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ABSTRACT 

In the present work, an attempt was made to study some basic characteristics of a linear 

thermosensitive polymer; poly(2-ethyl-2-oxazoline)(PEtOx) and affect on its cloud point 

temperature after complexation with different monocarboxylic acids as well as with star 

shaped poly(acrylic acid).  

Firstly, the hydrodynamic parameters, such as hydrodynamic radius and 

sedimentation coefficient of a series of narrowly distributed poly(2-ethyl-2-oxazoline) 

fractions with molecular weight ranging from 1.3  10
3
 to 3.1  10

5
 g/mol and the scaling 

laws between them have been studied by a combination of analytical ultracentrifuge and 

laser light scattering. It has been found that the hydrodynamic radius (Rh,0) and 

sedimentation coefficient (S20,w) at infinite dilution scale with molecular weight (Mw) as 

  012.0539.0

0, 0179.0  wwRh MnmMKR
h

 and   019.0462.0

,20 0071.0  wwsw MSMKs  , 

respectively. The hydrodynamic parameters are important to understand its dynamics and 

properties, including its effect on the interactions between proteins and cells. 

Furthermore, according to the scaling laws between Rh and Mw it can be used as an 

alternative polymer to poly(ethylene glycol) and can have potential applications in 

biomedical field. 

Secondly, the temperature induced phase transitions of poly(2-ethyl-2-oxazoline) 

(PEtOx) aqueous solution under mixing with a series of small carboxylic acids has been 

studied by turbidity measurements and laser light scattering. It has been found that cloud 

point temperature (Tcp) of the PEtOx was changed to varying degrees depending upon the 

pH, ionic strength, molar ratio of acids to 2-ethyl-2-oxazoline unit and carbon chain 

length of small carboxylic acids. Significant change in Tcp was observed in the case of 

hexanoic acid. At acidic pH, increase in the molar ratio of hexanoic acid to the 2-ethyl-2-

oxazoline unit gradually decreased the phase transition temperature of the polymer as 

compared to the Tcp of pure PEtOx. At pH 6 (pH > pKa), Tcp shifts to higher value than 

that of pure PEtOx for lower molar ratios and decreased later on with increasing the 

molar ratio. The shift in the Tcp is described based on the differences in the driving force 

of phase transition, including hydrogen bonding between small carboxylic acids and 



iii 

 

PEtOx polymer and hydrophobic interactions. In addition, the strength of hydrogen 

bonding between poly(2-ethyl-2-oxazoline) and monocarboxylic acids has also been 

calculated computationally. 

Thirdly, the phase transition behavior of poly(2-ethyl-2-oxazoline) under 

complexation with star-shaped poly(acrylic acid) (PAA) having various arm numbers 

(2,3,4 and 6) has also been studied by turbidity, differential scanning calorimetry and 

laser light scattering measurements. The change in cloud point temperaure (Tcp) of PEtOx 

was monitored as a function of concentration, pH, ionic strength and arm number of star 

polyelectrolyte. The shift in Tcp to lower values than that of pure poly(2-ethyl-2-

oxazoline)  was more pronounced at pH 4.2 (pH < pKa), when the carboxylic acid groups 

are protonated, as compared to pH 7.0 (pH > pKa ). Considerable change in Tcp was 

observed in the case of six-arm star poly(acrylic acid) at both pH values. Hydrogen 

bonding between carboxylic acid groups of PAA and carbonyl moieties of poly(2-ethyl-

2-oxazoline) as well as hydrophobic interactions plays a dominant role in shifting of 

cloud point temperature.  
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Chapter−1
Introduction

It is a known fact of nature that complex structures can be formed from some

basic  building  blocks.  Although  these  basic  structures  are  quite  simple,  but  their

interaction results in a complex behavior. For example, proteins are an important class of

biological macromolecules made up of only 20 different amino acids, linked together in a

specific order encoded by DNA. These amino acids together can perform all the basic

functions required to sustain life e.g. signal transduction, specific binding, catalysis of

biochemical reactions etc. Chemistry is far away from the complexity achieved by the

nature. However, from a single polymer chain, complex macromolecular co-assemblies

could  be  achieved  by manipulating  different  parameters.  Inter-polymer  complexation

studies are one of the most exploited research areas of polymer chemistry for variety of

applications.

This  work  focuses  mainly  on  the  complexation  studies  of  poly(2-ethyl-2-

oxazoline), a thermosensitive polymer, with small linear carboxylic acids as well as with

the star-shaped poly(carboxylic acids) in aqueous media with the objective that better

understanding of their properties will contribute to extend their scope of application. In

addition to the experimental methods, computational studies of polymers seems to be a

powerful  predictive  tool  to  explore  their  specific  properties  and  helps  in  accelerated

discovery of their new applications.

1.1 Importance of Inter-polymer Complexation

One of the current challenges of polymer science is the design and detailed study of

properties of novel responsive macromolecular architectures having unique morphologies

and  functionalities.  An  easy  approach  adopted  by  the  scientists  to  make  such

macromolecular  co-assemblies  is  to  form  inter-polymer  complexes  (IPCs)  between

complementary polymers,  like for  example  association of  poly(carboxylic  acids)  with

non-ionic polymers stabilized by cooperative interactions (like hydrogen bonding and

hydrophobic interactions).[1-12] 

1



Ease of preparation coupled with their unique and promising properties make these IPCs

potential candidates to be used in various fields like mucoadhesive drug delivery  [13-15],

nanoparticles[16-18], ion conduction[19],as emulsifiers[20-21] capturing of radioactive elements

in soil[22] and so forth. Interest in these inter-polymer complexes is due to their novel

properties in solution as well as in solid state which are entirely different from the parent

polymers.

Complexation provides a convenient way of tailoring polymer properties to specific

applications by introducing the intended functionalities through predetermined polymeric

components. The  complex  formation  between  poly(carboxylic  acid)s  and  non-ionic

proton  accepting  polymers  is  characterized  by  several  critical  phenomena  such  as

minimum chain length of interactive polymers[23] and critical pH of complexation etc.[24-25]

Therefore, the number of un-dissociated and complexible acid sequence, (minimum chain

length of the interactive chains) is required for the formation of a stable complex between

poly(acid) and poly(base).[1]

The stability of such complexes are based on the cooperative interaction through the

formation  of  hydrogen  bonds  between acid  (as  hydrogen  bond donors)  and base  (as

hydrogen  bond  acceptors)  groups  in  the  polymer  chain.[26-29] From a  thermodynamic

aspect, the formation of one non-covalent bond (hydrogen bond, electrostatic interaction)

between two polymers in solution is quite unlikely, while the formation of a large number

of such bonds leads to a thermodynamically stable complex.[5,10]

1.1.1 Complexation studies of Linear Poly(acrylic acid)

Much  research  has  been  focused  to  characterize  the  complexation  of  linear

polyelectrolytes  like  poly(acrylic  acid)   (PAA)  (as  proton  donor)  with  non-ionic

polybases[4-12] such as, poly(ethylene oxide) (PEO), poly(acrylamide) (PAM), poly(vinyl

pyrrolidone) (PVP),  poly(N,N diethyl acrylamide) (PDEA) etc. as a function of various

parameters  like  pH,  ionic  strength,  temperature,  solvent  nature,  concentration  and

molecular weight of the polymers.[4-12] Depending upon the conditions, such as pH[30] or

ionic  strength[31],  either  soluble  complexes  or  precipitates  are  formed  at  room

temperature. 
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In  aqueous  solutions,  a  critical  pH  value  has  been  shown  as  a  criterion  for

complexation ability between PAA and a proton acceptor polymer, where the degree of

ionization of PAA should be quite low. A higher critical pH value corresponds to the

higher complexation ability of a polymeric pair.[32] The formation of these complexes is

due  to  successive  hydrogen  bonding,  but  in  aqueous  solutions  their  structure  is

additionally stabilized by hydrophobic interactions.

Although  intensive  research  has  been  carried  out  on  the  interaction  of  linear

poly(acrylic acid) with non-ionic poly(bases),[1-12]  however only a few studies have been

reported on the effect of  complexation on the lower critical solution temperature of  non-

ionic  polymers.[33-37] The   phase  transition  behavior  and  stability  of  IPCs  is  highly

dependent upon the delicate balance between the contribution of hydrogen bonding and

hydrophobic  interactions.  Since  hydrogen  bonds  become  weaker  by  temperature

elevation, whereas hydrophobic effects get stronger, therefore temperature is an important

parameter regarding the complexation process. 

Generally,  the  IPCs  formed  by  the  polymers  exhibiting  lower  critical  solution

temperature  (LCST)  are  quite  stable  and  forms  larger  aggregates  upon  heating.  For

example,  the  complexes  of  PAA  with  nonionic  polymers  like  poly(N

isopropylacrylamide)  (PNIPAAM)  ,  poly(vinyl  methyl  ether)  (PVME)  and

Hydroxypropylcellulose  (HPC)[38-42] are  stable  at  higher  temperature  because  of  more

effective stabilization of inter polymer complexes by hydrophobic interactions. However,

the IPCs dissociate by temperature elevation when the contribution of hydrophobic effect

is less significant, as has been observed for the complexes of PAA with poly(acrylamide)

(PAAM) and HydroxyethylCellulose (HEC).[38-42]

1.1.2  Complexation Studies of Star-shaped polymers

Beside other factors, topology of the polymeric components taking part in inter-

polymer  complexation  have  extended  the  scope  of  functional  polymers  [43-46],  and  is

thought to be an effective tool to impart diversity to the macromolecular co-assemblies

formed. Polymers with non-linear structures possess inherently higher level of structural

organization compared to their linear analogues. So far, inter-polymer interaction of ionic

dendrimers  (regularly  branched  tree-like  polymers)  with  oppositely  charged  linear

polymers has been extensively studied.[47-58] 
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However,  only few studies  demonstrated the generation of  IPCs formed by other

nonlinear architectures like polyelectrolyte brushes[59] and star polyelectrolytes[60-63], with

oppositely  charged  cationic  and  nonionic  polymers.  Star  shaped  polyelectrolytes

displayed various potential applications in non-viral gene delivery [64-68] and formation of

nanostructured  stimulus-responsive  multilayer  films.[69-70]Moreover,  considerable

transfection  efficiency  with  low  cytotoxicity   has  been  identified  by  many  star-

polyelectrolytes.[68] The star-shaped poly(acrylic acid) complexed with oppositely charged

linear  homo  polyelectrolytes  have  been  shown  to  form  water  soluble  non-

stoichiometric[60-62] and stoichiometric[63] nanosized co-assemblies with unique structures.

Such type of IPCs are anticipated to be possibly used for designing nanosized functional

macromolecular devices for nano-medicine and nano-reactors.[71]

1.2 Overview of the properties of poly(2-alkyl-2-oxazoline)s in

       aqueous solution

Poly(2-alkyl-2-oxazoline)s  (POZ)  are  a  class  of  chemically  and  structurally

versatile  synthetic polymers,  which have been the focus of a considerable amount of

research  since  1960.[72-81] The  cationic  ring-opening  polymerization (CROP)  of  2-

oxazolines is widely used to synthesize them in high quality with various architectures

and chemical functionalities with narrow average molecular weight distributions.[73,76,78]

4,5-dihydrooxazoles commonly known as 2-Oxazolines are five-membered heterocyclic

imino ethers  and their  cationic  ring-opening  polymerization  converts  the  imino ether

group to the amide group yielding poly(2-oxazoline)s,  or commonly known as  poly(N-

acyl ethyleneimine)s. This conversion is reported to be thermodynamically favorable.[82]
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                          2-oxazoline                                      poly (2-oxazoline)s

POZ are also regarded as pseudo-polypeptides or biomimetic polymers, since the repeat

unit of poly(2-oxazoline)s is a structural isomer of an amino acid[78]. 
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Recent advances in microwave assisted synthetic  technology has speed up the

ring opening polymerization process of 2-oxazolines, with reduction in the occurrence of

side reactions and maintaining the living character of the reaction.[83-84] The synthesis and

polymerization  mechanisms  of  a  wide  variety  of  2-oxazoline  monomers  have  been

extensively reviewed by many researchers.[80,85,86] They can be produced with high quality

and with variety of different terminal and side chain functionalities.

Another notable feature of poly(2-oxazoline)s is that their properties can be tuned

easily  by  simply  varying  the  side-chain  of  the  2-oxazoline  monomer  or  by

copolymerization  of  different  monomers.  Their  overall  polarity  can  be  changed  by

changing  the  2-substituent,  providing  access  to  both  hydrophilic  and  hydrophobic

polymers. Small  alkyl  side-chains  such  as  methyl,  ethyl  and  propyl  results  in  water

soluble polymers while larger  aliphatic  or aromatic substituent like nonyl  and phenyl

result in hydrophobic polymers.[87] 

Many researchers have highlighted the advanced polymer engineering aspects of

poly(2-oxazoline)s, e.g. synthesis and properties of block and random copolymers, side

and  end-chain  functionalization  etc.[88-91] Recently,  Hoogenboom  have  reported  the

possible use of fatty acid based poly(2-oxazoline)s as renewable energy sources. [92] Due

to the living character of the polymerization of 2-oxazolines, a broad variety of poly(2-

oxazoline)-based new functional materials are accessible such as block co-polymers[93-95],

star-shaped[96-98],  hyperbranched[99] and crosslink networks.[100]

1.2.1 Self-Assembled Structures of poly(2-oxazoline)s in aqueous    

         Solutions

The self-assembly of poly(2-oxazoline)s in aqueous media has gained significant

interest due to the straightforward access to amphiphilic structures based on different 2-

oxazoline monomers.  The amphiphlic  block copolymers of POZ can self-assemble in
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aqueous  solution having a poly(2-oxazoline) hydrophilic block and another hydrophobic

polymer  block  to  form  a  variety  of  self-assembled  structures  including  multi-

compartment  micelles,[101] vesicles[102] and  fibers[103].  This  architectural  variability  is

interesting, especially for biomedical applications.

Winnik  et  al.  have  reported  the  self-assembly  of  telechelic  and  semi-telechelic

octadecyl  functional  poly(2-ethyl-2-oxazoline)(PEtOx)  and  poly(2-isopropyl-2-

oxazoline)(PiPrOx)  as  a  function  of  temperature.  Below  the  LCST,  self-assembled

micellar aggregates are formed, which converts in to larger flexible aggregates when the

temperature was raised above the phase transition temperature.[104] Many studies  deal

with the miceller structures comprising a biodegradable polyester hydrophobic block like

poly(ε-caprolactone)[105-106] or  poly(lactide)  with  a  hydrophilic  poly(2-oxazoline)  block
[107-108] as basis for micellar drug delivery. The studies on the effect of  block copolymer

composition  on  micellar  characteristics  and  critical  micelle  concentration  (CMC)  for

PEtOx-block-poly(1,3-trimethylene carbonate),  have  been shown  to  possess a  lower

CMC value  and  formation of larger micelles with increasing hydrophobic block length.
[109]

Besides linear block copolymers, star-shaped block co-poly(2-oxazoline)s can be

synthesized by using a star-shaped initiator. Jin has reported the synthesis of amphiphilic

porphyrin-centered star-shaped PMeOx-b-PPhOx block copolymers[110], and described the

location of the porphyrin either in core or corona in the self-assembled aqueous micelles.

The  location  of  the  porphyrin  depends  upon the  sequence  in  which  incorporation  of

hydrophobic  PPhOx block is  carried  out.  Flower  like  micelles  with  porphyrin  in  the

corona  and  normal  micelles  with  the  porphyrin  in  the  core  have  been  observed.

Furthermore,  he  has  also  observed  the  formation  of  spherical  and  tubular  vesicular

aggregates in a DMF/water mixture for a porphyrin-centered star polymer bearing four

PPhOx-PMeOx block copolymer arms.[111]

Recently,  formation  of  tri-block copolymer  vesicles  or  polymersomes  have also

been reported in which the hydrophobic wall is usually built with poly(dimethylsiloxane)

(PDMS)  and  the  stabilizing  shell  is  made  of  hydrophilic  poly(2-oxazoline),  usually

PMeOx or PEtOx. Choi  et al. has used the polymer vesicles made from ABA triblock

copolymers, where A was a hydrophilic block made up of PEtOx and B was hydrophobic
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block  made  up  of  PDMS  to  devise  a  multiprotein-polymersome  system.[112-114] The

dimensions  of  polymer  vesicles  used  were  similar  to  that  of  biological  phospholipid

membranes,  i.e.  mean  diameters  were  in  the  range  of  a  few  tens  to  hundreds  of

nanometers and the thickness of hydrophobic wall was about 4 nm. These vesicles were

anticipated to be used for the protein reconstruction.

Ogoshi  et  al.  had  reported  the  formation  of  fiber-like  structures  made  from

supramolecular self-assembly of six-arm star and tadpole-shaped PMeOx containing a

triphenylene core in aqueous solution.[115] The driving force for the formation of these

assembled structures was identified as the π-π interactions of the hydrophobic aromatic

core. The stability gained by these assemblies in water was due to neutral hydrophilic

PMeOx chains.

Besides the aforementioned applications, poly(2-oxazoline)s with a chiral centre

at  the  main-chain  carbons  are  anticipated  to  form  the  secondary  and  higher-order

hierarchical structures, similar like polypeptides or proteins. This has been predicted by

the computational studies of Goodman  and co-workers.[116] The experimental evidence

about this has been found by Schubert et al. who have employed circular dichroism (CD)

spectroscopy to find out secondary structure formation of chiral poly(2-butyl-4-ethyl-2-

oxazoline).[117] These poly(2-oxazoline)s have been found to adopt a dynamic and flexible

helical structure.

1.2.2 Poly(2-oxazoline)s in Biomedical Context

Drug  and  gene  delivery  is  one  of  the  most  important  application  areas  for

polymers.[118-119] A drug is  usually  enclosed  in  a  polymeric  matrix[120] or  alternatively,

covalently attached to a polymer moiety for delivery.[121] Drug-delivery systems based

upon polymer vehicles have several advantages like enhanced solubility and protection

against deactivation and degradation during transport and circulation process etc. Due to

the  nontoxic,  hydrophilic  and  biocompatible  properties  of  poly(2-alkyl-2-oxazoline)s,

they  are  considered  as  potential  candidates  to  be  used  in  multiple  medical  and

pharmaceutical  applications.[85,112,123,124] The  tertiary  amide  groups  present  in  poly(2-

oxazoline)s  renders  them   high  stability  against  enzyme  hydrolysis  in  biological

environment  as  compared  to  polypeptides.[125] Although  data  is  limited,  there  is  no

evidence for considerable toxicity or incompatibilities related to PMeOx or PEtOx.
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In vivo studies by many researchers have demonstrated that POZ could generally

compete with widely studied poly(ethylene glycol) ( PEG) with respect to their stealth

properties.[126] They can form the conjugates with protein and small drug molecules  to

increase  the  solubility  of  drugs  and  to  increase  the  blood  circulation  time. [126] For

example, the drug-transport systems based on micelles of poly(2-ethyl-2-oxazoline)-b-

poly(lactic  acid)  (PEtOx-PLA) were  developed as  carriers  of  doxorubicin. [106] PEtOx-

poly(ε-caprolactone)  micelles  loaded with  paclitaxel  have  been shown to possess  the

same  efficiency  as  Cremophor  EL formulated  paclitaxel.[105] Veronese  et  al. showed

erythrocyte compatibility for PEtOx with molar masses of 5, 10, and 20 kDa at polymer

concentrations of 5 mg mL-1. They also showed that 20 kDa PEtOx was safe and nontoxic

for intravenous administration.[127] 

In addition, as a drug delivery vehicle, a number of lipo-poly(2-oxazoline)s have

also been prepared through “grafting onto” method with the liposomal bilayers.[128-129]

Woodle et al. reported the synthesis of poly(2-methyl-2-oxazoline)(PMeOx) and PEtOx-

based lipid conjugates as an alternative to poly(ethylene glycol)(PEG)-based materials.
[128] The experiments showed that the hydrophilic shells of PMeOx and PEtOx prolonged

the blood circulation times of liposomes in the same range as PEG.[128] This behavior was

explained on the basis of high mobility of polymer chains and aqueous affinity resulting

in the steric stabilization of polymer-lipid liposomes.[130] Zalpinsky et al. has also reported

similar prolonged blood circulation of PEG-PMeOx and PEtOx modified liposomes.[58]

PEtOx possesses a lower critical solution temperature (LCST), which can be used for

enhanced targeting of specific tissues.[85]

Furthermore in vitro behavior of PMeOx coated surfaces have been found similar

to  poly(ethylene  oxide)  coated  surfaces  in  regard  to  the  adsorption  of  protein  and

bacteria.[131-132] Although poly(2-oxazoline)s with a methyl or ethyl side chain are highly

water-soluble  and  have  shown  a  good  biocompatibility[133-134] just  like  poly(ethylene

glycol), however in certain aspects they have been cited to have some additional benefits

over  PEG  like  e.g.  easy  introduction  of  side  chain  functionalities,  stability  at  room

temperature and in water, low viscosity, high drug loading, pendant drug attachment and

readily removal from the body.[135]
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1.2.3 Thermosensitive Behavior of poly(2-alkyl-2oxazolines) in aqueous

          solutions

In recent years, a lot of synthetic stimulus-responsive or smart polymers have been

reported, which can undergo a change of solution properties by variation in, for example,

temperature, pH, or ionic strength of the surrounding solution. Thermo-sensitivity is one

of  the  most  thoroughly  studied  responsive  or  smart  behavior  of  poly(2-alkyl-2-

oxazoline)s in aqueous solution because their properties can be tuned easily by variation

of  the  2-substituent  of  the  2-oxazoline  monomer.[86] Many  of  the  poly(2-alkyl-2-

oxazoline)s can undergo a temperature induced phase transition at  their  lower critical

solution temperature (LCST) in aqueous solution  [136-138],  i.e., the polymer is soluble at

low temperature by favorable hydration and gives a  clear homogeneous solution, while

temperature elevation  leads to an entropy driven dehydration, resulting in a collapse of

the  hydrophobic  polymer  chains  and  polymer  precipitates. Poly(2-oxazoline)s  with

methyl, ethyl, n-propyl, or isopropyl side chains are water soluble and except for the most

hydrophilic  PMeOx, show  LCST  behavior  in  water.[86,123] Their  phase  transition

temperature could easily be varied by co-polymerization or post-modification methods.

Poly(2-alkyl-2-oxazoline)s  (POZ)  could  be  a  better  substitute  to  golden  standard

PNIPAM, because of absence of hysteresis  and they show a reversible,  concentration

dependent phase separation behavior.[139]

Several  researchers  have  reported  the  synthesis  and  temperature  responsive

behavior of poly(2-oxazoline)s and their co-polymers. For example, poly(2-isopropyl-2-

oxazoline) (PiPrOx) and poly(2-n-propyl-2-oxazoline) (PnPrOx) are water soluble and

exhibits LCST in the range of 36-39°C and 24°C respectively. [140-141] Both PiPrOx and

PnPrOx are structural isomers of the PNIPAM and the LCST of PiPrOx is very close to

that of PNIPAM (LCST = 32oC).[142-144] However Winnik and co-workers has evidenced

calorimetrically that the phase transition behavior of PiPrOx is more molecular weight

dependent  than  PNIPAM,  thus  making  it  more  suitable  to  be  used  in  biomedical

applications. The cloud points of oligomeric PiPrOx could be increased or decreased by

introducing more hydrophilic or hydrophobic end groups respectively.[145] 

Researchers had also shown significant interest in co-polymerization of PiPrOx to

have better control over properties. The cloud points of PiPrOx have been precisely tuned
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by co-polymerizing  with  different  2-oxazoline  monomers.  For  example,  the  aqueous

solutions  containing  1  wt%  of  amphiphilic  PiPrOx  gradient  copolymers  with  more

hydrophilic 2-ethyl-2-oxazoline co-monomer led to a linear increase in LCST, ranging

between  39  and  67oC,  with  an  increasing  amount  of  2-ethyl-2-oxazoline  content.[146]

Furthermore, Jordan et al. have demonstrated that the polymers with the cloud points far

below the room temperature (~ 9oC )  are  accessible  by gradient  copolymerization  of

PiPrOx  with  the  hydrophobic  2-n-butyl-2-oxazoline  and  2-n-nonyl-2-oxazoline  in

varying compositions.[147]

Also Hoogenboom et al.  [148] and Jordan et al.[149] has demonstrated the synthesis

and  LCST behavior  of  comb  and  graft  co-polymers  and  cylindrical  brushes,  having

poly(methacryl amide) backbone and hydrophilic poly(2-alkyl-2-oxazoline) side-chains.

