], the sigma value (o) for
the tert-butyldimethylsiloxy substituent was calculated to be -0.3 compared to
the ¢ value of -0.46 calculated for this substituent determined from the ki-
netics of addition of PSLi to 24 under the same conditions [170]. The reduced
effectiveness with two substituents is consistent with the X-ray structural evi-
dence for diethyl ether solvated diphenylmethyllithiums which indicates that
one of the phenyl rings is distorted by an angle of 37° from coplanarity with
the other ring and the diphenylmethyl carbon [52] as discussed in Sect. 2.2.

6.3.7
Trimethylsilyl Group Labeling for Molecular Weight Measurements

Nakahama and coworkers [171-173] have developed the bis(4,4’-trimethylsi-
lyl)-substituted 1,1-diphenylethylene, 51, to generate the corresponding func-
tional initiators which were used to determine the molecular weights of the
resultant polymers by 'H NMR spectroscopy. For example, the polymerization
of 4-cyanostyrene was initiated with the adduct of 51 with butyllithium (52),
as well as the dipotassium dimer of 51 (54, Eq. 37),

(CH)3S  (CHg)3S

2 Naphk + 251 —> KCCHy—CHpCK (37)

9.0

(CH3)3S  (CHg)3Si

to form the corresponding labeled polymer (53) as shown in Scheme 22. All of
these reactions were performed at -78 °C in THEF. In general, the correspond-
ing polymers exhibited good agreement between calculated and observed
number average molecular weights (determined by 'H NMR) and narrow mo-
lecular weight distributions. These results indicate that the trimethylsilyl-sub-
stituted 1,1-diphenylalkyl anion initiators are efficient and initiate polymeri-
zation at rates which are competitive with propagation. The authors have uti-
lized the sharp signal from the 18 (or 36) trimethylsilyl protons to determine
molecular weights as high as 122,000 [172]; at least, the precision of these
"HNMR results is questionable.
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Scheme 22.

6.3.8
Fluorescent Group Labeling

Anionic functionalization methodology based on addition reactions to 1,1-di-
phenylethylenes can also be utilized for the preparation of polymers labeled
with fluorescent groups by reactions with 1-phenyl-1-arylethylenes. Thus,
poly(styryl)lithium was quantitatively labeled with a fluorescent naphthalene
end group (see 56) via the reaction with 1-(2-naphthyl)-1-phenylethylene (55)
as shown in Eq. (38) [174]:

C6H5 CgHg CH3OH CeHs
—>

The addition reaction was completed in 8 h using a 0.1 molar excess of 55. The
adduct of 1-(1-naphthyl)-1-phenylethylene with butyllithium (57) was used to
initiate the anionic polymerization of methyl methacrylate at -78 °C in THF;



Applications of 1,1-Diphenylethylene Chemistry in Anionic Synthesis . . . 119

CeHs

C4HgCHoCLIi

" Q0

the degree of labeling was reported to be 93% [175]; a more recent study con-
cludes that essentially quantitative labeling can be obtained with this method
[176]. The molecular weight distribution of the resulting PMMA was reported
to be narrow (M,/M,=1.07), indicating that crossover to methyl methacrylate
is competitive with propagation under these conditions. The initiator 57 has
been used to prepare a-(1-naphthalene)-labeled poly(trimethylsilyl methacry-
late) using analogous procedures [177].

This method has also been utilized for the preparation of pyrene end-la-
beled polymers [178] as shown in Eq. (39):

CeHg CeHs
_ | CH30H |
PLi + CH—C —>» —> PCHyCH

& &

Spectroscopic analyses [Ap.c (dioxane) 330, 346 nm;'H and *CNMR] indi-
cated that these reactions proceed quantitatively to produce the polymers with
pyrene fluorescent labels. The addition of poly(styryl)lithium with 58 (0.2 mo-
lar excess) was completed in approximately 1h. In contrast, it was estimated
that the addition of poly(butadienyl)lithium to 58 would require 1.5 months
for completion at 25°C. This is consistent with the unreactivity of poly(die-
nyl)lithiums with DPE as discussed previously in Sects 3.3 and 5.2. It was ne-
cessary to add a small amount of THF ([THF]/[Li]=12.3) to obtain a reason-
able rate of addition; less than 2 h was required in the presence of THF [178].

The adduct of sec-butyllithium and a 0.2 molar excess of 1-(9-phenanthryl)-
1-phenylethylene (59) has been used at -78 °C in THF to prepare o-phenan-
threne-labeled poly(methyl methacrylates) [179]. Unfortunately, the initiator
efficiency was only 80-88% for this initiator; consequently, the observed num-
ber average molecular weights were higher than the calculated values.
Although the labeling efficiency calculated by UV-visible spectroscopy ranged
from 0.90 to 0.99, the authors concluded that it was highly probable that all of
the polymer chains were labeled with the fluorescent group [179].
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Since this fluorescent labeling methodology is a living functionalization re-
action, the resulting living fluorescent-labeled polymers can be used to initiate
the polymerization of a second monomer to produce a block copolymer with
the label at the block interface as discussed previously. For example, this pro-
cedure has been used to prepare polystyrene-block-poly(ethylene oxide) copo-
lymers with both pyrene (60) (see Scheme23) and naphthalene fluorescent
groups at the interface between the two blocks [180-182]. Lithium was used
as the counterion to prepare well-defined, quantitatively-ethylene oxide-func-
tionalized polystyrenes in benzene solution [183]. However, under these con-
ditions, it is not possible to polymerize ethylene oxide [183]. Therefore, it was
necessary to add either dimethylsulfoxide [180, 181] or a potassium alkoxide
[182] to promote ethylene oxide block formation as shown in Scheme 23.
These diblock copolymers were fractionated to obtain pure diblock copolymer

Scheme 23.
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(M, /M,=1.05-1.09). The fluorescent labels were incorporated essentially
quantitatively as determined by UV-visible spectroscopy, i.e., 98% for the pyr-
ene-labeled diblock (60) and 99% for the naphthalene-labeled diblock.

Riess and coworkers [184, 185] have prepared analogous anthracene- and
phenanthrene-labeled polystyrene-block-poly(ethylene oxide) polymers using
cumylpotassium as initiator in THE. The styrene polymerization and fluores-
cent-group labeling were performed in THF at -78 °C, followed by addition of
ethylene oxide and warming to room temperature. Unfortunately, this metho-
dology yielded diblock copolymers with relatively broad molecular weight
distributions (M,/M,=1.15-1.18). However, analysis of the fluorescent-group
labeling efficiency by UV-visible spectroscopy indicated that essentially all of
the copolymer chains were singly labeled.

The generality and efficiency of this fluorescent-labeling methodology has
been demonstrated by preparation of polystyrene-block-poly(tert-butyl acry-
late) [186] and polystyrene-block-poly(methyl methacrylate) [187] diblock co-
polymers with fluorescent groups at the block junctions.

6.3.9
Copolymerization with Substituted 1,1-Diphenylethylenes

The anionic copolymerization of substituted 1,1-diphenylethylene derivatives
with copolymerizable monomers (M) will result in polymers with multiple
functional groups along the polymer chain as illustrated in Eq. (40):

N(CH)2 N(CHg), N(CH3)2 (40)

N(CHg)>

The number of functional groups per polymer molecule can be controlled by
the monomer feed ratio and the molecular weight.

The anionic copolymerization of styrene and 1-(4-dimethylaminophenyl)-
1-phenylethylene in benzene has been investigated [188]. As discussed pre-
viously in Sect. 5, Yuki and coworkers [125, 126, 129, 133-136] have developed
the formalism for analyzing the kinetics of copolymerization of 1,1-dipheny-
lethylene (M,) with styrene and diene monomers (M;). It was assumed that
the 1,1-diphenylethylene derivative, M,, does not add to itself due to steric
effects, i.e., ky,=0, as discussed previously in Sect.5. Thus, the monomer re-
activity ratio for M, is zero, i.e., r,=Kk,/k,;=0. It was also assumed that the
styrene monomer is completely consumed at the end of the polymerization
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([M;]=0) and that M, is in excess, i.e., there is still unreacted 1-(4-dimethyla-
minophenyl)-1-phenylethylene after the copolymerization. The resulting co-
polymerization equation is shown in Eq.(41) where r; is not unity and
[M;]o, [M5]o and [M;], [M,] are the initial and final monomer concentrations,
respectively:

M 4 [ Mio }
I + == In| —— (r1-1) +1] =0 4
" ge (1D [ M2lo (41)

The copolymerization of styrene with a 0.5 molar excess of 1-(4-dimethyl-
aminophenyl)-1-phenylethylene produced a copolymer (M,=1.6x10*) with 24
amine groups per chain [188]. Analogously, the copolymerization of styrene
with a 2.6 molar excess of 1-(4-dimethylaminophenyl)-1-phenylethylene pro-
duced a copolymer (M,=3.8x10*) with 37 amine groups per chain. These co-
polymers did not move on TLC plates in toluene, i.e., R¢=0, due to the large
number of amine groups in the polymer molecules. The average value for r;
was determined to be 5.6, which means that styrene is 5.6 times as reactive as
the amine-substituted 1,1-diphenylethylene towards the poly(styryl)lithium
anion. The corresponding value of r, is 0.4 for the copolymerization of styrene
and 1,1-diphenylethylene in benzene at 30 °C [126]. These results are reason-
able, since the addition reaction of 1,1-diphenylethylene derivatives to poly(-
styryl)lithium in benzene at room temperature has a Hammett p value of +1.8
[95]. The crossover reaction rate of poly(styryl)lithium with 1-(4-dimethyla-
minophenyl)-1-phenylethylene (k;,) is expected to be much less than that of
poly(styryD)lithium to 1,1-diphenylethylene, due to the strong electron-donat-
ing effect of the dimethylamino group (6=-0.32) [104]. Thus, the monomer
reactivity ratio, r; (r;=k;;/k;,), is expected to be larger for the copolymeriza-
tion of styrene with 1-(4-dimethylaminophenyl)-1-phenylethylene than in the
copolymerization of styrene and 1,1-diphenylethylene as observed.

It was anticipated that the copolymerization of substituted 1,1-dipheny-
lethylenes with dienes such as butadiene and isoprene would be complicated
by the very unfavorable monomer reactivity ratio for the addition of poly(-
dienyl)lithium compounds to 1,1-diphenylethylene [133, 134]. Yuki and Oka-
moto [133, 134] calculated values of r;=54 and r;=29 in hydrocarbon solutions
for the copolymerization of 1,1-diphenylethylene (M,) with butadiene (M;)
and isoprene (M,), respectively. Although the corresponding values in THF
are ri(butadiene)=0.13 and r,(isoprene)=0.12, this would not be an acceptable
solution since THF is known to form polymers with high 1,2-microstructures
[3]. Anionic copolymerizations of butadiene (M;) with excess 1-(4-dimethyla-
mino-phenyl)-1-phenylethylene (M,) were conducted in benzene at room tem-
perature for 24-48 h using sec-butyllithium as initiator [189]. Anisole, triethy-
lamine and tert-butyl methyl ether were added in ratios of [B]/[RLi]=60, 20,
30, respectively, to promote copolymerization and minimize 1,2-enchainment
in the polybutadiene units. Narrow molecular weight distribution copolymers
with M,=14x10> to 32x10° (M,/M,=1.02-1.03) and 8, 12, and 30 amine
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groups per chain for anisole, triethylamine, and tert-butyl methyl ether, re-
spectively, were obtained. The butadiene monomer reactivity ratios (r;) and
microstructures (% of 1,2-) were 42 (14%), 33 (29%), and 14 (58%) for ani-
sole, triethylamine, and tert-butyl methyl ether, respectively. It was anticipated
that the addition of alkali metal (Mt) salts, e.g., alkoxides, at low levels
([MtOR]/[Li]<<1) would promote copolymerization without significant in-
creases in vinyl microstructure [3, 190, 191]. Copolymerizations of 1-(4-di-
methylaminophenyl)-1-phenylethylene (M,) with butadiene in the presence
of potassium fert-amyloxide ([KOR]/[Li]=0.025) readily incorporated amine
groups into the polybutadiene copolymer (r,=1.35) and the amount of 1,2-mi-
crostructure was only 28% [189].

6.3.10
Conclusions Regarding 1,1-Diphenylethylene Functionalizations

The addition reactions of simple and polymeric organolithium compounds
with substituted 1,1-diarylethylenes provide a general method for the synth-
esis of functionalized and labeled polymers. With this method in conjunction
with appropriate protecting groups and reaction conditions, a wide variety of
well-characterized, quantitatively functionalized, and labeled polymers and
copolymers can now be prepared with diverse molecular structures. Polymers
can be prepared with functional groups at the initiating chain end, at the ter-
minating chain end, within the polymer chain by copolymerization, and at the
junction between blocks.

7

Preparation of 1,1-Diphenylethylene-Functionalized Macromonomers
and their Applications for Synthesis of Heteroarm, Star-Branched
Polymers

Macromonomers are linear macromolecules carrying some polymerizable
functional group at their chain end; the polymerizable functional groups can
be at one chain end or at both chain ends [149-151, 192-194]. The important
feature of macromonomers is that they can undergo copolymerization with
other monomers by a variety of mechanisms to form comb-type, graft copo-
lymers as shown in Eq. (42):

y wwwww—X + MMy —> sz—x_Mz%
macromonomer A z
m>>y (42)

comb-type graft copolymer

Generally the polymerizable functional groups at the chain end of macromo-
nomers are vinyl groups (61).
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Macromonomers provide a unique method of preparing graft copolymers
with control of the branch structure. If a well-defined macromonomer can be
prepared with a low degree of compositional heterogeneity, then copolymeri-
zation of this macromonomer with other monomers will form a graft copoly-
mer in which the structure of the branches is also well defined. However, the
incorporation of the macromonomer will be controlled by the statistics of the
copolymerization process; thus, there will be compositional heterogeneity as-
sociated with the number of graft branches per molecule and the distribution
of the graft branches along the polymer backbone in the graft copolymer.

In principle, living anionic polymerization with a non-homopolymerizable
macromonomer can provide a method of preparing branched and graft poly-
mers with control of all of the structural parameters and with low degrees of
compositional heterogeneity as illustrated in Scheme 24 [3, 195]. Thus, living

R R R
17 : / pl ) nM! 1
P\Li+ H2C=K —> Pi—cmcLi —> PA—CHz|C—P113Li
p2 2
P 64 p2
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ROH
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p2 P2
67 \/

Macromonomer

Scheme 24.
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anionic polymerization will form the first (A) backbone segment, 62, which
will react with a non-homopolymerizable macromonomer to add only one
macromonomer unit to the chain end to form 63 and maintain the living nat-
ure of the polymerization. Addition of more backbone-forming monomers
(nM") will then generate a new (B) backbone segment whose length will be
defined by the ratio of the grams of monomer added to the moles of active
chain end of 63. The living anionic polymer 64 can then react with another
equivalent of non-homopolymerizable macromonomer to place another well-
defined graft branch at the precise point on the backbone defined by the B
segment length and form 65. Addition of more backbone-forming monomer
(mM") to the adduct 65 will then generate a new (C) backbone segment whose
length will be defined by the ratio of the grams of monomer added to the mole
of active chain end 65. At this point the whole sequence of macromonomer
followed by comonomer addition could be repeated to generate more graft
branches at specific locations along the backbone, or the living polymer (66)
could be terminated to form the precisely-defined graft copolymer (67) with
two grafted branches located at segment distances of A and A+B along the
polymer backbone.

It was deduced by several research groups that a macromonomer with a
1,1-diphenylethylene functional group could function as a useful non-homo-
polymerizable macromonomer for synthesis of well-defined, heteroarm star
and graft copolymers. The first 1,1-diphenylethylene macromonomer synth-
esis was reported by Isono and coworkers [196]. This macromonomer was
used to synthesize a hetero, three-armed star-branched polymer (72) with
polydimethylsiloxane, polystyrene and poly(tert-butyl methacrylate) arms as
shown in Scheme 25. The 1,1-diphenylethylene-functionalized polydimethylsi-
loxane (PDMS) macromonomer, 70, was prepared by polymerization of hex-
amethyltrisiloxane (D3) using the lithium salt of 69 as initiator. It was assumed
that 1,1-diphenylhexyllithium reacts only with the silanol group in 69 and
does not add to the 1,1-diphenylethylene group. This assumption was sup-
ported by the '"HNMR resonance spectrum of 70 that exhibited vinylidene
protons at § 5.48 ppm which when integrated relative to the methyl protons
in the dimethylsiloxane repeating units provided a number average molecular
weight which was in good agreement with the value determined by membrane
osmometry. Unfortunately, the molecular weight distributions for the DPE-
functionalized PDMS macromonomers were somewhat broad (M,,/M,=1.24-
1.3¢). For the reaction of poly(styryl)lithium with 70, it was assumed that PSLi
reacts only by addition to the 1,1-diphenylethylene unit and does not add to
the polydimethylsiloxane units. However, there is ample precedent for the re-
activity of organolithium compounds with alkoxysilanes [19] and the assump-
tion that these reactions do not occur is a severe fault of this procedure. It
would be expected that PSLi will attack the siloxane bonds in 70, which could
cause cleavage of the PDMS chain as well as multiple linking of PSLi with the
macromonomer. For the final step in this synthesis, the living adduct, 71, was
cooled in THF and used to initiate the polymerization of tert-butyl methacry-
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Scheme 25.

late to form the hetero, three-armed star-branched polymer, 72. An excess of
macromonomer was used and the resulting star-branched polymer, 72, exhib-
ited broad, multimodal molecular weight distributions. Fractionation pro-
vided samples with “fairly narrow molecular weight distributions”; however,
no specific characterization data other than relative "HNMR signal inten-
sities and the overall number average molecular weight (osmometry) was
provided.

