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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF
LIQUID CRYSTALLINE POLYROTAXANES

BASED ON POLY(AZOMETHINE)S

BY
Jean Yi-ching Sze

Committee Chairman: Dr. Harry W. Gibson
Department of Chemistry

Polyrotaxanes are new polymers. Macrocyclic molecules, such
as crown ecthers, are threaded by linear or branched polymer chains.
There is no covalent bond between the crown ethers and the
polyvmer backbone. After the crown ethers are threaded omnio the
polymer backbone, both ends of the polymer can be blocked by large
end groups. Polyrotaxanes are the topological isomers of blends of
crown ethers and polymers.  This architectural modification will
produce interesting chemical and physical property changes in the
polymet such as Ty and Ty, solubility, tensile strength, flexibility of
the polymer,

The study include crown ethers, blocking groups,
poly(azomethine)s A and B, poly(azomethine)rotaxanes A and B
synthesis, characterization, and property research,

Crown etiers, 21-crown-7, 30-crown-10, 42-crown-14, and
060-crown-20, were synthesized from oligo(ethylene glveolls and
oligo(ethylene glycol) ditosylates with 22-40% vield.  The high
temwsperature synthetic method was developed so ihat the percentape



yield of large crown and the small crowns in the same reaction could
be controled. A new purification method, low temperature
recrystallization method was developed. The crown ethers
properties included melting points, decomposition temperature,
chemical shift on NMR spectra were studied.

A series of blocking groups were synthesized and
characterized.  Several synthetic routes were studied, and the best
route was the Grignard synthesis. The purification method was
improved by recrystallization in cyclohexane or carbon tetrachloride.
A by-product, bis(p-t-butylphenyl)methanol, was obtained. The new
compounds, p-tri(p-t-butylphenyl)methylaniline and p-tri{(p-t-
butylphenyl)methylphenol, were identified by 'H NMR, FTIR, and
elemental analysis.

Poly(azomethine)s A and B are liquid crystalline polymers.
They are rigid and strong. They have high Tn's and do not dissolve
in general solvents. To check the reported information, the synthesis
and characterization of these polymers were repeated. They
precipitated from the reaction solution when their degree of
polymerization reached 3-5. They were not thermally stable and
were easily hydrolyzed in strong acids and in GPC column.

In order to establish the effectiveness of the blocking groups,
a monomeric rotaxane, a di(azomethine)rotaxane, was designed and
synthesized. ~The compound was successfully isolated by multiple
reprecipitations and recrystallizations. A 12% yield of this compound
was obtained. The largest crown ether that the blocking group could
block was 42-crown-14.
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CHAPTER 1

TION AND HISTORY OF POLYROTAXAN
R THERS. AND LIQOUID CRYSTALLINE POLYMER

I-A Rotaxanes and Polyrotaxanes

Polyrotaxanes are new polymers which have been developed
over the last few years. These new polymers have a special
architecture. Macrocyclic molecules, like crown ethers or macrocyclic
alkanes, are used as "pearls". Linear or branched polymers are used
as "threads". The macrocyclic molecules are threaded by polymer
chains. These macrocycles can be threaded on the main chain of the
polymers, or they also can be threaded on the side chain of the
polymer. There is no covalent bond between macrocycles and
polymer chain. After the macrocycles are threaded on the polymer
chain, both ends of the polymer chain can be blocked by blocking
groups which are big, star-shaped groups which prevent the
macrocycles from sliding off of the polymer chain. But if the
polymer chain is quite long, and is soft, the blocking groups may not
be necessary. Several different polyrotaxanes are shown below. (I-
1)

A0 O O

polyrotaxane without polyrotaxane with block polyrotaxane
blocking group blocking groups



poly(macrocycle)rotaxane side chain polyrotaxane

| |

physically crosslinked polyrotaxane
I-1 Polyrotaxanes
E. Wasserman is the person who first mentioned this polymer
structure theoretically in 1961 [1]. In his publication, he mentioned
that a monomer or polymer could have topological isomers. For

example, two macrocycles could exist individually and be mixed
together, or connected to each other to form the interlocked

catenane. (I-2)

