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Abstract

As known, one of the major production problems of polymers and polymer chemistry in general
is the synthesis of polymers with a dispersity index 1, in which all polymer molecules have the
same length and as a result, identical molecular weight. At the same time, almost all biological
polymers have dispersity index 1, for example deoxyribonucleic acid (DNA). This occurs
because the biological polymers are synthesized in complex biological systems under the control
of different components which are included in the system. Most laboratory and industrial
syntheses of polymers occur without controlling the growth of molecules and therefore the final
sample has a statistical distribution of the molecular masses of the molecules in its composition.
Therefore, one of the most promising areas for the development of polymer chemistry is the
development of simple methods for the synthesis of polymers with control over the growth of the
molecules. One such method is the synthesis of the polymer on the substrate with predetermined
dimensions. In this work as a substrate is proposed to use the DNA molecule. The main idea of
the work is synthesis of an organic complex between DNA and substituted amines, substituents
of which can be polymerized . Subsequent polymerization of the resulting complex will give
molecules of polyamine with the identical size. Throughout the project, 9 substituted amines
which can be polymerized was synthesized and studied several polymerization reactions in
different conditions. The obtained results show that proposed method works but requires more
detailed further research.



1. Introduction

One of the main tasks of chemistry has always been obtaining pure substances. But with the
discovery of polymers the concept of "pure substance" gained a broader meaning. For example,
pure substance "ethyl alcohol" means that it is composed only of the molecules with the formula
C,HsOH, and molecular weight 46 g/mol. In the case of polymers everything more complicated.
Since the polymer molecules are composed of repeating small units - monomers, polymer name
indicates only the name of the monomer (or monomers) from which it was obtained and carries
no information about the number of monomers in the polymer molecule and therefore its
molecular weight. Since the three polymers (Table 1) were obtained from the same monomers
but in different conditions. They have the same structure, but due to the fact that they have
different lengths molecules, they have very different physical and chemical properties. Also in
the case of polymers, in their preparation is very difficult to control the growth of molecules, and
as a result we obtain a statistical distribution of the size of molecules in the polymer sample.

Table 1. The characteristics of different types of polyethylene.

High-density Medium-density Low-density
Property polyethylene polyethylene polyethylene
(HDPE) (MDPE) (LDPE)
Total number of CH3
groups per 1000 carbon 21.6 5 1.5
atoms
Number of CH; end
groups per 1000 carbon 4.5 2 1.5
atoms
Ethyl branches 14.4 1 1
Total number of double
bonds per 1000 carbon 0.4-0.6 0.4-0.7 1.1-1.5
atoms
0TA)he crystallinity degree, 50 - 65 75 - 85 20 - 90
Density, g/cm’ 0.9-0.93 0.93 —0.94 0.94 —0.96

Thus moreover the properties of polymers vary depending on the length of the molecules, in
addition to this, we have a mixture of molecules of different lengths in the polymer sample. So
from the name of the polymer, we can only get its monomer composition and sometimes the
conditions of its synthesis (High-density polyethylene, HDPE or Low-density polyethylene ,
LDPE), but no information about its molecular weight and the length of the molecules included
in the composition of the polymer. Therefore, one of the main tasks of polymer chemistry is the
development of easily repeatable methods for the preparation of polymers which contain
molecules with identical length and, accordingly, with identical molecular weight. One such
method is to use a template with predetermined dimensions in the polymerization process. In this
case, the growth of the polymer molecules will be directly on the template, and under its
influence. Thus, all molecules will have the same length. In this paper, will be discussed DNA
molecules as the template and new method for the synthesis of polymers with their help. But in
the beginning we should recall the basic concepts and methods of polymer chemistry for more
fully understand the proposed method.



1.1 What is a polymer?

In the beginning, we need to define the concept of "polymer molecule". From the nomenclature
of the [UPAC (International non-governmental organization, that promotes progress in the field

of chemistry) [1]:

Polymer molecule - a molecule of high relative molecular mass, the structure of which
essentially comprises the multiple repetition of units derived, actually or conceptually, from

molecules of low relative molecular mass.

Notes:

1. In many cases, especially for synthetic polymers, a molecule can be regarded as having a high
relative molecular mass if the addition or removal of one or a few of the units has a negligible

effect on the molecular properties. This statement fails in the case of certain macromolecules for
which the properties may be critically dependent on fine details of the molecular structure.