The second reported synthesis and application of 1,1-diphenylethylene
macromonomers provided less ambiguous results and illustrated the potential
of these macromonomers in synthesis of well-defined, hetero, three-armed,
star-branched polymers [197, 198]. 1,1-Diphenylethylene-functionalized poly-
styrene macromonomers (74, 76) were prepared by the addition of poly(styr-
yDlithium with either 1,3-bis(1-phenylethenyl)benzene (73, MDDPE) [198] or
1,4-bis(1-phenylethenyl)benzene (75, PDDPE) [197] as shown in Egs. (43) and
(44):



Applications of 1,1-Diphenylethylene Chemistry in Anionic Synthesis . . . 127

PSLi + 1) -78°C PSCHy, H
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2) CH3OH
73 MDDPE

CeHs CHyPS
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2) CHgOH

CeHs
75 PDDPE

These syntheses were based on the observation fact that, although both
MDDPE and PDDPE react rapidly with two moles of simple or polymeric or-
ganolithium compounds in hydrocarbon solution to form the corresponding
dilithium adducts [3, 89,199-203], in THF monoaddition is reported. For ex-
ample, McGrath and coworkers [204] reported that the monoadduct of
MDDPE and sec-butyllithium could be prepared in THF at -78 °C. Similar ob-
servations have been confirmed by Ma [205] and Ikker and Méller [206].

The functionalities of these macromonomers could be determined by both
UV-visible spectroscopic analysis (Amqyx for DPE at 260 nm) and by '"HNMR
spectroscopy (vinylidene protons at & 5.4ppm). The functionality of the
macromonomer 74 (M,=3400) was estimated to be 0.6 by UV analysis and
0.83 by NMR; no dimer was observed by SEC analysis [198]. The stoichio-
metric addition of PSLi (M,,=16,000) occurred quantitatively with no residual
macromonomer observed by SEC [198].

It was found that the addition of PSLi with PDDPE (75) exhibited less ten-
dency to form the corresponding diadduct in both hydrocarbon solution and
in the presence of THF [197]. Presumably dimer formation is less favorable in
the case of the para-substituted PDDPE compared to the meta-substituted
MDDPE because the negative charge in the monoadduct can be delocalized
into all three aromatic rings and the remaining vinyl group in PDDPE but
not in MDDPE. For example, even with a fourfold excess of MDDPE, the addi-
tion of PSLi in benzene at room temperature produced the dimer in 87% yield
[197]. In contrast, with only a twofold excess of PDDPE, the reaction with PSLi
produced only 7% dimer [197]. At a temperature of 5-8 °C in benzene in the
presence of THF ([THF]/[Li]=20), the 1,1-DPE-functionalized polystyrene
macromonomer from PSLi (M,=5400) and 75 was obtained with a function-
ality of 98% ("HNMR and UV).
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For the synthesis of three-armed, heteroarm, star-branched polymers (see
Scheme 26), the first step involves the addition of a polymeric organolithium
compound, e.g., poly(styryl)lithium, with the 1,1-diphenylethylene-functiona-
lized polystyrene macromonomer, 76, to form the corresponding coupled pro-
duct, 77, a polymeric 1,1-diphenylalkyllithium [197, 207]. For stoichiometric
amounts of poly(styryl)lithium (M,=15,300) and macromonomer (M,=5400),
it was found that the efficiency of this coupling reaction is >96%. This result
also shows that the vinyl functionality of the macromonomer is >96%. Finally,
the third arm [M,(calc)=30,000] was formed by addition of monomer, e.g.,
styrene, in the presence of THF ([THF]/[Li]=20), to promote the crossover
reaction; this reaction was completed in 1.5h. SEC analyses of the heteroarm
star polymer product (78) showed that each of these steps proceeded effi-
ciently to give the expected products. Only relatively small amounts of non-
star products were observed by SEC; peaks were observed whose retention
volumes corresponded to a small amount of unreacted macromonomer (76)
and a small amount of polystyrene corresponding to the second arm (PS’Li).
A narrow molecular weight distribution star product (M,/M,=1.02) was easily
obtained by one fractionation step [197, 207]. The observed molecular weight
[M,(universal calibration)=55,400; M,(membrane osmometry)=>58,300]] was
somewhat larger than the calculated molecular weight [M,(calc)=50,700].

These procedures have also been applied to the synthesis of 1,1-dipheny-
lethylene-functionalized polybutadiene macromonomers (79) [208, 209]. The
general reaction scheme is shown in Eq. (45):
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It was found that it was necessary to utilize a fourfold excess of MDDPE (73)
at -78°C in order to obtain a polybutadiene macromonomer (79) with high
functionality (98-99% by UV spectroscopy) [209]. Under these conditions
(3.5h reaction time), the amount of dimer formation ranged from 1% to
2.8% as determined by SEC.

An alternative procedure has been utilized to prepare 1,1-diphenylethy-
lene-functionalized poly(ethylene oxide) macromonomers as shown in
Scheme 27 [210, 211]. This macromonomer (81) reacted quantitatively with
poly(styryl)lithium to form the corresponding living diblock copolymer ad-
duct. After cooling to 5°C, tert-butyl methacrylate was added and polymer-
ized for ca. 2h. After quenching with acidic methanol, the hetero, three-
armed, star-branched, ABC-type block copolymer was isolated. The molecular
weight determined by SEC (universal calibration; M,=19,500; M,/M,=1.14)
and by '"HNMR (M,=17,300) were somewhat higher than the calculated value
(M,=15,500) [211].

Using the silylamine-functionalized 1,1-diphenylalkyllithium initiator, 39,
to polymerize styrene, the corresponding functionalized poly(styryl)lithium,
40 (see Scheme 18), was reacted with MDDPE to form the silyl-amine-functio-
nalized, 1,1-diphenylethylene-functionalized polystyrene macromonomer (82)
as shown in Scheme 28 [212]. Less than 2% dimer formation was observed by
SEC.

Stadler and coworkers [213] have described another method for synthesis
of 1,1-diphenylethylene-functionalized polystyrene macromonomers (84) as

1)Mg/THF |
—_—
O QL »0p O 0
Br o 3) Hovmyo 80 (CHp)30H

1) (CgHz)3CK/THF

o0 A
s O 1O
81 (CHp)30[CH,CHyO],CHz

Scheme 27.
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shown in Scheme 29. Poly(styryl)lithium prepared in THF at -78 °C was first
end-capped with 1,1-diphenylethylene to reduce the reactivity and increase
the steric hindrance of the chain end to minimize addition to the 1,1-diphe-
nylethylene group in 83 and also to minimize lithium-halogen exchange [19].
The reaction of end-capped anion with excess 83 was rapid. The resulting 1,1-
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diphenylethylene-functionalized polystyrene macromonomer, 84, exhibited a
narrow molecular weight distribution (M,,/M,=1.03). The functionality was
reported to be quantitative by UV spectroscopic analysis. Poly(butadienyl)-
lithium was prepared in THF at -10 °C and reacted with 84 to form the corre-
sponding living diblock copolymer which was then used to initiate the poly-
merization of methyl methacrylate at -69 °C. The final product was contami-
nated with significant amounts of polystyrene, polybutadiene, the diblock,
and other unidentified impurities. After extraction, a very broad peak with a
long low molecular weight tail was obtained (M,,/M,=1.13).

Riess and coworkers [214, 215] have also developed a unique method to
synthesize heteroarm, ABC-type, three-armed, star-branched block copoly-
mers as shown in Scheme 30. Poly(styryl)potassium was reacted with a tert-
butyldimethylsiloxy-protected, hydroxyethylated 1,1-diphenylethylene (85) to
form a siloxy-functionalized polymeric 1,1-diphenylalkylpotassium (86), that
was then used to initiate polymerization of ethylene oxide as shown in
Scheme 30 [214]. Samples of the diblock copolymers, 87, exhibited rather
broad molecular weight distributions (M,/M,=1.15-1.16). After removal of
the protecting group with tetrabutylammonium fluoride the corresponding
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alkoxide was used to initiated the polymerization of €-caprolactone to form
the corresponding heteroarm, star-branched polymer (88) with polystyrene
(PS), poly(ethylene oxide) (PEO), and poly(e-caprolactone) [P(e-CL)] arms
with broad molecular weight distributions (M,/M,=1.19-1.41). In another ap-
plication of this procedure, the intermediate 1,1-diphenylalkylpotassium, 86,
was used to polymerize methyl methacrylate at -78 °C [215]. After deprotec-
tion of the tert-butyldimethylsiloxy group, the hydroxyl group as used to poly-
merize ethylene oxide to form the PS-PMMA-PEO, hetero, three-arm, star-
branched polymers. These star polymers also exhibited rather broad molecu-
lar weight distributions (M,,/M,=1.16-1.26).

8
Difunctional and Trifunctional Organolithium Initiators
Based on 1,1-Diphenylethylene

8.1
Difunctional Organolithium Initiators

Difunctional organolithium initiators are of considerable interest for the pre-
paration of A-B-A triblock copolymers, telechelic polymers, and macrocyclic
polymers [3, 64]. Although triblock copolymers can be prepared with mono-
functional initiatiors using a three-step, sequential monomer addition process,
with difunctional initiators they can be formed in a more efficient two-step
process. Difunctional initiators also provide a methodology to prepare new
triblock copolymers that cannot be prepared by the three-step, sequential
monomer addition route because the chain ends formed from the first mono-
mer (forming block A) are too stable to initiate the polymerization of the
second monomer (forming block B). For example, difunctional initiators have
been used for the direct synthesis of poly(methyl methacrylate)-block-polybu-
tadiene-block-poly(methyl methacrylate) [216] and poly(tert-butyl methacry-
late)-block-polyisoprene-block-poly(tert-butyl methacrylate) [217] that cannot
be prepared by sequential monomer addition. Difunctional initiators provide
direct, efficient methods for the formation of o, w-difunctional polymers, i.e.,
telechelic polymers, by termination reactions of the polymeric a,®-dianions
with electrophilic functionalization agents [2]. Analogously, termination of
the o,w-dianions with a difunctional, electrophilic coupling agent under high
dilution conditions promotes intramolecular cyclization reactions to form
macrocyclic polymers [218].

Aromatic radical anions, such as lithium dihydronaphthylide, are efficient
difunctional initiators [6]. However, the necessity of using polar solvents for
their formation and use limits their utility for diene polymerization since the
unique ability of lithium to provide high 1,4-polydiene microstructure is lost in
polar media [1-3]. The strategies which have been employed in the search for
hydrocarbon-soluble, dilithium initiators are generally based on the reaction of
an aromatic divinyl precursor with two moles of butyllithium [64, 89]. Because
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of the tendency of organolithium chain ends to exist predominantly in hydro-
carbon solution as associated, electron-deficient species such as dimers, tetra-
mers, and hexamers [3, 8, 19], attempts to prepare dilithium initiators in hydro-
carbon solutions have generally resulted in formation of insoluble, three-dimen-
sionally associated species [89]. These precipitates are not effective initiators
because their heterogeneous initiation reactions with monomers tend to result
in broader molecular weight distributions (M,/M,>1.1), at best. Soluble analogs
of these difunctional initiators have been prepared by addition of small amounts
of weakly basic additives such as triethylamine or anisole, that have relatively
minor effects on diene microstructure [49, 219]. Another method to solubilize
these initiators is to use a seeding technique, whereby small amounts of diene
monomer are added to form a hydrocarbon-soluble, oligomeric dilithium initi-
ating species [49, 220-222]. In general, none of these methods have provided a
simple, stable, reproducible, hydrocarbon-soluble dilithium initiator.

8.1.1
1,4-Dilithio-1,1,4,4-tetraphenylbutane

Success in designing useful, hydrocarbon-soluble, dilithium initiators can be
traced to the pioneering studies of Morton and Fetters [49]. They prepared a
useful dilithium initiator by the dimerization of 1,1-diphenylethylene with
lithium in cyclohexane in the presence of anisole (15vol. %). Although the
initiator was soluble in this mixture, it precipitated from solution when added
to the polymerization solvent (cyclohexane or benzene). The polystyrene-
block-polyisoprene-block-polystyrene and poly(o-methylstyrene)-block-polyi-
soprene-block-poly(o-methylstyrene) triblock copolymers which were formed
by sequential monomer addition using this initiator contained polyisoprene
center blocks with >90% 1,4-microstructure (65-70% cis-1,4; 20-25% trans-
1,4). Furthermore, the polymers had predictable molecular weights and nar-
row molecular weight distributions (M,,/M,=1.07). Thus, contrary to expecta-
tions based on the increased stability of 1,1-diphenyl-alkyllithiums compared
to poly(isoprenyl)lithium based on the pK, values of the corresponding con-
jugate acids [3, 43], the dilithium initiator was an efficient initiator for iso-
prene polymerization [M,(calc)~M,(obs)] and also initiated isoprene poly-
merization at a rate which was competitive with propagation since the mole-
cular weight distribution was narrow (M,,/M,=1.07). Until this report by Mor-
ton and Fetters [49], 1,1-diphenylalkyllithiums had only been used to initiate
polymerization of methyl methacrylate [46-48], which forms a more stable
ester enolate anion [43].

8.1.2
1,3-Bis(1-phenylethenyl)benzene

Schulz and Hocker [223] first reported that the reaction of sec-butyllithium
with 1,3-bis(1-phenylethenyl)benzene (MDDPE, 73) forms a hydrocarbon so-
luble dilithium initiator in aromatic solvent. Leitz and Ho6cker [199] first re-
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ported kinetic studies of the reaction of sec-butyllithium with 1,3-bis(1-
phenylethenyl)benzene (MDDPE, 73) and 1,4-bis(1-phenylethenyl)benzene
(PDDPE, 75). For PDDPE, the rate of the first addition of sec-butyllithium in
toluene (k;=20.61/mols) is much faster than the second addition in toluene
(k,=1.511/mols) (Eq.46):

CgH CeHs CeHs
C4HoCH Li CqHoCHy— Li
CqyHglLi + T> 3
1
CeHs CeHs
Cghs  ©
75 87
kzl CgHglL i (46)
CgHs
CqHgCHy——Li
CyHgCHy——Li
88 CeHs

For 73, the rate of the second addition in toluene (k,=19.81/mol s) was equal to
the rate of the first addition (Eq. 47),

CgHoLi + k3 C4HgCHo Li |
CeHis CeHs CeHe CeHs
73 89
k4l C4HoLi (47)

C4HgCH Li Li CHpCgqHg
CeHs CeHs
90

and the same as the rate of the first addition for 75. McGrath and coworkers
[204] reported that the rate of the second addition of sec-butyllithium to 73 is
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actually an order of magnitude faster than that of the first addition in cyclo-
hexane.

These unexpected results can be explained by the expectation that the ne-
gative charge in the monoadduct, 87, can be conjugated with the para-1-phe-
nylethenyl group as shown in Eq. (46). This would tend to make this double-
bond less reactive toward addition of another negatively charged organo-
lithium. However, the negative charge in 89 is not delocalized into the meta-
1-phenylethenyl group. Also, in hydrocarbon solution in the absence of ex-
tended conjugation in 89, the small positive lithium counterion would tend
to localize negative charge in the monoanion, 89, in the vicinity of lithium at
the 1,1-diphenyl-substituted carbon. Another unexpected aspect of the addi-
tion of alkyllithiums to 1,3-bis(1-phenylethenyl)benzene is the fact that
although the dilithium initiator, 90, is soluble in hydrocarbon media such as
cyclohexane, benzene and toluene (even at 20 °C), it is not soluble in n-hex-
ane [200]. It is noteworthy that initiator 88, like many other dilithium initia-
tors, is not soluble in benzene and polymers prepared using this initiator ex-
hibited broad molecular weight distributions (M,,/M,=1.2-1.4) [220]. Other
double diphenylethylene precursors for dilithium initiators and their solubili-
ties are shown in Scheme 31 [89, 220, 224].

cotis ® I O .

precursors to insoluble dilithium initiators

plo'a,

R = CHj3, CHyCHy, (CH3)3C. 0,p(CH3)»,

C(CHz)3

precursors to soluble dilithium initiators

Scheme 31.
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Tung and Lo [225] reported that dilithium initiator, 90, functions as an effi-
cient difunctional initiator for the preparation of homopolymers and triblock
copolymers with relatively narrow molecular weight distributions. However,
these workers provided few experimental details at that time. More recent re-
ports have elaborated on the use of this initiator [200].

McGrath and coworkers [217] demonstrated that the use of the dilithium
initiator, 90, provides a very versatile method with respect to the ability to
vary the chemical composition of the end blocks after first polymerizing a
diene such as butadiene or isoprene. The o,0-dilithiumpolydiene center block
can be used to initiate the polymerization of polar monomers to form both
end blocks simultaneously. This type of triblock copolymer with polar end
blocks cannot be prepared by other block copolymer synthesis procedures.
Thus, they prepared poly(tert-butyl methacrylate)-block-polyisoprene-block-
poly(tert-butyl methacrylate) triblock copolymers. However, the resulting tri-
block copolymers did not exhibit well-defined structures. The molecular
weight distributions tended to be broad (M,,/M,=1.10-1.25) or bimodal.

A careful reexamination of the use of the initiator, 90, formed by addition
of 2 moles of sec-butyllithium with 1,3-bis(1-phenylethenyl)benzene in ben-
zene showed that, although this dilithium initiator is soluble in hydrocarbon
media, it produces polystyrenes and polybutadienes with multimodal molecu-
lar weight distributions and no control of molecular weight [88], in spite of
reports to the contrary [200, 225]. Although later work erroneously attributed
these multimodal distributions to inexact stoichiometry [226], association ef-
fects were clearly the cause as deduced from the results of identical experi-
ments effected in the presence and in the absence of the Lewis base, THF
[88]. In the absence of Lewis base, bimodal molecular weight distributions
were obtained. However, using the same batches of initiator in the presence
of stoichiometric amounts of THF ([THF]/[Li]=32-47), monomodal, narrow
molecular weight distribution polystyrenes and polybutadienes were formed
with number average molecular weights in good agreement with the values
calculated from the ratio of grams of monomer divided by moles of initiator
[88]. However, the polybutadiene microstructure corresponded to 42% 1,2,
31% trans-1,4, and 28% cis-1,4.