The cloud points were altered from 27oC to 80oC as a function of composition and chain

lengths  of  co-polymers. On  the  other  hand,  the  cloud  point  temperature  of  graft

copolymers  with  thermoresponsive  poly(NIPAM-stat-chloromethylstyrene)  backbones

and  hydrophilic  poly(2-alkyl-2-oxazoline)  side-chains  were  found  to  increase  with

increasing number and length of the side-chains.[150] Although, numerous studies has been

carried out to investigate the LCST behavior of poly(2-oxazoline)s in solution, but their

upper critical solution temperature (UCST) has recently been discussed in ethanol-water

mixtures.  Schubert  and  co-workers  has  described  that  poly(2-phenyl-2-oxazoline)

(PPhOx) exhibited an UCST in ethanol solution.[151] It has been found that the solubility

maximumof PPhOx could be reached by the addition of water to the ethanol solution in

the range of  6-25 wt% of water in ethanol. The presence of monomeric water molecules

in the water-ethanol mixture was the reason for this maximum solubility.[152] These water

molecules  form  a  “compatibilizing”  hydration  shell  around  the  polymer  through

hydrogen bonding with the polymeric amide groups. A recent systematic study on the

solubility of various poly(2-substituted-2-oxazoline)s in ethanol-water solvent mixtures

depicted  that  more ethanol  is  required  for  the UCST transition  of  more  hydrophobic

polymers.[153] 

1.2.4 Importance of Poly(2-ethyl-2-oxazoline)

Among  various  Poly(2-oxazoline)s,  PEtOx  has  potential  properties  as  a  new

functional material.[84,105,107,140] It  is an amorphous,  nonionic,  thermally stable and non-
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toxic  tertiary  polyamide  that  can  be  synthesized  by  the  cationic  ring  opening

polymerization of 2-ethyl-2-oxazoline.[154] It possess good water solubility, high thermal

stability (up to 380oC), and combines well with many other polymers to form blends.[155-

157] In addition, it has been reported to be used as an adhesive[158-160], in photo resistors[161],

inks and coatings[162-164] as well as an additive in toner formulations for printers.[165] Due to

its  biocompatible  and dispersant properties [133],  it  has been used as a compatibilizing

agent  in  many  medical  and  personal  care  product  formulations.[166-168] PEtOx  is

hydrophilic as well as pH responsive polymer which enables it for targeted drug delivery

applications.[105,108,169,170] The  drug  delivery  systems  are  usually  comprised  of  micelles

having a hydrophobic core to harbor hydrophobic drugs and a hydrophilic shell to carry it

directly to the pathological site.[105]  As compared to PEG and Poly (methyloxazoline),

PEOxz is more lipophilic having significantly low viscosity, making it more suitable for

high dose protein and peptide delivery.[135]

PEtOx is easily soluble in water as well as in a wide range of organic solvents.[171-

172]  Chiu et al. has mentioned that water is a theta solvent for PEtOx at room temperature

and polymer chains behave almost ideally in it.[158]  Sung and Lee has employed the laser

light scattering and viscometric methods to describe the solution behavior of PEOX in

tetrahydrofuran (THF) which is a non hydrogen bonding solvent. They have mentioned a

random  coil  structure  for  PEtOx  at  room  temperature.[172] It  exhibits  a  cloud  point

temperature (Tcp) in the range of 61-64oC depending on its concentration and molecular

weight.[173,174] Recently, Hoogenboom et al. has showed that the effect of Hofmeister salts

on the cloud point of three poly(2-oxazoline)s strongly depends on their hydrophilicity.

PEtOx being more hydrophilic than poly(2-isopropyl-2-oxazoline) and poly(2-n-propyl-

2-oxazoline)  showed  more  distinctive  change  in  the  cloud  point  temperature  by  the

addition of salts.[175] Moreover, the salt effect upon the LCST of PEtOx was also studied

with sodium chloride, that caused the salting out effect (decrease of the LCST) from  the

aqueous solution, while the addition of tetrabutyl ammonium bromide, induce salting-in

effect  (increase of the LCST).[173]

A more detailed study by Schubert et al. has revealed that the cloud points of the

copolymers of 2-ethyl-2-oxazoline and 2-n-propyl-2-oxazoline could be altered, not only

by composition but also by the degree of polymerization.[139] The branched polymers of 2-
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ethyl-2-oxazoline and 2-iso-propenyl-2-oxazoline showed significantly lower cloud point

values  comparing  to  their  linear  analogues.[147] In  addition,  the  thermally  sensitive

behavior  of  graft  co-polymers  of  PEtOx  with  methacrylic  acid  showed  a  strong

dependence on pH owing to the change in polarity and repulsion of the carboxylic acid

groups  upon  de-protonation  at  higher  pH  values.[176] The  copolymers  of  2-ethyl-2-

oxazolines  and  2-nonyl-2-oxazolines  also  display  UCST  behavior  in  water-ethanol

solvent mixtures, as demonstrated by Hoogenboom and co-workers.[177] 

1.2.5 Complexation studies of poly(2-ethyl-2-oxazoline) with   

          poly(carboxylic acids)

Interpolymer  non-covalent  complexation  could  adjust  the  hydrophilic-

hydrophobic balance in the thermally responsive polymeric systems.[178] Many thermally

sensitive polymers could form stable hydrogen-bonded complexes with poly(carboxylic

acids).[179-182] PEtOx also contains specific sites that can potentially form hydrogen bonds

with carboxylic acids. The carbonyl oxygen and the tertiary nitrogen of the backbone are

two possible binding sites in an oxazoline repeat unit, but preferably carbonyl oxygen is

the  dominant  interactive  site  for  hydrogen  bonding  with  carboxylic  group.[183-184]

Interpolymer hydrogen bonding of PEtOx and poly(carboxylic acids) has already been

reported in an acidic aqueous media.[183,184,185,186] The complexation behavior of polymeric

micelles  from  poly(2-ethyl-2-oxazoline)-b-poly(є-caprolactone)  block  copolymer  with

poly(carboxylic acids) as well as with multifunctional carboxylic acids like malonic acid,

tricarballylic acid, and 1, 2, 3, 4-butanetetracarboxylic acid in aqueous solutions has also

been investigated by dynamic light scattering and TEM.[186] Authors have highlighted the

unique complexation characteristics of PEtOx based micelles, and have mentioned that

the  prototype  of  these  IPCs  between  micelles  and  poly(carboxylic  acids)  could  find

applications in drug delivery at physiological pH. The large amount of recent literature

on  smart  behavior  of  poly(2-oxazoline)s  clearly  demonstrates  the  importance  and

emergence  of  this  class  of  polymers.  However,  the  rapidly emerging and developing

fields  of  polymer  science  still  demands  for  the  design  of  more  well-defined  and

functional polymers.
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1.3 Basic Aspects

In order to understand the context in which this research has been carried out,

some relevant concepts are described comprehensively in the coming paragraphs.

1.3.1 Smart Polymers 

Smart  polymeric  materials  are those polymers that can respond to an external

chemical,  physical  or  electrical  stimulus  like  temperature,  pH,  concentration,  solvent

composition, light, electric field, photo irradiation, magnetic field etc. by changing their

shape and function. Among these smart polymers, thermosensitive polymers are those

that can undergo an abrupt solubility change as the temperature is raised above the theta

temperature, (theoretical limit between the good and poor solvent regions) and polymer

chains respond by undergoing a conformational change from an extended and flexible

coil to an insoluble compact globule.[187-192] In terms of polymer-solvent interactions, the

coil-to-globule  transition  involves  combined  hydrophobic  hydration  and  hydrogen

bonding effects.

applied stimulus

removed stimulus
Extended chain

Coiled chain

Collapse

Scheme 1.1: Conformational change of a “smart” polymer in  response to  an external

applied stimulus.

As mentioned earlier, thermo-sensitive polymers have gained significant attention

as one of the major class of stimuli  responsive polymers in the last  few years. Their

thermo-responsive properties fit them to be applied in areas where temperature changes

occur based upon the site of action. For instance, this thermal sensitivity can be used in

targeted drug delivery in the human body where for example, healthy and cancer cells

exhibit different temperatures. As a result, novel stimuli-responsive synthetic polymers

offer the possibility of designing functional polymers that might be capable of producing

reversible  temperature  response  on  heating,  without  any  denaturation  like  proteins.  
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1.3.2 Phase Separation in Polymer solutions

The thermo-responsive behavior  of a “smart”  polymer could be influenced by

multiple factors participating in the interaction of the polymer and the surrounding water

molecules e.g. ionic strength of the solution and nature of the co-solvents. Generally, the

quality of the solvent for a given polymer can be changed gradually, either by changing

the temperature or by changing the mixing ratio of a good solvent to a poor solvent, but

sharp transitions can also be observed. Depending on the polymer structure and polymer-

polymer interactions,  this  sharp transition temperature appears either  at  lower critical

temperature (LCST) or at upper critical temperature (UCST). 

As shown below, on a temperature-composition plane, a coexistence curve can be

drawn by temperature variation.[193] When the phase diagram has the critical temperature

at  the  lowest  point  on  the  coexistence  curve,  it  is  called  the  lower critical  solution

temperature  (LCST).  In  this  case,  the  polymer  is  soluble  at  low  temperatures  but

become  insoluble  at  elevated  temperatures.  On  the  other  hand,  when  the  critical

temperature  is  located  at  the  highest  point  on  the  coexistence  curve,  this  critical

temperature is referred to as the  upper critical solution temperature  (UCST). Here the

polymer is insoluble at low temperatures but get soluble at elevated temperatures and the

solution becomes uniform and therefore transparent. The polymers exhibiting UCST-type

behavior in aqueous solutions are much less common. 

Scheme 1.2: LCST-type phase diagram

The  LCST transitions  are  often  sharp  and reversible,  although for  some polymer

solutions hysteresis is observed between the heating and cooling cycles. The cloud point

method is generally used to construct the phase diagram. Cloud point temperature (Tcp)

is  defined  as  the  temperature  at  which  the  solution  becomes  turbid  or  the  polymer
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precipitates from the solution. The solution in a single phase is converted into the two-

phase regime. Cloud point can be changed strongly with the change in the concentration

of the polymer. [193]

Generally, an increase in temperature increases the solubility of polymers in aqueous

solution. However, the aqueous solution of polymers exhibiting LCST behavior display

an  opposite  effect  upon  heating  i.e.  phase  separation  of  the  polymer-water  mixture

occurs.  Commonly,  more  hydrophilic  polymers  show  better  hydration  due  to  larger

number of water molecules linked to the polymer through hydrogen bonds. This imparts a

favorable negative enthalpy contribution to the free energy of mixing (ΔG = ΔH-TΔS)

and as a result cloud point (Tcp) is elevated. However, greater ordering of water molecules

takes  place  when hydrogen  bonding occurs  between polymer  and solvent  molecules.

Thus  the  contribution  of  entropy  of  mixing  becomes  highly  unfavorable.  When  the

temperature is increased, this unfavorable entropic term (TΔS) overcomes the favorable

enthalpic term (ΔH) of free energy of mixing, leading to the phase separation. The mixing

will always occur below the LCST i.e. the temperature at which this phase separation

occurs.

The water soluble non-ionic polymers comprising both hydrophobic and hydrophilic

moieties in the polymer chain exhibit the lower critical solution temperature (LCST).

The polymer is soluble at low temperature by favorable hydration, while the temperature

elevation causes weakening of hydrogen bonds, leading to an entropy driven dehydration

that results in a collapse of the hydrophobic polymer chains and their aggregation.  The

LCST is dependent upon the hydrophilic-hydrophobic balance of the polymer; therefore

it can be tuned by e.g., variation of the polymer side chain or by copolymerization with

other  monomers.[194-197] For  example,  poly(N-isopropylacrylamide)  (PNIPAM)  is

considered as a golden standard based on its LCST of 32oC close to the body temperature

and  therefore,  its  properties  has  been  extensively  studied.[198-204] However,  the  major

disadvantage of PNIPAM is the strong hysteresis of the thermal solubility transition due

to the formation of intramolecular hydrogen bonds in the collapsed state.[205-207] Besides, a

wide range of polymers has been reported to display tunable LCST behavior, based upon

co-polymerization  of  monomers  like  N-isopropylacrylamide,  ethylene  glycol,  meth-

acrylates and 2-oxazolines.[60,92,208]
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Chapter−2
Basic Aspects of Computational chemistry

Computational simulations (prediction) are  now considered as a third pillar  of

scientific  methods  after  experiment  (observation)  and  theory  (model).  Nowadays

computer  simulation  often  provides  a  faster,  easier  and  less  expensive  way  for

investigations.  Computational  chemistry  deals  with  the  theoretical  investigation  of
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chemical problems by using computer programs. Many physical properties of molecules

such  as  energy  of  frontier  orbitals  (EHOMO  &  ELUMO),  binding  energies,  strength  of

hydrogen bonds, ionization potentials, electron affinities, UV, IR and NMR spectrum and

molecular geometry (bond length, bond angle, dihedral angles) etc. can be predicted For

example, density functional theory (DFT)[1-3] is the most popular of all the computational

methods. By using DFT, ground-state geometrical and electronic structure properties like

crystal  structure,  band  gap,  electron  density,  total  energy,  thermodynamic  properties,

spectroscopic  properties,  ferroelectric,  magnetic,  dielectric  properties,  transition  state

search  and  response  properties  like  force  constants,  elastic  constants,  piezoelectric

coefficients and electro-optic coefficients etc. could be theoretically calculated by using

different  DFT codes. As  the  computational  resources  are  becoming  faster  with  more

accuracy in codes, world’s research focus is shifting on modeling and simulations.

Computational methods can be categorized basically into following two main classes 

differing in their basic principles:

• Quantum Mechanical Methods (QM)

• Molecular Mechanical Methods (MM)

2.1 Quantum Mechanical Methods (QM)

Quantum mechanical methods are based upon the principles of quantum chemistry. As a

computational  tool,  Quantum  mechanics  deals  with  the  wave-functions  ( )  and

probability functions and have two basic types i.e. Molecular orbital methods (MO) and

Density functional theory (DFT). Wave-function (ψ(r)) describes electrons and contains

all the possible information. It gives the probability to find a particle in a given region of

space. It is not static and changes over time, therefore it needs to be normalized at every

moment of time. In quantum mechanics for every experimentally observable, Q, there is a

corresponding operator Q̂. 
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2.1.1 Basic Concepts of Quantum Mechanical Methods

All  the computational  Quantum mechanical  methods are  based  upon the Schrödinger

wave equation (S.W.E)

2.1.1.1 Solution to Schrödinger wave equation 

S.W.E  is  a  second  order  differential  equation  which  has  been  solved  for  Quantum

mechanical systems. It can be written as:

2.1

Where,   is  the  wave-function  associated  with  the  moving  body  and  Ĥ  is  the

Hamiltonian operator for energy. For a single free particle Hamiltonian can be written as:

2.2

The  S.W.E  has  been  solved  for  different  systems  e.g.  particle  in  a  box,  harmonic

oscillator and H-atoms. The wave-functions obtained for H-atoms by solving the S.W.E

are expressed as functions of spherical coordinates (r, θ, φ) and are known as Slater

orbitals e.g.

 ,

 

Where,  σ  is  Zr/ao  with  Z representing  the  atomic  number  and ao  is  the  distance  of

electron from the nucleus.
[73]  For hydrogen like atoms, multiplying the eqn.2.1 on the

both sides with the wave-function Ψ we get;
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Integrating and rearranging the eqn.2.3

This is a generalized equation to calculate approximate energy known as average energy

or the lowest possible expected value of energy. In linear combinations, molecular orbital

methods may approximate the molecular orbital Ψ as the linear combination of atomic

orbitals (LCAO).[4]  When N atomic orbitals combine to form N molecular orbitals, the

energy of the molecular orbitals can be calculated from the eqn.2.4, where   could be

linear combinations of detrimental functions. In LCAO approach, the molecular orbital is

described  as  the  sum  of  atomic  orbital  with  optimized  coefficients.  Therefore,

mathematically the molecular orbitals can be made by combining the simple functions

called basis functions which comprise a basis set. Linearly combining the basis functions

on different atoms will give hybrid atomic orbitals. By using LCAO approximation for

two atomic  orbitals  combining to  form two molecular  orbitals  wave-function  can  be

written as:

Where φ1 and φ2 are the basis functions (AOs) on the atom 1 & atom 2 and c1 and c2 are

the weighing coefficients that could be adjusted to get the value of Ψ. In other words c1

and c2 describe the contribution of each atomic orbital towards the formation of each

molecular orbital. Substituting the value of Ψ from eqn.2.5 into eqn.2.4 we get;

Simplifying eqn. 2.6

Where;

                        ,
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                            ,                    

Where H11 and H22 are Coulomb integrals  on single atom, H12=H21 defines resonance

integrals, S12=S21 are overlap integrals defining overlap of two orbitals and S11 and S22 are

overlap integrals. The optimized contribution of atomic orbitals towards the molecular

orbitals  will  be  the  one  where  the  energy  of  resulting  molecular  orbital  would  be

minimum that is the most stable molecular orbital is formed. As 

cannot be varied the c1 and c2  could be varied. The energy E is only minimized when

. The eqn.2.7 can be rearranged to;

Differentiating the eqn.2.8 with respect to ;

Setting  we get;

This can be rearranged as;

The analogous procedure beginning with  eqn.2.4 and differentiating with respect to c2

leads to;

Thus two simultaneous equations are obtained;

These secular equations are equal to single matrix equation;
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The determinant is:

Since the H-ES matrix is an H matrix minus an ES matrix and since the ES matrix is the

product of S matrix and scalar E, the eqn .2.14 can be written as: [5]

Similarly for N atomic orbitals overlapping to give n Molecular Orbitals;

The n simultaneous equations each with N terms can be developed. 

Those N equations would lead to n × n determinant e.g.

)

n simultaneous equations can be written in a form comparable to equation 2.18;

This can be concisely rendered as;

This can be rearranged as;

Hc =SEc                                                                                                                       (2.21)

Here H and S are square matrices while c and 0 are column matrices and E is a scalar

number. The eqn.2.21 comprise of the H matrix. For developing two MOs from two basis

functions, two energy values and two pair of coefficient one for each MO is required. The

equation can be converted to a conventional square matrices equation with all terms in

the form of matrix;

HC=SCε                                                                                                                      (2.22)
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Here  H is  energy element  matrix  called  Fock matrix[5];  C  is  coefficient  matrix,  S  is

overlap matrix and the diagonal matrix ε = is energy

level matrix whose diagonal elements are MO energy levels  corresponding to Ψi.

All the Molecular orbital methods are based upon this plan, but differ in the treatment of

different matrices. In density functional methods, the probability density is used instead

of  wave  functions  and  are  now  termed  as  Kohn-Sham  matrix.[5]Matrix  solution  in

different computational methods is briefly described in figure 2.1.

2.1.1.2 Slater Determinant
The Hartree wave-function is a spatial orbital function of space coordinates (x, y, z). It

takes in to account the position, size and spatial orientation of the orbitals. But some MO

methods uses more advance Slater wave-function which is composed of both spatial and

spin  orbitals.  Besides  spatial  properties  of  electron  it  also  takes  in  to  account  the

electronic spin by multiplying it with spin functions α and β. An electron in spin orbital α

is  denoted  by +  or  upward  spin  and that  in  spin  orbital  β  is  denoted  by -  or

downward spin. Slater wavefunction can be written as:

Ψ(α) = Ψ(x, y, z)α

Ψ(β) = Ψ(x, y, z)β

Here Ψ(x, y, z) is a spatial orbital. Slater determinant implement the Pauling exclusion

principle,  which  forbids  any two  electrons  in  a  system to  have  the  same  set  of  all

quantum  numbers  by  differentiating  them  in  terms  of  spin  quantum  numbers.  The

electrons in an orbital are indistinguishable and cannot be really labeled as either α or β

electrons. There is an equal probability for any of the two electrons to have either α or β

spin but both would be anti-symmetric to each other. The anti-symmetric two electron

wavefunction can be written as determinant:
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Interchanging any two electrons in determinantal wavefunction requires the interchange

of any two rows. Therefore, the sign of wavefunction would be changed by changing the

sign of determinant. Secondly, the determinant is equal to zero if two columns are same.

Thus the determinant wave-function is always anti-symmetric [6] and vanishes when two

electrons have the same set of four quantum numbers, i.e. when both electrons occupy the

same spin.

To construct a Slater wavefunction (Slater determinant) for close shell specie, each one of

the spatial  orbitals  is  used to  make the two spin orbitals  by multiplying each spatial

orbital by α and β separately. The spin orbitals are then filled with available electrons;

one electron in each orbital as shown in figure 2.1.

Figure  2.1: A Slater  determinant  made  from spin  orbital  derived from the  occupied
spatial molecular orbitals and two spin functions α and β.

For 2n spin orbitals, the general form of a Slater determinant is the 2n×2n determinant as 

each electron can have equal probability to be placed in any orbital:
                                        

 (2.25)
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The Normalization factor   eliminates the possibility of any of the electron 

being counted twice. 

2.1.2 Classification of Quantum Mechanical Methods (QM)

Based on different quantum mechanical functions being used, the Quantum mechanical 

methods are further classified as;

• Molecular Orbital Methods (MO)

• Density Functional Theory (DFT)

2.1.2.1 Molecular Orbital Methods

All the molecular orbital methods are based upon the mathematical calculations

starting with the Schrödinger wave equation that deals with wave-functions (Ψ). Different

molecular  orbital  methods  deal  with  different  assumptions  and  conditions.  Solving

integrals of Fock matrix elements lead to the two categories of molecular orbital methods.

 Semi-empirical (SE)

 Ab-initio 

 Semi-empirical Methods

Molecular  orbital  methods  when  parameterized  with  experimental  inputs  are

termed as semi-empirical (SE) methods. Semi-empirical means semi-experimental and it

encompasses  physical  theory  with  experiment.  In  SE  methods,  the  experimental

quantities such as ionization potential or electron affinity etc. is incorporated in to the

Fock  equations  instead  of  solving  all  integrals.  Thus  SE  calculations  are  less  time

consuming  as  compared  to  the  ab-initio  calculations.  SE  calculations  can  be  further

classified into;

• Hückel Molecular Orbital Method (HMO)
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• Extended Hückel Method (EHM)

• Self Consistent Field Semi-empirical methods (SCF-SE)

Hückel Molecular Orbital Method (HMO)

HMO method is applicable to the conjugated dienes and aromatic compounds and

involves  π  electrons  only.  It  only takes  2pz orbitals  of  the  system into  account.  The

mathematical elements of HMO are shown in eqn.2.19. In HMO only the interaction

between the neighboring atoms are taken into account. Energies are obtained in term of a

parameter  β  which  are  then  translated  into  experimental  quantities  through

parameterization. Iteration is not applied in HMO. By applying some drastic assumptions

the Fock matrix elements in HMO are reduced to a form which can be easily written by

just looking at the atoms connectivity.  HMO drastically approximates overlap integral

Sij= δij =1 and Sii =0 neglecting differential overlap.[5] The matrix equation becomes HC =

εC. HMO can be applied to calculate the nodal properties of molecular orbitals, stability

of molecules, bond orders and atomic charges calculations etc.

Extended Hückel Method (EHM)

Extended Huckel Method is an extended version of HMO. In EHM, in addition to

π electrons, other valance electrons are also taken into account. Parameterization is done

with  experimental  ionization  potential  to  evaluate  Fock  matrix.  In  EHM,  differential

overlap is not neglected, rather the overlap integral is eliminated from eqn.2.22 by matrix

multiplication process called orthogonalization resulting in Fock matrix H, and new basis

set is formed. This can be transformed back into original matrix to get energy value.

EHM is useful as it is very fast method and larger molecules such as polymers involving

all valance electrons can be treated in a shorter time. The shortcoming of this method is

that the results depend on the input experimental values. Secondly it neglects electron-

electron and spin repulsions.

Self Consistent Field Semi-empirical methods (SCF-SE)
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SCF-  self  consistent  field  theory  is  a  milestone  towards  the  improved

computational methods. In SCF multiple diagonalizations are done e.g. multiple cycles of

matrix calculations are run with each cycle parameterized with the result  of previous

cycle. All SCF-SE methods involve parameterization with experimental quantities. SCF-

SE  is  the  simplification  of  ab-initio  method  because  the  parameterization  and

approximations drastically reduces the number of integrals that must be calculated. In

SCF-SE each Fock matrix element (now denoted as Frs) is calculated from a core integral

, density matrix element Ptu and electron repulsion integrals (rs/tu), (ru/ts).

[5]

SCF-SE methods are superior to HMO and EHM because these take into account

electronic  repulsions  and  inter-nuclear  interactions.  Initial  guess  of  the  coefficient

required  to  calculate  density  matrix  elements  needs  parameterization.  This

parameterization reduces the time for calculations. Different types of SCF-SE methods

have their own pros and cones.

PPP: Stands for Praiser, Parr and Pople. It is the only SCF-SE method dealing with only

π  electron.  The  initial  guess  for  density  matrix,  Frs,  can  be  obtained  either  form

experimental quantities or from ab-initio minimal basis set.[5] It is useful for UV spectrum

of conjugated system but is limited to only conjugated system of π electrons.

CNDO:  This  SCF-SE  method  involving  all  valance  electrons  neglects  differential

overlap completely. For CNDO the overlap matrix is unity as for HMO whereas the Fock

matrix elements are calculated. For CNDO  represents nuclei plus all core

electrons,  Ptu calculated  from the  coefficients  of  valence  AOs  and  the  two  electron

repulsion  integrals  refer  to  valence  electron.  CNDO is  not  purely empirical  but  also

utilizes ab-intio results. 

INDO:  the  intermediate  neglect  of  differential  overlap  does  not  apply  ZDO  (zero

differential overlap) approximation on one centre two electrons integral but apply it to all

other differential overlaps. This means that it takes the repulsion between the electrons on
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one atom into account and neglects the repulsion of electrons residing on adjacent or

alternate atoms. 

NDDO: Neglect of diatomic differential overlap method neglects the electron repulsion

between the electrons in orbitals on the same atom and takes repulsive interaction of

electrons  on  adjacent  atoms  into  account.  NDDO  is  modified  to  MNDO  (modified

neglect  of  differential  overlap).  AM1  (Austin  Method  1):  Core-Core  repulsion  is

modified in AM1 to overcome the overestimated repulsion between the atoms separated

by their Van der Waals nuclei in MNDO.  Slater function and parameterizations are also

improved in AM1.[5]

PM3 (Parameterization model 3):  PM3 is also an improved version of MNDO like

AM1 but differs from AM1 in parameterization. Both AM1 and PM3 are considered as

the most reliable SCF-SE methods.[5]

The  success  of  AM1 and  PM3 methods  lies  in  the  treatment  of  hydrogen  bonding,

crowded  molecules  (solvated  molecules),  four  member  rings  and  activation  energies.

AM1 is used very satisfactorily for good geometries, energies, heat of formations and

relative energies.

2.1.2.2 Ab-Initio Calculations:
Ab-initio or first principle methods are purely theoretical methods in which there 

is no parameterization and all the integrals have to be solved. Hij is calculated from the 

initial solving of all integrals using wave-functions of φi, φj and Hamiltonian operator as: 

This method is very time consuming because large number of integrals have to be solved,

and therefore can be used for small molecules. As there is no parameterization, the results

obtained are very accurate. 