2. If a part or the whole of the molecule has a high relative molecular mass and essentially

comprises the multiple repetition of units derived, actually or conceptually, from molecules of
low relative molecular mass, it may be described as either macromolecular or polymeric, or by

polymer used adjectivally.

Below are shown structural formula, chemical (IUPAC) and common names of some known

polymers [2, 3 ,4]:

Table 2. Structural formula, chemical (IUPAC) and common names of some known polymers.

Synthesis and chemical formula IUPAC name | Common name

NGkl —> ‘ECHZ—CHZ} Poly(methylene) Polyethylene

" i " i o Poly(imino-p-
HNQ "o e jon phenyleneimino- Kevlar
° ! terephthaloyl)
) —— . M Poly[imino(1-
W NN I < e i oxohexane-1,6- Nylon 6-6
diyl)]

Polymers are divided into homopolymers (when the polymer chain is built from one monomer)
and heteropolymers (or copolymers, when the polymer chain is built from two or more
monomers). Homopolymers are divided into straight and branched, depending on the form of the
polymer molecules. Copolymers, as homopolymers, are divided into straight and branched, and
moreover into ordered, random and block copolymers (Figure 1) [5].




Homopolymer

all monomer units are the same

Alternating co-polymer

monomer units alternate
Random co-polymer
’O/O_O’O\O\O—O’O'O% arranged randomly

Block co-polymer

blocks of homopolymer units

Graft co-polymer

homopolymer chains joined

Figure 1. General types of polymers.

1.2 The molecular weight of the polymers

Polymer molecular weight (the exact name-relative molecular weight of the polymer), the
average statistical value of the relative molecular masses of macromolecules constituting the
polymer. Determined by the type of molecular weight distribution and the method of averaging,
that is the principle underlying the method for determining the molecular weight. Depending on
the method of averaging there are three basic types of medium molecular weights [6].

The number average molecular weight (M,,) - averaging over the number of macromolecules in
the polymer:

_ XN M,
My =Sy
l

Methods of determining are steam and membrane osmometry, cryoscopy, methods of
determining the end groups.

The weight average molecular weight (M,,) - averaging over the masses of macromolecules in
the polymer:



_ Y NM;?
YoOXN M

Determined by light scattering methods, sedimentation and diffusion.
The higher average molecular weights (M, M. ):

n+1
where n=1 gives M=M,,
n=2 gives M=M,
n=3 gives M=M,. .
For a polydisperse polymer, they differ in the following way (Figure 2):

Mn < Mw < 1\/12< Mzﬂ

Weight Fraction

] ] | ]

Molecular Weight

Figure 2. A schematic plot of a distribution of molecular weights along with the rankings of the
various average molecular weights.

By anionic polymerization can be prepared polymers that are very close to monodisperse. For
them, the magnitude of the molecular weight does not depend on the method of averaging.

All these methods are useful for determining molecular weights of soluble polymers,
macromolecules of which have linear or slightly branched structure. For highly branched and
cross-linked polymers the molecular weight concept loses its meaning. Molecular weight
determines many properties of polymers. Thus, with increasing the molecular weight, their
properties are also changes, reaching a limiting value at high molecular weights.



1.3 Dispersity index (Dwm)

The molecular weight distribution (Py, polydispersity of polymers) - ratio amounts of
macromolecules with different molecular weights in a given polymer sample. The existence of
the molecular weight distribution is characteristic mainly for synthetic polymers and is due to the
statistical nature of the reactions of their formation, destruction and modification. Biopolymer
molecules have usually the same molecular weight. The molecular weight distribution has a
significant effect on the macroscopic properties of polymers, primarily on the mechanical.
Knowledge of the molecular weight distribution provides additional information on the
mechanisms of formation and transformation of macromolecules [6].

by = My/M;,
where Mw is the mass-average molar mass (or molecular weight) and

Mn is the number-average molar mass (or molecular weight).
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Figure 3. Example of molecular weight distribution obtained during traditional radical
polymerization and RAFT polymerization [7].

Below are the experimental methods for the determination of molecular weight distribution [8,
9]:

1) Sedimentation velocity method (precipitation) based on the dependence of the
sedimentation rate of macromolecules in a centrifugal field on their molecular weight. In
the experiment is obtained directly curve of molecular weight distribution by
sedimentation coefficients which are uniquely related to molecular weight.