These results stand in sharp contrast to the results reported earlier by
McGrath and coworkers [217], the work of Tung and Lo [225], and the effi-
ciency and reactivity of other 1,1-diphenylalkyllithium initiators [49]. How-
ever they are in accord with unpublished data reported by Bywater [1]. Be-
cause of these contradictions, the experimental procedures utilized in these
studies were scrutinized, since the bimodal distributions were obtained using
high purity reagents and carefully controlled, high vacuum conditions [88].

Bimodal molecular weight distributions could result from either chain-end
association effects or from inexact stoichiometry. Inexact stoichiometry could
result in branching if excess MDDPE is used, or both monofunctional and
difunctional growing chains if excess sec-butyllithium is used. For example,
Bastelberger and Hocker [227] reported that, for the dilithium initiator, 91,
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(Eq. 48), bimodal molecular weight distributions result when the initiator so-
lution contains both monofunctional and difunctional initiating species:

>_@ (CHy) 10W

CeHs CeHs
l 2 sec-butyllithium
Li Li (48)
C4HgCHo +@7 (CHy) 104©>—~— CHyCyHg
CgHs CeHs

91

The effect of added Lewis base, THF, was investigated to distinguish inexact
stoichiometry effects from chain-end association effects. It has been reported
that Lewis bases such as THF promote the dissociation of aggregates of both
simple and polymeric organolithium compounds to form either unassociated
species or aggregates with a lower average degree of association depending on
the organolithium compound, the nature of the base, and its concentration [3,
8, 19, 36, 113]. The addition of THF in amounts expected to be sufficient to
promote dissociation of the diphenylalkyllithium aggregates ([THF]/[Li]=14-
32) [113] produced monomodal molecular weight distribution polybutadienes
and polystyrenes with M,=26,000 and 10,000, respectively [88]. These obser-
vations and the fact that monomodal distributions result when higher mole-
cular weight polymers are prepared to rule out effectively the possibility that
the bimodal effects are due to inexact stoichiometry. These results were con-
firmed recently by Hadjichristidis and coworkers [228] for the polymerization
of styrene using 90 in the presence of THE

Although the addition of the Lewis base, THF, was effective in eliminating
the bimodality obtained for both polybutadiene and polystyrene using 90 as
initiator, this is not a generally satisfactory solution since it is known that
diene microstructure is changed from high 1,4-enchainment to high 1,2-mi-
crostructure for organolithium-initiated diene polymerization in the presence
of THF [1-3]. A solution to this conundrum was suggested after careful con-
sideration of the experimental details for those literature reports dealing with
the use of 90, which reported monomodal molecular weight distributions,
since no Lewis base additives were utilized. In general, these procedures uti-
lized less than rigorous, i.e., not high vacuum, techniques; for example, some
procedures describe the use of excess butyllithium, i.e., more than the stoi-
chiometric amount required to generate the initiator [200]. The excess butyl-
lithium was used to scavenge impurities in the solvent and monomer feed;
otherwise some of the initiator itself would be consumed in scavenging impu-
rities. This suggested that monomodal molecular weight distributions may
have been obtained in the presence of added lithium alkoxide, which could
have been formed by the reaction of the excess butyllithium with oxygen
and/or hydroxylic impurities [19]. This hypothesis was tested by addition of
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lithium sec-butoxide to the dilithium initiator, 90 ([LiOBu]/[90]=1/1). It was
observed that the use of alkoxide-modified initiator produced low molecular
weight (M,=25,000), monomodal, narrow molecular weight distribution (M,,/
M,=1.1) polybutadienes [88]. These observed effects of added lithium alkox-
ide are consistent with earlier reports that the addition of these salts acceler-
ates initiation reaction rates and depresses propagation rates for isoprene
polymerizations using alkyllithium initiators [229, 230]. It is known that
lithium alkoxide salts cross-associate with organolithium compounds and
form a statistical distribution of mixed aggregates [231-237]. For example,
equimolar amounts of n-butyllithium and lithium tert-butoxide form a tetra-
meric 1:1 complex in benzene solution [235, 236]. Thus, species such as 92
would be expected to be formed from mixtures of 90 and lithium alkoxides.
These considerations suggest either that the mixed aggregate 92 is an effective
initiator, or that preferential dissociation of diphenylalkyllithium species oc-
curs from the mixed aggregates relative to the dissociation of the poly(buta-
dienyl)lithium formed after the crossover reaction.

It is important to consider the possible reasons for the association effects
which lead to bimodal molecular weight distributions for polymers formed
using 90 as initiator in the absence of added Lewis base or lithium alkoxide.
Leitz and Hocker [199] proposed that double diphenylethylene-based di-
lithium initiators form dimeric dianion aggregates (93) and that is why they
are soluble in hydrocarbon solutions compared to other dilithium species.
This type of dimeric structure is consistent also with the dimeric association
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of 1,1-diphenylalkyllithiums [36]. Szwarc and coworkers [238] have reported
that analogous dilithium species based on 1,1-diphenylethylene units are di-
meric in benzene solution.

The fact that residual UV-visible absorption at 438 nm due to unreacted
diphenylalkyllithium initiator residues was observed when bimodal molecular
weight distributions were obtained for initiator 90 [88] suggests that initiation
reactions are slow relative to propagation reactions after one of the 1,1-diphe-
nylalkyllithium initiator sites has crossed over to monomer.

Teyssie and coworkers [216] have reported that the analogous initiator
formed by addition of 2 moles of tert-butyllithium with 73, when first used
to polymerize butadiene followed by low temperature polymerization of
methyl methacrylate, forms poly(methyl methacrylate) end blocks that are bi-
modal. However, the sample used for testing was one which exhibited a broad
molecular weight distribution (M,/M,=1.2) rather than samples prepared
with this initiator which were narrow (M,,/M,<1.1).

Hadjichristidis and coworkers [228] have investigated the use of initiator 90
for the polymerization of isoprene using a variety of ratios of [sec-BuOLi]/
[CLi]. When this ratio was increased from 1 to 14, the polydispersity de-
creased from 1.20 to 1.03. In all cases the molecular weight distribution was
monomodal. However, when this ratio was 8, a pale red color remained
throughout the reaction, implying that unreacted initiator remained. When
the ratio was 14, the red color disappeared and the viscosity was reduced as
expected for the formation of cross-associated aggregates of the poly(butadie-
nyl)lithium chain ends with the lithium sec-butoxide. These results confirm
the earlier conclusion that the bimodal molecular weight distributions do not
result from inexact stoichiometry [226], but are a consequence of chain end
association effects [88].

8.2
Trifunctional Organolithium Initiators

By analogy with the structure of the meta-substituted double diphenylethy-
lene, 73, which forms a useful dilithium initiator upon addition of 2 moles of
sec-butyllithium, the trifunctional diphenylethylene, 94, has been investigated
as a precursor for a hydrocarbon-soluble, trilithium initiator, 95, as shown in
Eq. (49) [239]:

CgH
5 CsHy Li Li Hs
CeHs
3 sec-BuLi + _ ., Cef CsHia (49)
CsH Li
CeHe 5H1

95 CgHg
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Scheme 32.

Like 73, 94 has 1-phenylethenyl units located meta to each other on a benzene
ring which limits delocalization of negative charge among these substituents.
The initiator precursor 94 undergoes quantitative addition of 3 equivalents of
sec-butyllithium in benzene solution to form the trilithium initiator 95 [239].
The trilithium initiator was soluble in benzene solution at concentrations of
1072 mol/l. However, analogous to the behavior of the dilithium initiator, 90
[88], when styrene was reacted with 95, incomplete crossover to monomer
occurred after all of the styrene had polymerized [M,(calc)=30,000]; residual
absorption corresponding to the residual 1,1-diphenyl-alkyllithium initiator
sites was observed at 450 nm. Since previous studies using the dilithium in-
itiator, 90, suggested that inefficient initiation was the result of strong inter-
molecular association effects of the initiator with itself, the effect of addition
of a Lewis base (THF) was investigated. Lewis bases such as THF promote
dissociation of organolithium aggregates to form either unassociated species
or aggregates with lower average degrees of association [3, 8, 19, 36, 113].
When the polymerization of styrene was initiated with 95 in the presence of
THF ([THF]/[Li]=20), the UV absorption corresponding to the diphenylalkyl-
lithium initiator sites completely disappeared. The resulting three-armed, star-
branched polystyrene (97, see Scheme 32) exhibited a narrow (M,,/M,=1.03)
monomodal molecular weight distribution as determined by SEC and good
agreement between calculated and observed number average molecular weight
[239]. The resulting star-branched polystyrene also exhibited a g’ value ([1],/
[n]) of 0.81 which is good agreement with literature values for well-defined,
three-armed star polymers [240]. Previous results have shown that g’ is sensi-
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tive to arm heterogeneity [197, 207]. When the arms were not symmetrical,
higher values of g’ were observed.

The m,0,0"-trilithiumpolystyrene (96) was also functionalized with carbon
dioxide to form the corresponding ®,0',®”-tricarboxypolystyrene (98) as
shown in Scheme 32. Although significant amounts of dimer (11-12%) were
observed when carbonation was effected in the presence of THF [241] or after
end-capping the styryllithium chain ends with 1,1-diphenylethylene [141],
procedures that were previously shown to be effective for quantitative
carboxylation of poly(styryl)lithium, less than 2% dimer formation and for-
mation of a tricarboxylated, three-arm, star-branched polystyrene with a func-
tionality of 2.95 were obtained upon carboxylation of a freeze-dried [141] sam-
ple of 96. Previous studies indicate that dimer and trimer formation during
carboxylation are enhanced by chain-end association [141, 241].

The polymerization of butadiene with the trifunctional organolithium in-
itiator 95 in benzene resulted in complete crossover to butadiene when all of
the monomer was consumed [242], in contrast to the analogous polymeriza-
tion of styrene [239]. However, the SEC of the resulting polybutadiene exhib-
ited a bimodal molecular weight distribution. As discussed for the dilithium
initiator, 90, it was proposed that the bimodality was due to aggregation ef-
fects and that added lithium alkoxide may promote uniform initiation reac-
tions by forming cross-associated adducts (see 92). When the polymerization
of butadiene in benzene was initiated by 95 in the presence of lithium sec-
butoxide ([LiOR]/[RLi]=0.5), the SEC chromatogram of the resulting polymer
was monomodal. This polybutadiene exhibited a narrow molecular weight
distribution [M,/M,(SEC)=1.03] and a g’ value of 0.78. These results are con-
sistent with formation of a regular, three-armed, star-branched polybutadiene
using the trifunctional initiator, 95.

Thus, multifunctional 1,1-diphenylethylenes, such as 73 and 94, are precur-
sors for useful, hydrocarbon-soluble, multifunctional organolithium initiators
such as 90 and 95, respectively. Their hydrocarbon solubility appears to be a
consequence of a specific type of intermolecular association (e.g., 93) which is
favored over the more usual type of 3-dimensional association which leads to
insolubility for most dilithium initiators [89, 220]. However, perhaps because
of their unique association, these initiators require the addition of either a
Lewis base, such as tetrahydrofuran, or a lithium alkoxide salt to initiate ra-
pidly (relative to propagation) and quantitatively.

9
Multifunctional Living Linking Agents Based on 1,1-Diphenylethylene

Polymeric organolithium compounds react simply and quantitatively with 1,1-
diphenylethylenes [3, 109]. These reactions have provided a new methodology
for the synthesis of star-branched polymers, internally-functionalized poly-
mer chains and stars, as well as heteroarm, star-branched polymers via living
linking reactions as shown in Scheme 33 [3, 202, 203, 207].
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An anionic living linking agent (99) is a species which can react with poly-
mers which have carbanionic chain-ends to generate a linked polymer product
(100) which retains the active center stoichiometry as shown in Scheme 33 [3,
202]. If the linked product (100) is terminated with alcohol, the product (101)
is either a coupled product (n=2) or a star-branched polymer (n>2). If the
linked product (100) is reacted with an electrophilic functionalizing agent
(E), the product (103) is either a coupled product (n=2) with two functional
groups at the center of the chain or a star-branched polymer (n>2) with n
functional groups at the core of the star (Eq. (50]) [206]:

PlcH, PlcH,  x
E
—y —> —Y
(50)
L - -n
101 n |
PHRY(X)n
103

In addition, 1,1-diphenylalkyllithium sites in the living linked polymer pro-
duct (100) can initiate polymerization of a second monomer (M?) to generate
a heteroarm (or mikto-arm), star-branched polymer, 102 [243, 244].
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Several criteria must be satisfied for a species to be useful as a living link-

ing agent [202]:

1. The living linking agent must react quantitatively with living carbanionic
chain ends without oligomerization.

2. The coupled product must retain the active centers stoichiometrically.

3. The living coupled product must be capable of quantitatively reacting with
electrophiles.

4. The living coupled product must be capable of reinitiating polymer chain
growth rapidly (relative to propagation) and stoichiometrically.

Generally, living linking agents have two or more reactive vinyl substituents
which can undergo addition reactions with polymeric carbanions, but which
do not polymerize anionically due to steric hindrance. Divinylbenzenes and
m-diisopropenylbenzene could be regarded as potential living linking agents;
however, the homopolymerization and oligomerization, respectively, of these
divinyl compounds limit their effectiveness for the synthesis of well-defined
star-branched polymers [3, 207]. The most effective types of living linking
agents are 1,1-diphenylethylene-based compounds as illustrated in Scheme 33.
In the following sections, the scope and limitations of the use of 1,1-dipheny-
lethylene-based living linking agents will be described.

9.1
1,3-Bis(1-phenylethenyl)benzene

With respect to the criteria enunciated for a useful living linking agent [202],
1,3-bis(1-phenylethenyl)benzene (MDDPE, 73) is very effective. In terms of
criterion 1 above, MDDPE reacts quantitatively with 2 equivalents of poly(-
styryl)lithium in hydrocarbon solution at room temperature as shown in
Eq. (51):

PSCH;  Li i CHoPS
2 PSLi+

CeHs Cgts G5 CeHs (51)

73 104

The coupling efficiency was examined by a combination of ultraviolet spectro-
scopy and size exclusion chromatography (SEC) [109, 202, 207]. These cou-
pling reactions were monitored using UV-visible spectroscopy by observing
the increase in absorbance of the corresponding diphenylalkyllithium species
(104) at 438 nm. SEC was also useful to follow the course of the coupling reac-
tion as shown in Fig. 3.

The coupling reaction of PSLi of various molecular weights with MDDPE in
benzene is a very efficient reaction when the stoichiometry of the reaction is
carefully controlled by determining the exact chain-end concentration [109,
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Fig.3. SEC chromatograms of the coupling reaction of MDDPE with poly(styryl)lithium
(M,,=1000 g/mol) in cyclohexane; base polymer (A); 55% coupling (B); and 100% cou-
pling (C) (from [207]; reprinted with permission of Marcel Dekker)

Table9. Molecular weight characterization data and coupling efficiencies in the reaction
of stoichiometric amounts of PSLi with MDDPE in benzene as determined by SEC [109,
203, 207]

PS (PS),
M, M /M, M,, (coupled) M, /M, Coupling efficiency (%)
1,800 1.06 3,700 1.05 929
3,000 1.04 6,300 1.04 929
4,600 1.04 9,650 1.04 97
9,800 1.02 23,500 1.02 96
14,600 1.03 30,250 1.03 96

202, 207]. Coupling reactions of MDDPE with poly(styryl)lithium produced
the coupled product in excellent yields (>96%) as shown in Table 9; the effi-
ciency decreased slightly with increasing molecular weight.

The high reactivity of the second diphenylethylene unit in MDDPE with
respect to formation of the coupled product (104) is further exemplified by
the observation that, using cyclohexane as solvent at room temperature, the
addition reaction of poly(styryl)lithium (M,=3600) with a 3 molar excess
MDDPE ([MDDPE]/[PLSi]=4) proceeds to give the dimeric adduct in 87%
yield [197]. It should be noted that these results and previously published data
[202, 203] stand in sharp contrast to the results of Ikker and Moller [206] who
reported an inability to obtain high coupling efficiencies for the reactions of
poly(styryl)lithium with MDDPE in benzene using the cryptand [2.1.1].
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One limitation of using MDDPE as a living linking agent is the relative un-
reactivity of poly(dienyl)lithium compounds in addition reactions with 1,1-
diphenylethylene units [109, 125]. It is necessary to add a small amount of
THF ([THF]/[PLi]=40) or other Lewis base such as triethylamine to accelerate
the addition reaction [109, 208]. The Lewis base is added after the polymer-
ization of the diene is completed, so that the high 1,4-diene microstructure is
preserved [3]. The coupling efficiency of poly(butadienyl)lithium (M,=
1.9x10% M,/M,=1.03) with MDDPE in cyclohexane was >99% in the presence
of added THF ([THF]/[PLi]=40) [109, 208]. The coupled product exhibited
M,=4.0x10*> and M,/M,=1.05 by SEC analysis. Unfortunately, the required
addition of a Lewis base to promote this dienyllithium coupling reaction lim-
its the possibility of further diene polymerization using the living linked pro-
duct (see Scheme 33) because only relatively high 1,2-diene microstructure,
and consequently higher T, diene blocks, would result [3]. A further compli-
cation with respect to the coupling reaction of poly(butadienyl)lithium with
MDDRPE is that unpolymerized butadiene monomer can cause the formation
of small amounts of high molecular weight components in the coupled pro-
duct because the unreacted butadiene will copolymerize with 1,1-dipheny-
lethylene units to generate branch functionalities higher than two.

A further limitation with respect to the coupling reaction is the requirement
that the living carbanionic polymers utilized must be sufficiently reactive to
undergo facile addition reactions to 1,1-diphenylethylene units. In practice,
this means that the first arms are limited primarily to styrene- and diene-type
monomers.