In a simplest approach, the Hartree Fock Method (HF), the total molecular wave

function Ψ is approximated as a single Slater determinant composed of occupied spin

orbitals  and the HF equations  are  developed.  When the electrons are  restricted to be

paired  in MOs the HF methods are termed as RHF (restricted Hartree Fock) and if these

are allowed to reside in different spin orbitals it will be UHF (unrestricted Hartree Fock)

method.  In the HF method the electronic correlation is not considered whereas in actual

molecules  the  electronic  movement  is  relative  as  the  electron  avoid  inter-electron
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repulsions by modifying their path. This correlation is taken into account in modified Ab-

initio methods CC, CI and MP by allowing electron to occupy virtual MOs in addition to

conventionally occupied MOs to reduce electron-electron repulsions. The wave-functions

can  be  improved  by  going  to  bigger  basis  sets  or  Gaussian  functions  and  higher

correlation levels to get exact solution of Schrödinger wave equation.

2.1.2.3 Density Functional Theory (DFT)
DFT is the most popular and versatile computational method used in computational chemistry and

physics.[6-9]  Chemists and physicists are now very much relying on DFT based packages such as VASP,

ADF, SIESTA, Crystal, FPLO, WIEN2K etc. It calculates the electronic structures of many body systems.

DFT is based on the principle that all the properties of a system of interacting particles can be described by

a  unique  functional  of  the  ground  state  single  particle  density,  σ(r)  which  provides  all  information

embedded in the many-body wave function of the ground state of the system.Density functional theory is

similar to the molecular orbital methods in building simultaneous equations and matrices except it utilizes

electron density functions instead of wave-functions. The probability function/ density function is given

mathematically in terms of Ψ as:

The sum is over n occupied molecular orbitals Ψ. Density functions are observables whereas could

be just imaginary functions hence difficult to define completely.  In DFT the energy is calculated by taking

the energy of ideal system which can be calculated exactly and calculating the energy of real system by

introducing exchange correlation functional which is the only unknown to be evaluated in DFT.  The DFT

equations/KS(Kohn-Sham) equations can be derived analogous to HF equations. The simplest version of

DFT, the  LDA (local density approximation) which treats the electron density as constant only varying

slightly from point to point in atom or molecule and also pairs the electron of opposite spin in each KS

orbital. The electrons are considered unpaired in LSDA (local spin density approximation). As the electron

density function varies from place to place, a more accurate version of LSDA utilizes gradient correlations

and is called as non local functional or  GGA (Generalized Gradient Approximations).  Commonly used

exchange correlation energy functional;  B88 (Becke 88 functional) and  G96 (Gill 1996) when combined

with  gradient  correlation functions  P86 (Perdew1986)  and  LYP (Lee-Yang-Parr)  would  result  in  more

advance functional B88P86, B88LYP, G96P86 &G96LYP.

Hybrid  functionals: Another  advance  is  formed  by  calculating  one  term  DFT exchange  correlation

function from HF theory [5]. 
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Where the sum is over n spatial orbitals and   is columbic integral and   is exchange

integral.[10]  Removing  core  energy  and  columbic  potential  energy  from the  equation  we  are  left  with

exchange energy. Converting this exchange energy into KS exchange energy, would yield the exchange

energy for a system of non-interacting electrons with the electrons density equal to the real system. Most

commonly used and most accurate hybrid functional is B3LYP functional.

2.1.3 Basis Functions:
Molecular orbitals in different computational methods are formed by linear combinations of a set

of  mathematical  functions  called  basis  functions.  Selected  basis  functions,  usually centered  on atomic

nuclei,  are  those  mathematical  functions  which  are  not  only easy  to  manipulate  but  also  give  useful

representation of MOs. Set of basis functions is termed as basis set. To improve the accuracy of Slater type

Gaussian function, these are described as the linear combinations of several Gaussian functions. Commonly

used Gaussian functions formed by combining primitive Gaussians linearly are;

STO-nG: In STO-nG, also called minimal basis set, each Gaussian function is the linear combination of n

primitive  Gaussians  e.g  for  STO-3G.  

Although STO-3G involves more primitive integrals to solve but each Gaussian term being easier to solve

will reduce the computational time and linearly combining the several Gaussians would result in a function

approaching to the Slater function in accuracy. 

The accuracy of  STO-1G (Slater  type orbital  approximated by one Gaussian) & STO-3G (Slater  type

orbital approximated by three Gaussians) and Slater orbital is shown in the figure 2.2  The fig shows the

Gaussian orbital mimics the Slater orbital as the number of primitives increases even if r→0.

3-21G: These basis set split each valance orbitals into two parts; inner shell basis functions represented by

two Gaussians, outer shell basis function represented by one Gaussian (hence the “21”) and core orbital

basis function represented by three primitives (hence the “3”). Thus 3-21G would yield 2 functions for H

atoms and 9 primitives for Gaussian function of C atom.
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Figure 2.2: Comparison of Slater and Gaussian functions for hydrogen atom.

  

3-21G(*): 3-21G functions supplemented with extra d functions,  added for  atoms beyond first  row) of

periodic table, are called 3-21G(*) .

6-31G(*):  A basis set with each valance orbital split into outer part composed of 3 primitives and an inner

part composed of 1 primitive with 6 primitives for each core 

orbitals supplemented with polarization functions (d functions) is denoted as 6-31G(*).  

6-31G(**): A 6-31G(*) basis set provided with three 2p functionals for each H atom is denoted  as 6-31G(**)

or 6-31(d,p). 

6-311G(*) & 6-311G(**) : 6-311G(*) & 6-311G(**) are same as 6-31G(*) & 6-31G(**) respectively except having

each valance orbital split into 3 shells composed of three one and one primitive.

Large Basis Sets: Larger basis sets are formed by adding one diffuse functions ( added in order to produce

sufficient electron density at larger distance from nucleus) denoted by + when added for heavy atom only

and ++ when added for hydrogen and helium as well as to heavy atom yielding corresponding 3-21+G, 3-

21++G(*),6-31+G(*),6-31+G(**), 6-311+G(*), 6-311+G(**),6-31++G(*),6-31++G(**), 6-311++G(*), 6-311++G(**).

Accuracy increases as we go to higher basis set.

DFT:  Like ab-initio DFT also utilizes Gaussian basis set not Slater basis set. Unlike Ab-initio, there is no

provision in  DFT to improve the results  by going to  higher basis  functions.  Results  are improved by

introducing density and electron correlations also.  The basis set mostly used in DFT are 6-31G,6-31G(*),

6-31+G(*),  6-311G(**) etc.  Combining them with energy correlated and gradient  correlated functions,

commonly used functions in DFT are; B88LYP/6-31G(*), B88P86/6-31G(*),G96LYP/6-

31+G(*), G96P86/6-31++G(*). Most frequently used and most accurate DFT functions

are a hybrid function combined with higher basis set; B3LYP/6-31G(*) and B3LYP/6-

31G.
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2.2 Molecular Mechanical Methods (MM)

In contrast to the Quantum mechanical methods, Molecular mechanical methods

(MM) are based upon the principles of classical physics. In MM methods, ball and spring

model  of  molecules  are  taken  into  account  considering  atoms  as  balls  and  bonds

resembling to the flexible spring. These are fast  methods and large molecules can be

optimized in a very short time by MM calculations. Many molecular properties like total

charge density, electrostatic potential can be obtained and represented as 2-D contours or

3-D isosurfaces.  In  addition geometry optimization,  QSAR properties,  conformational

search,  vibration  and  rotation  analysis,  equilibrium  constant  calculations,  molecular

dynamics, Monte-Carlo simulations etc. can be performed in less time by using different

MM codes like MM+, AMBER, OPLS, BIO+(CHARMM).
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Chapter−3

Instrumental Techniques

A brief introduction and principle of the instrumental techniques used during 

this research work has been mentioned below.

3.1 Laser Light Scattering

Laser  light  scattering  (LLS)  is  one  of  the  most  powerful  and  an  absolute

method used in polymer and colloid research.[1-5] It has been widely utilized for the

quantitative characterization of macromolecular polymer chains in solution.[6-7]  Many

parameters about the polymers can be obtained by this technique like weight-average

molar mass (Mw), the radius of gyration (Rg), second virial coefficient (A2) along with

the information  about  the shape of the polymer  molecule,  whether  it  is  spherical,

random-coiled, or rod like.[8]

3.1.1 Fundamentals

When a beam of light is directed at a solution, some of light may be absorbed, 

some is scattered and remainder is transmitted, undisturbed through the sample.

Figure 3.1:  Schematic diagram for the interaction and scattering of light rays from 

the particles of the solution.

In laser light scattering we measure the interaction of electromagnetic radiations with

matter  in  terms  of  changes  in  the  number  (intensity),  direction  (momentum)  and

frequency (energy) of photons in incident and emerging light beams. In general terms,

Light  Scattering is  a  physical  process  where the light  is  forced to  deviate  from a
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straight path by striking with one or more localized non-uniformities in the medium

through which it passes. This variation in trajectory of light is due to the combined

effects  of reflection,  refraction and diffraction  (in the absence of absorption).  The

absorption  phenomena  is  excluded  from  the  scattering  definition  because  with

absorption,  the energy is  not  re-emitted  as  such and hence changed. [9] During the

scattering process, the electronic cloud of the bound electrons in the sample, removes

energy from the  light  beam (photon  by photon),  and  then  re-emits  it  without  its

alteration. Therefore, scattering is a process in which only the direction of propagation

of  radiation  changes  but  the total  energy is  conserved. The scattering  of  light  by

independent particles can be categorized in to three groups; [10]

i) Rayleigh Scattering: When scattering particles are small enough to act as   point

sources of scattered light.

ii) Debye Scattering: When particles are relatively large but difference between their

refractive index and that of the dispersion medium is small.

iii)  Mie Scattering:  When particles are relatively large and have a refractive index

significantly different from that of dispersion medium.

In LLS, the replacement of conventional light sources by lasers in recent years

has  quantitatively  enhanced  its  scope in  polymer  science.  Laser  light  sources  are

monochromatic,  possess  highly  directional  beam with  low divergence,  capable  of

being focused into a very small spot and have ability of producing short bursts of light

with high intensity in less than a trillionth of a second. Through the use of intense,

coherent laser light and efficient spectrum analyzers and auto-correlators, experiments

can be conducted  in frequency and time domains to study certain dynamic processes,

molecular motions such as diffusion and flow as well as equilibrium properties of

solutions. In addition, sample clarification methods for LLS have also been improved.

Recirculation of samples through submicron filters in closed loop system reduces the

effect of dust and other contaminants and the new time domain techniques provide

built in test for the presence of such particles. These technical developments make

LLS  a  fast,  non-intrusive  and  nondestructive  form  of  spectroscopy  for

macromolecular characterization.

When light passes through a medium, an oscillating dipole is induced in the

molecule and the electrons of the molecule start oscillating at the frequency of the
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incident  light.  This  dipole  then  acts  as  a  secondary  source  of  radiation  and  the

phenomenon  is  regarded  as  light  scattering.  The  amplitude  of  the  scattering  at

different angles (scattering pattern) depends not only on the concentration and particle

size, but also on the ratio of the refractive indices of the particles to the medium in

which the particle exists. The more the particle is different from the medium, the more

light will be scattered by the particle. If there is no difference in the refractive indices,

no light will be scattered.  The intensity of the scattering light is a function of the

wavelength (λ), the scattering angle (θ), particle size (d) and the relative index of

refraction (n) of the particle and the medium.

( )ndII insc ,,,λθ=                                                                                           (3.1)

Here θ is the angle at which the incident light is to be directed at the sample solution.

The complete detail of laser light scattering can be found elsewhere.[11] 

3.1.2 Laser light scattering measurement system

A cylindrical cell containing a filtered polymer solution is immersed in a glass

vat filled with a liquid having a refractive index close to that of the glass. This fluid,

toluene  in  our  case  is  called  an  index-matching  liquid  and  is  thermostatted.  A

coherent, collimated laser beam enters the index-matching liquid through the vat and

then into  the cell.  Almost  all  of  the incoming photons  travel  straight  through the

toluene and the polymer solution, forming a strong, unscattered (or forward-scattered)

beam. The molecules in the beam path scatter a tiny fraction of the photons in all

directions.  The  intensity  of  the  scattered  beam  is  detected  by  a  photodetector

(photomultiplier),  placed  horizontally  at  an  angle  θ  (scattering  angle)  from  the

forward-scattering direction. To prevent streak scattering at the air-glass interface, the

glass  vat  has  a  planar  cut  at  each  side  of  the  path  of  the  direct  beam.  Polymer

molecules with a high molecular weight scatter the light very strongly.[12]
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Figure 3.2: Schematic diagram of the laser light scattering measurement system

Figure 3.3: Schematic diagram of the laser light scattering instrument.
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Briefly,  there are two different modes of laser light scattering namely,  “Static” and

“Dynamic”.

3.1.3 Dynamic Laser Light Scattering (DLS)

DLS is  also  known as  quasi-elastic  light  scattering  (QELS)  or  photon correlation

spectroscopy (PCS). 

3.1.3.1 Measurement in DLS

The  dynamic  light  scattering  experiment  is  currently  a  routine  laboratory

technique  for  measuring  diffusion  coefficients,  particle  size  and  particle  size

distributions  in  polymer  solutions.  In  DLS  one  measures  the  time-dependent

fluctuations in the scattered light intensity from a small region of solution by using a

fast  photon counter. This  fluctuation  arises  due to  the  Brownian motion  of  small

molecules in solutions and therefore the distance between the scatterers in the solution

constantly changes with time. These fluctuations of light intensity give information

about particle motions. Generally, rather than presenting the data in terms of diffusion

coefficients,  the  data  is  processed  to  give  the  "size" of  the  particles  (radius  or

diameter). Measurement  at  a  single  scattering  angle  gives  information  on  the

dimension of the polymer  molecule in the solution with significant  accuracy.  The

signal from the slowly moving polymer is unambiguously separated from the signal

that originates from the rest of the solution. 

In  commercial  LLS  instrument,  the  measurement  and  data  analysis  are

automated. Users need only to prepare clean solutions by filtration. A DLS system

requires  an  autocorrelator  on  top  of  a  regular  SLS  system.  The  light-scattering

intensity (I(t)) from the polymer solution is not a constant.  I(t) fluctuates around its

mean (I〈. Motions of the polymer molecules and the solvent molecules contribute to a

change of I(t) with time. The noisy signal then carries the information on the motions

and  other  fluctuations.  The autocorrelator  uncovers  the  embedded  information. In

contrast  to  SLS  experiments,  in  DLS  the  photons  arriving  at  the  detector  are

correlated instead of being accumulated and averaged. The scattering intensity I(t) can

be measured as an analog quantity I that varies continuously with time t. More often

the  I(t) is measured as pulses. Each pulse corresponds to a photon that reaches the

photodetector. For this purpose, a photomultiplier is used in a photon-counting mode.

A pulse amplifier–discriminator eliminates ghost pulses of a low height and converts
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each  proper  pulse  into  a  pulse  of  a  fixed  height  and  width  to  be  led  to  the

autocorrelator. With the use of pinholes of different openings, the number of photons

reaching the detector can be adjusted so that there are not too many photons entering

the photodetector in each time window (~1μs).The intensity is now expressed as the

number of pulses in each time window. It is a non-negative integer.

3.1.3.2 Autocorrelation Functions

In dynamic  LLS,  all  the motions  and measurements  are  described by correlations

functions

•  g(2)
(τ,q) = intensity-intensity time correlation function that describes the change in

scattering intensity.

• g(1)
(τ,q) = electric field correlation function that describes correlated particle motions.

Firstly, the autocorrelation function g(2)(τ) is a quantitative measure of rate of

change of scattering intensity measured by correlating the intensity I(t) at any time t,

and the intensity I(t+τ) after a delay time τ as shown by the following mathematical

function;[13]

∫ +=
T

dtItI
T

g
0

)2( )()(
1

)( τττ                                                          (3.2)

The  intensity  correlation  function  typically  possesses  the  form of  an  exponential

decay as shown in the following figure:

Figure 3.4: Plot of Intensity-Intensity time correlation function
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Secondly, the electric field correlation function g(1)(τ) describes the correlated

particle movement relative to each other, because it is not possible to find out the

movement of an individual particle. Mathematically it can be written as follows:

∫ +=
T

dtEtE
T

g
0

)1( )()(
1

)( τττ

(3.3)

The normalized intensity-intensity time correlation function  g(2)( τ,q) at a particular

wave vector q, in the self-beating mode can be related to the  normalized first-order

electric field time correlation function, g(1)(τ,q)  by the following Seigert relationship;
[13]

g(2) (τ,q) = 〉〈 ),0(),( qIqI τ = A[1+βg(1) (τ,q)2]                                              (3.4)

Where, A is a measured baseline of the correlation function, β (<1) is an instrument

parameter depending upon the coherence of the detection or geometry and alignment

of laser beam in LLS instrument as the scattered light in practice cannot be purely

coherent. Both A and β are constants, whereas  τ is the delay time. When  τ→∞ ,the

equation 3.2 takes the following form:

[g(2)(τ,q)] τ→∞ = A                                        (3.5) 

It means that the measurement should be made over a sufficiently large time for the

average to be accurate. In other words, β (signal to background noise ratio) should be

as large as possible (> 50%) in order to get most  meaningful  set of experimental

results.  The Siegert  relation  is  valid  except  in  the case where either  a  very small

number of scatterers are present in the scattering volumes or the motion of scatterers

is limited.[14]

For many polymer systems, the sample is polydisperse and the electric field-

time correlation function, g(1)(τ,q) is related to the line width distribution G(Γ) as:

( ) ΓΓ−Γ=〉∗〈= ∫
∞

dGqEqEqg )(exp)(),0(),(,
0

)1( τττ                  (3.6)

Where  G(Γ) is the normalized line width distribution of line width  Γ or intensity-

weighted  coefficient  associated  with  the  relative  scattering  from each  particle  [15]

measured at a fix value of scattering vector q. It can be obtained by Laplace inversion

of the measured time correlation function g(2)(τ,q).[16] The line width  Γ is usually a
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function of both the concentration(C) and scattering vector (q). At a finite value of q

and C it is related to the translational diffusion co-efficient by; [17]

( )( )22

2
11 qRfCkD

q gd 〉〈++==Γ

(3.7)

Where  D  is  the  translational  diffusion  coefficient,  f  is  a  dimensionless  constant

depending upon the chain structure, conformation, polydispersity and solvent quality,

Rg is  the  radius  of  gyration,  whereas  kd  is  the  diffusion  second virial  co-efficient

comprising of both hydrodynamic and thermodynamic interactions i.e kd = 2A2<Mw> -

CdNARh
3/ <Mw> where Cd is constant and Rh is hydrodynamic radius. q2 is the distance

travelled by the particles where the scattering vector q is defined mathematically as:

2
sin

4 θ
λ
πn

q =                       (3.8)

When the solution is extremely dilute and qRg<<1, the ratio of Γ/q2 is approximately

equal to D. When C→0 and q→0,G(Γ) can be converted to translational diffusion on the

basis of equation 3.7 and to the hydrodynamic radius  distribution  f(Rh) by Stoke-

Einstein equation as; [17]

D

Tk
R B

h πη6
=                                                                            

(3.9)

Where,η is the viscosity of the solvent in the units of (N.s m-2),  T is the absolute

temperature (K) and k is the Boltzmann constant (JK-1) and Rh is the hydrodynamic

radius of the particles. Thus DLS method leads directly to the hydrodynamic radius of

the polymer coil and micelles in the solution. Also the polydispersity index (Mw/Mn)

can  be  estimated  from  the  relative  width  µ2/<Γ>2 of  the  line-width  distribution

measured in dynamic LLS by using Mw/Mn ~ 1 + 4µ2/<Γ>3.[24]

3.1.3.3 Data Analysis Method from DLS 

The distribution of particle sizes defines the method of fitting the decay constants.

There  are  two main  approaches  used  for  analysis  of  DLS data,  namely  CONTIN

method  and  CUMULANT  method.[16,18]  These  two  numerical  methods  provide  a

systematic  way  to  determine  the  decay  constants.  Koppel  has  introduced  the

CUMULANT  method,  which  is  a  simple  method  with  linear  fit  and  cumulant
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expansion that gives useful information about the average value of decay constant and

its  variance  for  narrowly  distributed  polymer  chains.[16] When  the  distribution  of

particle size is wide or non-monomodal, then the distribution of decay time will also

become wide and then, above mentioned simple CUMULANT method cannot be used

for analysis. Provencher has developed a computational program known as CONTIN

for  poly-disperse  polymers.[18] The  analysis  include  exponential  sampling  and

CONTIN regularization. 

We have used the cumulant linear fit method for our experimental data analysis. The

Cumulant method provides additional information about the variance of the system

along  with  sum  of  aforementioned  exponential  decays. The  normalized  intensity

correlation function or the equation of curve is given by the following equation:

( )
( )τβττ Γ−=−= 2exp

)(
)(

2
2

A

Bg
G  

(3.10)

Where A is the baseline value (<I>2), B is a constant characteristic of the instruments

and  Γ is  a  characteristic  decay rate,  g(2)(τ)  is  the Normalized  intensity  correlation

function,  β =  B/A and is  known as  spatial  coherence  factor  which represents  the

signal to background noise ratio.

By putting the value of  Γ from equation 3.5 in to the equation 3.13 and taking the

logarithm of this normalized wave function we get:

τβττ Dq
A

Bg
G 2

2
2 2ln

)(
ln)(ln −=







 −=

(3.11)

By plotting the graph between ln(G2(τ) )and τ, slope of the graph gives the value of 

(-2Dq2) and intercept gives ln β.

The Probability Density Function or coefficients of Expansion is given by:

)()()( 2 qSqPMG =Γ

(3.12)

Where P and S are intra-particle  and inter-particle  form factors that both depends

upon  q.  The  re-arrangement  of  the  Seigert  relationship  in  terms  of  a  cumulant

expansion gives the following form;
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Cumulant  expansion is  a rigorous defined tool of re-writing a sum of exponential

decay functions as a power series expansion. The integral sum of decay curves from

equation 3.10 after putting the value from equation 3.15 can be written as:

( ) ΓΓΓ−=∫
∞

dPiqg )()(exp,
0

)1( ττ                     (3.14)

By incorporating the mean value of decay constant

( ) ΓΓ−Γ−Γ−=
−∞

∫ dqg τττ )(expexp,
_

0

)1(                     (3.15)

Where 
_

Γis the mean gamma (decay constant).

After carrying out many mathematical cumulant expansion steps, we finally get

...2ln
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ln 22
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(3.16)

Where βln =intercept, 
−

Γ− τ2 =average decay and 22
2τK = polydispersity

The polydispersity index (γ) can be defined mathematically as;

2
2

−
Γ

=
kγ                     (3.17)

If  the  value  of  γ  is  equal  to  0.005  then  it  means  that  the  polymer  sample  is

mondispersed.  Also  note  that  the  cumulant  method  is  only  valid  for  small  and

sufficiently narrow G(Γ).[19]

If  the distribution is  not  monomodal  distribution,  it  means that  the distribution  of

particles is no longer centered about the mean position and then CONTIN method is

used. According to Einstein relation, D is inversely proportional to the translational

frictional coefficient, ft at infinite dilution by the relation:

t

B

f

Tk
D =                      (3.18)
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By comparing the equation (3.18) with Stokes-Einstein equation (3.9) we can get

ht Rf πη6=                    (3.19)

The  value  of  ft obtained  from  above  equation  can  be  measured  for  the  direct

evaluation of hydrodynamic radius,  Rh of the polymer associates provided that they

possess a spherical geometry.[20] Therefore from dynamic light scattering experiments

we can conveniently measure  the absolute  values  of diffusion coefficient  (D) and

hydrodynamic radius (Rh) along with the poly-dispersity of the polymer chains.  In

summary, the time scale of the intensity fluctuations in an automated LLS instrument

can be related to the movement of the particles by following steps:

• Measuring  the  intensity  fluctuations  and  their  conversion  into  an  Intensity

Correlation Function

• Description of the correlated movement of the particles related to their size

into an Electric-Field Correlation Function.

• Equating  both  the  above mentioned  correlation  functions,  with  the  Seigert

equation.

•  Analysis  of  experimental  data  using  CUMULANT  or  CONTIN  fitting

method, depending upon the polymer distribution.

3.1.4 Static Laser Light Scattering (SLS)

In SLS, the intensity of the scattered light is measured as a function of angle to

obtain the average molecular weight (Mw) and root-mean square radius of gyration

(Rg) of the macromolecules.[21]  The second virial coefficient (A2) can also be obtained

by measuring the scattering intensity of a sample with different concentrations. [22-23]

For certain classes of polymers, SLS can also yield the shape and structure of the

polymer chains. In static light scattering experiments, the time average intensity of the

scattered light is linked to the time-average mean-square excess polarizability, which

in turn is related to the time-average mean-square concentration fluctuation.

 For SLS measurements,  a measurement of a pure solvent is made first and

solvent  file  is  made.  Then an isotropic  scatterer,  such as toluene  is  added,  which

scatters the same amount of light intensity at any angle and standard file is made.

Hence the detector efficiency and gain can be normalized with this procedure.

3.1.4.1 Static Laser Light Scattering Data Analysis
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In static LLS,[23,24] the angular dependence of the absolute excess time-average

scattering intensity, known as the Rayleigh ratio Rvv(q), can lead to the weight-average

molar mass (Mw), the root-mean-square gyration radius 2 1/ 2

ZgR〈 〉  (or simply written as

gR〈 〉 )  and the second virial  coefficient  A2 by using the Zimm equation as shown

below;
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where  K = 4π2(dn/dC)2/(NAλ0
4) and  q = (4nπ/λ0)sin(θ/2) with C,  dn/dC,  NA,  and  λ0

being concentration of the polymer solution, the specific refractive index increment,

the Avogadro’s number, and the wavelength of light in a vacuum, respectively. In our

SLS experiments the average intensity of the sample is measured and is corrected for

the  scattering  from the  solvent  yielding  the Rayleigh  ratio, Rvv(q) as  a  function  of

wave vector q.