2) The fractionation of polymers, i.e. the separation into fractions of different molecular
weights, based on dependence of the solubility of macromolecules at these conditions
(temperature, nature of the solvent, etc..) from their molecular weights. In experiments
usually change the composition of the mixture "the solvent - precipitator" or temperature.
For a better separation, fractions are repeatedly fractionated.

3) Chromatographic methods - polymer can be separated into 30-40 narrow fractions with
Py = 1.01-1.02. When determining molecular weight distribution by gel permeation



chromatography, the polymer solution is passed through a column packed with swollen
cross-linked polymer. The speed of movement of macromolecules in the column depends
on their molecular weights.

As a result of polymerization, which obey to simple statistical laws, usually formed polymers
with molecular weight distribution which have one peak (unimodal molecular weight
distribution) and close to 2. In other cases, for example if the polymerization occurs
simultaneously by several mechanisms or has heterogeneous character, molecular weight
distribution of the resulting polymer can have two and more maxima (bi-and multi-modal
molecular weight distribution). However, unimodal molecular weight distribution cannot serve
as a clear evidence for the fact that the polymer is formed by a simple mechanism.

The strength of the polymers increases with increasing of their molecular weight up to a certain
value and then remains constant. Significant broadening of the molecular weight distribution (>>
2) often leads to deterioration of physical and mechanical properties of polymers. Shape of the
viscosity dependence of melts and concentrated polymer solutions is determined by their
molecular weight distribution. The molecular weight and molecular weight distribution, directly
or indirectly, also affect the other properties of the polymers.

1.3 The synthesis of polymers
For the synthesis of polymers are used a radical polymerization, ionic polymerization (cationic
and anionic) and polycondensation.

1.3.1 Radical polymerization
Radical polymerization - is a polymerization process in which the active centers of growth of
macromolecules are free radicals [10, 11].

Radical polymerization process includes four steps:

a) Initiation;

b) Chain growth;

c) Chain termination;
d) Chain transfer.

Initiation

At this stage, the primary monomeric radicals are formed. For the initiation of the chain are used
physical (photolysis, radiolysis, thermolysis) and chemical (decomposition of radical initiators -
peroxides, hydroperoxides, azo-compounds) methods. In the first stage radicals are generated
from initiator, after forming they are attached to molecules of the monomer to form the primary
monomeric radical:

R—0X0—R ——» 2 R—O-

0
R—0: + Z N\ — NN

Figure 4. Initiation step in radical polymerization of propene.



Chain growth

Stage of the chain growth consists in the consecutive accession of monomer molecules to the

growing macroradical:

R/O\)\/k/'\ ——  polypropylene

Figure 5. Chain growth step in radical polymerization of propene.

Chain termination

Chain termination in the radical polymerization is bimolecular interaction of two macroradicals.
To this may cause two reactions - the disproportionation or recombination. In the first case one
macroradical detaches from the other hydrogen atom, in the second the two radicals form a

single molecule:
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Figure 6. Chain termination step in radical polymerization.

Stage of chain transfer is to transfer the active center of macroradical to other molecules which
present in solution (monomer, polymer, initiator, solvent). At the same time macromolecule

loses the opportunity for further growth:
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Figure 7. Chain transfer step in radical polymerization.

If the resulting new radical is capable of continuing the kinetic chain, the polymerization reaction
proceeds further with the same speed. If the new radical is poorly active, then either the rate of
polymerization slows down, or the process is stopped. It is used for inhibition the radical
polymerization. In general, chain transfer reactions leading to the formation of polymer with low

degree of polymerization. Macromolecules chain transfer leads to the formation of branched,
cross-linked and grafted polymers.

The most common initiators of the radical polymerization:

e Azobisisobutyronitrile;
e Benzoyl peroxide;

e Potassium persulfate;

e Cumene hydroperoxide.

1.3.2 Ionic polymerization
Cationic polymerization

Cationic polymerization - ionic polymerization in which the growing end of polymer chain bears
a positive charge [10, 12, 13].

. il

Q’f.f,f-ﬁ——\\\\ " / =\R ’ "
Init =\ <~ MNt—CH;—C® ——— Nit—CH,—C—CH,—C®
R R R R
R must stabilize adjacent cation. M

Polymer
Figure 8. General mechanism of cationic polymerization.

