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Preface

The thesis deals with study of interactions in macromolecular (part I) and
supramolecular (part II) systems. In macromolecular section the properties of
poly(vinyl methyl ether) as a representative of thermoresponsive polymers is
investigated from different points of view. In the second, supramolecular, section the
solvatochromism and anion binding abilities of two porphyrin derivatives are
studied. Each part has its own introduction, experimental, results and discussion and
conclusions. In the end of the thesis there are references followed by list of

publications.



Introduction I

1 Introduction I

1.1 Introduction to stimuli-responsive systems

The investigation of physical properties of so-called “smart” polymer systems has
attracted a great deal of attention both theoretical and experimental. It is now well
established that such stimuli-responsive systems, especially water swollen networks
— hydrogels [1], undergo a volume phase transition (collapse) induced by a small
change in external parameters like temperature, solvent composition, pH, etc. This
phenomenon was experimentally discovered for polyacrylamide gels (collapse
induced by a change in solvent composition) almost 30 years ago [2]. At the
collapse, the gel volume can decrease 10-1000 times. Collapse was usually
interpreted as a first-order phase transition [3] but there are also studies claiming that
this is rather a second-order transition [4].

It is also well known that some synthetic polymers, such as poly(vinyl methyl
ether) (PVME), with amphiphilic character in aqueous solutions exhibit a lower
critical solution temperature (LCST) behaviour. They are soluble at low temperatures
but heating above the LCST results in phase separation which is especially at
polymer concentrations ¢ > 1 wt% macroscopically manifested by milk-white
turbidity of the solution [5,6]. On the molecular level, both temperature-induced
phase separation in solutions and similar volume phase transition (collapse) in
crosslinked hydrogels are assumed to be a macroscopic manifestation of a coil-

globule transition.
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W. Stockmayer [7] was the first who predicted, in 1959, that if the attraction
between monomers becomes stronger than attraction between monomers and solvent
molecules, the polymer undergo a phase transition of the same sort as the transition
from gas to liquid. Segments of the polymer "condense on to themselves" and instead
of a loose coil the system ends up with a "dense drops" - a polymer globule [8].

Terms "polymer globules" and "coil-globules transition" came into polymer
field from molecular biophysics. Some of the most important biological polymers —
protein enzymes — usually appear in living cells in globular form. If something
happens to the solvent surrounding the proteins (it gets overheated, or the contents
are disturbed), the proteins may be denatured. In other words, they lose all their
biochemical activity. Denaturation of proteins usually implies a dramatic change in
shape and it is accompanied by a strong absorption of heat. The first scientists who
worked on coil-globule transition were inspired by the thought that it might shed
some light on the denaturation of proteins. It seemed quite plausible that when
denaturation occurred, the dense globular structure would be destroyed and the
protein would take on the shape of a coil. Only later did it turn out that there is no
straightforward analogy between coil-globule transition and protein denaturation.
However, the coil-globule transition was quite extraordinary and exciting in its own
right. The studies have expanded, covering all kinds of polymers. A globular state
has been discovered for many other systems. Not only proteins, but also DNA
molecules and macroscopic polymer networks, for example, can have a globular
structure.

The phase transition is probably associated with the changed balance between
various types of interactions, mainly hydrogen bonds and hydrophobic interactions
[6]. Their thermosensitivity, or generally their ability to react on the change in
various external stimuli, makes these systems interesting for possible biomedical and
technological applications such as actuators, sensors, valves, switching device etc
[1,9,10]. The fact that the LCST of some polymers is near to human body

temperature makes them viable as drug release systems [11-13].
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1.2 Phase separation

1.2.1 Liquid-liquid phase separation

It is well known that the system consisting of two partially miscible liquids (i.e.
liquids that do not mix in all proportions and at all temperatures) can exhibit critical
solution temperature behaviour. Suppose that a liquid B is gradually added to another
liquid A4 at a certain temperature 7* (Figure 1). The molar ratio xz of the liquid B is
gradually rising. When a small amount (up to xp;) of the liquid B is added, it
dissolves completely, and the binary system remains a single-phase. When more B is
added, there comes a state (at xz) when B is no longer dissolved. The sample now
consists of two phases being in equilibrium with each other. Further addition of B
(the molar ratio between xp; and xp;) results in a slight dissolving of 4 in B (the
amount of one phase increases at the extent of another). And finally, the system
reverts again into the single phase (over xz;) when as much of B is present so that it

dissolves all the 4 [14,15].

\ Two liquid phases /

One liquid phase -

0 «x x 1

B1 - B

Figure 1. Temperature-composition phase diagram for liquid mixture with LCST
behaviour.

Whether the system consists of one or two phases could be also influenced by

temperature (Figure 1). There are two types of critical liquid mixtures behaviour:



Introduction I

lower (LCST) and upper (UCST) critical solution temperature behaviour. The UCST
is the highest temperature at which phase separation occurs. Above UCST the two
components are fully miscible. This temperature exists because the greater thermal
motion overcomes any potential energy advantage in molecules of one type being
close together.