• Zimm Plot 

After measuring  Rvv(q) for a set of concentrations  C and scattering angle θ,  a Zimm

plot can be constructed from a double extrapolation to zero scattering angle and zero

concentration from many angle and many concentration measurements on a single

grid by using equation (3.21)[23]. By plotting the KC/Rvv(q) vs. sin2 θ/2 + kC, and then

their double extrapolation results in  a common value of intercept, the reciprocal of

which  gives  the weight  average  molar  mass  Mw and the  slope gives  the  value  of

second virial coefficient, A3.
[23]

It is typically used for the monodisperse polymers and their complexes when 1≤gqR

• Guinier plot

For large particles like bigger polymer aggregates, when 1≥gqR  the Guinier 

approximation can be employed as follows:
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It is clear from the above equation that the value of dn/dc and the concentration is not 

required for the formation of a Guinier plot

• Debye plot
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This plot is also used to derive the molecular mass and radius of gyration, Rg, of the

polymer  or  polymer  complex  system.  In  contrast  to  the  Zimm  plot  the  SLS

measurements  are conducted on only one low concentration of the polymer  under

study. In this case, second virial coefficient (A2) could not be obtained because only

single concentration is analyzed.

3.1.5 Typical applications of a modern laser light scattering

• Characterization of special polymers, such as water-soluble  polymers, high-

temperature polymers, ultra-high molar mass polymers, and other intractable

polymers, in terms of absolute determination of Mw, A2,  <Rg
2>1/2, D, Rh, and

molar mass distribution in short run time.
• Study of conformations and conformational changes in polymer chains with

various architectures,  such as the coil-to-globule transition,  rod- and worm-

like  chains,  hyper-branched  chains, fractal  structures,  and  sphere-like

polymers.
• Investigation of association and disassociation of polymer chains, such as, the

self-assembly  of  block  copolymers  in  solution, dissolution  kinetics,  the

complexation between polymer chains,  crystallization,  and the formation of

super-molecular structures.
• Characterization of colloidal particles, such as particle size and distribution,

their density, shape and composition.
• Study of stabilization of colloidal particles in solution, such as the adsorption

of  polymer  chains  on  the  particle  surface,  the average  surface  area  per

stabilizing  group,  the  polymer  brushes, and the chain conformation  on the

particle surface.
• Investigation of the formation of colloidal particles through micro, mini and

emulsion  polymerization,  surfactant-free emulsion  polymerization,  seed-

polymerization,  micro-phase  inversion,  biodegradation,  microencapsulation,

and various controllable releasing processes.

3.2 Differential Index of Refraction, dn/dC

3.2.1 Theory

The measurement  of  specific  refractive  index increment  (ν),  commonly  known as

dn/dC, has many applications in polymer science.[25] One of its important application

is in the precise molecular  weight determination of polymers  by using static light
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scattering.[26] Monitoring  the  concentration  fluctuations  with  light  scattering  has

become an important method to obtain thermodynamic information about polymeric

and colloidal systems. The dn/dC is defined as “how much the refractive index of a

solution varies for a given increment in concentration”. The mathematical equation

for the specific refractive index increment is given below:
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Where n and n
0

 are the refractive indices of the solution and the solvent respectively,

and C is the polymer concentration in the unit of g mL

-1

. dn/dC has the units of mL g

-1

since refractive index n is a pure number. The specific refractive index increment of

polymers can be evaluated according to the following relationship.[27]
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3.2.2 Design of Laser differential refractometer

The schematic diagram of the laser differential refractometer devised by Wu et

al[28] based upon the refraction principle has been illustrated in figure 3.5. Briefly,

laser light is first directed on a small pinhole having a diameter of 400 pm. The image

of this illuminated pinhole is detected by a position sensitive detector by a lens that is

located  at  an  equal  distance  between  the  pinhole  and  the  detector.  The  distance

between the detector and the pinhole is four times the focal length (f = 100 mm) of the

lens, i.e., a (2f-2f) design  has been used in contrast to conventional (1f) design where

a parallel incident light beam is used and the distance between the detector and the

lens is only one focal length. A temperature-controlled refractometer cuvette is placed

just in front of the lens. The cuvette is a flow cell and possesses a volume of ~20 μL

which is divided by a glass plate at ~45ο into two compartments. The pinhole, cuvette,

lens and the detector are rigidly mounted on a small optical rail. The output voltage (-

10 to 10 V) from the position-sensitive detector is proportional to the displacement of
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the light spot from the center of the detector which can be measured with an analog-

to-digital data acquisition system. The calibration results of the instrument depicted

that the detector has a very good linear response within ± 9.5V.

Figure 3.5: Schematic diagram of the laser light differential refractometer.

The plot of output voltage ( V ) versus concentration (C) of polymer, gives the value

of dV/dC from its slope. By putting this value in equation 3.23, the value for specific

refractive index increment can be obtained.

3.3 UV-Visible Spectroscopy (Turbidimetry)

Turbidimetry is an attractive most commonly used technique for the fast 

estimation of cloud point temperatures of thermo-sensitive polymers in aqueous 

solutions due to the simple experimental setup. In the poor solvent region (above the 

Θ-temperature), the polymer molecules tend to aggregate which causes a dramatic 

change in the optical properties of the solution.[29-30] The aggregation kinetics might be

influenced by different parameters like for example, the molecular weight and 

concentration of polymer solutions, presence of salts etc. Nonetheless, turbidity 

method could provide valuable information about the macroscopic phase-transition 

behavior in a short run time. In short, spectrophotometric technique is simple, 

specific, rapid and useful in determining very low concentration of various 

components present in a given system.

3.3.1 Basic concepts of spectroscopic technique
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In  general,  spectroscopy  is  the  analysis  of  the  electromagnetic  radiation

emitted,  absorbed,  or  scattered  by  atoms  or  molecules  as  they  undergo  transition

between  two  discrete  energy  states.  It  is  the  study  of  molecular  structure  and

dynamics  through the  absorption,  emission  or  scattering  of  light.  Electromagnetic

radiation  consists  of  a  propagating  oscillating  electric  and  magnetic  field.  The

frequency of  oscillation  defines  different  regions of the electromagnetic  spectrum,

radio waves, microwaves, infrared, visible, ultraviolet and X-rays. The energy of the

electromagnetic radiation of frequency, ν, is quantized in units of hν. 

Absorption spectroscopy could provide both the qualitative and quantitative

aspects of those substances which could absorb electromagnetic radiation in pure or

solution  state.  The  wavelengths  at  which  a  substance  absorbs  are  specifically

dependent upon the nature of the absorbing species; therefore absorption spectroscopy

may be used to identify the absorbing substance and to elucidate its structure. Also the

extent of absorption at  any particular  wavelength may be taken as the measure of

concentration of absorbing substance. 

Spectroscopic  transitions  are  governed by certain  selection  rules. Selection

rule states whether a particular transition is allowed or forbidden. A physical selection

rule describes the general properties of the molecules that they must possess in order

to undergo a certain type of transition. A specific selection rule states what changes in

quantum  numbers  are  allowed  for  a  transition  to  occur.  Typically,  optical

spectroscopy is based on the Bohr-Einstein frequency relationship

∆E = E2-E1 = hυ                     (3.24)

This relationship links the discrete atomic or molecular energy states Ei with the 

frequency υ of the electromagnetic radiation. The proportionality constant h is Plank’s

constant (6.626×10-34Js).

For absorption spectroscopy in the ultraviolet (UV) and visible (Vis) region,

the  overall  range  of  electromagnetic  radiation  which  is  of  interest  to  chemists,

occupies only a very narrow frequency or wave number region. Nevertheless,  this

range is of extreme importance since the energy differences correspond to those of

electronic states of atoms and molecules. In visible spectral region the interactions

between matter and electromagnetic radiation manifest themselves as color. Color in

colored  organic  compounds  is  due  to  the  presence  of  chromophores.  These

chromophores are one or more unsaturated linkages or groups which produce color in

67



substances.  In  these  molecules,  there  might  be  some  groups  present  that  by

themselves  do not produce any color but found to increase the coloring power of

chromophores.  Such  groups  are  called  “Auxochromes”.  Typical  examples  of

chromophores are C=C, C=O, N≡N etc. but on the other hand auxochromes are C−Br,

C−OH, C−NH2 etc. Saturated organic molecules do not exhibit any absorption in the

near  ultraviolet  and visible  regions.  Introduction  of  an auxochrome in a  saturated

system usually shifts the absorption maximum towards larger wavelength. However,

the  presence  of  a  chromophores  i.e.  a  multiple  bonded group of  atoms  generally

causes absorption in the 200-800 nm region. The wavelength corresponding to the

absorption maximum varies from chromophores to chromophores.

As a rule, energetically favored electron promotion will occur from the highest

occupied  molecular  orbital  (HOMO) to  the  lowest unoccupied  molecular  orbital

(LUMO), and the resulting species is called an excited state. When sample molecules

are exposed to light having an energy that matches a possible electronic transition

within the molecule,  some of the light  energy will  be absorbed as the electron is

promoted to a higher energy orbital. An optical spectrometer records the wavelengths

at  which  absorption  occurs,  together  with  the  degree  of  absorption  at  each

wavelength. The resulting spectrum is presented as a graph of absorbance (A) versus

wavelength. Absorbance usually ranges from 0 (no absorption) to 2 (99% absorption),

and is precisely defined in context with spectrometer operation. 

3.3.2 Measurement of Spectra

The diagrammatical representation of components of a typical spectrometer, 

used for transmittance measurement is shown in the figure 3.6. The functioning of this

instrument is relatively straightforward.[31] A beam of light from a visible and/or UV 

light source is separated into its component wavelengths by a prism or diffraction 

grating. The monochromatic beam passes through a small transparent container 

(cuvette) containing a solution of the compound being studied in a transparent 

solvent. The intensity of the out coming light beam after passing through the sample 

cell is then measured by electronic detector. Over a short period of time, the 

spectrometer automatically scans all the component wavelengths in the manner 

described. The ultraviolet (UV) region scanned is normally from 200 to 400 nm, and 

the visible portion is from 400 to 800 nm.
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Figure  3.6:  Schematic  working  setup  of  UV-Vis  Spectrophotometer  used  for

transmittance measurements.

If the sample compound does not absorb light of a given wavelength, then I is 

equal to I0. However, if the sample compound absorbs light then I is less than I0, and 

this difference may be plotted on a graph versus wavelength. Absorption may be 

presented as transmittance (T = I/I0) or absorbance (A= log I0/I). If no absorption has 

occurred, T = 1.0 and A= 0. Most spectrometers display absorbance on the vertical 

axis, and the commonly observed range is from 0 (100% transmittance) to 2 (1% 

transmittance). The wavelength of maximum absorbance is a characteristic value, 

designated as λmax.

3.3.3 Beer-Lambert’s Law

There are two fundamental laws related to the absorption of monochromatic 

radiation by homogeneous clear solution or system.[32]

• Lambert's (or Bouguer's) Law

Lambert's  Law  states  that  each  layer  of  equal  thickness  of  an  absorbing

medium absorbs an equal fraction of the radiant energy that traverses it. The fraction

of  radiant  energy  transmitted  by  a  given  thickness  of  the  absorbing  medium  is

independent of the intensity of the incident radiation, provided that the radiation does

not alter the physical or chemical state of the medium.

If the intensity of the incident radiation is Io and that of the transmitted light is I then

the fraction transmitted is:
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I/ Io = T             (3.25)

The percentage transmission is

%T = I/Io x 100

• The Beer-Lambert Law

The  Beer-Lambert  Law  states  that:  “When  the  absorbing  substance  is

dissolved in a completely transparent solvent, then the absorption of the solution is

directly proportional to its molar concentration”

Absorbance A = constant x concentration x cell length

The law is only true for monochromatic light that is light of a single wavelength or

narrow band of wavelengths, and provided that the physical or chemical state of the

substance does not change with concentration.When monochromatic radiation passes

through  a  homogeneous  solution  in  a  cell,  the  intensity  of  the  emitted  radiation

depends upon the thickness ( l ) and the concentration (C) of the solution.

Mathematically following equation represents this law

Log Io/I =ε c l                   

(3.26)

Where I0 = Intensity of the incident light.

I = Intensity of the transmitted light.

l  = Thickness of the layer (in cm).

ε  = a constant (extinction coefficient).

c = the concentration in moles per liter. 

ε  is the characteristic of the specie. It is also known as the molar absorptivity. 

Majority of the chemical applications of spectrophotometry are based on this law. In 

the above expression (3.26) the term logIo/I may be replaced by the symbol A, which 

is called absorbance.

clA ε=                    

(3.26a)

Lambert-Beer law forms the basis for quantitative analysis of substance. The 

only criterion for Spectrophotometric analysis of the system is that it should obey 

Lambert-Beer law in the range where this law is valid. According to above law the 
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absorbance (A) of a solution under study should remain constant as long as the 

product of the concentration and the path length is constant and also for a particular 

substance ε  is a constant, but this is not always true. Sometimes apparently the molar

extinction coefficient varies with the concentration of the solute. This may be due to 

one of the following reasons i.e. molecular association of the solute at high 

concentration, ionization of the solute in the case of acids, bases and salts, poor 

transmission of the solvent or fluorescence of the solute etc.

3.3.4 Electronic Transitions Involving π, σ and n Electrons

Pronounced changes in absorption spectra are often observed to accompany

the reaction of two or more substances to form molecular complexes. The visible and

ultraviolet  spectra  of  compounds  are  associated  with transition  between electronic

energy levels. According to Franck-Condon principle when light is absorbed causing

a molecule to change from one electronic state to another, the most probable transition

is  the  one  in  which  the  nuclear  configuration  does  not  change  (∆RK=0).[33]  The

principle  can  be  defined  as  verticality  principle  (Franck)  partially  relaxed  by the

quantum mechanical spread (Condon). The vertical principle, states that the position

and momenta of nuclei do not change during the electronic transition.

The absorption of UV or visible radiation corresponds to the excitation of 

outer electrons. The electronic transitions usually involve π, σ and n electrons. 

Sometimes d and f electrons are also involved in electronic transitions but are not 

discussed here. When an atom or molecule absorbs energy, electrons are promoted 

from their ground state to an excited state. In a molecule, the atoms can rotate and 

vibrate with respect to each other. These vibrations and rotations also have discrete 

energy levels, which can be considered as being packed on top of each electronic 

energy level. The position of the absorption band depends on the difference between 

the energy levels of the ground and excited states.

Electrons forming sigma (σ) (single bond) are called σ-electrons. The 

characteristic functions and charge densities of these electrons are rationally 

symmetrical with respect to the bond axis. The electrons responsible for double bond 

are called π-electrons, the characteristic function and charge densities of which have 

an oscillation nodal plane through bond axis. In some cases there are unshared 

electrons or non-bonded electrons in molecules that have atoms like nitrogen, oxygen 
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etc. These electrons are usually called n-electrons.The interaction between σ and π 

electrons may be ignored, but between n and π electron is considered. Non bonded 

electrons are bound less strongly than the bonded electrons. In the bonding electrons, 

σ-electrons are more strongly bounded than the π-electrons while in the antibonding 

levels the σ* level has higher than the π* level.  Diagrammatic representation of 

electronic transition is given in figure 3.7.

Figure 3.7: Possible electronic transitions of π, σ and n electrons.

The different possible transitions involving π, σ and n electrons are discussed below:

3.3.4.1  Transition from Bonding → Anti-bonding Orbital

The absorption may result from these transitions. These may be symbolized as

B→A transitions which are from the bonding orbital in the ground state of the 

molecule to a higher energy orbital (antibonding orbital). For a transition between σ 

orbitals as in case of paraffin, the B→A transition may be written as a σ→σ* 

transition. For transitions between π orbital as in the cases of olefins, the B→A 

transitions are called π→π* transitions. The σ→σ* transitions are observed only in the

far ultraviolet region. Most of the π→π* transitions are observed in the near 

ultraviolet and visible region. The π→π* bands are displaced to longer wavelength by

suitable substitution on the molecule. These transitions normally give molar 

absorbtivities between 1000 – 10,000 Lmol-1 cm-1.

3.3.4.2 Transition from Non-bonding → Anti-bonding Orbital

The second type of transition which can be denoted as N→A results from the 

excitation of non-bonding orbital localized on an atom to an antibonding orbital. The 

N→A transitions are usually weaker than B→A transitions. For transitions to σ-
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orbitals, the N→A transitions are called n→σ* transitions and for transitions to π-

orbitals, they are called n→π*.The n→σ* transitions are usually found in the far or 

near ultraviolet region, but the n→π* transitions are always found at fairly long 

wavelengths in the near ultraviolet or the visible regions. The n→σ* transitions are 

found in the case of saturated molecules which contain singly bonded basic groups 

with atom having unshared pairs of electrons. The n→π* transitions are found in the 

molecules when a hetero atom with unshared electrons is multiply bonded to another 

atom e.g. C = O, C = S, N = N etc.

3.3.4.3 Transition from ground energy level to high enough energy level to form 

an ion.

The third type of transition which can be denoted as G→E occurs from an

orbital in the ground state to one of the high enough energy state for the molecule ion

core to resemble an atomic ion. Such a transition is seen as a progression of bands,

which terminates in ionization. The G→E transitions are found in the far end of the

vacuum ultraviolet region. Vacuum UV region is of high energy, capable of bringing

out dissociation of permanent gases and its wavelength range is 100-200nm.

Absorption among organic substances is related to a deficiency of electrons in

the  molecule.  Completely  saturated  systems  show  no  absorption  through  the

ultraviolet  and  visible  regions.  Compounds  which  contain  a  double  bond  absorbs

strongly in the far UV region. Conjugated double bonds produce absorptions at longer

wavelength. The more the conjugated system is extensive, the more longer will be the

wavelength at which absorption takes place, and thus in these systems wavelength of

absorption is observed in the visible region. Substitution in organic compound usually

results  in  a  change  in  the  wavelength  and  the  intensity  of  absorptions  bands.

Wavelength changes to longer wavelengths are called bathochromic shifts and on the

other hand the changes to shorter wavelengths are called hypsochromic  shifts.  An

increase in the intensity of a band is called hyperchromic effect, while a decrease in

the intensity is called as hypochromic effect.

The solvent in which the absorbing species is dissolved also has an effect on

the spectrum of the species. Absorption peaks resulting from n→π* transitions are

shifted to shorter wavelength (blue shift) with increasing solvent polarity. This arises

from increased solvation of the lone pair, which lowers the energy of the n orbital.
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Often the reverse (i.e. red shift) is seen for π→π* transitions. This may be caused by

attractive polarization forces between the solvent and the absorber, which lowers the

energy levels of both the excited and unexcited states. This effect is greater for the

excited state, and so the energy difference between the excited and unexcited states is

slightly reduced – resulting in a small  red shift.  This effect also influences n→π*

transitions but is overshadowed by the blue shift resulting from the solvation of lone

pairs.

In summary, the electronic spectra could supply the following information:

• Absorption maximum λmax which correspond to the discrete molecular states 

which are strongly dependent on the molecular structure, geometry and 

symmetry.

• Extinction coefficients εmax, which gives the magnitude of the transition dipole 

moment and are also dependent on the geometry and symmetry.

• The structure within an absorption band.

• The anisotropy of light absorption or emission gives information about the 

orientation of the electronic transitions and is very susceptible to changes of 

molecular geometry and symmetry.

• Electronic excitation spectra in the UV and visible regions can also supply 

valuable information about molecular structure.

3.3.5 Charge Transfer Absorption

A charge transfer complex (CT) consists of a pair of molecular groups, one 

electron-donating (donor) and the other electron-accepting (acceptor). A CT complex 

is formed by the weak interaction of an electron donor (D) and an electron acceptor 

(A). During this interaction, absorption of radiation involves the transfer of negative 

charge from D to an orbital associated with A.[34] As a result of this transfer of 

negative charge an end product is formed. This end product may be an additive 

combination or a new species. If some new species is formed, its λ max would be 

different from either components i.e. D and A. The additive combinations may be 1:1,

m:1, 1: n or in general m: n combinations.[35] CT complexes have a transition between 

the excited molecular state and the ground state and almost all CT complexes have 

unique absorption bands in the ultraviolet visible (UV–Vis) region. Molar 
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absorbitivities from charge-transfer absorption are large (> 1×104 Lmol-1cm-1). The 

complex formation occurs among those species where donor has low ionization 

potential and the acceptor has high electron affinity. Weiss suggested that the stability

of complex is due to the coulombic interactions in the ion pair formed by the charge 

transfer from D to A.[36]An electronic excitation in an individual molecule by a 

quantum of radiation may cause intramolecular rearrangement. Likewise in a complex

formed by the association of donor and acceptor, an electronic excitation by a 

quantum of radiation involves a charge rearrangement in the complex. [37] Molecular 

complexation and structural recognition are key processes in biological systems. For 

instance, enzyme catalysis, drug action, and ion transfer through lipophilic 

membranes all involve complexation between two or more distinct molecules.[38] The 

electron excitation energy decreases considerably on complex formation. The heats of

formation of several complexes are of a much smaller order (4-21 kJ/mole). This 

indicates that there is a weak binding in the ground state of complex. The extinction 

coefficient for the absorption band is often of the order of the 104M-1cm-1.

3.3.6 Evaluation of Binding Constant of the Charge Transfer 

Complexes

When an electron donor (D) interacts with an electron acceptor (A), a charge

transfer-complex  is  formed.  This  interaction  may be  represented  by the  following

equation:

ADAD ⇔+                                                             (3.27)

The equilibrium constant for the above reaction(corresponding to 1:1 complex AD) 

can be written as:

]][[][ DAADK =                             

(3.28)

Where [AD], [A] and [D] corresponds to equilibrium concentrations of 1:1 complex

(AD), acceptor (A) and donor (D) respectively.

Spectroscopic measurements are generally made in those regions where the complex

usually absorbs. The intensity of the CT band is a measure of the concentration of

complex in a given solution. 

For an ideal system in which 1:1 complex is formed,
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In this equation the symbols ([D]0 and [A]0) correspond to initial concentrations of

donor and acceptor  respectively.  ([D]0-[AD])  is  molar  concentration  of  free donor

whereas  ([A]0-[AD])  represents  molar  concentration  of  free  acceptor.  If  donor

concentration is large as compared to acceptor concentration i.e. [D] 0>>[A]0 ,it implies

that [D] 0>>[AD] then ([D]0-[AD]) is replaced with [D]0 and the equation (3.30) can be

written as :
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According to Lambert-Beer law, the absorbance of the complex is represented by 

equation (3.27a).
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Now substituting the values of [AD] in equation, (3.30)
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By rearranging the equation (3.33)
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If l =1 cm in equation (3.34) then it can be written as follows;

AD

o

AD

AD

o

DKA

A

λλ
εε

1

][

1
.

1][
+=                                              (3.35)

This equation (3.35) is known as Benesi-Hildebrand equation.[39] The values of AD
λε

are  calculated  from  the  intercepts  obtained  when  [A]0  /A  is  plotted  against  the

reciprocal of [D]0. Then, ADK  can be evaluated from the ratio of intercept and slope

of the straight line. 

3.4 Size Exclusion Chromatography
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Size exclusion chromatography (SEC) is a widely used method to characterize

the  molecular  weight  distribution  of  a  polymer.[12] The  separation  principle  and

analysis are dependent on the static property of polymer molecules in solution.

3.4.1 Separation process and working set up

Its working setup utilizes a flow system having a mobile phase (solvent) and a

stationary phase (pore in the SEC column) as shown in figure 3.8.[12] The solvent is

pumped  out  from  the  reservoir  bottle  (HPLC  grade  THF  in  our  case)  at  a  high

pressure and is transferred in to a single column or series of columns at a constant

flow rate.  A small  amount  of  a  dilute  solution  of  polymer  dissolved in  the same

solvent is injected into the stream through an injection valve. The column is usually

packed  with  the  porous  polymeric  beads.  The  polymer  molecules  of  the  sample

injected are partitioned between the small confines of the pore acting as the stationary

phase and the interstitial spaces between the beads which act as a  stationary phase.

The small  polymer  molecules,  having the  diameter  less  than  the  pore  size  of  the

column can enter the stationary phase more easily while the large molecules travel

through the mobile phase. Therefore the high molecular weight components come out

of the column outlet faster than the low molecular weight fractions. 

As shown in the figure 3.9, the band of the polymer in the mobile phase is

narrow when it starts moving along the column, but later on spreads, according to the

molecular weight distribution. Eluent is the liquid that comes out of the column. Most

commonly a differential refractometer detector with a flow cell is placed downstream

to measure the concentration (mass to volume ratio) of the polymer in the eluent. This

differential refractometer measures the difference in the refractive index between the

eluent and the pure solvent. The difference is proportional to the concentration, with

specific refractive index increment being the proportionality constant. If the polymer

absorbs in the ultraviolet region of spectrum, but the solvent does not, then ultraviolet

detector can also be used. The absorbance is proportional the concentration by Beer’s

law.  Figure 3.9 depicts the plot of intensity signal coming from the detector versus

retention time (tR), the time measured from the injection of the polymer solution. The

height  of  intensity  signal  at  a  given  point  on  the  graph  corresponds  to  the

concentration at that retention time. When the peak retention time (tp) reaches, the

signal  intensity  become maximum.  SEC is  alternatively  known as  gel  permeation
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chromatography (GPC) or  gel filtration chromatography  (GFC) depending upon the

mobile phase, whether it is an organic solvent, or is water respectively.

Figure 3.8: Schematic diagram of the size exclusion chromatography system.

Figure 3.9: Typical Size Exclusion Chromatogram

3.5 Differential Scanning Calorimetry (DSC)

DSC is an excellent  thermo-analytical technique in which the difference in the

amount  of heat required  to  raise  the  temperature of  a  sample  and  reference  is

measured  as  a  function  of  temperature. This  technique  has  been   used  to  study

stability of bio-macromolecules  such as proteins,  lipid membranes  and stability of

drug-  DNA  adducts  etc.[40-42] In  addition  the  ultra  sensitive  differential  scanning

calorimetry  has  also  been   employed  to  study  the  thermodynamic  parameters  of

polymeric solutions.  [43-44] As the inter-polymer complex formation as well as their
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phase transition behavior is a thermodynamically driven process, therefore DSC can

help in evaluating cloud point temperatures.