9.1.1
Preparation of Heteroarm, Star-Branched Polymers

One of the most useful applications of living linking chemistry with 1,3-bis(1-
phenylethenyl)benzene (73) and other multiple 1,1-diphenylethylenes is the
synthesis of heteroarm star-branched polymers (102) by reacting the living
linked products (100) with additional monomer as shown in Scheme 33. Of
critical importance for the synthesis of heteroarm star-branched polymers
was the determination of reaction conditions which would accelerate the rate
of the crossover reaction of the diphenylalkyllithium sites with monomer (in-
itiation) (k;) relative to the rate of propagation (k;), as described by the rela-
tive rate constant ratio, ki/k,=R. The values of R for crossover to styrene
monomer in benzene were determined to be 0.07 and 0.10 at 25°C and 5°C,
respectively (see Table 4) [109]. The analogous value of R at 25°C in cyclohex-
ane was 0.12 (see Table 4) [109]. Using the molecular weight distribution as an
approximate experimental criterion for R, it was found that the narrowest mo-
lecular distributions for the polymers obtained by crossover experiments of
polymeric diphenylmethyllithiums with styrene were obtained at 5°C (vs
25°C or 45°C) in cyclohexane (vs benzene) [109, 207]. 1,1-Diphenyl-alkyl-
lithiums can initiate styrene monomer polymerization with a reasonably rapid
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rate, even though it is slower than its homopolymerization rate (R<1). Stoi-
chiometry is very important; when excess MDDPE was present in the cross-
over reaction, the star polymer product exhibited multimodal distribution by
SEC analysis (with branching functionality greater than 4 arms) [245]. Young
and coworkers [246] observed that high molecular weight contaminants were
formed during the synthesis of styrene-isoprene, A,B, heteroarm, star-
branched copolymers. This was attributed to inexact stoichiometry during
the linking reaction.

In order to investigate the best conditions for synthesis of heteroarm star-
branched polymers using MDDPE, the preparation of four-armed, star-
branched polystyrenes was examined in detail as illustrated in Scheme 34
[203, 207].

Even under stoichiometric coupling reaction conditions, the star-branched
polymer (105) obtained from the crossover reaction with styrene to form
growing polystyrene arms with M,=3.0x 10> in each arm in cyclohexane solu-
tion showed bimodal molecular weight distribution [207]; the degree of bi-
modality reflects the relative number of molecules growing by propagation
with two reactive sites versus one reactive site. Whenever bimodality was ob-
served, the UV-visible spectrum showed the existence of residual absorption
for unreacted diphenylalkyllithium sites at 438 nm. This situation is analogous
to the bimodality observed with the dilithium initiator formed by reaction of
sec-butyllithium with MDDPE (90) which was used to initiate the polymeriza-
tion of styrene or butadiene monomer [88].

Addition of THF ([THF]/[Li]=14-32) to a coupled product (104) prior to
addition of styrene produced narrow molecular weight distribution, star-
branched polymers (105) even for polystyrene growing arm molecular weights
as low as 3.0x10° as shown in Fig. 4. However, when the growing arm mole-
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Elution Volume(mL)

Fig.4. SEC chromatograms of base polystyrene, M,=12,000 g/mol (A); coupled product,
(PS),-MDDPE (B); and (PS),-MDDPE-(PS), star polymer with arm-out M,, (PS)=3000 g/
mol (C) (from [207]; reprinted with permission of Marcel Dekker)

Table 10. Characterization of symmetrical, four-armed star polymers [203]

Polymer® M, M, mly? g'e
Universal VPO* (dl/g)
calibration®
(3000),-(3000), 13x10° 13x10° 0.081 0.75
(5000),-(5000), 22.7x10° 19.6x10° 0.114 0.72
(10,000),-(10,000), 44.4%10° 40.3x10° 0.19 0.75
(10,000),Si* 44.4%10° 38.3x10° 0.19 0.75
* Numbers in parentheses indicate the calculated arm number average molecular weights.
© See [261].
¢ Vapor pressure osmometry.
4 Intrinsic viscosity in THE.
: g'=[nlv/[nliwhere [n]; is calculated using the Mark-Houwink equation.

Linking product of poly(styryl)lithium (M,=10x10%) with silicon tetrachloride.

cular weight was only 2x10° the presence of residual diphenylalkyllithium
species was detected by UV-visible absorption at 438 nm [203]. Thus, the
minimum arm length required for complete crossover to styrene monomer
in the presence of THF is 3x10°.

In order to investigate the reliability and usefulness of this star-branched
polymer synthesis, a series of symmetrical, four-armed star polymers was
prepared using the procedure outlined in Scheme 34. The results of the ana-
lyses of these polymers are shown in Table 10. It is perhaps most noteworthy
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that the symmetrical star polymers prepared using the living coupling proce-
dure described herein have g’ values which are in good agreement with both
theory and experimental values for analogous products of symmetrical linking
reactions of polymeric anions with linking agents such as silicon tetrachloride
[203]. This is further documented by the fact that synthesis of an authentic
sample of a symmetrical four-armed star polymer by coupling poly(styryl)-
lithium (M,=10x10%) with silicon tetrachloride produced a polymer which
exhibits identical solution properties to the analogous polymer prepared by
the living coupling method as shown by the last entry in Table 10. It is there-
fore concluded that the method outlined in Scheme 34 can be used for the
controlled synthesis of heteroarm star polystyrenes with two set of arms
which differ in molecular weight, e.g., (PS'),MDDPE(PS?),.

Crossover reactions of the living coupled product, 104, with butadiene
monomer also produced polymers with bimodal molecular weight distribu-
tions. The addition of THF ([THF]/[Li]=32) was found to produce monomo-
dal molecular weight distributions; however, the polybutadiene microstruc-
ture was 42% 1,2 [88]. Diene microstructure is dramatically changed from
high 1,4- to high 1,2-microstructure for alkyllithium-initiated diene polymer-
ization in the presence of even small amounts of THF [247]. Thus, the addition
of THF is not an acceptable procedure for preparation of elastomeric poly-
diene blocks. It was found that the addition of sufficient amounts of lithium
sec-butoxide ([sec-BuOLi]/[PLi]=1) to the living coupled product (104) prior
to addition of butadiene monomer produced monomodal, heteroarm, star-
branched polymers even with relatively low molecular weights for the polybu-
tadiene (PBD) arm which grow out from the coupled product; however the
molecular weight distribution was somewhat broad. This effect of lithium alk-
oxides was first observed for the dilithium initiator formed by the addition of
two moles of sec-butyllithium to MDDPE [88]. In the presence of less than one
equivalent of lithium sec-butoxide ([LiOR]/[RLi]J<1), bimodal molecular
weight distributions were obtained. Polymer products with minimum PBD

Table 11. Molecular weight characteristics and microstructures of star-branched (PS),-
MDDPE-(PB), styrene-butadiene block copolymers prepared in cyclohexane in the pre-
sence of lithium sec-butoxide

Sample M,x107° M, /M, Microstructure of PB block
(mol %)
Calcd.? 'HNMR® 1,4- 1,2-
S-1 22-2.5%(9) 8.7 1.14 85 15
S-2 22-10%(24) 24.5 1.05 90 10
$-3 10%-11.5%(43)  42.5 - 92 8

# Stoichiometric molecular weights for (PS)*(PBD)2.
b Calculated using the polystyrene molecular weight (SEC) and the relative integration areas for the
aromatic protons relative to the vinyl protons from the diene units.



Applications of 1,1-Diphenylethylene Chemistry in Anionic Synthesis . . . 149

arm molecular weights (M,=10.0x10) exhibited a reasonably narrow mole-
cular weight distribution without significant effect on polybutadiene micro-
structure as shown by the characterization data in Table 11.

There are fewer restrictions on the monomers that can be used in the cross-
over reaction than for the linking reaction. In essence, any monomer which
undergoes living anionic polymerization can be added to the dilithium adduct
(104) to grow arms and form heteroarm star-branched polymers with well-
defined structures and low degrees of compositional heterogeneity. Since the
growing arms are living, block copolymer arms can also be prepared.

9.1.1.1
Preparation of Heteroarm, Star-Branched Styrene-Butadiene Thermoplastic Elastomers

The effect of heteroarm branching on the properties of styrene-butadiene
thermoplastic elastomers has been investigated by preparing heteroarm, star-
branched analogs of thermoplastic elastomers using the synthetic scheme out-
lined in Scheme 35 [109, 248]. The first step in this sequence is the living cou-
pling reaction [202] of two molecules of poly(styryl)lithium (PSLi,
M,=15,000) with MDDPE (73) to form the corresponding dianion, 104. The
coupling reaction can be monitored by UV-visible spectroscopy by observing
the decrease in absorbance of PSLi at 334 nm and the increase in absorbance
of the corresponding diphenylalkyllithium species at 438 nm [203]. Size exclu-

Li Li
2PSLi
| | 5 PSCH CH,PS
CeHs CeHs CgHs CgH
e 07
73
mbutadiene¢ LiOBu
PBD PBD PBDLi  PBDLI
PSC%W CHyPS<— PSCHQW CHyPS
CH30H
CeH CgH CeH
65 g7 GOt 05 w6 O
n styrene¢
¢ CH3OH
PBD-b-PS PBD-b-PS
— PSCHZA’—©—~7CH2PS
CeHs CeHs
— = PS 108
www» =PBD

Scheme 35.
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sion chromatography can also be used to evaluate the efficiency of the cou-
pling reaction. These two probes generally indicate that the efficiency of this
coupling reaction is essentially quantitative if stoichiometric quantities of re-
agents are utilized [203]. For example, the required amount of MDDPE is
weighed using an analytical balance in a dry box.

In order to promote the efficient crossover reaction of the coupled product,
104, with butadiene monomer, the addition of lithium alkoxide (lithium sec-
butoxide; [LiOR]/[RLi]=1.0) was found to be useful analogous to the effect of
lithium alkoxide with the dilithium initiator, 90 [88]. In the presence of
lithium sec-butoxide, well-defined, monomodal, heteroarm, star-branched
polymers (107) were obtained with high 1,4-microstructure of the polybuta-
diene blocks [203]. In the absence of the lithium alkoxide, bimodal molecular
weight distribution polymers were obtained and residual UV absorption cor-
responding to the diphenylalkyllithjum initiator groups at 438 nm was still
observed after all of the monomer had been consumed.

In principle, the resulting living star-branched dianion, 106, with poly(bu-
tadienyl)lithium arms can be reacted with styrene monomer to produce het-
eroarm, star-branched polymers, 108. However, the rate of crossover of poly(-
butadienyl)lithium chain ends to styrene monomer is not rapid or competitive
with respect to the ensuing styrene propagation in hydrocarbon media [3,
249-252]. As a consequence, it is difficult to obtain well-defined, narrow mo-
lecular weight distribution polystyrene blocks from these crossover reactions.
In order to overcome this slow crossover reaction from poly(butadienyl)-
lithium chain ends to styrene monomer, it is necessary to add a small amount
of a Lewis base, for example, tetrahydrofuran (THF) [252-254]. Thus, prior to
the addition of styrene monomer to 106, a small amount of THF (1 vol. %)
was added to the solution. Two different heteroarm, star-branched, thermo-
plastic elastomers of this type have been prepared (ST70 and ST35) and com-
pared with a linear analog (SBS); their structures are shown below and their
characterization data are shown in Table 12 [109, 248].

No significant differences in the tensile properties of these three thermo-
plastic elastomers were observed. The ST35 polymer with higher styrene con-
tent exhibited an initial yielding behavior, a higher tensile strength at break
(32 MPa), and longer elongation at break (700%) compared to ST70 (20 MPa,
>800%) and SBS (20 MPa, >900%). Significant effects of branching were ob-
served for the dynamic melt viscosities of these polymers measured at

= = PS 15
ww = PBD 15 15

35 70
15 70
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Table 12. Molecular characteristics of linear and star-branched thermoplastic elastomers

Sample  Calc M, x 1073 M,x107  M/M, % styreneb % vinylb
(total) (SEC)? (SEC-LALLS)

SBS 15-70-15(100) 103 1.06 31 9

ST70 (15)2-(70-15)2(200) 199 1.08 31 14

ST35 (15)2-(35-15)2(130) 127 1.06 46 13

# Universal calibration method.
> THNMR.

167.5°C. Linear SBS and branched ST70 exhibited approximately the same
melt viscosities even though ST70 has twice the molecular weight of SBS.
ST35 exhibited a decade lower dynamic viscosity than either SBS or ST70.
Thus, a useful effect of branching is to lower the melt viscosity of the star
thermoplastic elastomers compared to the linear analog. In contrast, the in-
trinsic viscosities of these polymers vary in the order ST70 (150 ml/g)>SBS
(106 ml/g)>ST35 (90 ml/g) [109]. Thus, ST70 exhibits a much higher intrinsic
viscosity compared to SBS, reflecting more the higher molecular weight than
the branching. However, ST35 exhibits a lower viscosity reflecting the lower
hydrodynamic volume expected for a branched polymer with the same mole-
cular weight as linear SBS.

9.1.2
Preparation of Functionalized Cyclic Polymers

The living linking chemistry of 1,3-bis(1-phenylethenyl)benzene (MDDPE, 73)

has been utilized to prepare cyclic polymers (111) and functionalized cyclic
polymers (110) as shown in Scheme 36 [205, 255-257]. The commonly used

Li—PS—Li + | | — Li  [PS Li
CeHs Colls  coHis CeHs
73
0 109

1) 2/\ /2)CH;0H

lCHg,OH
HOCHhCHy,  , [PS HyCHyOH H [PSL H
CeHs CeHs C6H5>@<C6H5
110 m

Scheme 36.
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methods for synthesis of well-defined, cyclic polymers involve preparation of
a monodisperse polymer initiated by a difunctional initiator and then reaction
of the resulting polymeric o,w-dianion in dilute solution with a difunctional,
electrophilic coupling agent such as xylene dibromide or dimethyldichlorosi-
lane [258, 259]. In contrast to these electrophilic reagents which terminate the
active centers, the advantage of using a difunctional living coupling agent such
as MDDPE (73) is that the reaction to form the macrocycle is not a termina-
tion reaction and the resulting product (109) retains the active center stoichio-
metry.

Lithium naphthalene was used to initiate the polymerization of styrene to
generate 0, ®-dilithiumpolystyrene in benzene as shown in Eq. (52):

2 LiNaph + n styrene —> Li—[—styrene—]ﬁLi (52)

Cyclization reactions were effected at room temperature in a glove box by
dropwise addition of a solution of MDDPE (73) to a very dilute solution of
o,o-dilithiumpolystyrene as shown in Scheme 36 [255]. This scheme also il-
lustrates the unique aspect of this macrocycle synthesis: the product of the
cyclization reaction (109) is a living dianion which can be used for functiona-
lization reactions to form functionalized macrocycles (110) [255, 256] or as a
difunctional initiator to form macrocycles with branches [205, 257] (Eq. 53):

n styrene CH30OH [PS] PS
Syrene TS

CgH CeHs CeH Cets  (53)

Li  [PSk Li

109 112

It was found that there was a major effect of solvent on this cyclization
reaction involving the reaction of o,m-dilithiumpolystyrene with MDDPE
(73). In THF at -20°C, the linear fraction was estimated to comprise 36-63%
of the product mixture. However, when the cyclization reaction was effected in
cyclohexane, only 2-3% linear contaminants were observed. This is consistent
with previous studies of living linking reactions which showed that the reac-
tion of two moles of poly(styryl)lithium with MDDPE produced only 19% di-
mer in THE while the yield of dimer was essentially quantitative (>98%) in
cyclohexane or benzene [197, 205].

The inefficiency of the cyclization reaction in tetrahydrofuran was indicated
by the observation that, even after extensive fractionation, the ratios of the
intrinsic viscosities of the cyclic to the linear polystyrenes (0.80; 0.82; 0.87)
were quite high compared to the theoretical value of 0.67 [260] for polymers
with M,,=4000. The amount of linear material contaminating the macrocyclic
polymers was estimated by ultraviolet spectroscopy, assuming that linear con-
taminants (113) would have one unreacted diphenylethylene unit at the chain
end (Scheme 37). The absorbance of the residual diphenylethylene chromo-
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phore at 258 nm in the linear material has a molar absorptivity [e=1.18x10*
(Mcm)™'] that is 22 times larger than the absorbance of the diadduct of poly(-
styryl)lithium with MDDPE [114, =540 (Mcm)™'] which is a model for the
chromophore in the cyclic polymer.

UV analysis indicated that the macrocycles prepared in THF were contami-
nated with 30-50% of the linear polymer [205]. The presence of uncoupled
1,1-diphenylethylene units at linear chain ends was also detected by >’C NMR
analysis. The methylene carbon of the diphenylethylene unit exhibits a clearly
observable resonance at § 114 ppm which is present in the '>’C NMR spectra of
the macrocycles prepared in THE, but this resonance is not detectable for sam-
ples of macrocycles prepared in cyclohexane.

The functionalized macrocyclic polystyrenes (110) prepared in cyclohexane
exhibited ratios of intrinsic viscosities of the cyclic to the linear polymers of
0.74 and 0.76 for polymers with M,=6200 and 4000, respectively, after fractio-
nation [255]. The hydroxyl group functionalities were determined to be 2.0,
1.9, and 2.0 for macrocyclic polystyrenes with M,;,=4000, 6200, and 12,200,
respectively [205]. The macrocycle yields were approximately 40%.

Functionalized, macrocyclic polybutadienes with high 1,4-microstructure
have been prepared using the dilithium initiator (90) prepared from MDDPE
(73) as shown in Scheme 38 [205, 256]. A benzene solution of MDDPE (73)
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was added dropwise to a dilute solution of o, w-dilithiumpolybutadiene in cy-
clohexane at 7°C followed by functionalization with ethylene oxide to form
the dihydroxy-functionalized macrocyclic polybutadiene (M,=28,000) (116).
The cyclization products were fractionated in a benzene/methanol mixture at
room temperature. The intrinsic viscosity of the fractionated, functionalized,
macrocyclic polybutadiene ([n]=46.0 ml/g) was much lower than that of an
analogous (M,=32,000) linear o,w-dihydroxypolybutadiene ([n]=61.5ml/g).
The ratio of the intrinsic viscosity of the cyclic over the linear polymer was
about 0.75, which is higher than the theoretical prediction of 0.66 [260]. One
possible explanation for this difference is the presence of two rigid, double
diphenylalkyl units introduced from the initiator and the living coupling
agent. Both the cyclic and linear polybutadienes contained 30% cis-1,4-, 56%
trans-1,4-, and 14% 1,2-microstructures. The glass transition temperatures for
the functionalized linear and cyclic polymers were -88°C and -86.7 °C, re-
spectively, as measured by DSC.