Our attention, in this thesis, will be focused precisely on the lower critical
solution temperature (LCST) behaviour of poly(vinyl methyl ether) (PVME). LCST
behaviour is reflected so that two components are fully miscible below critical
temperature (71c) while above they form two phases (Figure 1). In this case, at low
temperatures the two components are miscible since they form a weak complex (e.g.
stabilized by amphiphilic interactions, hydrogen bonding, van der Waals
interactions) while at higher temperatures the complexes break up and the

components are separated.

1.2.2 Phase separation in polymer solutions

An analysis of a classical Flory-Huggins equation of swelling equilibrium of polymer
networks led to results that under suitable conditions in a network two polymeric
phases may coexist. These phases have different conformation of chains and
concentration of segments. A small change in the polymer-solvent interactions,
which may be given by a change in the external parameters, for example, by
temperature or composition of solvent, then leads to a pronounced change in the
degree of swelling of the gel. This phenomenon (collapse) shows the character of the
first-order phase transition [16-18]. Later, it was experimentally discovered by
Tanaka [19]. He used networks of polyacrylamide diluted in a mixture of acetone
and water. In these experiments, the temperature was not varied. The interactions
between polymer and solvent are changing if some extra acetone was poured into the
solution since acetone, in contrast to water, is a bad solvent for polyacrylamide. It
was found that at 42 vol% of acetone, the network collapses suddenly and its volume
drops by a factor of nearly 20 (Figure 2). Later experiments showed that for the
occurrence of the collapse, the presence of charges on the chains seems to be

necessary [20].
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Figure 2. The volume of a polyacrylamide network in a mixture of acetone and
water, as a function of the volume percentage of acetone. V) is the volume that the
network had when prepared. (The figure is taken from Ref. [19].)

The connection between collapse in hydrogels and phase transition in
polymer solutions originates from the same phenomenon — coil-globule transition.
The idea of coil-globule transition on molecular level is that above LCST, polymer
chains undergo an intramolecular phase transition from expanded coil state to the
compact globular structure. During the crossing of critical temperature there is a
change in interactions between polymer and solvent characterized as shift from good-
solvent behaviour to poor-solvent behaviour. Good-solvent behaviour occurs when
polymer segment-solvent contacts are more favoured than segment-segment contacts.
If the attraction between the segments becomes sufficiently large the polymer will
separate to a globule whose density is close to that of dry polymer [21]. The
temperature at which this occurs is close to the § temperature - the temperature at
which the attractive forces just balance the excluded volume forces. A more precise
definition of the € temperature is the temperature at which the second virial
coefficient of the osmotic pressure vanishes [22]. It is commonly supposed that at the
@ point the polymer has its random coil dimensions. For a given solution above its 6
temperature, where the attractive forces between polymer segments predominate,
polymer-polymer contacts can increase by two different mechanisms: the contraction
of the individual chains (intramolecular condensation) or the interpenetration of
different chains (intermolecular condensation). If only one chain is present in the
solution, it would separate to a globule; in a solution of finite concentration of

polymer, chain contraction and aggregation will be competitive processes and phase
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separation could occur either by coalescence of globules or the aggregates made up
of interpenetrating chains. The phase separation has been proven to be rather close to
the point of intermolecular condensation at which the polymer aggregates.
Fundamentally, two different approaches have been developed [23]: the simplest
Flory-type models [22,24] and the more rigorous Lifshitz-type model [25]. These
models will be discussed in following subsection.

Since we focus in this work on PVME in D,0O/ethanol mixtures, the segment-
segment and segment-solvent interactions should be specified closely at this point.
The LCST of PVME in water is about 35 °C [6,26-28]. PVME structure contains the
hydrophilic (ether oxygen) and hydrophobic part (mainly methyl group), which play
an important role in interactions with the solvent (cf. Figure 3 in subsection 2.1). The
segment-solvent interaction is manifested as a hydrogen bond between ether oxygen
and hydroxyl hydrogen of water or ethanol while segment-segment interaction has its
origin in hydrophobic effect (the tendency of nonpolar groups to associate in aqueous
solutions). The hydrogen bonds are very sensitive to temperature changes. Therefore,
the fragile stability between hydrophilic and hydrophobic interaction can be easily
break by heating above 35 °C. The hydrophobic interactions start to predominate and

the globules are formed.

1.2.3 Theoretical approach to coil-globule transition

As it was mentioned above, there are two approaches for theoretical study of coil-
globule transition. In following text, the construction based on Flory’s approximate
arguments is presented and some remarks, regarding the Lifshitz consistent
approach, are mentioned in the end.