3.5.1 Basic Principle

 A conventional DSC instrument offers high sensitivity as well as high stability of its

baseline with the ability to scan aqueous solutions up to and above 100 °C under

excess  pressure  and  super-cooling  below  0°C.  The  wide  operational  temperature

range is attractive because thermal changes of different macromolecules occur over a

broad  temperature  range.  The  stability  of  the  baseline  is  important  for  precise

determination of the partial heat capacity of the macromolecules in dilute solution.

The  value  of  the  absolute  partial  heat  capacity  of  macromolecules  over  a  wide

temperature range helps in evaluation of their thermodynamic properties.[40] According

to different measurements, DSC can be categorized as Power Compensation DSC and

Heat flow DSC.[45]

• Power Compensation DSC 

Power  Compensation  DSC  is  based  upon  the  zero-balance  Principle.  In  this

instrumental  set  up  both  the  sample  and  reference  cells  are  kept  under  the  same

temperature. The difference of power that is needed to keep the reference and sample

cells at same temperature is measured and output signal is given directly in the form

of ΔQ. According to zero-balance principle; DSC system can be divided in to two

control compartments. One is for controlling the average temperature that ensures the

increase in the temperature of sample and reference at a certain speed. The second one

adjusts the input power to eradicate the temperature-difference between sample and

reference  cells.  As  a  result,  by  the  continuous  self-adjustment  of  heating  power,

power  compensation  DSC can keep the  temperature  of  sample  and reference  cell

always  the  same.  Meanwhile,  a  signal  of  change  in  enthalpy  (dH/dT)  that  is

proportional  to the difference  of input heat  between sample  and reference cells  is

transferred to the recorder where the average temperature of both the sample pool and

reference pool has already been recorded. Drawing the relationship of dQ/dT to time

or average temperature will induce the temperature figure of Power Compensation

DSC
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Figure 3.10 Schematic diagram of Power Compensation DSC along with output 

dH/dT vs. Temperature profile.

• Heat Flow DSC 

In this set up of DSC, the same heating power is given to the sample and reference

pools. The temperature difference (ΔT) between these two sides is measured and

is transferred into a heat difference (ΔQ) as the output signal.

3.6 Partial Specific Volume ( ) ῡ

The apparent partial specific volume ( ) of a polymer is needed for a numberῡ

of  physico-chemical  techniques  such  as  analytical  ultracentrifugation,  photon

correlation  spectroscopy,  small-angle  scattering  of  X-rays  and  neutrons  etc.  The

apparent partial specific volume can be determined by densimetry of solutions if the

polymer concentration is known.[46]A plot of solution density (ρ) versus concentration

(C) yielded the density increment   from which the partial specific volume   was

evaluated according to following equation.[47]

                                                        (3.36)

Where, ρ0 is the solvent density.

3.7 Analytical Ultracentrifuge (AUC)
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The  analytical  ultracentrifuge  (AUC)  is  the  most  versatile  and  accurate

spectroscopic  technique  used  in polymer science[48],  molecular  biology[49]  and

biochemistry[50] to  determine  the  precise  molecular  weight,  the  hydrodynamic  and

thermodynamic properties of a protein or other macromolecules.[51-52]

In this technique the sample being spun in a rotor can be monitored in real time via an

optical  detection  system  by  using  ultraviolet  light  absorption  and/or  interference

optical  refractive  index  sensitive  system.  The  operator  observes  the  sample

concentration versus the axis of rotation profile due to applied centrifugal field. In

modern instrumentation,  these observations are electronically monitored and stored

for further mathematical analysis.  Absorbance optical system measures the sample

concentration at a wavelength ranging from 200 to 800 nm. It is generally used for the

detection of macromolecules containing strong chromophores. Rayleigh interference

optical  system measures  the sample  concentration  based upon the refractive index

changes.  It  usually  analyzes  the  macromolecules  which  are  lacking  in  intense

chromophores.

3.7.1 Instrumentation of AUC

AUC spins a rotor at an accurately controlled speed and constant temperature

and records the concentration distribution of the sample at known times. High angular

velocities are required to gain rapid sedimentation and to minimize diffusion. The

concentration is determined for solutes obeying the Beer-Lambert law by measuring

the absorbance of the sample at  a given wavelength at  fixed positions in the cell.

Rotors and cells used for analytical ultracentrifugation could withstand the enormous

gravitational stresses. Ultracentrifuge cells must allow the passage of light through the

sample so that the concentration distribution can be measured. Sedimentation velocity

cells are cylindrical with double-sector centerpiece (Figure 3.12). 

The sample solution is  loaded in one sector, and the solvent  is  placed in the

reference sector. The reference sector is usually filled slightly more than the sample

sector, so that the reference meniscus does not obscure the sample profile. Sector-

shaped  sample  compartments  are  essential  in  velocity  experiment  because  the

sedimenting particles move along radial lines. Double-sector cells take into account

absorbing  components  of  the  solvent  and  correct  the  redistribution  of  solvent

components, especially for high gravitational values. The optical system measures the

difference in absorbance between the sample and reference sectors in a way similar to
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the operation of a double-beam spectrophotometer. Double-sector cells also help in

measurement of differences in sedimentation coefficient, and of diffusion coefficients.

Figure 3.11 Schematic diagram of the optical system of the Beckman Optima XL-A 

Analytical Ultracentrifuge.

Figure 3.12 A schematic diagram for the double-sector centerpiece in sedimentation

velocity cells along with absorbance spectrum.
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The  data  analysis  by  modern  computers  and  software  packages,  e.g.  SedFit  has

increased the AUC usage.

3.7.2 Analytical Ultracentrifugation Methods

In common practice two type of experiments are performed using AUC: 

Sedimentation velocity (SV) experiments[53] and Sedimentation equilibrium (SE) 

experiments.[54]

• Sedimentation velocity (SV) experiments

In a sedimentation velocity experiment, a uniform solution is placed in the cell

and  a  sufficiently  high  angular  velocity  is  applied  to  cause  relatively  rapid

sedimentation of solute towards the cell bottom. Experimentally, the data is gathered

at high rotor speeds where the sedimentation transport dominates the diffusion. This

produces  a  depletion  of  solute  near  the  meniscus  and  the  formation  of  a  sharp

boundary between the depleted region and the uniform concentration of sedimenting

solute, (the plateau), causing a characteristic spectrum (Figure 3.12). The velocity of

individual  particles  cannot  be  resolved;  however  the  rate  of  movement  of  this

boundary  can  be  measured.  This  leads  to  the  evaluation  of  the  sedimentation

coefficient, s, which directly depends upon the mass of the particles and inversely on

the frictional coefficient, which is in turn a measure of effective size.

The sedimentation coefficient, s:  
The s-value is the sedimentation velocity of a molecule and is determined both by 

its shape and mass. Mathematically it is given as:

  
r

s
2ω

µ= (3.37)

   Where, μ = velocity of the particle

    ω = angular velocity of the rotor

     r = distance from axis of rotation

The sedimentation coefficient, s, is related to the molecular weight (MW) of the solute:

 
Nf

Mw
s

) 1( ρν−= (3.38)

Where, ῡ = partial specific volume of the solute

   ρ = density of the solvent

 N = Avogadro's number

    f = frictional coefficient, f = a (6 π η0)
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Where a = Stokes radius, the length of the "long axis" of a molecule. 

η0 = viscosity of the solvent

Sedimentation coefficients are concentration dependent. For the pure, non-associating

solutes  the  measured  sedimentation  coefficient  decreases  with  increasing

concentration.  The  synthetic  polymers  samples  are  usually  heterogeneous,  or

polydisperse resulting  in  a  single  composite  boundary  in  sedimentation  velocity

experiments.  It  is  often  required  to  assess  this  size  distribution.  Sedimentation

velocity is particularly suitable for this type of analysis, and is capable of yielding the

distribution of sedimentation coefficients in such a polydisperse sample. With the use

of  supplementary  information,  this  distribution  may  be  used  to  determine  a

distribution of molecular weights.

• Sedimentation Equilibrium (SE) experiments

In sedimentation equilibrium experiments,  the data  is  collected  at  slower rotor

speeds than the SV experiments, in order to achieve a balance between sedimentation

and diffusion forces. As the solute begins to sediment towards the cell bottom and the

concentration at the bottom increases, the process of sedimentation is being opposed

by the process of diffusion. After an appropriate period of time, a final steady state is

reached when these two opposing processes approach equilibrium.  At sedimentation

equilibrium these forces are equal in magnitude but opposite in direction and there is

an exponential distribution of the molecule in the cell. There remains no net transport

of molecules in the system. The influence of shape factors are cancelled out and the

measurement of the concentration at different points yield the molecular weight of the

macromolecule.

.

3.7.3  Fundamental  Applications  of  Analytical
Ultracentrifugation 

The major information that could be obtained from an analytical ultracentrifuge 
experiments is as follows:

• Determination  of  molecular  weight  (MW);  AUC  is  a  superior  method  to

determine  the  molecular  weight  in  the  range of  100 to  1,000,000 Daltons,

requiring small amount of sample. This method is simple as compared to other
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Mw determination techniques as it does not require any calibration and work

for any substance whose absorbance is different from that of solvent.
• Examination of sample purity;  Both SV and SE methods can determine the

sample heterogeneity. SV experiments can assess sample purity by detecting

the  sedimentation  boundaries.  As  a  general  rule,  a  single  sedimentation

boundary is present in a homogeneous sample while multiple boundaries exist

for  polydisperse  or  heterogeneous  samples.  In  SE  experiments,  a

heterogeneous  sample  will  be  distributed  at  equilibrium  in  a  manner  that

higher Mw species are present at the cell bottom while lower Mw are distributed

at the top of the cell.
• Analysis  of associating systems; the macromolecules,  that exist in chemical

equilibrium with  different  non-covalent  complexes,  the  components  of

complexes and subunit stoichiometry can be evaluated.
• Sedimentation and diffusion co-efficient can be determined. 
• Ligand binding; distinguish ligands from acceptors of different absorbance.
• The shape of macromolecules, their conformational changes, size distributions

and equilibrium constants can be studied.
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Chapter−4
Material and Methods

In the following section a brief description of instrumentation, chemicals and

procedure  used  for  Laser  light  scattering  and UV-Vis  spectroscopic  complexation

studies of poly(2-ethyl-2-oxazoline) with carboxylic acids is given.

4.1 Chemicals

4.1.1 Poly(2-ethyl-2-oxazoline)

Poly(2-ethyl-2-oxazoline) linear chains with a weight-average molar mass of

500,000 g/mol were purchased from the Sigma-Aldrich Company, Inc. and used as

received as a starting material for fractionation. It may be abbreviated as (PEtOx) in

the text.

H2
C

C
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C
H2C O

N
**

n

CH3  

Figure 4.1: Primary structure of poly(2-ethyl-2-oxazoline).

4.1.2 Monocarboxylic acids

All  carboxylic  acids  used,  including  acetic,  propanoic,  butyric,  pentanoic,

hexanoic and heptanoic acids were purchased by Aladdin reagents and used as ceived.

4.1.3 Star-shaped Poly(acrylic acid)

Star-shaped poly(acrylic acid) with various arm numbers (2, 3, 4 and 6),were

synthesized in the Hefei national laboratory for physical sciences at microscale, Anhui

China,  by atom transfer  radical  polymerization  (ATRP) in  a  core-first  approach. [1]

Briefly, a star shaped initiator poly(tert-butyl acrylate) was synthesized first, and later

on  hydrolyzed  to  produce  star  PAA.  Their  synthesis  detail  along  with  molecular

characteristics has been described elsewhere.[1] The compounds may be referred by

the codes PAA-2, PAA-3, PAA-4 and PAA-6 in the text.
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Figure 4.2: Primary structures of star-shaped poly(acrylic  acid)s having two, three

four and six arm numbers.

4.1.4 Salts and acids for Buffer

All  the  salts  used  for  making  buffers  like  Potassium dihydrogen  phosphate

(KH2PO4), Disodium hydrogen phosphate (Na2HPO4⋅ 12H2O) and anhydrous Sodium

acetate  (CH3COONa)  with  high  purity  in  addition  with  analytical  grade  85%

phosphoric acid (H3PO4) and acetic acid (CH3COOH) were purchased from Merck

and Sigma-Aldrich companies respectively.

4.1.5 Organic solvents

Tetrahydrofuran (THF) HPLC grade for size exclusion chromatography and

analytical grade n-hexane and THF for fractionation were also obtained from Sigma-

Aldrich. For fractionation, both THF and n-hexane were dried with calcium hydride

(CaH2) as a drying agent before use.

4.2 Instrumentation for experimental studies

4.2.1 UV-Vis spectrophotometer 

In  our  study,  turbidity  measurements  were  carried  out  using  a  UV-Vis

spectrophotometer (UNICO UV/VIS 2802PCS) at a wavelength of 500 nm without

stirring. The temperature of the solution was controlled by a circulation water bath

(Model THD-1006, Ningbo Tianheng Instrument factory) and was measured using an

electric thermometer with a precision of + 0.1oC. 
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4.2.2 Laser Differential Refractometer

For specific refractive index measurements, Laser Differential Refractometer

(Jianke Instrument Ltd.,  China)[2] has been used. The laser light source was He-Ne

laser light source at a wavelength of 632.8 nm. 

4.2.3 Laser Light Scattering Spectrometer

A commercial LLS spectrometer (ALV/DLS/SLS-5022F) equipped with a multi-

τ digital  time correlator (ALV5000) and a cylindrical 22 mW UNIPHASE He–Ne

laser  (λ0  = 632.8  nm)  as  the  light  source  was  used.  A combination  of  static  and

dynamic light scattering modes has been used. 

4.2.4 Size Exclusion Chromatography (SEC) Instrument

The  relative  weight-average  molar  mass  (Mw)  and  polydispersity  index

(Mw/Mn) were also determined by size exclusion chromatography (SEC, Waters 1515)

using a series of three Waters Styragel columns HR2, HR4 and HR6. A refractive

index detector (Wyatt WREX-02) was used. The eluent was THF at a flow rate of 1.0

mL⋅ min-1 and narrowly distributed polystyrene were used as standards. 

4.2.5 Differential Scanning Calorimeter 

The  phase  transition  temperature  for  some selected  samples  has  also  been

evaluated  by  the  Nano differential scanning calorimeter (CSC, Chicago)  from  TA

instruments, USA. 

4.2.6 pH meter

All pH values were measured by Mettler Toledo pH meter, calibrated with the

standard buffers of pH 4.00, 7.00 and 9.21 prior to use.

4.2.7 Analytical Ultracentrifuge 

A  Proteomelab  XL-A/XL-I  analytical  ultracentrifuge  (Beckman  Coulter

Instruments)  with  an An-60 Ti  rotor,  one cell  assembled by sapphire  windows,  a

double-sector  12  mm  length  charcoal-filled  Epon  centerpiece  and  an  interference

optics detector has been used for sedimentation velocity analysis.
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4.2.8 Peristaltic Pump

For  sedimentation  velocity  analysis,  each  PEtOx  aqueous  solution  was  repeated

filtrated  by  using  a  peristaltic  pump  (Masterflex,  Model  77390-00,  Cole-Parmer

Instrument Co.) and a 0.45-µm hydrophilic PTFE filter.

4.2.9  Density meter

Densities  of all  poly(2-ethyl-2-oxazoline)  solutions were measured by Anton

Paar density meter with Model number DMA 4500 at 20oC.

4.3 Procedure for experimental studies

4.3.1 Procedure for buffer solution preparation

Buffer  solutions  were  prepared as  follows:  KH2PO4-85% H3PO4 for  pH 3.8,

KH2PO4 for pH 4.2 and KH2PO4-Na2HPO4⋅ 12H2O for pH 6 and pH 7 were used to

investigate  the  effect  of  buffer  ionic  strength  on  phase  transition  of  PEtOx.  The

concentrations of the reagents were chosen to achieve a value of the ionic strength

equal to 0.1 M or 0.2 M. For instance,  the buffer solution of pH = 3.8 and ionic

strength 0.1 M was obtained by dissolving 1.36 g of KH2PO4
 and 10  µL of 85%

H3PO4 in Millipore water and subsequent dilution with water to 100 mL.

For biological activities, buffer solution of pH 4.6 has been prepared by mixing

49.0 mL of 0.2M sodium acetate solution with 51.0 mL of 0.2M actetic acid solution

to make 100mL of buffer.[3]

4.3.2 Procedure for the turbidity measurements

Turbidity measurements were used to evaluate the influence of the different

molar ratios of small carboxylic acids to 2-ethyl-2-oxazoline repeat unit and solution

ionic strength on the cloud point temperature (Tcp) of PEtOx. Turbidity is a measure of

reduction in fractional light intensity per unit penetration length in the sample. PEtOx

aqueous buffered solutions with concentrations of 1 mg mL-1 were mixed with all

carboxylic  acids  by varying  a  molar  concentration  ratio  of  COOH group of  each

carboxylic acid to 2-ethyl-2-oxazoline repeat unit. 

In addition, the effect of arm number of star-poly(acrylic acid) on the  Tcp of

PEtOx after their complexation has also been evaluated by this technique. In this case,

PEtOx aqueous buffered solutions were mixed with PAA solutions by keeping molar
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ratio of acid to 2-ethyl-oxazoline repeat unit equal to 1 with the concentrations of 0.1

mg mL-1 and 1 mg mL-1 respectively. For all the experiments, mixtures were kept on a

shaker and allowed to stand one day before the turbidity measurements. Each sample

was allowed to equilibrate for 5 minutes at each temperature point. Tcp was defined as

the temperature corresponding to 50 % of transmittance.  The error of the  Tcp was

within + 0.1oC.

4.3.3 Procedure for the Specific refractive index measurements

In order to measure the specific refractive index increment (dn/dC) of PEtOx,

firstly the refractometer was calibrated with the solutions of sodium chloride (NaCl)

in  Millipore  water.  Temperature  was  maintained  at  20oC.  Then  PEtOx,  aqueous

solutions in Millipore water with the concentrations, ranging of 2×10-3gmL-1 to 8×10-

3gmL-1 were  used  to  measure  the  output  voltage  values,  that  are  further  used  to

calculate the dn/dC value. All the measurements were repeated thrice and mean value

of voltage for each concentration was used to calculate dn/dC.

4.3.4 Procedure for the Laser light scattering measurements

For LLS experiments like turbidity measurements,  also the PEtOx aqueous

buffered  solutions  with  concentrations  of  1  mg  mL-1 were  mixed  with  all

monocarboxylic acids by varying a molar concentration ratio of COOH group of each

carboxylic acid to 2-ethyl-2-oxazoline repeat unit and star-PAA solutions by keeping

the  unit  molar  ratios  equal  to  unity.  Mixtures  were  kept  for  one  day  before

experiments.  All the polymer solutions and the mixtures were filtered by using 0.45

μm PTFE hydrophilic Millipore filters, prior to experiments. For DLS, the scattering

angle  (θ)  was  fixed  at  20o  while  for  SLS (θ)  was  varied  from 20o  to  150o. The

measurements were performed by varying the temperature in the range of 20-65 oC

with a temperature interval of 2oC below Tcp and about 0.3oC near and above the Tcp.

For each reading, temperature was set for about 40 minutes until the equilibrium is

attained.

4.3.5 Procedure for the differential scanning Calorimetry 

Ultra sensitive DSC measurements are used to evaluate the phase transition

behavior of complex mixtures of star-shaped poly(acrylic acid)s having various arm

numbers with PEtOx in aqueous buffered solutions with unit molar ratios of one and
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having the concentration of 1 mg mL-1.The buffer solutions were used as a reference.

All  mixtures  were allowed to stand for one day before the experiments.  For  DSC

measurements,  first  of  all the reference and sample cells  were  filled  with

the corresponding buffer, and scanned up to 100°C,  to condition the  cells. Then  the

cells  were  cooled  back  to  the  idle  temperature.  Then both cells were  refilled

with fresh buffer  and  the buffer baseline was  scanned  from 10 to 100°C at a  rate  of

1°C/minute. The process was repeated for sample solutions. The apparent cloud point

temperature (Tcp) was taken as the maximum of the peak of specific heat capacity (Cp)

after baseline subtraction.

4.3.6 Procedure  for  the  fractionation  of  linear  poly(2-ethyl-2-

oxazoline)

Firstly, the PEtOx samples used for complexation studies were fractionated by

the  dissolution/precipitation  process  in  a  mixture  of  dry  THF  and  dry  n-hexane.

Secondly,  for  analytical  ultracentrifuge,  the  commercial  linear  PEtOx sample  was

carefully fractionated to obtain a series of PEtOx fractions with molecular weights

ranging from 1.3  ×  103 to  3.1  ×  105 g/mol  with gel  permeation  chromatography

(GPC)  or  by  cationic  ring  open  polymerization  of  2-ethyl-oxazoline  monomer.

Briefly, 50 µL of PEtOx tetrahydrofuran solution with a concentration of 20 mg/mL

was injected into the stream from a sample loop. According to the principle of GPC, it

takes  a  shorter  time  for  the  high-molecular-weight  polymer  to  reach  the  column

outlet.  So fractions were collected at 1 mL intervals from the chromatograph. The

same procedure was repeated ten times to obtain enough amount of each fraction.

Then, the solvent THF was evaporated under reduced pressure. Each PEtOx fraction

aqueous solution was prepared by dissolving PEtOx fraction in 0.6 mL Milli-Q water.

Two PEtOx samples with low molecular weights were synthesized by cationic

ring  open  polymerization  of  2-ethyl-2-oxazoline  monomer.  2-Ethyl-2-oxazoline

(99%, Sigma-Aldrich) was dried over calcium hydride and distilled under reduced

pressure  prior  to  use.  Methyl  tosylate  (98%,  Sigma-Aldrich)  was  distilled  under

reduced pressure. Acetonitrile as reaction solvent was refluxed with and distilled from

alkaline KMnO4 and KHSO4, followed by fractional distillation from calcium hydride.

Methyl  tosylate,  EtOx  and  acetonitrile  were  added  into  a  glass  tube.  After  three

freeze-vacuum-thaw cycles, the tube was sealed under vacuum and then placed in a
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thermostate at 80 oC for 24 h. The PEtOx acetonitrile solution was added into sodium

carbonate aqueous solution. The mixture was stirred for 16 h at 90 oC and extracted

three times with chloroform after cooling to room temperature. The organic phases

were dried over sodium sulfate and filtered. Then, the solvent was evaporated under

reduced pressure and the resultant PEtOx was dried under reduced pressure. 1H-NMR

spectra of these two PEtOx samples were recorded in CDCl3 using a Bruker 300 MHz

spectrometer. 

4.3.7 Procedure for the Partial Specific Volume measurements

For  partial specific volume (ν) measurement, density (ρ) of PEtOx aqueous

solutions having the concentration of 4×10-4gmL-1, 6×10-4gmL-1, 8×10-4gmL-1, 12×10-4

gmL-1 and 16×10-4gmL-1 were measured by keeping the temperature constant at 20 oC.

The value of density for each concentration was measured thrice using the digital

density meter; in order to ensure the reliability of the results.

4.3.8 Procedure for the sedimentation velocity assays 

All experiments were conducted at 60,000 rpm and 20 oC. 400 µL of PEtOx

fraction solution were loaded for measurement with 410 µL of water as the reference,

respectively. Data were collected using the software provided with the instrument and

analyzed using the program SEDFIT (version 12p44).[4-5] 

4.4 Software used for Computational studies
To compliment the experimental evidences, computational studies have been

carried out to characterize the electronic and molecular descriptors of complexes by

using following softwares.

4.4.1 Gaussian

The Density Functional Theory (DFT) with the B3LYP functional (DFT/B3LYP) [6-7],

as implemented in the Molecular Orbital calculation package G03W [8] was used for

the  geometry  optimization  of  the  compounds  studied.  The  calculations  of  the

molecular  properties  used to  describe  the  structural  and electronic  features  of  the

compounds under study were performed by using the DFT/B3LYP functional and the

6-31G*  basis  set.  The  molecular  properties  calculated  by  the  DFT method  were

energy  of  the  highest  occupied  molecular  orbital  (EHOMO),  energy  of  the  lowest

unoccupied molecular orbital (ELUMO), the atomic charges and atomic distances.
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4.4.2 HyperChem

The theoretical  calculations  were also performed using version 8.00 of the

HyperChem  software  package.[9] For  all  described  systems,  a  full  geometry

optimization  was performed at  Parameterization  model  3  (PM3) level,[10] with  the

convergence limit SCF = 10-5 and a gradient RMS = 10-2 kcal/Å mol, using the Polak-

Ribiere  conjugate  gradient.  The  effects  of  the  solvent  have  not  been  taken  into

account  while  carrying  out  the  calculations.  The  initial  structures  of  PEtOx  and

monocarboxylic acids were built up by the graphic interface of HyperChem, and were

fully optimized by the PM3 calculation method.
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Chapter-5

Scaling Laws between Hydrodynamic parameters and
Molecular weight of linear poly(2-ethyl-2-oxazoline)

In this  chapter,  the hydrodynamic  parameters  such as hydrodynamic  radius

and sedimentation coefficient of a series of narrowly distributed linear poly(2-ethyl-2-

oxazoline) (PEtOx) with different molecular weights and the scaling laws between

them have been studied by a combination of analytical  ultracentrifuge (AUC) and

laser  light  scattering. Our  objective  was  to  understand  the  scaling  of  molecular

weight-dependent hydrodynamic parameters of PEtOx in aqueous solution.