Scheme 38.

10
Conclusions

1,1-Diphenylethylene (DPE) is a versatile adjuvant for anionic synthesis of
well-defined polymers. DPE reacts relatively rapidly, quantitatively, and stoi-
chiometrically with simple alkyllithiums and styryllithiums; however, the ad-
dition of dienyllithiums is too slow to be synthetically useful. It is necessary to



Applications of 1,1-Diphenylethylene Chemistry in Anionic Synthesis . . . 155

add Lewis bases to promote the addition of dienyllithiums to DPE. The corre-
sponding 1,1-diphenylalkyllithium from addition of simple or polymeric or-
ganolithiums with DPE is a more sterically hindered, less reactive initiator
compared with alkyllithiums, styryllithiums, and dienyllithiums; however, it
is useful for initiating polymerization of styrenes, dienes, and alkyl methacry-
lates.

Although DPE cannot homopolymerize, it will readily copolymerize
(rppe=0) with styrenes; however, copolymerization with dienes requires the
addition of a Lewis base promoter. Because DPE and its derivatives do not
homopolymerize but are reactive toward addition of simple and polymeric
organolithiums, substituted DPE derivatives are useful for introducing func-
tional groups at the initiating chain end, within the polymer chain, at block
junctions, and at the terminal chain end. DPE-functionalized macromonomers
undergo simple, quantitative addition of polymeric organolithiums to provide
methodologies for synthesis of ABC-type heteroarm, star-branched polymers.
Hydrocarbon-soluble dilithium and trilithium initiators can be formed by
stoichiometric addition of sec-butyllithium with multifunctional DPE deriva-
tives such as bis(1,1-diphenylethylenes) and tris(1,1-diphenylethylenes), re-
spectively. These multifunctional DPE derivatives are also useful as living
linking agents for preparation of heteroarm, star-branched polymers.
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In recent years significant progress has been achieved in the synthesis of various types of
polymer-nanocomposites and in the understanding of the basic principles which deter-
mine their optical, electronic and magnetic properties. As a result nanocomposite-based
devices, such as light emitting diodes, photodiodes, photovoltaic solar cells and gas sen-
sors, have been developed, often using chemically orientated synthetic methods such as
soft lithography, lamination, spin-coating or solution casting.

Milestones on the way in the development of nanocomposite-based devices were the
discovery of the possibility of filling conductive polymer matrices, such as poly(aniline),
substituted poly(paraphenylenevinylenes) or poly(thiophenes), with semiconducting na-
noparticles: CdS, CdSe, CuS, ZnS, Fe;0,4 or fullerenes, and the opportunity to fill the
polymer matrix with nanoparticles of both n- and p- conductivity types, thus providing
access to peculiar morphologies, such as interpenetrating networks, p-n nanojunctions
or “fractal” p-n interfaces, not achievable by traditional microelectronics technology.

The peculiarities in the conduction mechanism through a network of semiconductor
nanoparticle chains provide the basis for the manufacture of highly sensitive gas and
vapor sensors. These sensors combine the properties of the polymer matrix with those
of the nanoparticles. It allows the fabrication of sensor devices selective to some definite
components in mixtures of gases or vapors.

Magnetic phenomena, such as superparamagnetism, observed in polymer-nanocom-
posites containing Fe;0, nanoparticles in some ranges of concentrations, particle sizes,
shapes and temperatures, provide a way to determine the limits to magnetic media sto-
rage density, a problem which has been intensively investigated over the last five years.

Keywords. Nanocomposite photovoltaic solar cells, Polymer-nanocomposite light emit-
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1

Introduction

1.1

Polymer-Nanocomposites as Materials for Device Applications

In recent years a second wave of interest in molecular electronics and organic
compound based devices has taken place. The first wave in the early 1980s
furnished the general understanding that the operating principles of molecu-
lar electronic devices are much more complicated than silicon-based ones, and
that knowledge at that time was not sufficient to manufacture reliable long-
term operable devices competitive with ones made by traditional microelec-
tronics technology.

The 1990s brought into molecular electronics ideas of self-assemblies and
the supramolecular engineering approach, which have changed the ideology of
organic devices manufacture, opening up avenues to the production of a num-
ber of cheaper optoelectronic, photonic and electronic devices, thus attracting
greater attention from photonics developers and IC producers.

The recent pioneering research by Cambridge Display Technologies Co.,
concentrated on the improvement of the long-term stability of organic light
emitting diodes, has also shown [1] that significant improvements, using spe-
cial sealing compounds and technological advances, can lead to reasonable
operation times.

At the same time a change has taken place in the mentality of the develo-
pers of microelectronic devices who have recognized that, due to the rapid
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progress in the development of the hardware, the average life span of an elec-
tronic device such as a computer is now ca. three years. The other fact which
has become more and more apparent is that the microminiaturization of tran-
sistor TTL or DTL based on very large scale integration circuits (VLSI) will
soon reach its natural limit, and new ideology is needed for the next genera-
tion of computers and IT devices other than just scaling concepts, even
though they have been applied successfully for almost 40 years.

Polymer electronics, including the use of polymer-nanocomposite-based
devices, provide a number of alternative approaches, such as the use of adap-
tive circuits or the neural network-based processor architectures. Combined
with a better understanding of the conductivity mechanism in conjugated
polymers such as poly(acetylene) [2, 3] and poly(thiophenes) [4], these factors
have initiated this second wave of interest in the low molecular weight organic
and polymer-based optoelectronic, electronic and photonic devices.

Thus at present a wide range of polymer-based devices, such as light emit-
ting diodes, photodiodes, solar cells, gas sensors, field effect transistors, exists
which have been developed and intensively studied in research groups and
R&D centers all over the world, some of which are even produced commer-
cially in pilot scale series [5].

What are the advantages of the polymer-based devices that have attracted
so much interest from the electronics manufacturers? The following lists some
of them:

1 Low cost of production, usually by chemical synthetic methods rather than
by microelectronics-based “clean” technologies;

2 Low cost of materials used for the device fabrication;

3 Possibility of facile and non-expensive manufacture of the large area de-
vices such as LEDs or photovoltaic cells;

4 Availability of totally new material morphologies and device geometries,
unattainable by traditional microelectronics technology methods;

5 Opportunity to make devices based on totally new principles such as bi-
stable memory switches, neural networks, adaptive circuits, cellular auto-
mata, etc.;

6 Possibility to realize nanoscale size for the device structural elements with-
out significant efforts especially using self-assembly-based techniques;

7 Enormous possibilities to vary the composition and hence properties of the
organic and polymer materials used as device components.

All the advantages outlined make organic- and, in particular, polymer-based
devices very attractive in our opinion at their present stage of development in
microelectronics and photonics technology.

When speaking of nanocomposite-based devices, one should mention a sig-
nificant feature which makes them different to fully organic-based ones:
namely, the improved long-term stability. The stability of most polymer-nano-
composite devices exceeds that of fully organic-based devices dramatically,
making them especially attractive for application purposes. It is particularly
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true for the nanocomposites made of inorganic nanoparticles in non-conduc-
tive polymer matrix based devices. This is due to the fact that the polymer
matrix prevents to some extent interdiffusion of inorganic substituents, the
latter being a weak point of some heterojunction-based inorganic semiconduc-
tor structures which often limits their operational time.

Another advantage of polymer-nanocomposites is the possibility of obtain-
ing p-n nanojunctions, which are impossible in polymer-polymer systems,
and, in particular, junctions between highly doped semiconductor particles,
allowing the “fractalization” of the space charge layer, interpenetrating net-
works of nanoparticles and other valuable properties for device operation
and peculiar material morphologies. Another consequence of the use of highly
doped nanoparticles is the presence of high electric fields within a layer,
which sometimes exceed 10°® V/cm.

Besides the advantages outlined above, the opportunity to tailor the band
gap simply by changing the size of the nanoparticles, representing such phy-
sical objects as quantum dots, provides an opportunity for the easy manipula-
tion of LED photodiode characteristics. The light emission wavelength, for
example, can be operated over a much broader range than by changing the
stoichiometry of the binary or ternary chalcogenides traditionally used as in-
organic LED materials.

Due to the fact that the size of nanoparticles can be made less than half that
of the visible light wavelength they do not scatter light by Raleigh mechanism,
thus the composite media can be almost as non-scattering as a single crystal.
However, in contrast to single crystals, optical properties such as the refractive
index can be tailored simply by changing the concentration of nanoparticles
in the polymer matrix.

The other distinctive feature of polymer-nanocomposites is the extremely
high interface area between the nanoparticles and the polymer matrix. This
determines many of the specific properties, which can be both useful (as in
sensor applications ) and damaging for device operation.

2
Synthesis of Polymer-Nanocomposites for Device Applications

2.1
Preparation of Polymer-Composites Containing Both p- and n-Type Nanoparticles

We have developed [6] a number of methods to synthesize nanocomposites
containing nanoparticles of both conduction types (p and n) in the same poly-
mer matrix. These methods are discussed below.

(a) In Situ One-Sided Reactions. In order to obtain composites based on non-
conductive matrices filled with semiconductor particles, in situ reactions con-
ducted in water-swelled poly(vinyl alcohol) (host matrix) blended with poly-
acrylic acid (ionogenic agent) were carried out. The matrix was cross-linked
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to make it insoluble in water. A concentration of filler particles as high as 55
vol % was obtained using multi-cycle treatment. In order to obtain composites
with two different sulfide species with different conductivity types within the
same matrix, the reaction was carried out asymmetrically, i.e. from one side of
the swelled film only, thus providing a concentration profile of one type of
sulfide particles through the film thickness. As the next step, the swelled film
was treated from the opposite side with the reagent to produce the other sul-
fide species, thus forming layers containing particles of only one conductivity
type (e.g. CdS and Cu,S) close to the edges and an intermixed layer containing
particles of both types in the middle of the film.

(b) p-n Particles Conversion Reaction. Another method which has been used
is the chemical conversion of one sulfide species into another, carried out
from one side of the solution-swelled composite film:

CuCl 4 CdS — Cu,S + CdCl, (1)

This reaction allowed the formation of an intermixed layer in the middle of
the film and layers containing particles of only one sulfide species (CdS or
Cu,S) at the edges of the composite film.

To obtain conductive thin-film composite films, in situ polymerization of
polyaniline (PANI) was carried out by means of oxidation of aniline hydro-
chloride (ANGH - monomer).

The other synthetic method applied was casting or spin-casting of colloid
solutions of sulfide nanoparticles of both conductivity types together with the
dissolved conductive polymer (PANI, p-PPV). This method produced compo-
sites with morphology similar to interpenetrating particle networks.

2.2
Preparation of Doped Nanoparticles

For a number of applications (described below), particles with high intrinsic
conductivity, or more accurately high carrier concentration, are a necessity.
This can be achieved by synthesizing donor or acceptor impurity doped semi-
conductors, since doping can alter the carrier concentration within the broad
limits. We have succeeded in doping CdS nanoparticles with indium according
to reaction scheme (II):

Cd(NO3)2 + NaZS — CdSnano + 2NaNO3 (H)

InI3 + NaZS — In283 + Nal (III)

The conductivity of the composites containing indium-doped CdS particles
increased more than 3 orders of magnitude in comparison with undoped ones.
Another way to control the carrier concentration is to vary the stoichiome-
try of sulfides such as Cu,S or CuS. Since the conductivity of Cu,S and CuS is
determined by the excess of copper ions above the stoichiometry, controlling
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the ratio of the reagents during the synthesis can change the nanocomposite
conductivity within the broad limits.

23
Gradient Composites Synthesis

We have introduced [7] the concept of photovoltaic cells and photodiodes
based on the gradient of the concentration of the filler particles within the
matrix, as shown in Fig. 1. The existence of this gradient allows optimization
of the topology of the conductive particles network, preventing the formation
of dead ends and hence decreasing the chance of recombination of the charge
carriers during their transfer to the electrodes.

The gradient device morphology allows a better match to the built-in elec-
tric field, allowing a larger area of the device to be the active layer in a number
of optoelectronic and photonic applications, thus increasing the amount of
electron-hole pairs which can be effectively separated. Synthetic methods used
to prepare the gradient structures are listed below.

a) One-sided in situ reactions [7].

A one-sided in situ synthetic method was developed which allows a gradient
of nanoparticles within a polymer matrix. The reaction is carried out in the
swelled cross-linked host polymer matrix with reagents having access to one
side of the film only. Since the swelled matrix hinders the diffusion of the
reagents, decay of the concentration of nanoparticles throughout the film is
obtained.

b) Spin casting of nanocomposite solution onto the top of the swelled polymer
layer followed by partial diffusion.

Another way to obtain a gradient of particle concentration consists of spin
casting or solution casting the nanoparticles in a colloidal solution on top of
the spin cast polymer film. Diffusion of nanoparticles into the polymer matrix
takes place with a penetration depth that is controlled by the temperature. To
enhance the diffusion solvents can be used that swell the polymer layer,
though not dissolving it. By varying the spin and solution casting conditions
various diffusion profiles can be obtained.

Structure of gradient device

Nanoparticles

Nanoparticles Polymer
concentration Glass Substrate matrix

Fig. 1. Device geometry of a gradient-based structure
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24
Self-Assembly-Based Synthesis

A method to self-assemble molecular electronic devices has been developed in
our laboratory [8], consisting of stratification, i.e. spontaneous separation of
polymer and nanoparticles when spin coating from a common bicomponent
solution. The stratification leads to spontaneous formation of polymer layers
with different concentrations of nanoparticles. The stratification is realized by
mixing both dissolved polymer and the colloid solution, containing nanopar-
ticles to be stratified with two different solvents, each solvent possessing dif-
terent solubility towards each component and different boiling points.

In the process of casting or spin casting of the mixed solution, one of the
solvents is evaporated faster leaving the solvent with the lower vapor pressure.
The selective solubility therefore forces the precipitation of one of the compo-
nents. This spontaneous separation of two components on the scale of 10-
100 nm is usually followed by phase separation on the nanometer scale in the
intermixed region and should allow complex morphologies due to non-equili-
brium solid phase formation. This stratification produces diffused p-n junc-
tions or interpenetrating donor-acceptor networks with a gradual connectiv-
ity change.

2.5
Synthesis of Core-Shell Nanoparticles

The synthesis of core-shell nanoparticles which possess a number of unique
properties can be realized in several ways. Here we will describe one of them,
probably the most illustrative, which was communicated by Fendler et al. [9].
The method comprises the injection of a gaseous mixture of H,S and H,Se
into a solution of Cd(ClOy),.

Depending on the ratio of H,S to H,Se, and the sequence in which the gases
are injected, a number of structures can be obtained (Fig.2). Some of these
appear to be domain-like (b,c) while others are really core-shell ones (d,e).
Since the confinement potential is highly dependent on whether the lower
band gap material forms a core or a shell of the particle, a number of proper-
ties are completely different for a CdS/CdSe core-shell as opposed to CdSe/
CdS. It especially concerns where the electrons and holes tend to rest, once
the core-shell particles are placed in contact. The latter is crucial both for the
manufacture of LEDs and for photovoltaic applications.

The oxide layer which usually exists on the surface of sulfide nanoparticles
makes them “core-shell” to some extent. Thus XRD data for CdS-PVA compo-
sites give evidence for the existence of a CdO layer on the particles surface
with a thickness depending on the synthetic route and the nature of the poly-
mer matrix. Composite properties such as conductivity and a number of
others can be affected to a large extent by the presence of this oxide surface
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CdS

Fig.2. Oversimplified diagram [9] of the possible structures of mixed CdS-CdSe nano-
particles. A Distinct and well-separated CdS and CdSe nanoparticles, B Well-mixed (so-
lid) solutions of CdS-CdSe nanoparticles containing domains of CdS and CdSe, C Non-
ideally mixed CdS-CdSe nanoparticles containing domains of CdS and CdSe, D Sandwich
CdS-CdSe nanoparticles, E CdSe encapsulated CdS, CdS-core CdSe-shell type nanoparti-
cles (the cherry and its stone), and F CdS encapsulated CdSe, CdSe-core CdS-shell type
nanoparticles (the cherry and its stone)

layer. This is especially true for metal nanoparticles, and we observed the for-
mation of an oxide layer for iron and silver nanoparticles which took place
when the composites were subjected to ambient atmosphere. The time scale
of oxide formation is several weeks and after a month a significant amount
of nanoparticles is oxidized, leaving only a small inner core of metal. As a
consequence, changes to the electrophysical, optical and magnetic properties
of nanocomposites occur.

2.6
Modification of the Surface of Nanoparticles

The surface of nanoparticles is of great importance for a number of device
applications, since a number of surface defects, such as dangling bonds or
deep surface traps and dislocations, determine the details of the electron-hole
recombination process, a process which plays a crucial role in optoelectronic
devices operation. The trapping of electron-hole pairs must be either sup-
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pressed, as in the case of photodiodes and solar cells, or enhanced, as in the
case of light emitting diodes.

As already mentioned, the existence and thickness of the oxide layer on the
surface of nanoparticles made of sulfides is of great importance. This oxide
layer can be removed by treatment in a reducing gas atmosphere, but usually
a residual amount of oxide is always present at the surface of the particles.

A number of methods to modify the surface of sulfide nanoparticles have
been developed, consisting mainly of the so-called capping procedure or or-
ganic ligand attachment. The latter relies on the fact that a number of organic
molecules such as thiophenolates, etc. can be bonded to the surface of nano-
particles by covalent bonds to form stable complexes.

Actually the reaction between cadmium and chalcogenide ions in solution,
which is one of the basic routes of nanoparticles synthesis, is terminated when
thiophenolate is added to the solution. Varying the concentration of the re-
agents and thiophenolate, which acts as a terminating agent in the particles
formation reaction, one can obtain nanoparticles of the desired size covered
or “capped” by thiophenolate ligand groups. A number of other organic mo-
lecules can be used to “cap” the surface of nanoparticles in a similar way. The
“capping” of nanoparticles also influences their distribution in the polymer
matrix, another property vital for the manufacture of devices.