2 separated macrocycles catenane
I-2 Separated macrocycles and a catenane

Wasserman also designed several different rotaxanes with
blocking groups and catenanes. He designed a macrocycle which was
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threaded by a linear chain. Both ends of the chain were blocked by
blocking groups. (I-3) This compound was topologically different
from the mixture of the macrocycle and the linear chain with
blocking groups. [1]

O

threaded species unthreaded species
I-3 Rotaxane and the blend of a macrocycle and a linear species with
end blockers

Wasserman predicted that these topological isomers might be
not greatly different in chemical properties, but would have large
changes in their physical properties.

Schill and Zollenkopf synthesized compounds which had
macrocycles and linear chains [2]. The macrocycle was bound to the
backbone first; then the bonds which connected the macrocycle and
the backbone were broken. But the percentage yields of the
compounds were very low, only about 0.12%. (Scheme I-Al)

CH (CH2);5 _
(CHiz _(CH,);;—R —(CHy)1, ~R
© AcO OA
oc ¢ ° NH
Y -
(CHp)y, (CHyz —R (CHy3~ (CHy;, —R

R = Bulky group (e.g. Trityl)

Scheme I-AS Schill and Zollenkopf made the first rotaxane



Harrison and Harrison made rotaxanes with blocking groups
(I-4) [3][4]. Hydroxycyclotriacontanone and cyclic hydrocarbon
macrocycles with 25-29 members were threaded by decamethylene
diol. Trityl groups were used as the blocking groups. The percentage
yield of the rotaxane with hydroxycyclotriacontanone was 6% after
70 cycles using a polymeric anchor for the macrocycle. They
prepared the rotaxane using a statistical threading method. They
found that the macrocycle should have more than 22 members; if
the macrocycle had less than 22 members, it could not be threaded.

¢ @

_ 1. hydroxycyclotriacontanone
~ 2. cyclic hydrocarbon

I-4 Alkane based rotaxane with phenylmethyl blocking groups.

Since then, chemists have made various rotaxanes and
polyrotaxanes.

Rotaxanes and polyrotaxanes can be made using different
chains and macrocycles. The architecture of rotaxanes and
polyrotaxanes may also be different.

Zilkha and his group used ether linked backbones and
bisphenylene crown ether macrocycles [5] (I-5). They used dibenzo
crown ethers with 30, 44.1, 58.2 members. They reported that the
increment of the size of macrocycles and the length of the polyether
chain would cause an increment in the amount of threading which
increased the percentage yield to 15%.

4



O O(CH,CH;0)g 7 Q
G‘C—O (CH,CH,0)g 7 C
<J O(CH,CH50)g 7 G

I-5 Ether linked rotaxane

Stoddart and his coworkers used aromatic rings and an ether
linked chain as the backbone. The polymer backbone was an
electron rich system. The macrocycle was cyclobis(paraquat-p-
phenylene)-tetracation  which was a rigid, electron poor macrocycle.
The rotaxane was synthesized by host-guest complexation using the
self-assembly method. The backbone goes into the macrocyclic cavity
to form an electron transfer system. The polyrotaxane was
[n]pseudorotaxane (I-6) [6][7].

Y
- —O—O—(CH2CH20)3—O-(|)
CJ] PhH,C (OH,CH,C);
I+ D Nl +

I-A6 Pseudorotaxane

Ritter and Born made a polyrotaxane, on which the
macrocycles were not on the main chain of the polymer, but were on
the side chain of the polymer [8]. (I-7) '



I-A7 2,6-dimethyl-B-cyclodextrin and 11-methacryloyl-
aminoundecanoic acid-MMA based side branch rotaxane co-polymer

The macrocycle, 2,6-dimethyl-B-cyclodextrin, was threaded
by 4'-triphenylmethyl-11-aminoundecaneaniline; this was a short
chain which had an amino functional group at one end, and a
blocking group at the other end. They called this a "semi-rotaxane".
The "semi-rotaxane" reacted with 11-methacryloyl-aminoundecanoic
acid and MMA to make a side branch rotaxane co-polymer.