Polyethylene  glycol  (PEG)  has  received  great  interest  in  pharmaceutical

industry because it is nontoxic, biocompatible and is approved by the FDA.[1-4]  It is

well  known  that  covalent  attachment  of  PEG  to  proteins  (i.e.,  PEGylation)  can

increase the circulating half-life in blood by increasing the stability of the proteins, as

well as it can reduce the rental ultrafiltration.[2-4] Normally, PEGylation can reduce the

immunogenicity  of  some  proteins.[5]  Due  to  the  wide  use  of  PEG  in  biomedical

applications,  recently  more  and  more  anti-PEG antibodies  have  been  reported.[6-8]

Thus,  the  drug  companies  are  eager  to  find  alternative  polymers.  Among  all  the

alternative  polymers,  poly(2-ethyl-2-oxazoline)  (PEtOx)  is  a  promising  candidate

because of the low toxicity and immunogenicity.[9-17]  In order to reduce the kidney

filtration, the hydrodynamic radius (Rh) of PEtOx-protein conjugate should be larger

than the size of the glomerular basement membrane, which is in the range of 2.5-5

nm.[18] 

 Based on the extensive data from the pharmacokinetic studies of PEG-protein

conjugates,  a possible easy way is  to replace PEG by PEtOx which has the same

hydrodynamic radius. Recently Armstrong et al. found that the hydrodynamic radii of

nonionic polymers and proteins are the principal determinant of their effect on red

blood cell aggregation.[19] Moreover, Sim et al.  have reported that the precipitation

efficiency of PEG is mainly determined by the hydrodynamic radius.[20] These studies

further indicate that knowing the relationship between  Rh and molecular weight of

PEtOx can help us to explain the effect of PEtOx on the interaction between cells and

proteins.  The solution  properties  of  a  series  of  PEtOx in  THF have been studied

earlier,[21] but most biomedical applications of PEtOx are in aqueous system, therefore
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the aqueous solution properties of PEtOx with a wide range of molecular weights,

including hydrodynamic radius, need to be examined systematically. 

5.1 Results and Discussion

It  is  known that  narrowly  distributed  linear  poly(2-ethyl-2-oxazoline)  with

molecular weights ranging from 1 to ~50 kg/mol can be synthesized by conventional

thermal heating and microwave assisted cationic ring-open polymerization (CROP).
[11,22-26] However, it is still difficult to obtain narrowly distributed linear PEtOx sample

with molecular weight higher than 50 kg/mol. Our results showed that the distribution

of PEtOx samples fractionated by the dissolution/precipitation process in a mixture of

dry THF and dry n-hexane were not narrow enough for AUC experiments.[27] Thus, in

this  study,  we  used  gel  permeation  chromatrography  (GPC)  to  fractionate  a

commercial  linear  PEtOx sample.  Owing to  the  advantage  that  small  amounts  of

PEtOx samples (~ 0.2 mg) are needed for AUC experiments,  analytical  GPC was

used. Two PEtOx samples with molecular weights of 1.3 kg/mol and 3.3 kg/mol were

synthesized by conventional thermal heating CROP.

The apparent partial  specific volume (v) of a PEtOx is needed for analytical

ultracentrifugation. Figure 5.1 shows the plot of PEtOx solution density (ρ) versus

concentration (C). The slope of the graph yielded the density increment  from which

the partial specific volume  was evaluated according to equation 3.36 of chapter-3.

The value of  v comes out to be 0.85 mL⋅ g-1, which is close to the value (v = 0.87

mL⋅ g-1) reported by Chen et al.[28] As the partial specific volume usually doesn’t have

molecular weight-dependence, we used this value for all PEtOx fractions.[29] 
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Figure 5.1: Density (ρ) vs. concentration (C) profile to determine the partial specific

volume ( ) of poly(2-ethyl-2-oxazoline) in water at 20 ῡ 0C.

Figure 5.2: Sedimentation coefficient (s) distributions of PEtOx-1, PEtOx-2, PEtOx-

3, PEtOx-4, and PEtOx-8 at 20  0C., where the corresponding concentrations of the

samples  were  0.6  mg/mL,  0.6  mg/mL,  0.2  mg/mL,  0.3  mg/mL  and  0.5  mg/mL,

respectively. 
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Figure 5.2 shows the sedimentation coefficient distributions of five PEtOx

fractions in aqueous solution analyzed with the continuous c(s) distribution model by

SEDFIT software. From figure 5.2, we know that the distributions of all fractions are

narrow. Note that for PEtOx-3 and PEtOx-4 fractions, there are some small amounts

of polymers with higher sedimentation coefficient in each fraction. It means that the

polymers  with higher  s which may have the same hydrodynamic  radius compared

with the majority of the fractions cannot be fractionated by GPC only. 

Besides using  c(s) model,  c(s,ff0) model has also been used to analyze the data.[30]

Note that from c(s,ff0) model, the polydispersity index (Mw/Mn) can be obtained. The

corresponding results are summarized in table 5.1. From table 5.1, it can be seen that

the difference between the Mw values from these two models are less than 10 % and

the distributions of all fractions are narrow.

Table 5.1: Characterization of poly(2-ethyl-2-oxazoline) samples used

Sample
Mw (g/mol)

Mw/Mn
a

c(s) c(s,ff0)
PEtOx-1 1300 1190 1.01
PEtOx-2 3230 3470 1.10
PEtOx-3 6890 7470 1.04
PEtOx-4 14300 15300 1.14
PEtOx-5 25300 26850 1.17
PEtOx-6 53600 57620 1.21
PEtOx-7 125600 131200 1.47
PEtOx-8 313100 277000 1.58

a analyzed by c(s,ff0) model

        Due to solute-solute interactions and shapes of macromolecules differing from

spherical,  hydrodynamic  parameters  (such  as  sedimentation  coefficient  and

hydrodynamic radius) may have concentration dependence. In order to eliminate this

effect,  concentration  dependence  of  sedimentation  coefficient  and  hydrodynamic

radius  has  been  investigated.  Here,  because  of  the  limited  amount  of  the  PEtOx

fractions which was less than 1 mg, the concentration of PEtOx solutions can not been

determined  by  conventional  balance.  We  have  used  an  interference  optics  as  the

detector and a triggerable laser diode as light source, the relationship between the shift

of  the  interference  fringes  (J)  and  the  concentration  of  the  solution  (C)  can  be

described as[31]
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( )
C

dCdna
J ⋅⋅=

λ
                                                                                                    (5.1)

     Where, a is the thickness of the centerpiece, dn/dC is the specific refractive index

increment  of  the  PEtOx  polymer  and  λ is  the  wavelength  of  light  in  vacuum,

respectively.  In  this  study,  a =  12  mm  and  λ =  660  nm.  The  dn/dC value  of

commercial linear PEtOx with molecular weight of 500,000 g/mol is (0.161 + 0.001)

mL⋅ g-1, which is the same as the value reported by Bijsterbosch et al. [32-33]  Based on

the fact that dn/dC is independent of molecular weight, this value can be used for all

fractions.[32]  Thus  during  our  experiments,  knowing  the  shift  of  fringes  helps  to

determine the concentration, i.e. a concentration of 1 mg⋅ mL-1 corresponds to 2.93

fringes.

Figure  5.3:  Concentration  dependence  of  sedimentation  coefficients  of  PEtOx-5,

PEtOx-6, PEtOx-7 and PEtOx-8 at 20 0C.
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Figure 5.4: Concentration dependence of hydrodynamic radius of PEtOx-5, PEtOx-6,

PEtOx-7 and PEtOx-8 at 20 0C.

From figure 5.3 and figure 5.4, it can be seen that when molecular weight is

below  ~  5  ×  104 g/mol,  both  s and  Rh do  not  change  with  concentration  and

extrapolation of s and Rh to zero concentration leads to s0 and Rh,0 at infinite dilution.

Note that Luo et al. reported that for PEG molecules, only when molecular weight is

less  than  6  ×  104 g/mol,  s shows  no  dependence  on  molecular  weight.[34]  The

difference between these two polymers implies that for the same molecular weight,

the interactions between PEG molecules are larger than that between PEtOx, possibly

due to the larger hydrodynamic volume for PEG.[12] 
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Figure 5.5: Typical measured intensity-intensity time correlation function [G(2)(t,q)-

A]/A for  PEtOx-2  fraction  aqueous  solution  by  one-time  filtration  and  repeated

filtration  for  different  time.  The  inset  shows  corresponding  hydrodynamic  radius

distribution f(Rh).

       Besides sedimentation velocity experiments, a combination of static and dynamic

light scattering has also been used to characterize PEtOx aqueous solution. Figure 5.5

shows  that  the  intensity-intensity  time  correlation  functions  of  PEtOx-2  aqueous

solution  contain  two  relaxation  modes.  The  faster  mode  corresponds  to  the  pure

diffusion of single PEtOx-2 and the slower relaxation mode may be related to the

loosely assembled aggregates due to the remained hydrophobic tosyl end group. Our

results show that the slow mode can be removed by repeated filtration for 2 hour.

Note that it is important to remove the slow mode for measurement of the molecular

weight and hydrodynamic radius of PEtOx, especially for PEtOx samples with smaller

Mw.  In  our  study,  the  same  process  was  used  for  the  characterization  of  two

synthesized samples PEtOx-1 and PEtOx-2. 

       Figure  5.6  and  figure  5.7  show  typical  Zimm  plot  and  distribution  of

hydrodynamic radius of PEtOx sample (PEtOx-1), respectively. 
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Figure 5.6: Typical Zimm plot of PEtOx-1 in aqueous solution at 20 0C, where C was

19.5 mg/mL, 39 mg/mL and 58 mg/mL, respectively. 

Figure 5.7: Hydrodynamic radius distribution of PEtOx-1 in aqueous solution, where

the concentration (C ) was 39 mg/mL.

      The extrapolation of [KC/Rvv(q)] to C → 0 and q → 0 leads to the value of Mw =

1.27 ×  103 g/mol which is close to the value of Mw = 1.30 ×  103 g/mol determined by
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sedimentation  velocity  (SV)  experiments.  The  slope  for  the  line  plotting

( )[ ] 0→qvv qRKC  versus  C give the value of  A2 = (2.2  + 0.7)  ×  10-3 mol⋅ mL⋅ g-2,

indicating that water is a good solvent for PEtOx. Due to the small size of the PEtOx-

1 in comparison with the wavelength of the laser light, there is no angular dependence

of [KC/Rvv(q)]. Thus it is difficult to obtain reliable <Rg> of PEtOx-1. The distribution

of hydrodynamic radius shows that the PEtOx-1 is narrowly distributed and <Rh> =

1.02 nm, which is also consistent with the value determined by SV experiments (<Rh>

= 0.95 nm). Note that the scattered light intensity is proportional to the square of the

mass of a single scattering object; therefore in order to obtain enough scattered light

intensity,  about  500  mg  of  the  PEtOx-1  sample  will  be  needed  to  determine  its

accurate molecular weight and Rh as the molecular weight of PEtOx-1 is small ~ 1.3 ×

103 g/mol. 

Figure  5.8: Weight  average  molecular  weight  dependence  of  sedimentation

coefficient (S20,w) at 20 0C.

       Figure 5.8 shows that there is a scaling relationship between S20,w and Mw, i.e.

( ) 019.0462.0
,20 0068.0 ±×=×= wwsw MSMKs α .  The  scaling  index  is  α =  (0.462  +

0.019), which is between 0.4 and 0.5, indicating that PEtOx polymers adopt a random
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coil conformation in aqueous solution.[35]  Note that Luo et al. reported for PEG, the

sedimentation  coefficient  (S0)  scales  to  Mw as

( ) 008.0469.0
,20 0061.0 ±×=×= wwsw MSMKs α .38 Scale index  α for PEtOx is similar to

that for PEG, implying that both of two polymers adopt the same conformation in

water.  
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Figure 5.9: Weight average molecular weight (Mw) dependence of the hydrodynamic

radius (Rh,0) of PEtOx at 20 0C. The hydrodynamic radius of PEG in aqueous solution

(green line) and Rh of PEtOx in THF (red line) were taken from references 34 and 21.

    

         Figure 5.9 illustrates that ( ) 012.0539.0
0, 0179.0

0,

±×=×= wwRh MnmMKR
h

β
. Note

that the sum of α (from figure 5.8 ) and β is 1.001 which is reasonable because from

Sverdberg equation we know that  1M ∝ s/D ∝ s⋅ Rh ∝ ( ) ( )βα MKMK
hRs ⋅×⋅

0,  ∝

( ) βα +×⋅ MKK
hRs .  Figure  5.9  also  shows  the  weight-average  molecular  weight

dependence of hydrodynamic  radius of PEG in water and PEtOx in THF. For the

same molecular weight of PEtOx and PEG, the hydrodynamic radius of PEG is higher
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than that of PEtOx. Moreover, it is obvious that water is better solvent for PEtOx than

THF because  for  the same  Mw,  the  Rh in  water  is  much larger  than  that  in  THF.

Knowing the scaling law between  Rh and molecular  weight can help us to choose

PEtOx polymers  with right  molecular  weight.  For  example,  Armstrong stated that

nonionic polymers with Rh less than 4 nm can inhibit red blood cell aggregation and

those with Rh larger than 4 nm can enhance the aggregation.[19] Based on figure 5.9,

we know that the Rh of a PEtOx polymer with molecular weight of 2.3 ×  104 g/mol is

4 nm. Furthermore, if we consider that the interaction between the PEtOx and proteins

is similar to that between PEG and proteins, we can replace PEG with PEtOx with the

same hydrodynamic radius according to the scaling laws between Rh and Mw of these

two polymers.

5.2 Conclusions

By use of a combination of analytical ultracentrifuge and laser light scattering,

the relationships between hydrodynamic radius (Rh,0), sedimentation coefficient (S20,w)

at  infinite  dilution  and  molecular  weight  of  a  series  of  linear  poly(2-ethyl-2-

oxazoline) in aqueous solution have been studied. Our results show that Rh,0 and S20,w

scale with molecular weight (Mw) as  ( ) 012.0539.0
0,0, 0179.0 ±×=×= wwRh MnmMKR

h

β

and  ( ) 019.0462.0
,20 0071.0 ±×=×= wwsw MSMKs α , respectively, indicating that PEtOx

polymers adopt a random coil conformation in aqueous solution. Our findings will

provide a guide for choosing PEtOx polymer with appropriate molecular weight in its

pharmaceutical applications.
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Chapter−6

Effect  of  Carbon  Chain  length  of  Monocarboxylic
Acids on Cloud point Temperature of poly(2-ethyl-2-
oxazoline)

In this  chapter  we present the effect  of carbon chain length of monocarboxylic

acids on cloud point temperature of poly(2-ethyl-2oxazoline). Responsive behavior of

the poly(2-ethyl-2oxazoline) with respect to temperature, pH and ionic strength has

been discussed here.

In thermally responsive polymeric systems, the hydrophilic-hydrophobic balance

could  be  adjusted  by  non-covalent  inter-polymer  complexation.[1] Poly(2-ethyl-2-

oxazoline)  (PEtOx) is  a  thermally sensitive polyamide that  exhibits  a  cloud point

temperature (Tcp) in  the  range  of  61-64oC  depending  upon  its  concentration  and

molecular  weight.[2-3] It  contains  specific  sites  that  can  potentially  form hydrogen

bonds with carboxylic acids. The carbonyl oxygen and the nitrogen are two possible

binding sites in an oxazoline repeat unit, but preferably carbonyl oxygen is the main

interactive  site  for  hydrogen  bonding  with  carboxylic  group.[4] A  comprehensive

overview of its properties has already been discussed in section 3.2 of  chapter -1.

Although a significant amount of work has been done on interaction of PEtOx and

poly(carboxylic acids)[4,5,6,7]  , much less is known about the interaction of PEtOx with

monocarboxylic  acids. In the present work, we have investigated the carbon chain

length dependence of Tcp of complexes of monocarboxylic acids with linear PEtOx as

a function of pH, ionic strength and molar ratio of acids to 2-ethyl-2-oxazoline repeat

unit  and  our  objective  is  to  understand  the  effect  of  hydrogen  bonding  and

hydrophobic  interactions  on  the  Tcp of  PEtOx.  We  have  found  that  the  Tcp of

complexes changes to varying degrees depending on the alkyl  chain length,  molar

ratios of acids to 2-ethyl-2-oxazoline repeat unit, pH and ionic strength of the system.

On  the  basis  of  previous  studies  done  by  other  researchers  in  the  past  with

poly(carboxylic  acids)  and  PEtOx  complexes[4-7],  special  attention  should  be  paid

during the use of PEtOx for biomedical applications in an environment containing

carboxylic acids because of their effect on the Tcp of the polymers.
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6.1 Results and Discussion

6.1.1 Computational studies

In  this  work,  theoretical  studies  were  carried  out  prior  to  experimental

investigation as a powerful computational filter to reduce labor and cost needed for

the  experimental  detection  of  complexation  between  poly(2-ethyl-2-oxazoline)

(PEtOx)  and  monocarboxylic  acids  by  estimating  possible  interaction  strength

between  them  using  Density  functional  theory  (DFT)  and  semi-empirical  PM-3

calculations. These studies just serve as an indicator whether some interaction would

occur or not between the polymer and monocarboxylic acids. However they do not

present the real picture of the interactions taking place in water as the computation has

been done in the gas phase and only one monomer of the PEtOx has been used for

studies.

The frontier  orbitals  of the interacting  species  can be used to  predict  their

electron  donating  or  electron  accepting  capabilities. The  energy  of  the  highest

occupied  molecular  orbital  (EHOMO)  measures  the  electron-donating  ability  of  a

compound  and  the  energy  of  the  lowest  unoccupied  molecular  orbital  (ELUMO)

measures  its  electron  accepting  capability.[1-2]  Therefore,  the  greater  EHOMO  value

indicates the greater electron donating ability of the compound and the small value of

ELUMO points towards the greater electron accepting ability of the compound.[3] The

species can interact to form a loose complex or adduct when one of them act as partial

donor and the other one act as partial acceptor. 

It  can  be  seen  from  figure  6.1  that  the  energy  of  the  highest  occupied

molecular orbital (EHOMO) calculated by DFT comes out to be -6.30 eV. If the value of

HOMO is less than -8 then it is not difficult to donate electrons. Also, the HOMO of

PEtOx is  less  negative  than that  of  acids  which shows that  it  possesses  a  greater

tendency to donate electrons. The calculated values of energy of lowest unoccupied

molecular orbital (ELUMO) for acetic acid, propanoic acid, butanoic acid and hexanoic

acid are 0.26 eV, 0.32 eV, 0.33 eV, 0.27eV and 0.34 eV respectively. Although, these

values for ELUMO are positive indicating repulsive energies but there magnitude is very

small which shows that they can accept electrons with fair ease. A small negative or

positive value of LUMO indicates the electron accepting tendency of compounds.
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Figure 6.1: Energy of highest occupied molecular orbital (HOMO) of poly(2-ethyl-2-

oxazoline) repeat unit and energy of lowest un-occupied molecular orbital (LUMO)

for monocarboxylic  acids  computed by DFT with   6-31G(d) basis set and B3LYP

functional as implemented in the molecular orbital calculation package G03W.
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The  optimized  structures  and  the  atomic  charges  of  PEtOx-acetic  acid

complex are displayed in figure 6.2. Geometry optimization was carried out using

DFT/B3LYP functional and the 6-31G (d) basis set. It can be seen that the distance

between the carbonyl  oxygen of PEtOx repeat unit  and hydrogen of acetic acid is

1.7A0 which points towards good hydrogen bonding interaction between PEtOx and

acetic acid.

Figure  6.2: Optimized  structure  of  the  complex  of  poly(2-ethyl-2-oxaxoline)

monomer  and Acetic acid with charge distribution computed by DFT with  6-31G(d)

basis set and B3LYP functional  as implemented in the molecular orbital calculation

package G03W.

The  optimized  structures  and  the  atomic  charges  of  PEtOx-hexanoic  acid

complex  are  displayed  in  figure  6.3.  It  is  obvious  that  the  distance  between  the
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carbonyl  oxygen  of  PEtOx  repeat  unit  and  hydrogen  of  hexanoic  acid  has  been

increased to 6.4 A0 as compared to acetic acid complex (1.7 A0) as shown in the figure

6.2.  Due to increase in the distance no hydrogen-bonding can be seen apparently.

Moreover, the charge on the hydrogen of carboxylic group in hexanoic acid has also

been decreased to 0.377 a.u. from 0.462 a.u. present on the hydrogen of carboxylic

group of acetic acid leading to a loss of hydrogen bonding strength. The increase in

chain length has increased the hydrophobic character of the compound which will be

discussed in table 6.3.
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Figure 6.3: Optimized structure of the complex of poly(2-ethyl-2-oxaxoline) repeat

unit  and Hexanoic acid with charge distribution computed by DFT with 6-31G(d)

basis set and B3LYP functional  as implemented in the molecular orbital calculation

package G03W.

It was assumed that PEtOx forms a loose complex with the acids and therefore

their  Quantitative structure-activity relationship (QSAR) properties were calculated

and  are  listed  in  tables  6.1  to  6.3.  It  is  obvious  from  the  table  6.1  that  before

complexation  for  all  the  monocarboxylic  acids  there  is  a  gradual  increase  in  the

QSAR properties like surface area, surface volume, polarizability and log P values

with increase in the chain length of the acids as expected.  The log P value is the

measure of hydrophobicity of the compound and is increasing with increase in the

chain length of small acids.

Table 6.1: QSAR properties of poly(2-ethyl-2-oxazoline) and monocarboxylic acids

before complexation.

QSAR Properties before complexation
S.No Compound code Surface

Area/ A02

Surface

Volume/

A03

Log P Polarizability/

A03

1 PEtOx 302.24 449.35 0.43 13.22
2 Acetic acid 191.07 243.32 -0.17 5.17
3 Propanoic acid 222.20 295.30 0.46 7.00
4 Butanoic acid 248.86 348.59 0.86 8.84
5 Pentanoic

acid

283.24 402.40 1.25 10.67
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6 Hexanoic acid 309.90 455.65 1.65 12.51

Table 6.2: QSAR properties of poly(2-ethyl-2-oxazoline) and monocarboxylic acids

after complexation computed by semi-empirical PM-3 method.

QSAR Properties after complexation
S.No Complex

code

Surface

Area/

A02

Surface

Volume/

A03

Log

P

Polarizability

/ A03

*H-bond
strength/ 10-9J/m

1 PEtOx-

Acetic

391.39 613.84 -0.24 18.39 -1.82 

2 PEtOx-

Propanoic

422.64 670.47 -0.48 20.22 -1.78 

3 PEtOx-

Butanoic

452.91 726.06 -2.23 22.06 -0.23 

4 PEtOx-

Pentanoic

474.73 771.10 -3.55 23.89 -0.20 

5 PEtOx-

Hexanoic

497.23 811.19 -4.88 25.73 -0.10 

*calculated by DFT using the following fornula:

Table  6.2  shows  the  QSAR  properties  after  interaction  of  poly(2-ethyl-2-

oxazoline)  monomer  with  monocarboxylic  acids.  After  complexation,  there  is  a

gradual  increase  in  surface  area,  volume  and  polarizability;  however  the

hydrophobicity seems to be decreasing. As anticipated, the hydrogen bonding strength

is decreasing with increase in chain length of monocarboxylic acids. 
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Table  6.3: Change  in QSAR  properties  of  Poly(2-ethyl-2-oxazoline)  and

monocarboxylic acids after complexation.

Change in QSAR properties after complexation

S.No Complex code Δ Surface

Area/ A02*

Δ Surface Volume/

A03*

1 PEtOx-Acetic -101.92 -78.83

2 PEtOx-

Propanoic

-101.80 -74.18

3 PEtOx-Butanoic -98.19 -71.88

4 PEtOx-

Pentanoic

-110.75 -80.65

5 PEtOx-Hexanoic -114.91 -93.81

*Change in surface area (ΔA) = (surface area of monomer-acid complex) - (surface area of PEtOx 

+surface area of carboxylic acids).

Table  6.3  is  illustrative  of  change  in  surface  area  and  surface  volume  of

complexes of PEtOx and monocarboxylic acids. The negative values of surface area

and surface volume shows that there is a decrease in these properties implying that

interaction has taken place between carboxylic acid group of small acids and carbonyl

moiety of PEtOx monomer.

These calculations do not portray the true picture of the experimental system but this

method can be used for any other system to predict whether some interaction would

take place or not. 

6.1.2 Experimental studies

It is well known that the Tcp of the PEtOx depends upon the molecular weight.
[8-10] In general,  its  cloud point decreases with increase in molecular  weight in the

range of 20-500 kDa[11] and exhibits no Tcp below 10 kDa at 0.5 wt%.[12] Therefore, in

order to get a narrow distributed sample of PEtOx with fairly high molecular weight,

fractionation method has been used.[13] 
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Figure 6.4: Plot of the output voltage (∆V) vs. Concentration (C) for poly (2-ethyl-2-

oxazoline) in water at λ0 = 633 nm and 20oC.The circles represent the measured data

and the line at least square fit. 

The  specific  refractive  index increment  of  PEtOx in  aqueous solution  was

determined with a  precise differential  refractometer  [14] at  200C and wavelength  of

633nm. Figure 6.4 shows the plot of output voltage (V) as a function of concentration

of PEtOx. From the slope of the graph, Value of dV/dC is obtained. By putting this

value in equation 2.24(chapter 2), specific refractive index value was obtained. The

value of dn/dC is 0.161 + 0.001 mL g-1 which is the same as the value reported by

Bijsterbosch  et  al.[15] This  value  is  used  further  in  static  light  scattering  (SLS)

experiments to determine the molecular weight of PEtOx.
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Figure 6.5: Typical Zimm plot of poly(2-ethyl-2-oxazoline) in aqueous solution at 25
oC, where concentration (C) ranges from 0.1 to 0.4 mg/mL.

Figure  6.5  shows  a  typical  Zimm  plot  for  the  fraction  of  poly(2-ethyl-2-

oxazoline) used for our experiments obtained from static light scattering experiment.

The weight average molar mass (Mw) was calculated by using equation 3.20 (chapter

3). The value of Mw obtained was 8.7 ×  105 gmol-1 and radius of gyration (Rg) was 34

nm. The second virial coefficient value (A2) obtained from Zimm plot is 3.2  ×  10-7

mol⋅ dm3⋅ g-2. As A2 is greater than zero, it is indicative of good interaction strength

between water and PEtOx.[16]
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Figure  6.6: Hydrodynamic  radius  distribution  of  poly(2-ethyl-2-oxazoline)  in

aqueous solution, where C = 0.1 mg/mL.