The collapse from coil to globule of a single polymer chain was treated as a
transition from the regime where attractive interactions between solvent molecules
and monomeric units are dominant to the regime where attractive interactions
between monomers are dominant [22,24]. The Gibbs free energy of a swollen coil
consists of the sum of two terms:

G(@)=G,()+G,,(a), (1
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where o is a scalar order parameter of the macromolecule, so-called collapse ratio,
and reflects size of the chain. The parameter a satisfies inequality 0 < o < 1. The first
term G./(a) is the elastic entropy contribution to the free energy associated with
stretching the coil by the factor a, G.(a) = —TS(a). Ptitsyn et al [24] estimated this
term under the assumption that Gaussian statistics is valid for both coil and globular

states and obtained:
G, () :%RT(az ~Ina?). )

The second term G, (o) in equation (1) is the energy of the monomer
interaction in the coil. It includes both monomer-monomer and monomer-solvent
interactions. When the bonding of monomer in the chain is neglected, the
approximate relation similar to the van der Waals equation for real gases was
proposed [24]:

G, ()= —M - NRTln(l - &j , 3)
2V 2V

where N is the number of statistical segments in the chain, » is the volume excluded
by each statistical segment to other segments, U is an energy gain that each statistical
segment gives with respect to the contacts between statistical segments and solvent
molecules, z is the coordination number, V = o’V,, where V, is the volume of the
macromolecule at the 6 temperature when the segment-segment and segment-solvent
interactions are equal and the chain has unperturbed dimensions.

Since the two terms were expressed the minimization of the total Gibbs free
energy G(a) as a function of o should be next step. The condition for a minimum,
0G(a) / 6a.=0, leads us to the equilibrium value of a. After substituting for the
derivative, we have the equation

o’ —a’=q+pa”, 4)
where ¢ is a measure of the interaction between two statistical segments, while p is a
measure of the interaction between three statistical segments. The equation
determines the size of a coil, R = aN' °I where [ is Kuhn length, as a function of two
characteristic parameters, ¢ and p. The analysis of this problem also shows that the
parameters g and p correspond to particular system characteristics. Parameter ¢ can

be related to the temperature (the range ¢ < 0 corresponds to the temperature 7 < 6,

10
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and ¢ > 0 corresponds to 7> 0). Parameter p depends on the osmotic third virial
coefficient, and the study of this coefficient for different types of monomer has
shown that p parameter, basically, describes the rigidity of the polymer chain.
Generally it can be concluded that the collapse ratio a is a function of temperature,
solvent quality and polymer chain rigidity. The fact that in the thermodynamic limit,
the coil-globule transition may be either of the first- or of the second-order,
essentially depends on whether the thickness-to-length ratio of a statistical segment
(rigidity) of polymer is below or above some limiting value.

Lifshitz and co-workers [25], by solving a nonlinear Schrédinger-type
equation, were able to calculate the density distribution of monomers inside a
spherically symmetric globule showing that the distribution depends only on [(7—
0) / ] N'2. For rigid and semi-rigid polymer chains the Gibbs energy exhibits two
minima near the transition point 6, as expected for a first-order transition. They also
showed that at the transition point, the temperature derivative of the Gibbs energy
has a jump proportional to N*?. This jump corresponds to the latent heat associated
with ordinary first-order phase transitions. For flexible polymer chains the transition
is smooth and looks like a second-order phase transition. In such a way both Flory-
type and Lifshitz-type approaches lead to the similar conclusions about the nature of

the coil-globule transition in macromolecular system.

1.3 PVME studies overview

A study of phase separation in polymer solutions using various methods is
widespread. The overview of PVME studies is presented in following text.
Interaction of water (H,O) with PVME solutions of different concentration
was studied by H. Maeda [29] by near-infrared spectroscopy. The changes in water
band were characterized by the change in its wavelength of maximum absorbance.
From the concentration dependence of water peak wavelength three different regions
of water behavior were found. Region-III (at highest polymer concentrations) is
characterized by a cooperative polymer-water complex, involving hydrogen bonding
of water to oxygen atoms of the polymer. The region-II (intermediate concentrations)

also appears to be formed a hydrogen-bonded water clusters around hydrophobic

11
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groups. Free water appears only in region-I at the lowest polymer concentrations.
This can be interpreted as a cooperative collapse of the hydrogen-bonded water
structure to free water, resulting in the aggregation of the polymer chains due to the
exposure of their hydrophobic groups at the cloud point.

Horne et al [27] investigated the effect of different types of alcohols on the
cloud point temperature of PVME. Concentration of some alcohol in water/alcohol
mixtures shifts significantly the cloud point temperature. It was found that propanol
has little effect on cloud point whereas lower molecular weight alcohols (methanol,
ethanol) stabilize the hydrogen bonds and shift slightly the cloud point towards
higher temperature. Higher molecular weight alcohol, n-buthanol, destabilize the
interactions in system and decreases strongly the cloud point temperature.

In IR spectroscopic study of PVME aqueous solution done by Y. Maeda [30]
it was found that below LCST, the hydrophilic ether oxygens on the polymer makes
hydrogen bonds with water molecules, which overcomes the unfavorable decrease in
entropy of water due to a formation of an iceberg structure around the hydrophobic
moiety and stabilizes the solution. With increasing temperature, the hydrogen bonds
of the ether oxygens are broken and apolar groups are concomitanly dehydrated in
the transition region from ca. 33 to 40 °C. Above the temperature region, the
hydrophobic interaction between apolar moieties becomes dominant and induces
separation of polymer chains from solvent (water). PVME concentration dependence
of the position of IR bands shows that the methyl groups are more dehydrated than
the ether oxygen at higher water/monomer ratios.