Recently, Gibson and his group made a phenanthroline
rotaxane. The phenanthroline macrocycle was threaded by a claw-
shaped phenanthroline bisphenol [12]. Cut+ was used as the template
metal to hold both parts together to form a tetrahedral complex.
After the complex was formed, both ends of the claw-shaped
phenanthroline were blocked by tris-t-butylphenylmethyl blocking
groups. Then the Cut+ was taken off from the compound, leaving the
rotaxane (I-8). The percentage yield of this rotaxane was 42%.



I-8 A claw-shaped phenanthroline rotaxane

The rotaxane family is increasing in size.
I-B Methods for Synthesizing Rotaxanes and Polyrotaxanes

There are several different methods to synthesize rotaxanes
and polyrotaxanes.

‘1. The Template Methods

Rotaxanes and polyrotaxanes can be made using a template
method [9][10][12]). There are two types of template methods that
can be used for synthesizing polyrotaxanes.

The macrocycle and backbone are held together using a
template metal to form a rotaxane and polyrotaxanes. (Scheme I-
B1)



ZBV N gaan g

f and g are functional groups. B is a blocking group
=~ is polymer linkage. O is a macrocycle.

Scheme I-B1 Synthesis of rotaxanes and polyrotaxanes using the
transition metal template method



For example, the cyclic phenanthroline is threaded by a claw-
shaped phenanthroline bisphenol. During the reaction, a transition
metal ion (M), for example Cu*2, is used as the template metal to hold
these two compounds together to form a complex. The molecular
planes of cyclic phenanthroline and claw-shaped phenanthroline
bisphenol are perpendicular to each other due to the steric dictates
of the coordination sites on Cu*2. Both ends of the claw-shaped
phenanthroline bisphenol can be blocked using tris-t-butylphenyl-
methyl blocking groups, or used to polymerize using other monomers
to form block copolyrotaxanes. After the rotaxane has formed, the
copper ions are taken out [10][12].

Self-assembled host-guest complexation is another template
method to synthesize polyrotaxanes [6]1[7]{13]. Bis(p-phenylene)-34-
crown-10 is threaded by a bipyridinium unit.  BPP34-c-10 is
electron rich, and the bipyridinium unit is electron poor. When these
components mix together, electron charge transfer will happen, and
the © systems will overlap. The bipyridinium unit goes in the cavity
of BPP34-c-10. The rotaxane self-assembles. At this stage, if the
bipyridinium unit is further polymerized, or both ends of the
polymer chain are blocked by blocking groups, a rotaxane or
polyrotaxane is synthesized. (Scheme I-B2)



Scheme I-B2 Synthesis of self-assembled host-guest complex
rotaxanes and polyrotaxanes

2. The Statistical Threading Method

Rotaxanes and polyrotaxanes also can be synthesized using a
statistical threading method [5][11][12]. The polymerization reaction
is done in bulk macrocycles or in macrocycle solution. During the
reaction, the chains and the macrocycles are mixed together. The
system reaches an equlibrium state between the threaded and
unthreaded macrocycles and backbones. Therefore, the ratio of the
macrocycle and backbone is an important factor. If the pure
macrocycle is used as the solvent for polymerization, the threading
ratio of the linear species will be the highest. But in some cases, the
polymerization will not happen in pure macrocycle, but a macrocycle
solution can be prepared. In this case the threading ratio will be
lower than in the bulk macrocycle. The threading rate is dependent
on the size and the rigidity of macrocycle and the chain.
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As Schill and Harrison reported, if the size of the macrocycle is less
than 22 members, the macrocycle can not be threaded [2][3]. As
Zilkha reported, the chain has to have at least 8 atoms; otherwise the
dethreading happens easily. [5] When the rigidity of the macrocycle
increases, the threading rate also increases [13].