In cationic polymerization the most active monomers have electron-donating substituents at a-
position to the double bond (for example isobutylene, isoprene). Reactivity of heterocyclic

compounds depends on the nature and size of the heterocycle. Introduction of the substituent in
the cycle significantly affect its activity.

10



Cationic polymerization proceeds under the action of :
1) protonic acids - HCIO4, H3PO4, H,SO4, CF;COOH etc.;
2) aprotic acids (Lewis acids) - BF3, SbCls, SnCly, AICls, TiCls, ZnCl, and others .;
3) halogens and halogen compounds - I, ICI, IBr;
4) carbenium salts - PbsC'A,C/H, A (here and below A = SbCI’, PF¢’, and others);
5) oxonium salts - R30"A’;
6) alkyl derivatives of metals - ZnR;, A1R3;
7) high-energy radiations.

It is believed that for the initiation of cationic polymerization of unsaturated hydrocarbons with
aprotic acids and metal alkyls requires the presence of co-initiator (proton-donor additives), such
as H>O or HHal. In most cases, the maximum rate of polymerization corresponds to a certain
ratio of the amount of initiator and co-initiator. Cationic Polymerization - chain process
generally comprises three steps: 1) initiation - the formation of active centers bearing a positive
charge; 2) growth of the chain - the accession of the monomer to the active center; 3) the
restriction chain growth - termination and chain transfer.

Anionic polymerization

Anionic polymerization - ionic polymerization in which the growing end of polymer chain bears
a full or partial negative charge. To anionic polymerization is capable of most of the known
monomers such as unsaturated compounds containing an electron withdrawing group in o-
position (-CH=CH,, -C¢Hs, -COOR, -CN, -NO,, etc.), carbonyl compounds, heterocyclic
compounds, and others [14, 15].

The anionic polymerization initiated by strong bases, electron donors, electricity and ionizing
radiation. The alkali and alkaline earth metal compounds (Organic derivatives, alkoxides,
amides, etc.), and other basic substance are initiated anionic polymerization by the type acid-
base interaction. Metals, their radical ion salts (sodium naphthalenide) and other strong electron
donors are initiated anionic polymerization by the type of oxidation-reduction.

—
. N /- "‘:‘\
- Hi R A A
Init =\ > Init—CHg—(IIG) — |nit—CH2—(|3—CH2_?@
R R R R
R must stabilize adjacent anion. :
¥
Polymer

Figure 9. General mechanism of anionic polymerization.
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For the anionic polymerization is characterized usually the relative stability of the active centers.
In some cases, such as anionic polymerization of nonpolar monomers in hydrocarbon solvents,
the overall process involves almost exclusively the stages of initiation and chain growth (reaction
termination and chain transfer are absent or have very low speeds). This produces so-called
living polymers, end groups of which retain the ability to join a monomer or other reactant and
after the completion of polymerization. Such polymers - a convenient object for investigating the
mechanism of anionic polymerization, as well as for solving variety of synthetic problems: the
production of polymers with a given molecular weight distribution, including nearly
monodisperse; synthetic polymers and oligomers with terminal functional groups capable to
further polymerization and polycondensation reactions; synthesis of block copolymers, graft
copolymers and polymers with different adjustable types of branching, etc.

The rate of anionic polymerization, especially at moderate temperatures, in most cases
significantly higher than the rate of radical polymerization. It is usually associated with higher
density of active particles ( it may be equal to the initial concentration of initiator ). Own
reactivity of different forms of active centers varies widely, even for the same monomer.

1.3.3 Polycondensation

Polycondensation - synthesis of polymers by reacting bi- or poly- functional monomers and (or)
oligomers, usually accompanied by the release of low molecular weight products (water, alcohol,
NHj;, hydrogen halide, the corresponding salts, etc.) [16, 17].

Q P o o
N C-R=C_ + n HN-R-NH, —> —|{-p-C-N-R-N— *(20-1)H;0
HO OH H H N

Figure 10. Reaction of polycondensation.