Aseyev et al [31] were investigating the PVME in dilute aqueous solutions
below 0.25 g/l above LCST using several methods such as dynamic, DLS, and static,
SLS, light scattering and high sensitivity differential scanning calorimetry (HS
DSC). They found that particles (globules) are spherical and have very narrow size
distribution. The size of formed particles depends on the initial concentration and the
heating rate of the solution and it is not significantly affected by the molar mass of
individual macromolecules. Once being formed, the particles neither precipitate nor
disintegrate upon dilution. The size of globules did not change at least for several
weeks, showing the absence of any significant association of globules. In the

thermodynamically poor solvent, individual macromolecules associate decreasing the

12
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overall entropy of the solution. Aggregation stops when the entropy loss balances the
potential energy of a new meta-stable state at elevated temperature. Narrow size
distribution of the globules also suggests entropic origin of the intermolecular
association. The stability of the dispersion upon dilution at 50 °C and zero value of
the osmotic second virial coefficient indicate that the surface of the particles at
temperatures above the LCST may possess a hydrophilic character. The
macromolecules self organize and build up particles with the polar groups turned
towards the surrounding aqueous phase.

Modulated-temperature scanning calorimetry (MT DSC), DSC and IR
spectroscopy measurements on PVME/water systems [32-34] revealed the following.
A larger nonreversing heat flow contribution is found upon cooling, indicating a
slower undergoing transition upon cooling than upon heating. Solutions with high
PVME concentration (> 60 wt%) do not show crystallization and melting of water.
This abrupt change in crystallization and melting behaviour is related to the vicinity
of the glass transition temperature (ca. -25 °C) generating a dramatic slowing down
of the nucleation rate. This effect at higher polymer concentration has nothing to do
with the formation on molecular complexes between PVME and water. Below -20
°C, in solution with 30 wt% of PVME, two types of ice was found. One is formed by
free water and the other is formed by frozen bound water. IR data show that there are
no hydrogen bonds between water molecules and polymer groups.

Micro-Raman spectroscopic investigation [35] of PVME/water/alcohol
ternary mixtures showed that transition temperature monotonically increase with
increasing fraction of alcohol (methanol and ethanol). Because acceptor number for
hydrogen bonding of MeOH is the highest among the alcohols examined (methanol,
ethanol, 2-propanol, t-butanol) in their work, it can form the strongest hydrogen bond
with the oxygen atom of PVME. The obtained results also suggest that association
between the alcohols and PVME is mainly driven by hydrophobic interaction. More
hydrophobic alcohols associate with PVME easier, raise the hydrophobicity of
PVME, and finally reduce the transition temperature to a larger extent.

Recently, 'H NMR spectroscopy was employed for study of temperature-
induced phase separation in PVME/D,0O solutions and gels [36]. A similar behaviour

was found for linear and crosslinked systems, indicating the formation of rather

13



Introduction I

compact globular-like structures during the phase transition, which are colloidally
stable in solution. "H NMR relaxation measurements revealed that a certain portion
of water molecules are bound at elevated temperatures in PVME globules in
semidilute and concentrated solutions (¢ = 2-10 wt%) [37-39]. With time this bound
water is slowly released from globular-like structures, the releasing process takes
~24 hrs. This finding implies that most existing studies of the phase separation in
semidilute or concentrated PVME aqueous solutions deal in fact with metastable
state where globular-like structures still contain bound water. On the contrary,
dehydration of PVME chains is rapid in dilute solutions [39]. A slow exchange and
relatively weak hydrogen bonding were found from the position of the separate NMR
signal for bound HDO in highly concentrated PVME/D,O solutions (polymer
concentrations ¢ = 20-60 wt%) [40]. At the same time, the molar ratio [PVME
monomeric unit]/[bound D,0] = 2.7 is constant in the range of concentrations ¢ = 20-
60 wt%, i.e., the polymer concentration in the polymer-rich phase (globules) is 89
wt%, in accord with the phase diagram published in Ref. [32]. Spin-spin relaxation
times as obtained for the separate signal of bound HDO (~40 ms) are two orders of
magnitude shorter in comparison with free HDO; nevertheless, a rather small spatial
restriction of the motion of HDO can be responsible for this difference. Direct
connection of the fraction of bound water with the conformational structure of

PVME has been suggested [40].

1.4 Objectives of the doctoral thesis (macromolecular part)

Until recently the application of NMR spectroscopy in investigations of the phase
separation in solutions of thermoresponsive polymers was rather seldom as well as
study on PVME itself. Therefore, NMR and some other methods such as differential
scanning calorimetry (DSC), optical microscopy (OM) and dynamic light scattering
(DLS) were employed for investigation of PVME in D,O/ethanol mixtures
(PVME/D,O/EtOH). These methods provide mutual support for enlightment of
PVME properties.