2.7
Gas-Phase Deposition Methods for the Preparation of Polymer-Nanocomposites

A number of methods have been developed recently based on the gas-phase
deposition of monomers on a substrate followed by polymerization. These
methods are particularly useful for device application, since they allow mask
deposited circuits and can yield fairly thin composite films (down to 50 nm)
on different substrate types allowing the polymer/filler ratio to be changed
from 0 to 1, as well as giving access to peculiar composite morphologies by
varying the synthetic conditions [10].

The first method to mention is the gas-phase deposition of organometallic
monomers [11] such as p-cyclophanes with organogermanium or organotin
substituents. The pyrolysis of the deposited compounds occurs without disso-
ciation of the organometallic bonds and yields the corresponding p-xylylene
monomers with organometallic substituents which, after deposition and poly-
merization, form poly(p-xylylenes) (PX) with organometallic units. Thermal
treatment of the latter in an inert atmosphere causes breaking of the organo-
metallic bonds and formation of PX composites with inclusion of Ge or Sn
particles.

The other method is the co-condensation of metals and monomers onto the
same substrate [12] followed by a polymerization step. The co-condensation of
vinyl monomers with the vapors of metals such as Pd, Ag, Zn, Cd, Ga, In, Sn,
Sb and Bi in a vacuum onto a cooled (77 K) substrate produces a condensate
which is polymerized by heating or under the action of the usual radical in-
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itiators. It has been reported [13] that the co-condensation of gold and diace-
tylene allowed production of composites of gold particles in p-conjugated sys-
tems.

Polymer-metal composites can also be produced by means of polymeriza-
tion in plasma (glow discharge) with the initiation of the reaction by high
energy ions [14].

Cryochemical synthesis [15] is another recently developed method for pro-
ducing thin films of metal and semiconductor filled polymer-nanocomposites
with morphologies that are unattainable by other methods. The method con-
sists of the light-induced polymerization of the co-condensate of the metal or
semiconductor clusters with p-xylylene monomers which are highly reactive
in the solid state. The application of light allows the degree of p-xylylene poly-
merization to be controlled quantitatively. Composites containing nanoparti-
cles of metals, such as Mg, Pd, and semiconductors, such as PbS and CdS, with
particle sizes and distribution depending on the polymerization conditions
have been prepared using this method [16].

3
Basic Physical Processes Determining the Operation
of Polymer-Nanocomposite-Based Devices

Polymer-nanocomposites with semiconductor nanoparticles possess a num-
ber of unique features which attracted much attention from physicists and
chemists in the early 1980s [17-19]. Nanoparticles of semiconductors in a
polymer matrix are extremely interesting to physicists since they exhibit be-
havior typical for one-dimensional electron gas systems with effects such as
quantum confinement, discretization of the energy spectrum, unique non-lin-
ear optical properties, etc.

More detailed information can be found in the review articles mentioned
above or in a review by the author in a previous volume of this series [19].
Here we will consider the quantum confinement effect briefly, since it plays a
crucial role in nanocomposite-based device operation.

3.1
Quantum Confinement Effect in Polymer-Nanocomposites

Quantum confinement effects become “visible” when the size of the nanopar-
ticle, and hence the size of the potential well which entraps or “confines” the
electrons or holes within the particle, is comparable with the de Broigle wave-
length of the electron or hole. In this case the electrons or holes in such a
potential well always “feel” that they are confined. One of the main conse-
quences of this fact is an increase in the conduction band electron or hole
energy by a term known as the “particle-in-a-box” quantum energy E;:

mh?
Ei=Ey+—— (1)
m
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Fig.3. Band gap of CdS-PVA nanocomposites determined from optical absorbance spec-
tra (upper curve) and position of maximum of the photoluminescence peak (lower curve)
depending on CdS concentration

where E, is the initial energy of the particle, m is the effective mass of the
electron or hole, and R is the radius of the nanoparticle. One consequence of
this fact is an increase in the band gap if the particle size becomes smaller
than the exciton radius. This phenomenon allows the band gap of a system
to be tailored by changing the size of the particles, a property of great impor-
tance for many photonic and optoelectronic device applications.

We have observed [20] quantum confinement effects in optical absorbance
spectra as well as on the photoluminescence peak position dependencies from
filler concentration for CdS nanoparticles in a polyvinyl alcohol matrix (Fig. 3-
a,b). The reason why these quantum confinement effects can be observed at
filler concentration dependencies originates from the peculiarities of the in
situ synthesis: the lower the concentration of nanoparticles produced by an
in situ reaction, the smaller the average size of the particles.

Data from the P. Alivisatos group show another example of quantum con-
finement effects in the optical absorbance, photoluminescence and electrolu-
minescence spectra of CdS and CdSe-MEH-PPV nanocomposites (Fig. 8). The
mentioned phenomena can be utilized both for LED applications, as will be
described below, or for the manufacture of photovoltaic cells. In the case of
solar cells, filling the polymer matrix with nanoparticles which possess differ-
ent band gaps makes them similar to multi-band gap solar cells, which were
reported to show much higher values of energy conversion efficiencies than
their single band gap counterparts. The effect becomes even more pronounced
if the particles can be placed with the higher band gap closer to the illumi-
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nated side of the cell, thus allowing high energy photons to be absorbed in the
upper layers, and the lower energy ones in the deeper laying layers of the cell.

3.2
Dipole-Dipole Interaction Between the Particles in Polymer-Nanocomposites

Another anomaly exists in the graph mentioned in the previous section de-
picting the band gap values on concentration dependencies as determined
from optical absorbance measurements (Fig. 3a). In the area of high nanopar-
ticles concentration the band gap values become smaller than the bulk values
of the crystalline CdS.

One explanation for this anomaly, proposed by our group, assumes a strong
interaction between dipoles induced in the neighboring nanoparticles analo-
gous to van der Waal interactions in cases of molecule-molecule induced di-
poles. Since for the range of concentrations under consideration the distances
between nanoparticles are of the same order as the nanoparticle size (i.e. 1-
5nm) the effect can be quite strong and calculated local field values which are
the result of such interactions exceed 10’ V/cm. Such local fields can provide
an effective narrowing of the band gap due to the Franc-Keldysh effect [20].
Calculated values of the band gap shift are in good agreement with those de-
termined experimentally. The described model thus predicts the existence of
strong local electric fields between nanoparticles, which is important when
one considers the operation of devices such as photovoltaic cells or photo-
diodes based on polymer-nanocomposites.

Another effect discovered by our group in 1995 [20] is quenching of lumi-
nescence with the increase of CdS nanocrystal content in a poly(vinyl alcohol)
(PVA) matrix, which is non-conductive and non-luminescent. This phenom-
enon will be described in more detail in Sect. 5.

3.3
Percolation Behavior of Conductivity in Polymer-Nanocomposites

Another fundamental phenomenon, which determines the behavior of con-
ductivity in polymer-nanocomposites, is the percolation threshold, which oc-
curs when the nanocrystals concentration reaches values high enough to pro-
vide conduction along the connected chains of nanoparticles. At the threshold
values of filler concentration the conductivity of composite changes abruptly;
the absolute value of this change can reach 107-10% Ohm/cm, which makes this
effect similar to the metal-insulator transition in doped compensated semi-
conductors (Mott transition).

The author together with V. Sukharev has shown [21] that the percolation
behavior of nanocomposites conductivity is different from the one typical for
composites containing larger particles (Fig.4). It has been demonstrated that
the threshold filler concentration values are lower for nanocomposites than for
composites with micron-size particles, and the slope of the curve in the
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Fig.4. The dependence of conductivity on concentration for nanosize (curves 1-5nm
and 2-12 nm) and micron size (curve 3-6 m, curve 4-10 m) composites (the average par-
ticle size is taken, a log-normal distribution of particles sizes was observed)

threshold area is steeper. The phenomenon originates from the presence of a
filler concentration range where the conduction is dominantly of hopping ori-
gin. Hopping conduction has many peculiarities [22] which can be utilized for
the manufacture of gas and vapor sensors (see Sect.6).

The percolation-like behavior of polymer-nanocomposites conductivity is a
crucial property for device manufacture since all the electrophysical and a
number of other properties change completely once the percolation threshold
concentration is reached. The question should always be asked whether to
utilize the properties of non-contacting nanoparticles in a polymer matrix
below the threshold or those consisting of an interconnected particle network,
with topology, connectivity and persistence length changing depending on the
filler concentration excess over the percolation threshold value.
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3.4
“Diffused” and “Fractal” p-n Junctions in Composites Filled with Both
p- and n-Type Particles

Even more interesting physics comes into play if both p- and n-type nanopar-
ticles are successfully mixed in the same polymer matrix. Since the percola-
tion threshold for each type of nanoparticles is around 15 vol. %, and can be
even smaller due to the hopping conduction, in order to obtain composites
with connected infinite clusters of both p- and n-type nanoparticles, one
should have 30% of the composite volume occupied by filler and the remain-
ing 70% by polymer. It is possible to synthesize composites with such volume
ratios of components and this possibility was realized in our laboratory in
1996 [7]. As described in Sect.2, depending on the nature of the preparative
method, different composite morphologies can be obtained. By co-precipita-
tion from the colloid solution (Sect.2.1) almost homogeneous mixtures of in-
terconnected nanoparticle networks of both p- and n-type can be obtained,
similar to the polymer interpenetrating networks that are currently the sub-
ject of intensive investigation [23]. Another peculiar morphology of p-n nano-
composites which can be obtained by means of conversion of p-type particles
into n-type ones (Sect.2.1) is the diffused junction, which is illustrated in
Fig. 5. In this case one obtains an area consisting of pure p-type nanoparticles
close to one of the electrodes, an area of pure n-type particles near another
electrode and an intermixed layer, with the thickness depending on the che-
mical reaction conditions and consisting of nanoparticles of both types, with
changing connectivity of corresponding infinite clusters along the sample
thickness.

Formation of "fractal" p-n junction in

White Spheres polymer-nanocomposite photoveltaic cell
Concentration

|

Frac' [tal
Jun ' [ction

Gray Spheres
Concentration
Nanoparticle size : 1. Rp<Ld 2. Rp-Ld
Interface layer width: 1. W<Ld 2. W=Ld

Fig.5. Structure of a device with fractal junction geometry. L;-Debye length, R,-nano-
particle radius, W-intermixed layer width
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A number of effects arise in such intermixed layers due to the fact that the
size of the nanoparticles is either smaller or comparable to the Debye screen-
ing length Lj, - the characteristic length to which the field penetrates into the
semiconductor:

ceokT
e2ny

Lp = (2)

where €, and €, represent the dielectric constants of the material and vacuum,
respectively, and 7, is the number of free charge carriers in the conduction
band of the particle.

Since it is possible to change the Debye length by changing the concentra-
tion of carriers by means of doping or photogeneration, the effect which we
termed “fractalization” of the p-n junction is observed: If we have an inter-
mixed layer of nanoparticles with a thickness of ca.7 particle diameters and
the Debye length is larger than the particle diameter, the geometry of the
space charge layer formed at the p-n junction will be planar, since the field
will be insensitive to the microstructure of the layer (or better the nanostruc-
ture), and hence be the same as in the case of a planar p-n junction. However,
if by means of doping or light irradiation the Debye length can be made com-
parable to the nanoparticle diameter (50 nm in our case), “fractalization” of
the space charge layer takes place, such that the space charge layer now mi-
mics a single p-n nanoparticle junction since the concentration of carriers is
high enough to screen the field within one particle diameter. As already
known from semiconductor physics, the structure of the double layer at a p-
n junction can be obtained by solving the Poisson equation:

V2®(r) = 4mp(r) 3)

where ®(r) is the potential distribution and p(r) is the charge distribution. In
our case the uncompensated ionized impurity atoms are homogeneously dis-
tributed in each nanoparticle, and the p- and n-type nanoparticles are inter-
mixed, as shown in Fig. 3. The equation can be solved numerically using the
finite elements method by applying the appropriate boundary conditions. The
results of simulations show that the “fractalization” threshold values are de-
pendent on parameters such as particle diameter, Debye length, topology and
the thickness of the intermixed layer [24].

Another distinctive feature of such systems is the existence of strong local
electric fields. Since, even in the case of particles of the same conductivity
type, local fields can reach values of 10’ V/cm, for p- and n-type nanoparticles
in contact with each other the fields will be even higher and, according to our
estimations, reach values in excess of 102 V/cm.

Thus the space charge level “fractalizes”, providing a p-n interface area
which can exceed the area of the planar junction by 10-1000 times, depending
on the topology of the intermixed region [24]. This is especially advantageous
for the manufacture of photovoltaic nanocomposite cells, since the active area,
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i.e. the area where local fields are strong enough to separate the photogener-
ated excitons, created in both the polymer and in the nanoparticles is in-
creased up to values of 10-20 microns. The topology of the fractal junction
also provides continuous pathways for charge carriers of both types to the
corresponding electrodes with minimized recombination, since in the proxi-
mity there is always a particle of the appropriate conduction type connected
to the percolative network to which it is possible to jump. In this way holes
can be transferred through the connected network of p-type particles and
electrons through the connected network of n-type particles, co-existing in
the space of the active area of the diffused junction with given topology.

Other possible applications of gradient junctions are in polymer-nanocom-
posite LEDs, where a voltage-dependent color is expected, and even for the
manufacture of lasers with electrical pumping, since the injection current
densities in the case of gradient junctions can be made quite high. However,
in the case of lasers, the nanoparticles must be fairly uniform in size, a condi-
tion which is barely achievable by the chemical synthetic methods usually
used for the preparation of nanocomposites.

Physics similar to those described above are responsible for the operation
of interpenetrating networks based photodiodes and the solar cells based on
polymer-fullerene donor-acceptor transitions which are actively under inves-
tigation at present [25]. Since fullerenes in such blend-based devices are in the
nanocrystalline form, with cluster sizes of the order of 2 to 10 nm, they are
also polymer-nanocomposites and hence similar to the other objects treated
in this review. The device geometry of the fullerene-polymer solar cells is
based on the so-called bulk heterojunctions, which are similar to the gradient
junctions described above. The distinctive feature of polymer-fullerene blends
is the low concentration of majority carriers especially without illumination,
which makes it impossible to form a space charge layer between p- and n-type
areas. Thus the mechanism of their operation is much closer to the molecular
concepts of photoinduced charge transfer and Onsager charge separation in
the external field, provided by the difference in work function of two electro-
des, rather than to traditional semiconductor p-n junction principles [26].

4
Electroluminescence in Polymer-Nanocomposites
and Light Emitting Diodes

Electroluminescence is an electronic analogue of photoluminescence and con-
sists of the radiative recombination of the electrons and holes injected into the
conduction and the valence band of the semiconductor, respectively (Fig. 6).
Electroluminescence is intensively exploited in optoelectronic devices based
on inorganic semiconductors such as light emitting diodes (LEDs) and lasers.

The important criteria which the material must fulfill to be suitable for the
manufacture of electroluminescence devices are high injection current densi-
ties of both the electrons and the holes into the active region of the device, a
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Fig.7. Radiative characteristic of LEDs (dependence of emitted radiation flux F on cur-
rent I). I low current branch; 2 high current branch

much higher probability of radiative recombination of electron-hole pairs in
the active device area in comparison with the non-radiative channels and an
optical transparency of material in the emission spectral range.

The most important device parameter reflecting the electroluminescent de-
vices performance is the external quantum efficiency (EQE), which is deter-
mined by the expression:

10 = YNeNopt » (4)

where 7y is the injection coefficient, N.-the internal quantum efficiency and
Nopt-the light output coefficient. The most informative are the peak or integral
brightness-current dependencies (Fig.7) and the spectral content of the
emitted radiation. EQE for the best inorganic semiconductor LEDs reaches
values of 20-30%. Other important parameters of an LED are the integral
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Fig.8. Different processes which occur in a conjugated polymer molecule on photoexita-
tion

brightness or peak brightness, i.e. the amount of radiation emitted over the
whole spectral range or at the peak wavelength, as well as the threshold vol-
tage, i.e. the voltage at which radiative emission begins.

Recently, organic polymer materials have been applied in electrolumines-
cent devices such as LEDs, primarily for display applications, and as optically
pumped lasers [27-29]. In the case of polymer-based structures, a molecular
picture of electroluminescence is more adequate than the semiconductor band
scheme (Fig.7), i.e. radiative transitions between the electronic states of ex-
cited conjugated molecules and the ground state take place. It was discovered
that before their recombination in the conjugated polymer media the electrons
and holes succeed in forming excitons (bound states of the electron-hole pair)
which than recombine through a number of radiative and non-radiative chan-
nels (Fig. 8). The polymer used as the electroluminescent media must combine
high electron and hole injection-based mobility with a high probability of ra-
diative recombination in comparison with the non-radiative channels.

One advantage of polymers which is especially useful for laser-oriented ap-
plications is the red shift in the luminescence spectrum in comparison with
their absorption. This phenomenon gives the opportunity of light amplifica-
tion without losses caused by self-absorption in active media. Many efforts are
now being concentrated on the manufacture of electronically pumped polymer
lasers, although they have not yet met with success.

Using molecular engineering approaches, physicists and chemists have suc-
cessfully optimized the structure of conjugated polymers, mostly poly(pheny-
lenevinylene) (PPV) or polythiophene (PT) derivatives, for LED applications
to obtain all the colors of the visible spectrum and recently have reached
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quantum efficiency values higher than 1% [29]. Threshold voltage values as
low as 1V have also been recently communicated [30]. Much research at Cam-
bridge Display Technologies Co. [1] has concentrated on an improvement in
the operational stability of polymer LEDs, which have the tendency to degrade
quite fast in an ambient atmosphere. This is due to both oxygen diffusion into
the conjugated polymer matrix and also the photochemical reactions initiated
by emitted radiation. The use of sealing, protective coatings and special addi-
tives has increased the operational time of polymer LEDs up to 20,000h,
which is sufficient for most device applications.