Hydrodynamic radius distribution calculated from the Dynamic light scattering

experiment  has  been  shown  in  the  figure  6.6.  The  distribution  curve  shows  that

polymer  is  narrowly distributed  with a polydispersity index (PDI) of 1.3 which is

consistent with the value obtained from SEC (PDISEC = 1.23). However the Mw value

obtained from SEC is 5.5 ×  105 g⋅ mol-1, which is smaller than the value determined

from light  scattering  experiment  due  to  the  fact  that  sample  and  the  polystyrene

standard are different polymers.
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6.1.2.1  Effect  of  pH  and  ionic  strength  on  the  cloud  point

temperature of poly(2-ethyl-2-oxazoline)

Because  the  pKa values  of  acetic,  propanoic,  butyric,  pentanoic,  hexanoic  and

heptanoic acids range from 4.76 to 4.89,[17-18] we have optimized two pH values, pH

3.8 (pH < pKa) and pH 6 (pH > pKa) to investigate the  Tcp behavior of PEtOx and

small  acids  complexes  in  aqueous  solution  as  a  function  of  various  selected

parameters.  Poly(2-ethyl-2-oxazoline) and carboxylic acids can form complexes by

means  of  intermolecular  hydrogen  bonding  between  carboxylic  and  carbonyl

groups[11,4-7], so it  is expected that the  Tcp of the solution will be changed with the

addition of the monocarboxylic acids.

6.1.2.1.1 At pH < pKa

Figure 6.7:  Temperature dependences of transmittance at 500 nm obtained for 1.0

mg/mL  of  poly(2-ethyl-oxazoline)  in  buffer  solution  with  low  molecular  weight

monocarboxylic acids, where pH = 3.8, the ionic strength of buffer solution I = 0.1 M

and molar ratio of acid to 2-ethyl-oxazoline repeat unit was 1.
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Figure 6.7 illustrates the effect of chain length on the phase transition behavior

for 1:1 complexes of PEtOx with acetic, propanoic, butyric, pentanoic, hexanoic and

heptanoic acids, respectively at pH 3.8 and ionic strength of 0.1 M. At acidic pH (pH

< pKa) the hydrogen ion concentration in the solution is quite high, which effectively

suppresses the ionization of carboxylic acid groups and the carboxylate groups are in

the  molecular  state  (COOH).  This  would  enhance  the  chances  of  hydrogen  bond

formation between the polymer and acids in the solution.[19] Besides, there may be

specific hydrophobic hydration of the ethyl side chains by the hydrophobic tails of the

small acids, as mentiond by Hoogenboom et al. [20-21] 

In  the case of acetic,  propanoic  and butyric  acid,  the  Tcp first  increases  as

compared to pure PEtOx. One of the reasons for this increase can be ascribed to the

increase of hydrophilicity and enhanced solubility introduced by these acids. Usually

the Tcp of a polymer can be increased when a hydrophilic co-monomer is incorporated

into a given homopolymer chain and lowered by a hydrophobic monomer.[22-28] For

example, some studies revealed that when poly(N-isopropylacrylamide) (PNIPAAM)

copolymerized with more hydrophilic acrylamide and acrylic acid monomers, leads to

the enhancement of Tcp
[29-30], while Tcp decreases for more hydrophobic monomer such

as n-butyl acrylamide[30]. Also note that for poly(2-alkyl-2-oxazoline) homopolymers,

only few polymers, such as poly(2-methyl-2-oxazolines), poly(2-ethyl-2-oxazoline),

poly(2-n-propyl-2-oxazoline) and poly(2-isopropyl-2-oxazolines) are soluble in water

at  room temperature.  By varying composition of random copolymers of 2-ethyl-2-

oxazoline and 2-n-propyl-2-oxazoline, Hoogenboom et al. have reported that the Tcp

of the copolymers can be tuned easily from 24 oC to 97 oC.[8] 

Secondly, some steric hindrance caused by methyl, ethyl and propyl groups of

small  acids  may  shift  the  Tcp to  higher  temperature  after  complexation.  This

explanation is in accordance with the results reported by Zhang and co-workers where

they  found  poly(N-isopropylmethacrylamide)  (PNIPMAM)  which  has  one  more

methyl group than poly(N-isopropylacrylamide) (PNIPAM) at each repeating unit has

higher Tcp (~ 45 oC) as compared to PNIPAM (Tcp ~ 32 oC)[31].

For higher chain length acids like pentanoic, hexanoic and heptanoic acids, the

formation of hydrogen bond between the COOH group of monocarboxylic acids and

carbonyl  oxygen  of  PEtOx  as  well  as  hydrophobic  interactions  may  limit  the

accessibility  of  water  to  the  polymer  chains  resulting  in  an  increase  in  the

hydrophobicity  of  the  PEtOx  linear  chains  and  Tcp decreases.  Besides  the

126



solubilization behavior of poly(oxazoline)s, effect of the length of n-alkyl side chains

on the thermal properties has also been narrated and summarized by Hoogenboom. [32-

33] A sharp decrease in glass transition temperature of series of poly(2-(n-alkyl)-2-

oxazoline)s  with  increase  in  the  number  of  carbon  atoms  in  side  chain  has  been

reported.[32] Moreover  higher  surface  energies  (~  45  mN⋅ m-1  )  were  observed for

polymers with methyl to propyl side chains and low surface energies (~ 22 mN⋅ m-1)

for longer (propyl to pentyl) side chains.[32]
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Figure  6.8: Dependence  of  molar  ratios  of  hexanoic  acid  to  2-ethyl-2-oxazoline

repeat unit on  Tcp of poly(2-ethyl-2-oxazoline), where the concentration of polymer

was 1 mg/mL, pH = 3.8 and ionic strength of buffer solution I = 0.1 M.

Figure 6.8 depicts the dependence of different molar ratios of hexanoic acid to

2-ethyl-2-oxazoline repeat unit on cloud point temperature of the complexes at pH 3.8

with an ionic strength of 0.1 M. It can be observed that there is a gradual decrease in

the  Tcp of PEtOx with an increase in the molar ratio of hexanoic acid to 2-ethyl-2-

oxazoline  repeat  unit.  For  instance,  Tcp decreases  from 51.50C for  pure  PEtOx to
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50.50C for  1:1,  48.80C for  1:2,  46.20C for  1:3,  44.90C for  1:4 and 44.50C for  1:5

respectively.  This  decrease  in  cloud  point  values  with  increasing  molar  ratios  of

hexanoic  acid  may  be  attributed  to  hydrogen  bonding  coupled  with  strong

hydrophobic interactions.

Figure 6.9: Dependence of molar ratios of acids to 2-ethyl-2-oxazoline repeat unit on

Tcp of poly(2-ethyl-2-oxazoline), where the concentration of polymer was 1 mg/mL,

pH = 3.8 and ionic strength of buffer solution I = 0.1 M.

Figure  6.9  summarizes  the  combined  effect  of  different  molar  ratios  of

monocarboxylic acids to 2-ethyl-2-oxazoline repeat unit on Tcp of the complexes at pH

3.8 and 0.1 M ionic strength. Due to the lower solubility of heptanoic acid in water at

20 oC (0.244 g/100g water)[34], the effect of molar ratio of heptanoic acid to 2-ethyl-2-

oxazoline has not been investigated. In the case of acetic and propanoic acid,  Tcp is

first increased as compared to the pure PEtOx till the molar ratio of acid to 2-ethyl-2-

oxazoline repeat unit is 2 and then decreases later on. Similar explanation could be

assigned for increased Tcp as discussed before. The increasing molar ratio effect on Tcp

is  more  pronounced in  the  case  of  pentanoic  and hexanoic  acids.  Apparently,  an

increasing amount of carboxylic acid moieties in the solution at acidic pH led to an
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increase in the number of hydrogen bonds between acids and PEtOx polymer. The Tcp

decreases with the increasing molar ratio of the acids due to the stronger hydrophobic

interactions. 
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Figure 6.10: Hydrodynamic  radius distribution  f(Rh) of mixture of PEtOx solution

with hexanoic acid at different temperatures, where molar ratio of acid to 2-ethyl-2-

oxazoline unit was 2, C of PEtOx = 1 mg/mL, pH = 3.8 and ionic strength of buffer

solution, I = 0.1 M.

Laser light scattering (LLS) technique has also been used to verify the phase

transition behavior of PEtOx aqueous solutions. Figure 6.10 shows the hydrodynamic

radius distribution of aqueous buffered mixture of PEtOx and hexanoic acid with a

molar ratio of acid to2-ethyl-2-oxazoline unit equals to 2. It can be observed form the

figure  that  at  a  temperature  of  48.3oC,  which  is  just  below  the  cloud  point

temperature, a single peak is present with a hydrodynamic radius (Rh) ~ 23 nm. This

indicates  that  individual  polymer  chains  are  present.  When  the  temperature  is

increased up to 48.6 oC, the peak originally located at 23nm slightly shifts to the left

(Rh ~ 21 nm) and a new broad peak hump starts forming at Rh ~ 145 nm. By further

increasing the temperature to 48.8 oC the height of the first peak starts decreasing and

it moves left at Rh ~ 17nm and a second well defined peak appears at Rh ~144nm. This
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is an indication of start of aggregation process of polymer chains. Furthermore, at a

temperature of 49.2 oC, the peak which was originally located at ~ 17nm moves to the

left and appears at ~ 9nm. This shows the collapsing of single polymer chains. The

second  peak  shifts  more  towards  right  and  appeared  at  ~  183nm  showing  the

formation of bigger aggregates with increase in temperature. Finally at 49.6  oC the

small peak originally located at ~ 9nm completely disappears, pointing towards the

complete collapse of individual polymer chains. The second peak which was located

at ~ 183nm shifts further to the right and appears as single new peak situated at Rh ~

277 nm. The single peak formation at a higher radius is the indication of the fact that

all the individual polymer chains has been converted in to the bigger aggregates.

Figure 6.11: Temperature dependence of the scattered light intensity of poly(2-ethyl-

2-oxazoline) without the addition of hexanoic acid and with the addition of hexanoic

acid  (molar  ratio  of  acid  to  2-ethyl-2-oxazoline  is  2),  where  the  concentration  of

PEtOx was 1 mg/mL, pH = 3.8 and ionic strength of buffer solution I = 0.1 M. The

inset shows the hydrodynamic radius distribution f(Rh) of PEtOx solution at different

temperatures without the addition of hexanoic acid.

Figure 6.11 shows the temperature dependence of the scattered light intensity

of PEtOx solutions with and without the addition of hexanoic acid. As expected, at
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lower  temperatures,  scattered  light  intensity  is  nearly  a  constant,  indicating  the

existence  of  individual  PEtOx polymer  chains  with only one  narrowly distributed

peak located  at  24 nm.  The increase  in  the  scattered  light  intensity  in  the  higher

temperature range reflects  the aggregation of the PEtOx. When the temperature is

51.3 oC, the position of the peak at 24 nm shifts to the direction of smaller Rh (~ 19

nm), indicating the collapse of single PEtOx polymer. A new peak located at 106 nm

appeared due to the formation of aggregates of the PEtOx polymer chains. With the

further increase of the temperature, the <Rh> of the aggregates becomes larger ~ 211

nm. The peak located at 19 nm disappears because all the individual PEtOx polymer

form aggregates. The arrow in Figure 4.8 shows how the  Tcp is defined in the LLS

experiments.  It  is  clear  that  Tcp decreases with the addition  of hexanoic acid.  The

values  determined  from  LLS  experiments  without  and  with  the  addition  of  the

hexanoic  acid  are  51.3  oC and 48.4  oC,  which  are  a  little  smaller  than  that  from

turbidity measurements as the LLS is more sensitive technique.

Figure 6.12: Dependence of molar ratios of acids to 2-ethyl-2-oxazoline repeat unit

on  Tcp of  poly(2-ethyl-2-oxazoline),  where  the  concentration  of  polymer  was  1

mg/mL, pH = 3.8 and ionic strength of buffer solution I = 0.2 M.

The effect  of ionic  strength on the  Tcp of  pure PEtOx and complexes with

different molar ratios of acids at pH 3.8 has been shown in figure 6.12. As compared

131



to figure 6.9, when the ionic strength is increased from 0.1 M to 0.2 M, the Tcp of pure

PEtOx taken as a reference point decreases from 51.5 oC to 44.9 oC. In high ionic

strength  the  solvent  quality  with  respect  to  polymer  may  weaken,  leading  to  the

strengthening  of  segment-segment  interaction  of  polymer  chains  as  well  as  the

association  of  the  PEtOx  with  carboxylic  acids  especially  for  hexanoic  acid. [35]

Similarly,  Staikos et  al.[36] and Moharram et al.[37] found that increase in the ionic

strength  of  solution  has  favorable  effect  upon  poly(acrylic  acid)-poly(acrylamide)

interpolymer association.

6.1.2.1.2 At pH > pKa

Furthermore, we have also investigated the effect of pH above the pKa value

of  acids.  When  the  pH >  pKa, the  number  of  hydrogen  bonds  between  acid  and

polymer  becomes  relatively  small  since  the  carboxylic  groups  are  converted  into

carboxylate groups due to partial ionization. Only protonated carboxylic groups can

form hydrogen bonds with proton-accepting moieties in polymer chain.[38]

Figure 6.13: Dependence of molar ratios of acids to 2-ethyl-2-oxazoline repeat unit

on  Tcp of  poly(2-ethyl-2-oxazoline),  where  the  concentration  of  polymer  was  1

mg/mL, pH = 6 and ionic strength of buffer solution I = 0.1M.
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It  can  be  observed in  figure  6.13 that  when the  original  pH of  the  buffer

solution was 6, the Tcp of the polymer without acids has been decreased from 51.5 0C

to 50.9  0C. However,  for acetic,  propanoic,  and butyric  acids,  Tcp has shifted to a

higher  value  as  compared  to  the  reference  point  for  all  the  molar  ratios.  It  is

anticipated that the Tcp increase for these acids may be due to the decrease in the ionic

strength of the buffer solution with the addition of the acids. For hexanoic acid, after

the molar ratio 2, there is a sharp decrease in Tcp with an increase in the molar ratio of

acid to 2-ethyl-2- oxazoline repeat unit. The Tcp decrease for hexanoic acid at a higher

molar ratio is due to the predominance of the hydrophobic attractive interactions as

the pH value of the solution was decreased below the pKa value of the acids when the

molar ratio was larger than 2.

Figure 6.14: Dependence of molar ratios of acids to 2-ethyl-2-oxazoline repeat unit

on  Tcp of  poly(2-ethyl-2-oxazoline),  where  the  concentration  of  polymer  was  1

mg/mL, pH = 6 and ionic strength of buffer solution I = 0.2 M.

At original pH 6, the effect of molar ratios of acids on Tcp of complexes when

the ionic strength was 0.2 M has been shown in figure 6.14. Comparing with figure
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5.10, the Tcp of pure PEtOx is shifted down to 44.8 0C from 50.9 0C due to enhanced

hydrophobicity of polymer chains. For hexanoic acid, Tcp decreases significantly later

on for higher molar ratio also due to the stronger hydrophobic interactions as the pH

value of the solution was decreased to around 4.8.

6.1.3 Conclusions

In this study, effect of the carbon chain length of monocarboxylic acids on the

phase transition of PEtOx has been investigated at different pH values, ionic strength

and molar  ratios  of acids to 2-ethyl-2-oxazoline.  At original  pH = 3.8, due to the

formation of the hydrogen bond between small carboxylic acids and PEtOx polymer,

increasing the molar ratios decreases the  Tcp of the complex for pentanoic acid and

hexanoic acid. For acetic acid, propanoic acid and butyric acid, the  Tcp increases at

lower  molar  ratio  possibly  due  to  the  steric  hindrance  and/or  the  increase  in  the

hydrophilicity  of  the  polymer.  At  original  pH=6.0  and  I= 0.1 M,  for  acetic  acid,

propanoic acid, and butyric acid, the Tcp of PEtOx increases with the molar ratio and

then levels off due to a decrease in the ionic strength of the solution with the addition

of the acids; while for pentanoic acid and hexanoic acid, the Tcp decreases when molar

ratio is larger than 2 due to the hydrophobic interactions and because the acids form

hydrogen bonds with the PEtOx as the pH value is decreased below the pKa value.

The shift in the Tcp is described based on the differences in the driving force of phase

transition,  including hydrogen bonding between small  carboxylic  acids and PEtOx

polymer and hydrophobic interaction.
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Chapter7 

Effect of Topology of poly(acrylic acid) on Cloud 

Point Temperature of poly(2-ethyl-2-oxazoline) 

In this chapter, the effect of arm number of star shaped poly(acrylic acid) on 

the cloud point temperature of poly(2-ethyl-2-oxazoline) as a function of pH, ionic 

strength and concentration has been discussed. 

The design and diversification of the properties of novel responsive 

macromolecular architectures has been a major focus of polymer research. 

Complexation provides a convenient way of tailoring polymer properties to specific 

applications by introducing the intended functionalities through predetermined 

polymeric components.
[1-3]

 The basic aspects of inter-polymer complex formation of 

linear as well as star-shaped poly(carboxylic acid)s has been described 

comprehensively in the section 1.1.1 and 1.1.2 of chapter-1 respectively. Beside other 

factors, topology of the polymeric components taking part in inter-polymer 

complexation has extended the scope of functional polymers
 [4-9]

, and is thought to be 

an effective tool to impart diversity to the macromolecular co-assemblies formed. 

As mentioned earlier, many studies have been devoted to study the interaction 

of poly(2-ethyl-2-oxazoline) (PEtOx) and linear poly(carboxylic acids),
[10-14] 

but 

almost insignificant evidence is found about the interaction of PEtOx with star 

shaped-poly(electrolytes). In this work, the dependence of Tcp of PEtOx after 

complexation with star shaped poly(acrylic acid) (PAA) as a function of pH, ionic 

strength and arm number of star PAA has been reported. The main objective of this 

study was to understand the effect of star topology on hydrogen bonding and 

hydrophobic interactions, and in turn upon the Tcp of PEtOx. Our results showed that 

the Tcp of complexes shifts to varying degrees depending upon the arm number of star 

PAA, concentration, pH and ionic strength of the solution. On the basis of previous 

studies done by other researchers in the past,
[10,15,16]

 our results encompassing 

different topology could contribute for the functional variation of PEtOx-based 

polymeric micelles to be used in nano-biomedical applications. 
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7.1 Results and Discussion 

Figure 7.1 illustrates the molecular weight distribution of PEtOx fraction 

obtained from size exclusion chromatography and used for further complexation 

studies with star shaped-poly(acrylic acid)s. The weight average molar mass (Mw) 

obtained was 3.1  10
5
 gmol

-1
 with a polydispersity index (PDI) of 1.23 which shows 

that the polymer sample is narrowly distributed.  

According to the reported pKa value of PAA in literature (pKa = 4.5)
[17]

, two 

pH values have been optimized, pH 4.2 (pH < pKa) and pH 7 (pH > pKa) to 

investigate the phase transition behavior of PEtOx and star-PAA complexes in 

aqueous solution as a function of various selected parameters. However, the pH value 

below the pKa was also affected by the concentration of solution. 
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Figure 7.1: Molecular weight distribution curve of PEtOx fraction obtained from Size 

Exclusion Chromatography. 
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Figure 7.2: Postulated mechanism of interaction of poly(2-ethyl-2-oxazoline) and 

star-shaped poly(acrylic acid). 

7.1.1 At pH < pKa 

7.1.1.1 Effect of concentration and Ionic strength at pH < pKa  

Figure 7.3 shows the effect of different arm numbers of PAA on the phase 

transition behavior for 1:1 complex mixtures of PEtOx with two, three, four and six 

arm-star poly(acrylic acid) respectively at pH 3.9 (pH < pKa) and ionic strength of 0.1 

M. At acidic pH, because of high concentration of hydrogen ions in the solution, the 

ionization of carboxylic acid moieties is considerably low and there would be more 

protonated acid groups (COOH) present to participate in intermolecular hydrogen 

bonding with PEtOx.
[18]

 All the turbidity experiments were repeated twice with an 

error of + 0.2
o
C in cloud point temperature. It can be seen from the figure that the 
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cloud point temperature (Tcp) for pure PEtOx fraction was about 63
0
C. There is a 

gradual decrease in Tcp of PEtOx with an increase of arm number of PAA. On 

complexation with two-arm star (PAA-2), three arm-star (PAA-3), four arm-star 

(PAA-4) and six arm star (PAA-6) poly(acrylic acid), the Tcp gradually shifts down to 

55.8
0
C, 50.3

0
C, 50.1

0
C and 46.9

0
C respectively. At low pH, one of the reasons for this 

decrease may be ascribed to the enhanced hydrophobicity of PEtOx linear chains due 

to blockage of hydrophilic sites caused by increased hydrogen bonding between 

carbonyl moiety of PEtOx and carboxylic acid groups present in star PAA. Generally, 

the Tcp of a polymer can be elevated when a hydrophilic co-monomer is incorporated 

into a given homopolymer chain and reduced by a hydrophobic monomer.
[19-23]

 For 

example, the co-polymerization of poly(N-isopropylacrylamide) (PNIPAAM) with 

more hydrophilic monomers like acrylamide and acrylic acid, leads to the 

enhancement of Tcp
[24-25]

, while Tcp decreases for more hydrophobic monomer such as 

n-butyl acrylamide.
[25]

 In addition, as mentiond by Hoogenboom et al.
[26-27]

 there 

might be some specific hydrophobic hydration of the ethyl side chains of PEtOx by 

the hydrophobic core segments of the star polyacids.  
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Figure 7.3: Temperature dependences of transmittance at 500 nm obtained for 0.1 

mg/mL of poly(2-ethyl-oxazoline) in buffer solution with poly(acrylic acid) having 
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2,3,4 and 6 arm numbers respectively, where pH = 3.9, the ionic strength I = 0.1 M 

and molar ratio of acrylic acid to 2-ethyl-oxazoline repeat unit was 1. 

When the concentration of PEtOx solution was 0.1mg/mL, the clear solutions 

of mixtures of PEtOx with star shaped PAA having two, three, four and six arm 

numbers were obtained at pH 3.9. 
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Figure 7.4: Dependence of arm number of poly(acrylic acid) to 2-ethyl-2-oxazoline 

repeat unit on Tcp of poly(2-ethyl-2-oxazoline), where the concentration of polymer 

was 0.1 mg/mL, pH = 3.9 and ionic strengths I = 0.1 M and 0.2M respectively. 

 

The effect of increase of ionic strength from 0.1M to 0.2M on Tcp of PEtOx 

and its 1:1 complex mixtures with PAA-2, PAA-3, PAA-4 and PAA-6, when the 

concentration of polymer was 0.1 mg/mL, has been shown in figure 7.4. It can be 

observed that the Tcp decreases with increase in ionic strength. The Tcp for pure PEtOx 

has been decreased from 63 
0
C to 57.6 

0
C while, for the complex mixtures, the Tcp has 

been declined further to 51.1 
0
C for PAA-2, 47 

0
C for PAA-3, 45.9

0
C for PAA-4 and 

44.8
0
C for PAA-6 respectively. This decrease in Tcp in high ionic strength solution 

points towards the poor thermodynamic quality of solvent with respect to polymers 
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that causes an increase in the strength of interaction between homopolymer 

segments,
[28]

 as well as enhancement in the association ability of the PEtOx with star 

PAA specially for PAA-6. The hydrophobic hydration of ethyl side chains of PEtOx 

was increased due to the solvation of salt ions.
[29]

 Similar results have been reported 

by Staikos et al.
[30]

 and Moharram et al.
[31]

 They have found that an increase in the 

ionic strength of solution has favorable effect upon poly(acrylic acid)-

poly(acrylamide) interpolymer association. 
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Figure 7.5: Temperature dependences of transmittance at 500 nm obtained for 1 

mg/mL of poly(2-ethyl-oxazoline) in buffer solution with star shaped poly(acrylic 

acid) having two (PAA-2), three (PAA-3), four (PAA-4) and six (PAA-6) arm 

numbers respectively, where pH = 4.2, the ionic strength I = 0.1 M and molar ratio of 

acrylic acid to 2-ethyl-oxazoline repeat unit was 1. 

 

Figure 7.5 illustrates the effect of arm number on the phase transition behavior 

for 1:1 complexes of PEtOx with PAA-2, PAA-3, PAA-4 and PAA-6 respectively, 

when the concentration of polymer was 1mg/mL, pH of the solution was 4.2 and ionic 

strength was 0.1 M. When the concentration of polymer mixtures has been increased 

from 0.1 mg/mL to 1 mg/mL, the critical pH value has also been shifted to higher pH 

region from 3.9 to 4.2. This observation is in agreement with the results reported by 
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Mun and co-workers.
[28,32]

 They found that an increase in polymer concentrations for 

the complex mixtures of PAA with poly(vinyl ether of diethylene glycol)
[28]

 and 

poly(ethylene oxide)
[32]

 shifts the critical pH to higher values respectively. 

Furthermore, they have mentioned in many reports that in aqueous solutions, higher 

critical pH value corresponds to higher complexation ability of poly (acrylic acid) and 

nonionic polymers.
[33-40] 

As compared to figure 7.3, the Tcp of PEtOx homopolymer has been shifted 

down from 63
o
C to 56.9

o
C by increasing the concentration and pH of the solution. 

After complexation with PAA-2, the Tcp of PEtOx is significantly reduced to 33.4
o
C 

from 56.9 
o
C for pure PEtOx, therefore depicting a stronger association between the 

two polymers. Earlier Hu et al.
[41]

 has observed the similar trend in the phase 

transition behavior of hydroxypropylcellulose (HPC) in presence of PAA. They found 

that the LCST value of HPC was significantly reduced after adding 1 wt % of PAA 

into HPC solution. Hydrogen bonding was attributed as the main driving force for this 

phenomenon, which may utilize many hydrophilic moieties of polymer chains and 

thus increasing its hydrophobic character.  