In the text following below, the experimental methods and obtained results

will be discussed. The main aims of this study can be concisely described as:

14
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2)

3)

4)

S)

Introduction I

Study of the influence of PVME concentration and EtOH content in
D,O/EtOH mixtures on occurrence and extent of the phase separation
using NMR spectroscopy.

Measurement of influence of phase separation on dynamic of solvent
molecules (D,O and EtOH) in PVME/D,O/EtOH solutions using NMR
relaxation experiments.

Investigation of phase separation for different PVME concentrations and
different EtOH contents in D,O/EtOH mixtures using DSC, OM and DLS
methods.

Detailed microscopic morphology study of phase separation in
PVME/D,O/EtOH solutions.

Determination of globule size distribution and comparison of OM and

DLS results.

15
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2 Experimental 1

2.1 Samples

PVME (Figure 3) was purchased from Aldrich (supplied as 50 wt% solution in
water, molecular weight determined by GPC in THF: average molecular weight M,
= 60 500, polydispersity index M,/M, = 3). After drying, solutions with appropriate
PVME, D;0 (99.9 % of deuterium) and EtOH concentration were prepared. In
general, seven different PVME concentrations ¢ = 0.1, 0.6, 1, 6, 10, 20 and 30 wt%
in four D,O/EtOH mixtures with volume fraction of EtOH cgiong = 1, 5, 10 and 20
vol% were used (no apparent milk-white opalescence was observed at elevated
temperatures for solutions with EtOH content higher than 20 vol% in water/EtOH
mixture). Methods of the sample preparation and solution concentrations used for

each measurement will be discussed in detail below.

~CH,=CH;
0
I
CH,

Figure 3. Structure of poly(vinyl methyl ether) (PVME). Hydrophilic (red) and
hydrophobic (blue) parts are specified in the structure.

16
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2.2 NMR measurement

All samples of PVME/D,O/EtOH solutions in 5-mm NMR tubes were degassed and
sealed under argon.

The measurement procedures are specified in two following subsections.
Each subsection corresponds to the experimental setup for appropriate part of NMR

results in section 3 (Results and discussion).

2.2.1 Experimental setup for 'H, C NMR spectra and 'H, >C NMR relaxation

times measurement

High-resolution 'H NMR spectra were recorded with a Bruker Avance 500
spectrometer operating at 500.1 MHz. Typical measurements conditions were as
follows: 90° pulse width 14.25 ps, relaxation delay 10 s, spectral width 5 kHz,
aquisition time 1.64 s, 16 scans. °C spectra were accumulated usually with 100
scans with relaxation delay 80 sand spectral width 12.5 kHz under full proton
decoupling. A "*C pulse duration of 7 ps was applied for the single 90° pulse used
for each scan. The integrated intensities were determined with the spectrometer
integration software with an accuracy of 1 % and +3 % for 'H and “C NMR
spectra, respectively. The temperature was maintained constant within + 0.2 °C using
BVT 3000 temperature unit.

The 'H spin-spin relaxation times 75 on the merged EtOH/HDO OH signal
and on EtOH CH; and CHj3 signals were measured using the Carr-Purcell-Meiboom-
Gill (CPMGQG) [41] pulse sequence 90°,—(74—180°—t4),—acquisition, with #4 = 5 ms; the
total time of 7, relaxation was an array of 12 values. In 7, measurements at
temperatures above the LCST we also used #3 = 0.5 ms and the total time of 73
relaxation was an array of 32 values. Every experiment was done with 8 or 16 scans
and relaxation delay between scans was 80 s. The >C T5 relaxation times of ethanol
groups were measured using CPMG sequence with 'H 180° pulse added to remove
cross-correlation between chemical shift anisotropy and dipole-dipole interactions
[42]. The interval 73 = 5 or 0.5 ms and relaxation delay 80 s were used in °C T

measurements (the relaxation delay was adequately long to allow a complete
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recovery of >C magnetization). The °C spin-lattice relaxation times 7 of ethanol
were measured using an inversion recovery pulse sequence 180°—74—90° with 8 scans
separated by a relaxation delay of 80 s. All obtained 'H and "*C T and 7} relaxation
curves had the monoexponential character and fitting process always enabled us to

determine the single value of the respective relaxation time.
2.2.2 Experimental setup for partially relaxed '"H NMR spectra measurement

'"H NMR spectra were also obtained using a JEOL AL300BX spectrometer operating
at 300.4 MHz equipped with appropriate JEOL temperature control unit (temperature
fluctuation +0.3 K). Instead of using only previous approach (first paragraph in
subsection 2.2.1) of recording 'H NMR spectra based on a simple excitation-
acquisition pulse sequence 90°,—acquisition (FID), the block of transversal relaxation
was incorporated. The resulting sequence (spin-echo pulse sequence) is 90°—t4—
180°,~t4—acquisition with echo time 274 = 8 ms (16 scans).

Most of NMR measurements were carried out under the conditions described
in subsection 2.2.1. The measurements which were done using description here are

presented in subsections 3.1.2 and 3.1.3.