After the reaction, some macrocycles are threaded on the
chain statistically. Both end groups of the chain are connected to
large blocking groups, so that the macrocycles will not slide off from
the chain. After the reaction is finished, a certain percentage of
rotaxane or polyrotaxane can be isolated. This is the most widely
used method. (Scheme I-B3)

f —f
2B—,g/ & Gooawe g

B— gf —fg—B ""*gr-[-@—fg'}-—-
n

K=exp(-AG/RT)

Scheme I-B3 Synthesis of rotaxanes and polyrotaxanes using
statistical threading method
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I-C Macrocyclic Polyethers (Crown Ethers)

Macrocyclic polyethers (crown ethers) are the compounds in
which the ether units and other elements like N, S, O, and/or
aromatic rings combine together into large circles. Since the shapes
of these large circles look like crowns, people call them "crown
ethers”.

There are many different kinds of crown ethers. If the
macrocycle contains only ether linkages, it is a "crown ether". If the
macrocycle also contains N and S, the large cycle can be a
“azathiacrown ether”. If the macrocycle contains ether linkages and

aromatic rings, this kind of macrocycle is an "aromatic crown ether".
(I-9)

30-crown-10 tribenzo-18-crown-6
I-9 Crown ether and aromatic crown ether

Since the crown ethers contain O, N, S elements, they are quite
polar. They can be dissolved in polar solvents. The small crowns, for
example, 12-crown-4, 18-crown-6, also can dissolve in nonpolar
solvents like toluene and benzene. Crown ethers have strong
intermolecular forces. They have quite high boiling points. For
example, 15-crown-5 boils at 100-135°C under 0.2 mm Hg
[13][14][15].

12



The crown compounds have a history of less than thirty
years. Many kinds of crown compounds have been synthesized, they
are still being studied by many scientists, and their properties are
more and more being known.

The first crown ether compound was synthesized in 1967 by
Pederson [14]. He used catechol to react with dichlorodiethyl ether,
and he got a mixture of bis(2-o-hydroxyphenoxy ethyl ether) and
macrocyclic polyether. (Scheme I-C1)

: OH HO
Scheme I-C1 Synthesis of bis(o-phenylene)-18-crown-6 and bis(2-
o-hydroxyphenoxy ethyl ether)

Pedersen made 49 crown ethers which included “aliphatic
crown ethers”, “aromatic crown ethers”, and “heterocyclic crown
ethers”. He found that these crown ethers could form complexes
with metals like Li, Na, K, Cs, Ca, Cu, Ag, Ba, and Hg, etc. The metal
ion went into the cavity of the crown ether, and interacted with the
oxygens. The stability of the complexes depended upon the ionic
radius of the cations and the size of the cavity of the crown ethers.
If the cation just fits in the cavity of the crown ether, the complex is
most stable. Also Pedersen found that these crown ethers dissolved

13



in most general organic solvents including those with different
polarities [15].

Pedersen’s wide-ranging research on this new family of
compounds created a new area of synthetic chemistry which
stimulated the interest of many chemists. Since then, various new
crown ethers and their analogues have been synthesized. The
structures of the compounds have been analysed, and the properties
of the compounds have been investigated. These compounds include
not only hydrocarbons linked with oxygen and aromatic rings, but
also hydrocarbons linked with sulfur, nitrogen, and phosphorus.
Both single cyclic compounds and multi-cyclic compounds have been
synthesized.

The aromatic crown ether is one type of crown ether which
contains aromatic rings and ether units. The reactants can be
catechol and an oligo(ethylene glycol) dichloride or oligo(ethylene
glycol) ditosylate. The crown ether can contain one or more aromatic
ring. The reaction can be one or more steps. A one step reaction
takes place when the catechol and dichloride (or ditosylate) are
mixed together and refluxed in the presence of a base, for example,
NaOH, and NaH. The aromatic crown ether is synthesized by a
statistical method. The product is a mixture of monoaromatic crown
ether and diaromatic crown ether [13][16]. (Scheme I-C2) After the
reaction, the crown ethers need to be separated. The percentage
yield is 11-30%. [13][16]

14



: :(O n
o n
OH base
—_— +

€I + Ts(OCH,CH,),0Ts
OH

n\O
Scheme I-C2 Synthesis of aromatic crown ethers

The two step reaction involves having one of the hydroxyl
groups on catechol blocked by a protective group, such as a benzyl
group or tetrahydropyranyl group. Oligo(ethylene glycol) dichloride
or oligo(ethylene glycol) ditosylate react with the unprotected
hydroxyl group on the catechol at both ends. After the hydroxy
group has reacted, the other hydroxyl group is deprotected, and
reacted with oligo(ethylene glycol) ditosylate. The crown ether is
formed. The other reaction conditions are the same as for the one
step reaction. The percentage yield is 12-48% [13][16].