In the case of PAA-3, there is a slight increase in Tcp (33.7
 o

C)  as compared to 

PAA-2 (33.4
 o

C), but later on for PAA-4 and PAA-6 the Tcp decreases further  to 32.9
 

o
C and 28.5

 o
C  respectively, with increase in arm number. For star PAA with two, 

four and six arm numbers, the formation of hydrogen bond between the COOH group 

of polyacids and carbonyl oxygen of PEtOx along with stronger hydrophobic 

interactions may limit the accessibility of water to the polymer chains, resulting in an 

increase in the hydrophobic character of the PEtOx linear chains and Tcp decreases.  

On the other hand, the reason for a slight shift in Tcp to higher value for PAA-3 as 

compared to PAA-2 can be ascribed to the increased hydrophilicity and enhanced 

solubility introduced by the complexation of three arm star PAA in the solution. The 

PAA-3 complex might not be so compact as compared to PAA-2 complex.  
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Figure 7.6: Dependence of arm number of poly(acrylic acid) to 2-ethyl-2-oxazoline 

repeat unit on Tcp of poly(2-ethyl-2-oxazoline), where the concentration of polymer 

was 1 mg/mL, pH = 4.2 and ionic strength I = 0.1 M and 0.2M respectively. 

 

The combined effect of ionic strength on the Tcp of pure PEtOx and its 

complexes with poly(acrylic acid) having different arm numbers at pH 4.2 has been 

summarized in figure 7.6. As compared to figure 7.5, when the ionic strength is 

increased from 0.1 M to 0.2 M, the Tcp of pure PEtOx has been decreased from 56.9 

o
C to 50.1

o
C, because the thermodynamic quality of the solvent deteriorates here for 

homopolymer chains.
[28]

 However, the effect of ionic strength on all the complex 

mixtures of PEtOx with PAA-2, PAA-3, PAA-4 and PAA-6 depicts opposite trend as 

compared to pure PEtOx. For instance, the Tcp suffers a shift of about ~ 4 to 6 
o
C to 

higher values with doubling the ionic strength. It can be seen from the figure 7.5 that 

after complexation the Tcp of PAA-2 has been increased from 33.4 
o
C to 38.4 

o
C, for 

PAA-3 from 33.4 
o
C to 39.3 

o
C, for PAA-4 from 32.9 

o
C to 38.8 

o
C and for PAA-6 

from 28.5 
o
C to 32.2 

o
C respectively. 
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For all these complex mixtures, at acidic pH 4.2, the increased ionic strength has 

unfavorable effect upon inter-polymer complexation process, resulting in the decline 

of interaction strength between the polymers and hence increases the Tcp values. It is 

anticipated that excess amount of salt ions screen the ion-dipole interactions between 

the carbonyl moiety of PEtOx and protonated carboxylic groups of PAA. Budtova et 

al.
[42-43]

 and Turro et al.
[44]

  have also noted the similar negative effect of increased 

ionic strength upon complexation of PAA with poly(vinyl alcohol)
[42]

, 

hydroxyethylcellulose
[43] 

and poly(acrylamide),
[44]

 respectively. This trend is opposite 

of what have been observed for the complex mixtures at pH 3.9 having the 

concentration of 0.1mg/mL (figure 7.4). Although for complex mixtures, the increase 

in ionic strength from 0.1M to 0.2M at a concentration of 1 mg/mL is enhancing the 

Tcp, but the values for Tcp are much lower and are in the range of physiological 

temperature (37
o
C) as compared with the polymer concentration of 0.1 mg/mL. In 

literature, many contradictory views are present about the effect of ionic strength 

upon the complexation of PAA with nonionic polymers. Many authors have 

mentioned that the effect of addition of inorganic salts on inter-polymer complexation 

is dependent upon several factors, notably the nature of non-ionic polymer 

participating in complexation, critical pH of the solution and the molecular weight of 

polymers
 
etc.

 [28, 29, 31, 41, 43,45 ]
 

In order to verify the phase transition behavior, we have also performed the laser 

light scattering (LLS) experiments on selected samples at the solution mixture 

concentration of 1mg/mL and the scattering angle (θ) was varied from 20˚ to 150˚ for 

static light scattering. LLS is one of the most sensitive technique in detecting the 

formation of large aggregates of hydrogen bonded inter-polymer complexes
[46]

, 

because the scattered light intensity (Is) is proportional to the square of the molar mass 

of a scattering object (M), i.e., Is α M
 2

. 
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 Figure 7.7: Temperature dependence of the scattered light intensity of poly(2-ethyl-

2-oxazoline) without the addition of poly(acrylic acid) and with the addition of two, 

three, four and six arm-star poly(acrylic acid), where the molar ratio of acid to 2-

ethyl-2-oxazoline unit is 1, C = 1 mg/mL, pH = 4.2 and ionic strength I = 0.1 M. 

 

Figure 7.7 describes the temperature dependence of the scattered light 

intensity of pure PEtOx solution and with the addition of 2, 3, 4 and 6-arm star poly 

(acrylic acid) at pH 4.2 and ionic strength of 0.1M. As expected, at lower 

temperatures, scattered light intensity is nearly a constant for all the solutions 

indicating the existence of individual polymer chains. At higher temperatures, the 

increase in scattered light intensity depicts the aggregation of the pure PEtOx as well 

as the mixtures of PEtOx with PAA-2, PAA-3, PAA-4 and PAA-6 respectively. The 

arrow in figure 7.7 shows how the Tcp is defined in the LLS experiments. It is clear 

that Tcp decreases with respect to pure PEtOx by the addition of star-shaped poly 

(acrylic acid)s. The values of Tcp of PEtOx, determined from LLS experiments 

without and with the addition of PAA-2, PAA-3, PAA-4 and PAA-6 are 55.2 
o
C, 31.9 

o
C, 32.3

 o
C, 31.0

 o
C and 28.0 

o
C respectively, which are a little smaller than that of 

turbidity measurements because of the sensitivity of LLS technique. 
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Figure 7.8: Temperature dependence of average aggregation number < Nagg >, of 

poly(2-ethyl-2-oxazoline) alone and  with the addition of two, three, four and six arm-

star poly(acrylic acid), where the molar ratio of acid to 2-ethyl-2-oxazoline unit is 1, 

C = 1 mg/mL, pH = 4.2 and I = 0.1 M. 

 

Figure 7.8 shows the temperature dependence of the average aggregation 

number < Nagg >, of PEtOx without the addition of star-PAA and with the addition of 

two, three, four and six arm-star poly(acrylic acid) in aqueous buffered solutions, 

having pH of 4.2 and ionic strength of 0.1M. <Nagg> is calculated from the ratio of the 

weight-average molar masses of the resultant aggregates to the individual polymer 

chains. Each data point was recorded after the temperature equilibrium was reached. It 

is obvious from the figure 7.8 that the average molar masses of the aggregates of 

PEtOx homopolymer chains as well as their complexes with star PAA are eight orders 

of magnitude higher than those of individual polymer chains. Therefore, the scattered 

light intensity from individual chains is insignificant as compared to bigger 

aggregates. However, as expected, the average aggregation number is equal to 1 for 

all the samples below their phase transition temperature. For every solution, when the 

temperature reaches to their respective Tcp, the aggregation number starts increasing 

gradually, and reaches its maximum by further increase in temperature above Tcp. The 
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< Nagg > of PEtOx complex with PAA-6 reaches ~2.8 × 10
8
, at a temperature of ∼28.5 

°C, which is about 5 times larger than that of PAA-2 complex ~ 0.5 × 10
8
 at a 

temperature of ∼33.8 °C. The < Nagg > of PEtOx alone, with PAA-3 and PAA-4  are 

~2.5 × 10
8
 , ~1.2 × 10

8
 ,and ~ 1.4 × 10

8
 respectively. Although the difference in 

<Nagg> for pure PEtOx and its complex with PAA-6 is small but apparently, by 

increasing the segment density of star PAA, the aggregation number of inter-polymer 

complexes has increased. 

7.1.2 At pH > pKa 

The effect of pH above the pKa value of PAA has also been investigated. 

When the pH is greater than pKa, due to partial ionization of carboxylic acid groups in 

to dissociated carboxylate groups, the ratio of unionized carboxylic groups of acid 

available for hydrogen bonding with proton accepting polymers become relatively 

less than the ionized ones. Only un-dissociated carboxylic groups (COOH) are 

capable of forming hydrogen bond with proton accepting moieties in the nonionic 

polymer chain.
[45] 

Therefore, partial ionization of PAA by pH manipulation provides 

an easy way to adjust the proportion of active and inactive sites for complexation.  

7.1.2.1 Effect of concentration and Ionic strength at pH > pKa 

Figure 7.9 illustrates the effect of arm number of star PAA on the Tcp of 

PEtOx with a polymer concentration of 0.1mg/mL at pH 7 and ionic strength of 0.1M. 

It can be seen from the figure that there is a slight change in the cloud point 

temperatures of complex mixtures as compared to pure PEtOx (63.7
 o

C). However, 

the complexation with PAA-2 has decreased the Tcp to 61.6
 o

C. The Tcp of complexes 

of PAA-3 (61.9
 o

C) and PAA-4 (62.1 
o
C) has shifted to higher values as compared to 

PAA-2. It is anticipated that the Tcp increase for these acids may be due to the 

adsorption of carboxylate ions present in the solution on the non-ionic polymer chain, 

as its carbonyl moiety is partially polarized, therefore inducing charge on it. Then the 

electrostatic repulsions between the adsorbed ions may be the dominant factor 

influencing the Tcp. Due to this charge, the hydrophilicity of the complexes would be 

increased and subsequently the Tcp shifts to higher temperature.
[45]

 Similarly, Staikos 

et al.
[47] 

has also observed an increase in the LCST value of  poly(vinyl methyl ether) 

(PVME) after complexation with PAA and mentioned the appearance of charge on 
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PVME chains due to attached carboxylate ions as a reason for  this effect. Moreover, 

for PAA-6, there is an apparent decrease in Tcp due to the predominance of the 

hydrophobic attractive interactions. 
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Figure 7.9: Temperature dependences of transmittance at 500 nm obtained for 0.1 

mg/mL of poly(2-ethyl-oxazoline) in buffer solution with poly(acrylic acid) having 

different arm numbers, where pH = 7, the ionic strength I = 0.1 M and molar ratio of 

acrylic acid to 2-ethyl-oxazoline repeat unit is 1. 
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Figure 7.10: Dependence of arm number of poly(acrylic acid) to 2-ethyl-2-oxazoline 

repeat unit on Tcp of poly(2-ethyl-2-oxazoline), where the concentration of polymer 

was 0.1 mg/mL, pH = 7.00 and ionic strength I = 0.1 M and 0.2M respectively. 

 

At pH 7, the combined effect of increase in ionic strength from 0.1M to 0.2M 

and arm number of star PAA on cloud point temperature of PEtOx has been 

summarized in figure 7.10. By comparing with figure 7.9, it can be noticed that the 

increase of ionic strength has decreased the cloud point temperature of pure PEtOx as 

well as its complexes with PAA-2, PAA-3, PAA-4 and PAA-6 to 60.8
 o

C, 58.9
 o

C, 

59.1
 o

C, 59.4
 o

C, and 57.9
 o

C respectively. The enhancement of ionic strength is 

exerting positive effect not only on the complex formation process; notably for PAA-

6, but also on PEtOx homopolymer chains. Similar pattern in shifting of cloud point 

temperatures for all samples can be observed at both ionic strengths. Same 

explanation could be assigned for decrease and increase of Tcp as mentioned above. 
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Figure 7.11: Temperature dependences of transmittance at 500 nm obtained for 1 

mg/mL of poly(2-ethyl-oxazoline) in buffer solution with poly(acrylic acid) having 

two, three, four and six arm numbers, where pH = 7, the ionic strength I = 0.1 M and 

molar ratio of acrylic acid to 2-ethyl-oxazoline repeat unit was 1 

The effect of concentration and arm number on Tcp of complexes at pH 7, when the 

ionic strength was 0.1 M has been shown in figure 7.11. Comparing with figure 7.9, at 

pH 7, when the concentration was increased from 0.1 mg/mL to 1mg/mL, the Tcp of 

pure PEtOx is shifted down to 58.0 
o
C from 63.7 

o
C. For the polymer complexes of 

PAA-2 (Tcp = 58.2 
o
C), PAA-3 (Tcp = 58.3

 o
C) and PAA-4 (Tcp = 58.4

 o
C), no obvious 

change in Tcp could be observed as compared to pure PEtOx. This means that 

topology of PAA does not seem to play a significant role for these complexes. It is 

anticipated that these PAAs are completely ionized at pH 7.0 and the ratio of 

unionized carboxylic groups (COOH) available for hydrogen bonding is far more less 

than the ionized carboxylate groups. The degree of complexation is much reduced and 

Tcp did not alter much. Bekturov et al.
[48]

 have also demonstrated the presence of 

critical number of unionized carboxylic groups to be essential for formation of stable 

hydrogen bonded complexes of PAA and poly(methacrylic acid) with poly(ethylene 

oxide)(PEO). Similarly Iliopoulos and coworkers
[49] 

had studied the complexation of 

series of PAA, neutralized to different degrees with PEO and poly( vinyl pyrrolidone) 
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and found that no complexation occurs even when less than 15% carboxylate sites are 

present in the PAA chain. However, after complexation with PAA-6, a major shift in 

Tcp of PEtOx to a lower value could be observed from figure 7.11 i.e. the Tcp has been 

decreased from 58.0 
o
C to 51.5 

o
C. Strong hydrophobic interactions are anticipated to 

be responsible for this decrease in cloud point temperature. 
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Figure 7.12: Dependence of arm number of poly(acrylic acid) to 2-ethyl-2-oxazoline 

repeat unit on Tcp of poly(2-ethyl-2-oxazoline), where the concentration of polymer 

was 1 mg/mL, pH = 7.00 and ionic strength I = 0.1 M and 0.2M respectively. 

 

It can be observed from figure 7.12 that at pH 7, the Tcp of the pure PEtOx 

without acids has been decreased from 58.0 
o
C to 52.3 

o
C with an increase in ionic 

strength of solution from 0.1M to 0.2M. It might be due to the strong segment-

segment interactions of homopolymer chains in a solution of high ionic strength. At 

pH 7 having an ionic strength of 0.2 M, only a slight change in the cloud point 

temperature occurs for the complexes of PAA-2 (Tcp= 51.8 
o
C), PAA-3(Tcp = 51.9

 o
C) 

and PAA-4(Tcp = 52.2
 o

C) as compared to PEtOx alone. However, only for PAA-6, 

the Tcp shifts down considerably from 52.3 
o
C to 47.8 

o
C possibly due to increased 
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hydrophobic interactions in a solution of high ionic strength. At pH 7, an 

enhancement in ionic strength is favoring the complexation process here. 
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Figure 7.13: The hydrodynamic radius distribution f(Rh) of poly(2-ethyl-2-oxazoline) 

solution at different temperatures without the addition of poly(acrylic acid), where the 

CPEtOx = 1 mg/ mL, pH = 7.0, I = 0.1 M and θ = 20
o
. 

 

Figure 7.13 shows the hydrodynamic radius distribution of PEtOx 

homopolymer solution at pH 7.0 and an ionic strength of 0.1 M, measured at an angle 

of 20
o
. It can be observed that at a temperature of 56.3 

o
C which is lower than the Tcp, 

only one narrowly distributed peak, located at 12 nm is present. It indicates that the 

homopolymer chains are present at this temperature. When the temperature reaches to 

56.7 
o
C the position of the peak at 12 nm suffers a small shift to the direction of 

smaller Rh (~ 10 nm), indicating the collapse of single PEtOx polymer. A new peak 

located at 106 nm appeared due to the formation of aggregates of the PEtOx polymer 

chains. With the further increase in temperature to 57.0 
o
C, the smaller peak shifts 

further to the left (Rh ~ 9 nm) and the peak at 106 nm shifts to the right with (Rh ~ 115 
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nm). When the temperature reaches to 57.3 
o
C the smaller peak located at 9 nm 

disappears because all the individual PEtOx chains form aggregates and <Rh> of the 

aggregates becomes larger ~ 235 nm. 

40 45 50 55

0.00

0.02

0.04

35 40 45 50

0.00

0.02

0.04

 

 Polymer control

 PAA-6

Temperature / 
o

C

In
te

ns
ity

 /a
.u

.
C = 1mg/ml

pH = 7

I   =  0.2M

 

 PEtOx alone

 PAA-6

Temperature / 
o

C

In
te

ns
it

y 
/a

.u
.

C = 1mg/ml

pH = 7

I = 0.1M

T
cp

 

Figure 7.14: Temperature dependence of the scattered light intensity of poly(2-ethyl-

2-oxazoline) alone and with the addition of six arm-star poly(acrylic acid) where the 

molar ratio of acid to 2-ethyl-2-oxazoline unit is 1, C = 1 mg/mL, θ = 20
o
, pH = 7.0, I 

= 0.1 M and 0.2M (inset) respectively.  

 

Figure 7.14 summarizes the comparison of temperature dependence of scattered 

light intensity of PEtOx and its complex with PAA-6 at neutral pH with different 

ionic strengths. It could be observed that at an ionic strength of 0.1M, the Tcp for pure 

PEtOx (56.5 
o
C) decreases with the addition of PAA-6 (51.2 

o
C). Similarly, the inset 

shows that at pH 7, by increasing the ionic strength from 0.1M to 0.2M, the Tcp 

decreases further for both the PEtOx (51.0 
o
C) and its complex mixture with PAA-6 

(45.9 
o
C). The values of Tcp obtained from LLS experiments are although a little 

smaller, but well complement the values obtained from turbidity measurements. It can 

be seen from figure 7.14 that at temperatures lower than the Tcp, scattered light 
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intensity remains almost constant, indicating the existence of individual polymer 

chains. In the higher temperature range, the scattered light intensity increases, 

corresponding to the aggregation behavior of pure PEtOx homopolymer chains as 

well as its complex with PAA-6.  
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Figure 7.15: Temperature dependence of the specific heat capacity (Cp) of poly(2-

ethyl-2-oxazoline) and its complexes with two, three, four and six arm-star 

poly(acrylic acid) where the molar ratio of acid to 2-ethyl-2-oxazoline unit is 1, C = 1 

mg/mL, pH = 4.2 and I = 0.1 M. 

 

Figure 7.15 shows the temperature dependence of the specific heat capacity 

(Cp) of PEtOx alone, and its complex mixtures with poly(acrylic acid) having two, 

three, four and six arms at pH 4.2 and an ionic strength of 0.1M. The cloud point 

temperature is taken as the onset of phase transition temperature. It can be observed 

that for pure PEtOx a rather narrowly distributed peak is obtained with an onset of 

phase transition at 58.2 
o
C. However after complexation with star-shaped poly(acrylic 
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acid)s, more broader peaks are formed and the value for Tcp has decreased for all the 

complex mixtures as compared to homopolymer PEtOx chains, depending upon the 

arm number of star-shaped poly(acrylic acid)s. For instance, the Tcp for PAA-2 

complex mixture has been shifted to 39.7 
o
C, for PAA-3 to 45.8 

o
C, for PAA-4 to 39.1

 

o
C and for PAA-6 to 36.9 

o
C. Although the phase transition temperatures observed 

from ultra-sensitive micro-calorimetry are higher than obtained from turbidity and 

laser light scattering experiments, but still these results support the trend observed 

from the former. 
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Figure 7.16: Temperature dependence of the specific heat capacity (Cp) of poly(2-

ethyl-2-oxazoline) and its complex mixture with six arm-star poly(acrylic acid), 

where the molar ratio of acid to 2-ethyl-2-oxazoline unit is 1, C = 1 mg/mL, pH = 7.0 

and I = 0.1 M. 

 

The temperature dependence of the specific heat capacity (Cp) of PEtOx alone, 

and its complex mixture with PAA-6 at pH 7.0 and an ionic strength of 0.1M has been 

illustrated in figure 7.16. The value of Cp has been decreased after complexation with 

PAA-6. The phase transition temperature for pure PEtOx (60.2
 o

C) has also been 
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shifted down to 56.7 
o
C, therefore complementing the LLS and turbidity 

measurements. 

 

 

7.2 Conclusions 

In this study, effect of the arm number of star-shaped poly(acrylic acid) on the 

cloud point temperature of PEtOx has been investigated at two different 

concentrations, pH and ionic strengths. The effect of complexation on the shifting of 

Tcp values seems to be dependent upon different parameters among which pH, ionic 

strength of the solution as well as the architecture should play an important role. The 

pH variation influence the number of unionized and complexible acid sequence and 

may impose conformational changes in the star-PAA chains and therefore strongly 

alter their association ability. At acidic pH, as the carboxylic acid groups are 

protonated, all star poly(acrylic acid)s  with different arms are capable of developing 

H-bonding with carbonyl moiety of poly(2-ethyl-2-oxazoline) and therefore affect its 

cloud point temperature. The cloud point temperature decreases with increase in arm 

number for 2-arm star, 4-arm star and 6-arm star PAA. Six-arm star PAA has shifted 

the Tcp of PEtOx to the lowest value indicating strongest interaction between two 

polymers. The reason for this decrease has been attributed to the hydrogen bonding as 

well as the hydrophobic interactions. At pH = 4.2, when the ionic strength of the 

solution has been increased from 0.1M to 0.2M, the cloud points of the complexes has 

shifted to higher values indicating a negative effect upon complexation. 

At neutral pH, the anionic character of the star-polymer increases due to partial 

ionization of carboxyl groups in to carboxylate groups, and their hydrogen bonding 

ability is considerably decreased. For  pH= 7, only for six-arm star PAA complex, the 

observed cloud points show dependence on the architecture, probably due to the 

stronger hydrophobic interactions. For all other polyelectrolyte samples like PAA-2, 

PAA-3 and PAA-4, star topology does not seem to play a significant role. However, 

at pH=7 the increase in ionic strength from 0.1M to 0.2M further decreased the cloud 

point temperatures to lower values, depicting favorable effect upon inter-polymer 

association. At both pH values, as the hydrophobic interactions play a considerable 
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role in stabilization of IPCs, therefore these complexes are of higher stability in a 

wide temperature range. 

Stable aggregates of nanometer size are formed by all star polyelectrolytes in the 

entire temperature range of study. Such complex polymeric structures having unique 

morphologies are rather promising for designing nano-containers for biologically 

active compounds. 
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Chapter8 

Conclusions and Future Work 

This thesis concerns with a thermosensitive polymer, poly(2-ethyl-2-oxazoline) 

and affect on its cloud point temperature after its interaction with low molar mass 

carboxylic acids and with star-shaped poly(carboxylic acid)s. 

The research has been divided in to three main parts: Firstly the hydrodynamic 

properties like hydrodynamic radius (Rh,0) and sedimentation coefficient (S20,w) of a series 

of narrowly distributed linear poly(2-ethyl-2-oxazoline) (PEtOx) with different molecular 

weights have been studied in aqueous medium. It was found that Rh,0 and S20,w scale with 

molecular weight (Mw) as   012.0539.0

0,0, 0179.0  wwRh MnmMKR
h


and 

  019.0462.0

,20 0071.0  wwsw MSMKs 
, respectively, showing that PEtOx polymers adopt a 

random coil conformation in aqueous solution. These relationships between Rh, S20,w,  and 

molecular weight of PEtOx are important as these could help us to explain the effect of 

PEtOx on the interaction between cells and proteins. Polyethylene glycol (PEG) is one of 

the most widely used polymer in biomedical field due to its nontoxic and biocompatible 

nature. Due to its extensive use scientists are looking for suitable alternatives. Our 

findings indicate that Scale index  for PEtOx is similar to that for PEG, implying that 

both of two polymers adopt the same conformation in water. In future, we can replace 

PEG by PEtOx which has the same hydrodynamic radius. Also, the scaling laws could 

provide a direction for choosing PEtOx polymer with appropriate molecular weight in its 

pharmaceutical applications. 

In the second part, the carbon chain length dependence of cloud point temperature 

(Tcp) of complexes of monocarboxylic acids with linear PEtOx as a function of pH, ionic 

strength and molar ratio of acids to 2-ethyl-2-oxazoline repeat unit was investigated. The 

Tcp of complexes varies depending upon the alkyl chain length, molar ratios of acids to 2-

ethyl-2-oxazoline repeat unit, pH and ionic strength of the system. In light of our 

findings, use of PEtOx for biomedical applications in an environment containing 

carboxylic acids in future research needs special attention because of their effect on the 
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Tcp. Furthermore, effect of complexation of PEtOx with low molecular weight 

dicarboxylic acids on its cloud point temperature at physiological pH values is a part of 

our future projects. This systematic study is worth investigating because of presence of 

these acids in human body.  

Third main part deals with the effect of arm number of star shaped poly(acrylic 

acid) on the cloud point temperature of poly(2-ethyl-2-oxazoline) as a function of pH, 

ionic strength and concentration. All star poly(acrylic acid)s  with different arms interact 

with carbonyl moiety of poly(2-ethyl-2-oxazoline) through hydrogen bonding and 

therefore affect its cloud point temperature. Six-arm star poly(acrylic acid) has shifted the 

Tcp of PEtOx to the lowest value indicating strongest interaction between two polymers. 

Our findings point to the formation of water-soluble nano-sized complex core-shell type 

structures, where these supposed structures have a relatively hydrophobic core and a 

hydrophilic shell. Our results about different topology could contribute for the functional 

variation of PEtOx-based polymeric micelles to be used in nano-biomedical applications. 

Similar trends could be expected in inter-polymer complexation between other 

biologically important thermosensitive polymers and the polymers having nonlinear 

topology. Such complex macromolecular structures resulted by simple mixing of aqueous 

solutions of corresponding polymers seems to be rather promising for various 

applications like targeted drug delivery, non-viral gene delivery systems, design of nano-

containers for biologically active compounds, catalysis etc.  

In our forthcoming research, we also aim to explore the effect of complexation of 

star-shaped poly(acrylic acid)s and chitosan on antibacterial and antifungal activities and 

have got some positive results. 
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