2.3 DSC measurement

DSC measurements were carried out using an EXSTAR 6000 instrument (SEIKO
Electronics Inc.). Calibration was performed routinely using high purity standards
(water, mercury and indium) under a constant nitrogen flux. Samples of
approximately 15 mg mass were encapsulated in aluminium pans. All DSC
measurements were performed at a heating/cooling rate of 2 °C/min. Two procedures
for the different temperature ranges and multiplicity of heating-cooling cycles were
employed. These procedures are specified below in the corresponding subsections.
All DSC thermograms were plotted as dependencies of specific heat capacity
¢p [1/g°C] on temperature T [°C]. For the coil-globule transition of PVME, ¢, is given
recalculated per unit mass of PVME, whereas for discussion of solvent properties

(D,O/EtOH), ¢, was recalculated per unit mass of solution. The characteristic
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transition temperature was determined from DSC thermograms as the onset
temperature 7o,,. Further characterization of transition was performed using
calculation of the enthalpy increment per unit mass of PVME AH by means of

integration of the experimental DSC thermograms.

2.4 Optical microscopy measurement

Optical microscopy (OM) measurements were carried out under nitrogen atmosphere
using an Olympus BX51 microscope equipped with Olympus MP5Mc/OL digital
camera and Linkam THMS600 hot stage and Linkam TMS94 controller/LNP94
cooling system. The morphology development was observed for a thin sample layer
placed between a support glass slide and a cover slip inserted in the hot stage. Scale

bars and measurement temperatures are inserted in each image layer.

2.5 Digital image processing

Detailed evaluation of globule size distribution was performed using the Imagel

software (Image Processing and Analysis in Java).

2.6 DLS measurement

Globule size distributions were determined using an SALD-7100 (Shimadzu Co.
Ltd.) analyzer equipped with 375 nm UV laser diode. The globule size was obtained
from the autocorrelation function of the intensity fluctuation of the scattered light.
These measurements yielded the diffusion coefficient D which was subsequently
used to calculate the globule hydrodynamic radius Ry using the Stokes-Einstein
equation, D = kT / 6zxnRy, where k is the Boltzmann constant, 7 is the absolute
temperature, and # is dynamic viscosity (calculated using the viscosity of
components forming the solvent). The sample was heated to 40 °C and data were
collected at ~20 s intervals during spontaneous cooling to ambient temperature.

Since the reproducibility of measurements on samples of relatively high PVME
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concentration was poor, data obtained from a sample with PVME concentration ¢ =

0.6 wt% and EtOH concentration cgion = 1 vol% was used.
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3 Results and discussion I

3.1 Temperature dependences of '"H NMR spectra

3.1.1 Phase separated fraction — FID sequence

All studied solutions were cloudy at temperatures above the LCST and no
precipitation (sedimentation) was observed even after long time (~ days). An
example of high-resolution 'H NMR spectra of PVME/D,0/EtOH solution (¢ = 6
wt%, cgion = 5 vol%) measured at two slightly different temperatures (37 °C and 40
°C) is shown in Figure 4. The assignment of resonances to various types of protons
of PVME and ethanol is shown directly in a spectrum measured at 37 °C; the strong
line on the left is a merged signal of ethanol/HDO OH protons. The splitting of CH,
CHj; and CH; resonances of PVME is due to tacticity [36]. The most important effect
observed in the spectrum measured at a higher temperature (40 °C) is a marked
decrease in the integrated intensity of all PVME lines. This is due to the fact that at
temperatures above the LCST the mobility of most PVME units is reduced to such an
extent that corresponding lines become too broad to be detected in high-resolution
spectra. A narrow component with unrestricted mobility (with much smaller
integrated intensity) that is directly detected in high-resolution NMR spectra
corresponds to PVME units in the dilute (polymer-pure) phase; from former results it
follows that it corresponds mainly to low-molecular-weight fraction of PVME where
the chains are too short to exhibit a cooperative coil-globule transition [39]. The

depicted changes of the NMR spectra have been previously observed for D,O
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solutions of PVME [36-40,43] and acrylamide-based polymers ([43] and references
therein). They confirm that reaching LCST results in marked line broadening of a
major part of PVME units, evidently due to the phase separation and formation of
rather compact globules. No reduction of integrated intensities at temperatures above
LCST was observed for EtOH signals. The integrated intensities of EtOH
monotonously decrease with absolute temperature, as expected, so confirming that
all EtOH molecules are directly detected in "H NMR spectra in the whole range of

temperatures.

37°C CHOCH;(PVME) CH+(EtOH)
OH(EtOH/HDO)

CH»(EtOH)

CH,(PVME)

I M AN

40 °C

_

L Y L A S I I
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 PPmM

Figure 4. '"H NMR spectra of PVME/D,O/EtOH solution (¢ = 6 wt%, cgion = 5 vol%)
measured at 37 °C and 40 °C.