The multi-step reaction is similar to that introduced above.
The crown ether is usually synthesized using a one step
reaction [17][18]. The reactants are oligo(ethylene glycol) and

oligo(ethylene glycol) ditosylate. The reaction is carried on at room
temperature in polar solvents. (Scheme I-C3)

15



CH,CH,O)\m+n
HO(CH,CH,0),H

+ base
————-
Ts(OCH,CH,),0Ts  THF

Scheme I-C3 Synthesis of a crown ether

After the reaction is finished, the product is a mixture. This
mixture contains poly(ethylene glycol)s, small crowns formed from
one molecule of oligo(ethylene glycol) reacting with one molecule of
oligo(ethylene glycol) ditosylate, large crowns formed from two
molecules of oligo(ethylene glycol) reacting with two molecules of
oligo(ethylene glycol) ditosylate, and a small amount of catenanes.
These products need to be separated. The total percentage yield of
small and large crowns is 18-30% [16][17][18].

The multicyclic crown compounds are made by several steps.
(Scheme 1I-C4) The two reactants with reactive groups at both ends
of the chains react together to form a monocyclic compound. This
monocyclic compound still has two or more (even number) reactive
groups. The monocyclic compound can react with other reactants to
form multicyclic crown compound(s). Here is an example of a
multicyclic crown compound reaction. The percentage yield is about
25% [16].

16



Scheme I-C4 Synthesis of multicyclic crown compound
I-D Synthetic Methods for Crown Ethers

The most common method of synthesis of the macrocyclic
compounds is nucleophilic substitution (condensation). This is also
called “Williamson ether synthesis” which uses both an
oligo(ethylene glycol) and an oligo(ethylene glycol) derivative, such
as ditosylate or dichloride, in the presence of a base. The mechanism
is that the electrons on the nucleophile such as O, N, S attack the
carbon of the other reactant with a leaving group on it. (Scheme I-
D1) The reaction is intermolecular, and the reaction takes place at
both ends of the reactants [16].

It is very important to include metal ions in the macrocyclic
crown reaction. There are O, N, and S atoms in the crown compounds.
These atoms have electron lone pairs, and they are electron rich, and
they can act as electron donors. The lone pair electrons on O, N, and
S atoms are directed toward the inside of the ring. The metal cations

17



are electron poor, and they can act as electron acceptors. During the
reaction, the crown compound and the ion form a complex by ion-
dipole interaction. The metal cation is trapped in the crown
compound cavity which is similar in size to the cationic diameter. In
the complex of crown compound, each electron donor atom is located
at an equal distance from the cation. Therefore the metal cation can
hold the reactants together, and the reaction can occur at the right
place. This is the “template effect”. (Scheme I-D1) This kind of
complex can still dissolve in organic solvents because crown
compounds have hydrophobic groups [16][17][18].

OTs
O:‘s. P
Crmel ) —
(4 Y -
:' \\63
OTs‘

Scheme I-D1 Synthetic mechanism of a crown ether

Selecting the proper size of the metal ion is very significant.
If the metal ion is too large or too small for the macrocycle, the
macrocycle is not going to be held properly, and the reaction will not
go properly. The percentage yield of the product will be very low.
For example, Li* fits well in the cavity of 12-crown-4 which is quite
small; Na* fits right in the cavity of 15-crown-5; K* fits well in the
cavity of 18-crown-6, which is comparatively larger [16][18].

The very large crown compounds like 30-crown-10 or 42-
crown-14 use two or more metal ions so that the macrocycle can be
held together properly, and the reaction will occur at the right place
[17][18]. (I-10)
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