4.1
Light Emitting Diodes Based on Polymer-Nanocomposites

According to P. Alivisatos et al. [31], the advantages of nanocomposite LEDs
originate from the fact that the band gap can be tailored and hence, due to
quantum confinement, the emission color changes depending on the size of
the nanoparticles (see Sect.2). This phenomenon is well illustrated in Fig.9,
which displays the effects of quantum confinement in photoluminescence,
electroluminescence and optical absorption spectra.
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Fig.9. Quantum confinement effect [22] in the electroluminescence (solid line), photolu-
minescence (dashed line) and absorption (dotted line) of nanocrystals of three different
diameters. The blue shift of the (49, 42.5 and 33.5 A) electroluminescence in respect to the
photoluminescence may be due to trap filling by carriers injected into the CdSe multi-
layer or to a charge transport mechanism in the CdSe multilayer
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spatial coordinate

Fig.10. CdSe(CdS) core-shell nanocrystal [24] energy diagram. The solid lines represent
the bulk potentials and the dashed levels represent the HOMO and LUMO in the nano-
crystal extrapolated from bulk CdSe. The Gaussians shown are the results of effective
mass calculation for electron and hole wave function. (see also [40]). Potential offsets
between the core and shell valence band (0.5eV) and conduction band (0.3 eV) are ap-
proximated by the differences between the bulk electron affinities and ionization poten-
tials of CdSe and CdS

Another striking feature of polymer-nanocomposite LEDs is the voltage-
dependent color of the emitted light. The phenomenon is caused by recombi-
nation in polymer-nanocomposite systems which usually takes place both in
the nanoparticles and in the polymer matrix . Varying the ratio of electron-
hole pairs undergoing recombination in the matrix and the nanoparticles cor-
respondingly changes the injection conditions from the cathode and anode,
which affect the range of carriers penetration within the structure resulting
in a variation in the spectral content, i.e. the color of the emitted light. Since
electron injection and transport are usually limiting for polymer and poly-
mer-nanocomposite devices [31], it was pointed out that changes in the elec-
tron injection and the electron penetration depth caused by the change in
voltage are responsible for the shift in recombination zones which results in
the emission color change. Even though similar voltage-dependent color LEDs
have been reported based on electroluminescent conjugated polymer blends
consisting of polymers with different band gaps in an insulating polymethyl-
methacrylate (PMMA) matrix [32], polymer-nanocomposites seem to be ea-
sier to process and produce the desirable color coordinates changing the par-
ticles sizes and the thickness of the layers.

A further conceptual development of polymer-nanocomposite LEDs, re-
ported by Alivisatos et al. [33], was the application of core-shell CdSe-CdS
structures. Due to the specificity of the confinement potential (Fig. 10) caused
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by the fact that the lower band gap semiconductor (CdSe) forms the core of
the particle and the higher band gap (CdS) its shell, the holes are trapped in
the core area of the nanoparticles while electrons are delocalized over the
whole nanocomposite system. Therefore the recombination probability is en-
hanced significantly in comparison with the homogeneous nanoparticles
layers. The best external quantum efficiencies reached using core-shell CdSe-
CdS nanocomposite systems were 0.22% [34] which is at least one order of
magnitude larger than values exhibited by simple CdSe-based nanocompo-
sites.

5
Photoconductivity and Photovoltaic Effect in Polymer-Nanocomposites

Photoconductivity reflects the process of electron-hole pair generation in
semiconductors upon illumination. It is observed in the form of an increase
in current if the semiconductor is irradiated by a flux of photons with an en-
ergy greater than the semiconductor band gap value. This phenomenon is uti-
lized in devices such as photoreceptors and photodetectors of various kinds,
which convert the optical signal into an electrical current. However, for the
purpose of photodetection, photodiodes, i.e. devices utilizing p-n junctions
or Shottky metal-semiconductor contacts, are used rather than photoresistors.
In photodiodes the electric field at the p-n junction or at the interface between
the metal and the semiconductor separates the photogenerated electron-hole
pairs preventing their recombination and thus increasing both the photocur-
rent and the light sensitivity of the photodiodes in comparison with photore-
sistors. Usually both p-n junction diodes and Shottky diodes are used in the
reverse bias regime (Quadrant III in Fig. 11) maximizing the energy barrier at
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Fig.11. Set of curves (I-V) of the photodiode for different illumination flux intensities ®.
Quadrant I-forward bias area ( not used in optoelectronic devices); Quadrant III-photo-
diode operation area; Quadrant IV-photovoltaic operation area
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the junction, which becomes almost non-transparent for the diffusion-origi-
nating current of the majority carriers (i.e. holes in the p-type area and elec-
trons in the n-type area). At the same time the photogenerated minority car-
riers see no barrier at all and are collected by the corresponding electrodes.
Thus a high ratio of photocurrent to dark current and hence photodiode sen-
sitivity is reached, which is desirable for photoreceptor and photodetector ap-
plications.

One of the main parameters of a photodetector is the spectral current sen-
sitivity (Ir ), expressed by the following formula:

F

where h is the internal quantum yield, i.e. the number of electron-hole pairs
produced by one photon with given frequency v, v,-is the transfer coefficient,
which reflects the ratio of the carriers which do not undergo recombination
and are transferred to electrodes to the total number of carriers, and F is the
light intensity. Figure 12 shows the corresponding dependence of the current
on the integral photon flux which is one of the other vital parameters of a
photodiode. Another important characteristic of a photodiode is the rectifica-
tion ratio in the dark and under illumination, which is the ratio between the
forward bias current and the reverse bias current at a selected voltage, which
must be high enough to lower the barrier in the case of reverse bias and to
elevate it in the case of forward bias. The rectification ratio reflects how
“good” the photodiode actually is as a current rectifying device.

The photovoltaic effect, which is utilized in the manufacture of solar cells,
corresponds to quadrant IV of the current-voltage (I-V) curve drawn in

Sp |

A A

Fig.12. Typical spectral response function of a photodiode. The long wavelength edge of
the spectrum A; is determined by the band gap, the short wavelength limit A is deter-
mined by the increase in the absorbance in the passive layers of the device once the
wavelength is decreased
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Fig.11. In this operational mode there is no bias voltage applied to the device
and the separation of photogenerated electrons and holes at the p-n junction
provides the electromotive force, i.e. the stable potential difference at the elec-
trodes which can be kept under resistive load, which means that a photovol-
taic cell is an electric power source. The main electrical photovoltaic para-
meters of the solar cell are the open circuit voltage (V,,), i.e. the voltage under
disconnected electrical circuit conditions, the short circuit current (I,.), i.e.
the current which can be obtained by short contacting the device to itself,
and the fill factor, which is determined by following expression:

LU,
ISC UOC

FF

(6)

where U,, and I,,, are the values of the voltage and current, respectively, which
provide the maximum power output of the cell.

The most important characteristic of a photovoltaic solar cell is the energy
conversion efficiency, which is determined by the equation:

I, U,.FF
= e )
where P is the integral radiation power per device surface area.

Common commercial inorganic solar cells based on polycrystalline silicon
usually possess efficiency values 10 to 12% under solar illumination (AM 1.5
1SuN).

Polymer photodiodes have recently attracted the interest of materials scien-
tists and technologists due to the opportunity to make large area arrays of
addressable photodiodes [34] which could provide a cheap alternative to vidi-
cons and MIS-capacitor CCD used in digital video cameras or night vision
devices.

On the subject of polymer or rather organic-based solar cells, these at-
tracted the attention of researchers in the early 1970s as quite promising cheap
and environmentally friendly alternatives to their inorganic prototypes. The
best results obtained so far are the molecular crystal p-n junction devices
made of perylene and copper phthalocyanine [35], and the energy efficiencies
reached were of the order of 2%.

Quite recently efforts have concentrated on the development of polymer and
polymer-nanocomposite plastic solar cells [36]. The main advantage of poly-
mer-based cells is the possibility to make large area flexible structures using
inexpensive processing methods such as doctor blading or solution casting.

In fact, prior to the manufacture of photovoltaic cells, one always examined
the extent of photoluminescence quenching in the materials, which gave a
good marker of how well the electron-hole pairs had been separated either
by the internal field (Onsager dissociation), or as a result of other processes
such as photoinduced charge transfer.
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5.1
Photodiodes and Solar Cells Based on Polymer-Nanocomposite

Returning to polymer-nanocomposites, we have studied the photolumines-
cence quenching in nanocomposites based on CdS nanoparticles with differ-
ent sizes in a poly(vinyl alcohol) (PVA) matrix (Fig. 13), which is non-conduc-
tive, while a group at Berkeley University has concentrated on substituted
poly(paraphenylenevinylene) (MEH-PPV)-CdSe nanocomposites, MEH-PPV
being a conductive as well as a luminescent matrix in its own right (Fig. 14).

In both cases one can see that the luminescence is quenched once the con-
centration of nanocrystals in the matrix is increased. Quenching in the case of
the PVA matrix is more complete, since PVA is a non-luminescent matrix and
thus only the luminescence of CdS nanocrystals must be quenched. Even
though the two systems seem to be similar, the processes taking place are
different since in the case of PPV-CdS systems the electron-hole pairs are gen-
erated both in the nanoparticles and in the polymer matrix; electrons are then
transferred through the nanoparticles network, the holes tend to be trans-
ported through the polymer. In the case of CdS nanoparticles in the non-con-
ductive and non-luminescent PVA matrix the electron-hole separation takes
place between neighboring nanocrystals, assisted by the high local fields as
described in Sect. 3, and hence the matrix plays a passive role in the photo-
current generation process.

Luminescense Peak Intensity, a.u.
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Fig. 13. Height of luminescence peak [13] for CdS-PVA nanocomposite (a) and CdS-PPV
(b) on CdS concentration. Nanoparticles size increases from 2 nm at low concentrations
to ca. 4nm at higher ones
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Fig. 14. Photoluminescence efficiency [29] of MEH-PPV/CdSe and CdS nanocomposites
as a function of nanocrystal concentration, for TOPO-coated (circles) and pyridine-trea-
ted (squares) nanocrystals. a 4-nm diameter CdS nanocrystals; b 5-nm diameter CdSe
nanocrystals

Let us now describe the photovoltaic properties of the polymer-nanocompo-
sites that were mentioned above. A number of structures which have been
studied are depicted on Fig.15. We regard the nanocomposites containing
highly doped p- and n-type nanoparticles to be more promising for photovol-
taic applications than ones filled with particles of one conductivity type only
for the following reasons:

1 All the advantages of fractal p-n junction can be utilized, i.e. producing
photovoltaic cells with an optimal thickness of the active layer of ca. 10
microns.

2 All the advantages of heterojunction II-VI sulfide-based solar cells can be
utilized, with the polymer matrix preventing interdiffusion of A;; metal
components, often the main reason for the instability observed in inorganic
heterostructure II-IV solar cells produced by liquid epitaxy or thermal eva-
poration.

3 The conductive polymer matrix also plays the role of an i-type semiconduc-
tor, thus allowing p-i-n device structures, with extremely high local fields
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Fig.15. Structure of p-n nanojunction based photovoltaic cells

in the i-area, causing decomposition of excitons generated in the polymer
matrix. The latter fact leads to the additional possibility of photon harvest-
ing, tailoring the matrix absorbance band in order to increase the total en-
ergy conversion.

4 The topology of conduction networks formed by p- and n-type particles
provides a gradual increase in the connectivity in the built-in field direc-
tion, which minimizes the amount of network dead ends in the nanoparti-
cle chains, at which the charge carriers are usually trapped, and which are
the main centers of recombination in polymer-nanocomposites.

5 The p-n nanocomposite photovoltaic cells can be made with a large area
and be flexible.

We investigated a system of p-type Cu,S nanoparticles mixed with n-type CdS,
doped with indium in order to increase carriers concentration, synthesized in
situ in a poly(vinyl alcohol) matrix. Cu,S and CdS placed in contact form a
heterojunction which delivers 12% of the power conversion efficiency when
made by liquid epitaxy. Nevertheless, the inorganic CdS/Cu,S cells produced
by epitaxy suffer from a number of disadvantages, one of which is the degra-
dation caused by diffusion of Cu" ions into the CdS layer. In our case, by pre-
paring the nanocomposites of CdS and Cu,S in a polymer matrix, we pre-
vented diffusion, thus improving the long-term stability of the photovoltaic
cells significantly.

Energy efficiencies in the order of 2% under solar illumination at AMO 1
sun conditions were obtained on the systems described above [6], which is
much lower than expected, and we continue to channel efforts in this direction
with the aim of reaching efficiency values of the order of 10%.

Another type of devices are the photovoltaic cells [37, 38] formed by n-
semiconductor nanoparticles impregnated into a conductive p-type matrix
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Fig.16. Impedance spectra (plot of the imaginary part of complex impedance and real on
frequency) for a Ag/PANI/Ag and b Ag/PANI+30%CdS/Ag

(Fig.15). CdS and CdSe nanoparticles have chiefly been used as the filler and
MEH-PPV, p-PPV and polyaniline as the host matrices.

We have demonstrated [37] that p-n nanojunctions are formed between the
nanoparticle chains and the polymer matrix with the partial formation of a
space charge layer. The evidence is a 3 orders of magnitude drop in the com-
posite conductivity, a change in the impedance behavior (Fig. 16) and a differ-
ence in the I-V characteristics (Fig.17). The most probable cause is the for-
mation of a space change layer which, in turn, generates local electric fields,
leading to a decrease in concentration of holes, and a mobility drop due to an
increase in the disorder.

A number of processes leading to electron-hole pair separation take place
in polymer-nanocomposites [38], as seen in Fig.18. Charge transfer mainly
takes place at the particle-polymer interface and the photocurrent spectrum
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(Fig. 19) provides evidence that a photocurrent is generated if the photon is

absorbed by both the nanoparticles and the polymer matrix.

If the nanoparticle surface is coated by a capping organic molecular layer
only an exciton transfer is possible [38], since the charge transfer is sup-
pressed due to the presence of the relatively thick insulating layer. The usual
case is that wherever the exciton is generated, the hole tends to come to rest
and is transferred to the anode through the polymer matrix, while the electron
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Fig. 18. Routes for exciton and charge transfer [29] in MEH-PPV/CdSe blends. a Absorp-
tion in the polymer, followed by electron transfer to the nanocrystal. b Absorption in the
polymer, followed by exciton transfer to the nanocrystal, followed by hole transfer onto
the polymer. ¢ Absorption in the nanocrystal, followed by hole transfer onto the polymer.
Note that for CdS nanocrystals, route b is not available since the nanocrystal energy gap
is larger than that of the polymer, whereas it would be possible for excitons to transfer
from the nanocrystal to the polymer, followed by electron transfer onto the polymer. In
the presence of a TOPO barrier, the electron and hole transfer processes are suppressed
and only exciton transfer is possible
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Fig.19. Spectral response [29] of the short circuit current for a MEH-PPV-CdSe device
containing 90 vol% 5-nm diameter CdSe nanocrystals (solid line) and for a pure MEH-
PPV device (dashed line). The data have been normalized to fit on the same scale
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is transported through the connected chains of the CdS or CdSe nanoparticles.
It was found that, at high filler concentrations, up to 90% of all generated
excitons are decomposed, and thus the transport to the electrodes is the main
factor limiting the photocurrent. Efficient transport requires high concentra-
tions of the nanoparticles and Fig. 20, which depicts the short circuit quantum
efficiency versus filler concentration, illustrates this fact. The main losses are
most probably due to the trapping of electrons at the dead ends of the con-
duction network, which act as the recombination centers [38].

The best photovoltaic properties were exhibited by a structure having 90
wt.% of CdSe. The energy conversion efficiency when illuminated by the solar
spectrum was found to be around 0.1%, which is not as high as the values
exhibited by inorganic solar cells. However, the system can be significantly
improved by adding dye molecules to the polymer matrix and optimizing the
topology of the conductive nanoparticles networks using the gradient ap-
proach described in Sect. 2.

The author with co-workers [39] has investigated systems with the struc-
tures Al/Cgo/PANI+CdS/ITO and Al/Cso/PPV+CdInS/ITO. Most worthy of note
are the dependencies of the short circuit current and the open circuit voltage
on the nanoparticles concentration (Fig.21). Since the fullerene molecule acts
as a strong electron acceptor, excitons generated both in the polymer matrix
and in the CdS particles are decomposed, electrons are accepted by the Cqq
layer and the holes are transported to the anode through the polymer. Once
the concentration of the nanoparticles exceeds the percolation threshold value,
the system becomes short contacted, since the electrons can pass from the
anode to the cathode through the barrier-free connected network of CdS clus-
ters; this latter fact leads to the disappearance of the photovoltaic effect, as
illustrated in Fig.21b. The increase in the photocurrent and the open circuit
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Fig.21. Short circuit current (I;.) (A, C) and open circuit voltage (V,.) (B, D) dependen-
cies on CdS concentration for Al/CdS+PANI/CdZnO (A, B) and Al/CdS+PPV/CdZnO (C,
D) with and without a fullerene layer between Al and the composite

voltage with the increase in concentration of the nanoparticles preceding the
percolation threshold is most probably due to the additional exciton genera-
tion in CdS nanoparticles.

There is also some evidence that the chains of CdS nanoparticles possibly
play the role of the anode (hole collector) dispersed into the polymer matrix.
If the valence band levels of the polymer matrix and the nanoparticles match
each other well, as in the case of the PANI/CdS system, a hole can be injected
into the nanoparticle and recombine with the intrinsic electron, charging the
particle positively. The positive charge can then be transferred to the anode
since the hopping probability to a positively charged particle is larger than to
a neutral one (Fig.22):

Tii
Ry = R exp{— é} — E; (8)
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Interparticle Hopping Scheme
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Fig.22. Diagram of the hopping conduction in a CdS/PPV nanocomposite layer
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where R;; is the resistance of the equivalent network element, which corre-
sponds to the hopping in between an i- and a j-nanoparticle, R°<?>; is the
pre-exponential factor, r;; the distance between nanoparticles, E;; the energetic
part of the hopping process, 3 the effective radius of the eigenstate and € the
dielectric constant of the media.