For further analysis, in accord with procedure published in Ref. [36-40,43],
we shall define the phase-separated PVME fraction as fraction of PVME units in
concentrated, polymer-rich phase; the mobility of these PVME units is significantly

lower in comparison with that at temperatures below the LCST transition. We have
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determined the values of fraction p of phase-separated PVME units (units in

globules) from relation

pzl_[_: (5)
0

where [ is the integrated intensity of the given polymer line in a partly phase-
separated system and /j is the integrated intensity of this line if no phase separation
occurs [36,37,43]. For I, we took values based on integrated intensities below the
phase transition, using the fact that integrated intensities should decrease with
absolute temperature as 1/7. It originates from integration of Bloch’s equations
solution which gives the relation for integrated intensities of the NMR bands as / =
KN (1+yB\T\T. 2)'1/ 2 (1/T), where K is a constant, N is the number of protons per unit
volume contributing to the given band, 7 is the absolute temperature, y is the
gyromagnetic ratio, B; is the intensity of the radio frequency magnetic field, and 7
and 7 are spin-lattice and spin-spin relaxation times of corresponding band [44,45].
The expression s = (1+yB\ T\ T’ 2)'1/ 2 is the saturation factor which is usually close to
unity. The integrated intensities were measured ~ 20 min after the corresponding
temperature was reached (by heating).

In the analysis of the phase transition behaviour, first, the influence of the
polymer concentration ¢ on the transition region was investigated. Temperature
dependences of the fraction p of PVME, as obtained from integrated intensities of
CHOCHj3; protons of PVME, are shown for EtOH content in D,O/EtOH mixture,
ceion = 10 vol%, and various polymer concentrations in Figure 5. From this figure it
follows that the transtion in more concentrated solutions (¢ = 6 and 20 wt%) sets in at
a temperature lower by = 5 °C in comparison with the dilute solution (¢ = 0.1 wt%).
This shift of the transition is probably a consequence of the preferred polymer-
polymer contacts at higher concentrations, allowing hydrophobic interactions to
predominate at lower temperatures. Lower polymer concentrations show more
gradual character of the transition and at the same time, the fraction at temperatures
above the transition is only p = 0.5; thus approximately 50 % of polymer units have

unrestricted mobility even at temperatures above the transition.
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Figure 5. Temperature dependences of phase-separated fraction p as determined from
integrated intensities of CHOCH; band in '"H NMR spectra of PVME/D,O/EtOH
solutions with cgiop = 10 vol% and various polymer concentrations.

The effect of ethanol content in D,O/EtOH mixture on the phase transition in
PVME solutions is demonstrated in Figure 6 where temperature dependences of the
fraction p corresponding to solutions with polymer concetration ¢ = 1 wt% and
various EtOH content are plotted. To complete these plots, the temperature
dependence of the fraction p for PVME/D,O solution (without ethanol) [36] is also
included in Figure 6. This figure shows clearly that the phase transition shape
depends on the ethanol content. The transition region is shifted towards higher
temperatures with the increasing amount of EtOH in D>O/EtOH mixture, and at the
same time the transition extent (fraction p) markedly decreases. For example, the
transition of the solution with the highest EtOH content (cgion = 20 vol%) sets in at
temperature higher by 15 °Cin comparison with that of PVME in D-O.
Simultaneously, for this sample the width of the transition region is approximately 30
°C and the value of the phase-separated fraction p above the transition is roughly 0.5.
The shift of the transition temperature with increasing ethanol content in
PVME/D,O/EtOH solutions is in accord with previous measurements of the cloud
points in PVME/water/alcohol solutions [27,35]. The assumption of the positive role
of ethanol (which is a better solvent) in stabilization of polymer-solvent interactions

is supported by the found decrease of the fraction p above the transition with
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increasing ethanol content (Figure 6). The ethanol molecules probably prevent

hydrophobic polymer-polymer interactions and therefore the transition is shifted

towards higher temperatures and becomes less “perfect® (the transition is broader and

phase-separated fraction p above the transition is smaller).
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Figure 6. Temperature dependences of phase-separated fraction p as determined from
integrated intensities of CHOCH3 band in 'H NMR spectra of PVME/D,O/EtOH

solutions with ¢ = 1 wt% and various content of EtOH in D,O/EtOH mixtures.

3.1.2 Phase separated fraction — FID vs. spin-echo sequence

A different approach for determination of fraction of phase-separated PVME units
was used. This technique is based on the spin-echo pulse sequence as described in
experimental section (2.2.2). The spin-echo pulse sequence (with echo time 2z4 = 8
ms) avoids the appearance of resonances due to phase-separated units of PVME
which overlap the peaks corresponding to the non-separated fraction of PVME. Echo
time 274 was set according to previous 'H spin-spin relaxation measurements. The
time 274 should be long enough to remove resonance of phase-separated units of

PVME from spectrum and short enough to not decrease significantly other
resonances. Thus, we can observe only the resonances due to PVME non-separated

fraction.
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Examples of high-resolution 'H NMR spectra of PVME/D,O/EtOH solution
(¢ = 20 wt%, cgion = 1 vol%) measured at two different temperatures (below LCST
32 °C and above LCST 40 °C) and by two different pulse sequence (FID and spin-
echo) are shown in Figure 7. Assignment of peaks corresponding to protons of
PVME and EtOH is also shown. From a comparison of the spectra in Figure 7a and
7c it is evident that the spin-echo pulse sequence suppresses all PVME resonances
except that due to CHOCHj;. This resonance remains intense and is suitable for
further processing. In Figure 7d (as compared with 7b) the CH and CH, resonances
of PVME as well as the broad peak are suppressed and the spectrum reveals
information only about the non-separated units represented by the PVME CHOCH3
resonance (Figure 7d, at 3.3 ppm). The latter resonance seems to consist mainly from

CHs; resonance above LCST (at 40 °C).