Polycondensation of bifunctional monomers is called linear; polycondensation of at least one
monomer which have more than two functional groups - a three-dimensional (linear and cross-
linked polymers are respectively formed). By type (and number) involved monomers into
reaction are distinguished homopolycondensation (participates minimum possible number of
monomer types - one or two) and copolycondensation. An important kind of polycondensation -
polycyclocondensation at which a linear product is subjected to intramolecular cyclization.

Polycondensation is stepwise process, wherein the monomers interacting with each other, are
exhausted at a relatively early stage of the reaction, and high molecular weight polymer is
usually formed by reactions of previously formed oligomer and polymer chains.

12
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Figure 11. Schematic mechanism of polycondensation.

The kinetics of polycondensation includes an infinite number of chain growth acts, and usually
cannot be easily defined. To simplify it were introduced the following assumptions (Flory's
assumptions):

1) the reactivity of the two functional groups of the same type of bifunctional monomer
are the same;

2) the reactivity of one functional group of a bifunctional monomer is not dependent on
another group;

3) the reactivity of the functional group does not depend on the size of the molecule with
which it is associated.

A description of the kinetics of polycondensation becomes the same as the reaction kinetics of
similar low molecular weight compounds. In many cases, these assumptions are no longer valid:
there are bifunctional monomers in which the functional groups of the same type differ in
activity or in which the reactivity of the second functional group is reduced or increased after the
first reacted.

To accelerate the polycondensation using different techniques: the activation of the functional
groups (e.g., replacement of the carboxyl groups on the acid chloride or ester group which
containing residues of strongly acidic phenol, for example, nitrophenol); application of active
solvent (e.g., DMF, DMSO, N, N-dimethylacetamide, N-methylpyrrolidone); application of
activating agents (e.g., pyridine and triphenylphosphite in polycondensation of dicarboxylic
acids and diamines); catalysis. The catalysts are carboxylic acids, their salts, alcoholates, tertiary
amines, esters, phosphoric acid and many other compounds or mixtures thereof.

Polycondensation with an excess of a predetermined one of the monomers - a method to control
the molecular weight of the polymers and the preparation of reactive polymers or oligomers
(blocks) with a particular type of functional groups; then they can be used in the synthesis of
high molecular weight polymers.

13



2. Methods and materials

2.1 General idea

As is known, the DNA molecule has a negative charge due to phosphate groups that are included
in its composition [18]. Typically, DNA exists as a sodium salt which is very highly soluble in
water, but completely insoluble in organic solvents. If replace sodium cations by organic cations
(e.g. aliphatic or aromatic amines) it is possible to obtain a complex which is soluble in organic
solvents [19]. By using different amines (primary, secondary, tertiary and quaternary), a different
types of substituents (aliphatic or aromatic), and the length and branching of the substituents it is
possible dramatically alter the properties and solubility of the complex in different organic
solvents. The main idea of this project was to design substituted amines, thus that they can enter
into a polymerization reaction with each other after formation of the complex with the DNA
molecule. After polymerization, we must obtain the polyamine molecules which have identical
length, because were all synthesized on an identical DNA molecules. In this case, [ use the DNA
molecule as a template for the polymerization, dispersity index of DNA is 1 and I expect to
obtain a polymer with dispersity index very close to 1.

For better understanding of general idea of the project, consider Figure 12:
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Figure 12. Preparation of organic complex with DNA and its polymerization
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Thus, our process comprises three main stages:

1) Replacement of sodium cations by organic cations;
2) Polymerization in an organic solvent;
3) Separating the obtained polymer from the DNA and its analysis.

2.2 Materials

As the template was chosen short 22-mer single stranded DNA - PB1147, which was synthesized
in our laboratory (PCBE group) (Figure 13). This DNA was synthesized on the solid support in a
DNA-synthesizer by chemical DNA synthesis cycle (Figure 14). DNA sample was purified by
HPLC and was analyzed by MALDI-TOF (Figure 15). All other chemicals, catalysts and
solvents were purchased from the company Sigma-Aldrich.

§—C—C—T—C—G—C—T—C—T—G—C—T—A—A—T—C—C—T—G—T—T—A—3

. oy \ -
g }k § L ( é - @('
g, . - /\‘ _ . ‘
_Q S, I Chemical Formula: C212H273N700135P21
~ 3 |
Q Y Exact Mass: 6609,11388
AN ~
35 Molecular Weight: 6612,27302

Figure 13. Structure and some general information about 22-mer DNA PB1147.
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