The electrostatic energy term in the case of hopping to a neutral nanopar-
ticle (Eq.9) is two times bigger than the term reflecting the hopping to a po-
sitively charged one (Eq.10). Thus the equivalent network resistance (Eq.8)
(using the Miller-Abrahams approach) becomes smaller giving the possibility
of a transfer of a positive charge to the anode not in a form of a hole but as a
positive charge delocalized over the whole nanoparticle. This process, if it ex-
ists, provides the explanation for the increase and following drop of both U,
and I, which take place for the filler concentration values in the vicinity of the
percolation threshold for CdS-p-PPV nanocomposites (Fig. 21b).

6
Gas and Vapor Polymer-Nanocomposite Sensors

The possibility of utilizing polymer-nanocomposites for the manufacture of
gas and vapor sensors was studied in our laboratory in 1992 [40]. The speci-
ficity of nanocomposites, which makes them attractive as a gas sensor materi-
al, is the existence of a hopping conductivity between the nanoparticles
through the polymer in a range of concentrations close to the percolation
threshold (see Sect.2.3). Since the absorption and partial dissolution of the
gas or vapor molecules in polymer matrix changes its properties, it is possible
to monitor these changes measuring electrophysical characteristics of the
composites such as conductance and capacitance. The important point here
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is the possibility to separate the absorption function and the sensor transducer
function of the device: the absorption function is played by the polymer ma-
trix and the sensor function is played by the interconnected nanoparticles net-
work. This separation provides the possibility of combining various polymer
matrices with different filler nanoparticles thus allowing selective detection of
some gas molecules if the polymer matrix absorbs them selectively. By varying
the polymer matrix, sensor arrays can be manufactured and these are now
extensively used for odor recognition and in various biosensor applications.

Another distinctive feature is the very magnitude of the effect: the conduc-
tivity change in the threshold area is usually 6-7 orders of magnitude, thus
making the conductivity change upon absorption of the gas molecules large
as well.

Two basic factors determine the conductance and capacitance change dur-
ing gas or vapor absorption: the adsorbate swells the polymer matrix and the
dielectric properties of the polymer matrix are changed. Swelling leads to a
change in interparticle distances, while the change in dielectric properties in-
fluences hopping conduction. Both of these effects are utilized for sensor op-
eration, though swelling is a slow process, and the corresponding sensor re-
sponse times are tens of minutes, being insufficient for most applications.

The change in the dielectric properties of the polymer matrix, mainly of the
dielectric constant, leads to a dramatic change in conductance due to the pe-
culiarities of the hopping mechanism. In the course of our research [41] we
treated the hopping conduction in polymer-nanocomposites in the framework
of the Shklovski-Efros model of hopping conduction in semiconductors. The
basic equation which determinies the composite conductivity in this case is:

_ —2rj ¢
S—Soexp( 3 5kT+F) (11)

where S, is the proportionality factor, r;; is the interparticle distance, -the
characteristic radius of electron eigenfunction delocalization, e-the dielectric
permeability of the media and F defines the term responsible for the electric
field influence on hopping due to the potential barrier lowering.

The first term under the exponent reflects the dependence of the hopping
probability on the distance between the nanoparticles while the second term
handles the energetic part of the hopping process, the energy being mainly of
electrostatic origin. Since both the first term (through B) and the second one
include the dielectric permeability of the media, the hopping conduction ex-
ponentially strong depends on the value of €. This means that even small
changes in polymer matrix dielectric permeability caused by absorption of
polar molecules lead to an exponential change in the composite conductivity.
This process is much faster than a swelling-induced conduction change, since
it requires only the adsorbate molecule penetration into the polymer in be-
tween the nanoparticles and no chemisorption or dissolution of the molecule
in the matrix is necessary.



Device Applications of Polymer-Nanocomposites 197

Ac/o,
35+

[CuSl, %

Fig.23. Dependence of the relative change in CuS-PVA composite layer conductance on
the increase in relative humidity from 15 to 74% RH on CuS content (vol%). I-Nanocom-
posites with particle size ca. 12 nm; 2-Micrometer size particles (10-15 mm)

The first sensors to be manufactured utilizing the principles described
above were humidity sensors, since a water molecule possesses a large dipole
moment and thus changes the dielectric permeability upon absorption to a
great extent. We studied CuS-PVA nanocomposites as prospective humidity
sensors and measured the dependence of the relative conductance change on
the the nanoparticles concentration (Fig. 23). It can be seen that for the nano-
composites with a filler concentration within the range 10-15 vol%, i.e. just
preceding the percolation threshold, conductivity changes 35 times when the
relative humidity (RH) is increased from 15 to 73%. Figure 24 shows the de-
pendence of the relative conductance change on the partial pressure of water
vapors (relative humidity). It can be seen that the dependence of conductivity
on RH is the exponential one, in full accordance with Eq.(11) if we assume
that absorption follows the Langmuir isotherm.

Typical sensor response times were in the order of 5s, thus excluding the
polymer matrix swelling as a reason for the sensor signal. The conductivity
change was not particularly large in the described case since the nanocompo-
site films used as the sensors were quite thick (2 microns), and the bulk con-
ductivity, which is not affected by adsorbate molecules, shunted the surface
conductance variation caused by adsorption.

The next step, performed by Trakhtenberg et al. [42], was the use for sensor
applications of materials that consisted of thin polymer-nanocomposite layers
of poly-p-xylylene with lead particles as a filler. The composites were pro-
duced by gas phase co-deposition on a quartz substrate, as described in
Sect.2.7. The films made by this method were used to detect ammonia in air
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Fig.24. Dependence of the relative change of nanocomposites conductivity on relative
humidity for nanocomposites with filler size ca.12nm and different concentrations: 1
7vol %, 2 11 vol %, 3 17.5vol %, 4 22 vol %

[43]. The introduction of ammonia impurities changed the sensor conductiv-
ity by 4-8 orders of magnitude due to the absence of bulk shunt resistance.
The conductivity was found to be proportional to the square of ammonia im-
purity concentration and the I-V curves of the films were logarithmic, which
is typical for the hopping conduction mechanism. By changing the preparative
conditions used to produce the films, sensors for the detection of ethanol and
water vapors in air were also manufactured.

Composite films of palladium nanoparticles in poly-p-xylylene, produced
by the same method, were found to be sensitive to small (down to 10 ppm)
hydrogen impurities in air. Sensors based on such films can be operated at
room temperature [44].

The capacitance change upon absorption in nanocomposites with the filler
concentration lower than the percolation threshold is another opportunity to
monitor the dielectric permeability change. The effect consists of the existence
of the dielectric constant anomaly for the conductive filler concentrations just
below the percolation threshold values. The anomaly is due to the giant cross
capacitance of big clusters of nanoparticles formed close to the percolation
threshold which are not yet in contact with each other (the effect is similar
to other critical phenomena, e.g. the behavior of ferromagnetics close to the
Curie temperature). The absorption of the gas molecules by the polymer ma-
trix leads to a highly non-linear capacitance change. The use of such polymer-
nanocomposite layers placed on the top of field effect transistors (ChemFETs)
has been proposed [41], but not yet realized.
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7
Polymer-Nanocomposites as Magnetic Storage Materials:
Maximum Storage Density Problem

Even though the magnetic properties of nanocomposites have been studied
since the early 1960s, interest in nanosize magnetic media has grown only
recently due to the development of nanotechnology and nanoelectronics, as
well as because of the research in the field of spin electronics devices such as
magnetic random access memory (MRAM). Another reason is the quest to
increase magnetic media storage capacity. Currently, polymer-nanocompo-
sites are being extensively studied as potential high capacity magnetic storage
media and as possible elements of nanoscale spirtronics.

We will describe here the behavior of ferromagnetic iron oxide nanoparti-
cles in a PVA matrix synthesized by the in situ method [45]: Reaction between
the immobilized particles in the volume of polymer iron ions (which are at-
tached by means of coordinating bonds to the PVA hydroxyl groups) and the
OH™ groups of NaOH followed by treatment in a reducing atmosphere leads to
the formation of mixed iron oxide (Fe,03/FeO) ferromagnetic nanoparticles.

The driving force behind these investigations is the problem of maximum
density of magnetic storage. In simple terms it is formulated as follows: up to
what limit can we increase the density of magnetic storage without losing the
reliability of the stored information?

Since the iron oxide particles in a polymer matrix are single domain ones,
it is a good model system to study the problem since it is easy to investigate
the influence of interparticle distance on magnetic properties by changing the
concentration of particles in the polymer matrix, the latter playing the passive
role in this case. Another parameter which can be varied is the anisotropy of
the particles, which determines the magnetic anisotropy energy. The anisotro-
py of the particles can be controlled by growing particles in uniaxially
stretched polymer matrices. Since the size of the particles is less than the
average domain size (ca.50 nm for Fe or y-Fe,05) all the nanoparticles are in
the single domain state, with the magnetic momentum of the particle being
the sum of moments of constituent ferromagnetic atoms.

The ferromagnetic particles in a polymer matrix can interact either via
magnetic dipole-dipole interactions, which are comparatively long range, or
by the exchange forces which come into play if the particles are in direct con-
tact with each other and electron wave functions overlap. If these interacting
forces are strong, the whole composite will be ferromagnetic, i.e. the moments
of neighboring nanoparticles will be coupled providing a long-range magnetic
order. In the opposite case the moments of neighboring particles interact
weakly, the magnetic order breaks down and the magnetic momentum of each
nanoparticle fluctuates independently. This latter state is known as superpar-
amagnetic, analogous to the paramagnetic state of atoms in solid bodies. The
other parameter which determines the magnetic state of a composite is tem-
perature, which works against the magnetic ordering and leads to the presence
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of a threshold between the ferromagnetic and the superparamagnetic state at a
particular temperature. The parameter characterising interparticle interaction
is the magnetic moment relaxation time 7, which can be determined by a
number of techniques [46].

The question of whether a system is superparamagnetic or ferromagnetic is
crucial for the problem of magnetic media storage density, since if informa-
tion is to be stored in each single-domain particle, its momentum must be
uncoupled from the neighboring ones, i.e. the system as a whole must be
superparamagnetic. Another important question is how small the anisotropic
nanoparticle can be to allow reliable storage of information (momentum up or
down in the case of easy magnetization axe existence). There are a number of
techniques which can be applied to approach the outlined problems.

Measurement of the magnetization (measurement of magnetic moment of
the sample dependence on the magnetic field strength) is the most straightfor-
ward and simple to understand. It gives information about the magnetic mo-
ments statics when the measurements are conducted in a constant magnetic
field or about the low frequency dynamics if pulsed magnetic fields are used.

Méssbauer spectroscopy is an alternative and very sensitive method, since
all the nuclei transitions are very sensitive to the local magnetic fields which
affect the dipole and quadrupole momenta of the nucleus. However, Moss-
bauer spectroscopy gives information about the magnetic momentum dy-
namics, since what is actually obtained is the magnetic momentum averaged
along the Mossbauer measurement time 7, (7,, ~10™s for >’Fe in particles
with uniaxial anisotropy [47]). Thus Mdossbauer spectroscopy only provides
information about the magnetic momenta relaxation dynamics within the
time scale of 107%s.

Magnetic force microscopy (MFM) is a recently developed convenient
means to study the local fields by using an AFM tip made of ferromagnetic
material in the tapping mode. The resolution of MFM is of the order of units
of nanometers, which allows mapping of the local magnetic fields of the na-
noparticles in a polymer matrix.

If we examine the Mdssbauer spectra (Fig. 25) of the PVA-Fe;0, nanocom-
posites described above with 150 wt % concentration of 20-nm filler particles,
we can see that following a decrease in temperature from 290K (A) to 200K
(B) and then to 77 K (C) the badly resolved doublet, typical for the superpar-
amagnetic state, is substituted by a well-resolved sextet which is evidence for
the ferromagnetic state of the system. Such behavior is typical for the super-
paramagnetic-ferromagnetic transition which takes place in this case at a tem-
perature of approx. 200K, at which the intensity of the doublet and the sextet
are of the same order.

If one examines the corresponding magnetization dependencies on the
magnetic field (Fig.26) for nanocomposites with 120 and 150wt % (corre-
spondingly 27 and 35 vol %) of Fe;Oy,, it can be seen that at room temperature
both are in the superparamagnetic state. The absence of hysteresis on the
magnetization curve is straightforward evidence of this fact. Thus both the
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Fig.25. Mossbauer spectra of PVA-Fe;0, nanocomposites, 150 wt % concentration of 20-
nm size filler particles, at A 290K, B 200K and C 77K

dynamic and static measurements of magnetic momenta interaction lead to
the conclusion that the system is in the superparamagnetic state at room tem-
perature.

One of the consequences of this fact is that each particle can be used as a 1-
bit information carrier, if the reliability of storage is good enough (see above).
This is quite an amazing perspective indeed, since the information storage
density, if it can be stored by each nanoparticle, equals ca. 10'7bit/
cm’=10,000 Gbit/cm?, which is a very impressive number indeed. Neverthe-
less, there are still many obstacles in the way of nanocomposite magnetic sto-
rage media manufacture. First of all the information must be stored reliably by
each nanoparticle and secondly the particles must form relatively well-or-
dered 2-D arrays in the matrix. The first problem can be solved by increasing
the particles anisotropy, and the second by choosing appropriate synthetic
conditions [48]. The possibility of manufacturing MRAM based on composites
of ferromagnetic nanoparticles in conductive matrices is another striking pos-
sibility to be explored in the near future.
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120 and 150 wt % of Fe;0, at room temperature

8
Conclusions

Summarizing the reviewed facts and trends in the development of devices
based on polymer-nanocomposites, the opinion can be expressed that, in con-
trast to the microelectronic circuitry, operating based on the ordered func-
tional elements such as logical gates, in the case of polymer-nanocomposites
we can utilize the properties of disordered systems, since the nanoparticles are
stochastically dispersed in the matrix. Above we described how the properties
of disordered systems, such as the presence of the percolation threshold,
change in structure and the dependence of the topology of the interconnected
chains on the filler concentration, ability to predictably synthesize the infinite
clusters with the programmable topology of the conductive network, can be
utilized for LEDs, photodiodes, solar cells and the manufacture of gas sensors.
It is quite remarkable, therefore, that the properties of disordered media can
be utilized for device applications.

The second conclusion to be made is that devices that utilize the properties
of low dimensional objects such as nanoparticles - quantum dots - are pro-
mising due to the possibility of tailoring a number of electrophysical, optical
and magnetic properties changing the size of the nanoparticles, which can be
controlled during the synthesis. Modification of the nanoparticle surface, the
possibility of doping and the opportunity to fill the matrix with nanoparticles
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of both the p- and n-type also broaden the perspective of the device applica-
tions of polymer-nanocomposites.

9
Future Perspectives of Nanocomposite-Based Devices

In the previous sections recent developments in the field of polymer-nano-
composite devices have been reviewed. But what are the perspectives of the
application of polymer-nanocomposite devices in the near future? Let us now
be somewhat futuristic in our prognosis.

One direction which seems to be promising is based on the possibility of
building ordered arrays of nanoparticles in the polymer matrix [49]. The si-
multaneous evaporation of sulfides along with the chemical vapor deposition
of polymers (Sect.2.7) gives under certain conditions ordered two-dimen-
sional arrays of nanoparticles. If a narrow distribution of particle sizes can
be reached, a number of opportunities arise for the manufacture of electronic
circuits.

A number of possibilities exists to manufacture the nanocomposite circuit
boards. The first possibility is to convert non-conductive poly(paraxylylene),
obtained as described in Sect. 2.7, into semiconducting poly(paraphenylenevi-
nylene) by heating with an electron beam. The second possibility consists of
the light-induced doping of polyaniline-based nanocomposites, allowing a
change in the conductivity of the polyaniline from an insulating phase into a
semiconductor or even metallic depending on the extent of doping.

Using these two methods nanoscale circuits, consisting of conductors,
semiconductors and isolating areas, can be obtained. Elements such as tunnel
resonant diodes and single electron transistors can be the structural elements
of such circuits, analogous to devices described in the literature [50].

A report of a single electron transistor made operable based on only one
CdSe nanoparticle junction between two gold current leads produced by e-
beam lithography [53] demonstrates the possibility of making a single-nano-
particle analogue of a silicon-based device, such as a tunnel resonant diode,
using colloid chemistry as a means for particles formation instead of micro-
electronics technology.

Another opportunity consists of the preparation of ordered arrays of nano-
particles by templating them to DNA molecules [51], bacterial self-assembled
layers [52] or micelle-like structures [53] in order to form two- or three-di-
mensional ordered systems. Using such biologically based templates, it is pos-
sible to assemble quite complex arrays of functional nanoparticles for electro-
nic and optolelectronic applications.

An even more attractive method exists to utilize polymer-nanocomposites
for neural networks applications. Nanoparticles can be used as knots in a net-
work, and connections between these knots can be established by local elec-
trochemical doping, which converts the polymer from an insulating into a
conductive state. Since electrochemical doping is a reversible process one can
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either establish or break connections between knots, allowing the learning
function and adaptivity of the networks.

Anther promising area of development is optoelectronics and optical com-
puting. Nanocomposite materials allow so-called sub-A light sources to be as-
sembled, i.e. light emitters with a size smaller than the emitted light wave-
length. In this way, optoelectronic high integration circuits with nanoscale
LEDs and photodiodes can be manufactured.

The single-domain nature and superparamagnetic behavior of nanoparti-
cles containing ferromagnetic metals could possibly be utilized for optical
computing and for magneto-optical storage media manufacturing, utilizing
the Faraday effect, i.e. the change of light polarization in a magnetic field in
order to read the information. Changing the magnetization of the superpara-
magnetic nanoparticles in the desired way can result in a modulation of the
light transmitted through such media with the spatial resolution restricted
only by the light wavelength. The development of spin electronics and devices
such as MRAM is another prospective area for the application of polymer-
nanocomposites containing ordered arrays of ferromagnetic nanoparticles.
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