OHEWOH HDO)

(a)

| CH(PVME)

|CHOCH (PVME) h

(c)

. | f\ enom - i
32°C CH(EIOH) [V | /U\ 32°C |
FID ) _J _‘—_),I k_) L spin-echo ) JL) k L
|| .1
(b) I| 'I (d) ‘ {=
40 °C /I‘"‘ \ 40 °C \ !
in-echo | |“|
L W NN el L _
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Figure 7. '"H NMR spectra of PVME/D,O/EtOH solutions (¢ = 20 wt%, cgon = 1
vol%) measured at 32 °C (a,c) and 40 °C (b,d) using FID (a,b) and spin-echo (c,d)
pulse sequences.

Temperature dependencies of the fraction p of PVME, as obtained from the
integrated intensities of CHOCH; protons of PVME, are plotted in Figure 8. In
Figure 8a, a comparison between the FID pulse sequence and spin-echo approach is
shown. Spectral deconvolution was inaccurate in the FID sequence approach of p
determination because of multiple overlaps of three peaks (CH, of EtOH, CH and
CH; of PVME). Moreover, above the LCST, broad peaks due to the separated
fraction become more intense. These features make deconvolution inconvenient. The

spin-echo sequence circumvents the overlap problem although the resonances may
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be now influenced by their own relaxation time 75. This effect can be neglected since
we are interested in the PVME resonances over the narrow (10 °C) temperature
interval during which the phase separation occurs. In this case, the spin-echo

sequence leads to much improved spectral resolution.
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Figure 8. Temperature dependencies of phase-separated fraction p as determined from
integrated intensities of the non-separated fraction of the CHOCH; peak in 'H NMR
spectra (Figure 7). (a) Comparison of fraction p as obtained using FID and spin-echo
pulse sequence for PVME/D,O/EtOH solution (¢ = 6 wt%, cgon = | vol%). (b) Phase-
separated fraction p as obtained from spin-echo pulse sequence for samples with
various PVME concentrations ¢ at two different EtOH concentrations cgon.

The FID pulse sequence approach indicates a more gradual transition (Figure 8a-m)
while the spin-echo pulse sequence approach gives a much sharper one (Figure 8a-

A). Similarly, a sharp transition of the fraction p could be found in systems where
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the polymer resonances are well-resolved [46]. Figure 8b shows data collected for
solutions with various polymer and ethanol concentrations measured using the spin-
echo pulse sequence.

When one compares Figures 5 and 8b it is seen that spin-echo pulse sequence
gives higher value of fraction p above phase separation (above LCST) that FID

sequence.

3.1.3 'HNMR spectra — broad peak subtraction (spin-spin relaxation time)

Measurements of FID and spin-echo pulse sequence at the same temperature also
give us information about the mobility of PVME phase-separated units. First, the
spectrum measured by using the spin-echo pulse sequence was subtracted from the
spectrum measured using the FID sequence. The resulting spectrum was fitted by
using a mixture of Gauss and Lorentz curves (Gauss-Lorentz). The ratio of these two
peak shapes was not a fixed parameter although in most cases it was 100% Lorentz
curve. There were two cases where the ratio was around 75% Lorentz and 25%
Gauss shape. The fit accuracy was dependent on the region used for fitting. Final
error was estimated by varying the width of the fitted region (approximately from 1
ppm to 2.5 ppm). Spectral subtraction permitted use of a wider fitting region and
reduced the final estimated error. The half-width Av of the Gauss-Lorentz curve for
various temperatures above the LCST for the sample with concentrations ¢ = 6 wt%
and cgion = 1 vol% is plotted in Figure 9a.

The half-width Av is related to the spin-spin relaxation time 7, by the

following formula:

Ay =——. (6)

The corresponding spin-spin relaxation times 7, were determined using formula (6)
and plotted in Figure 9b. This method for 7, determination is relatively fast
(compared with use of the CPMG sequence) but it results in smaller 75 values since
they are influenced by inhomogenous line broadening. According to this assumption,
the values contained in Figure 9b are somewhat smaller than relaxation times 73

obtained by using the CPMG sequence in reference [39] (0.91 ms for PVME/D,O
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solution with the same polymer concentration at 36.4 °C). Increase in 75 (Figure 9b)
values upon increasing temperature seems to be rather general character of spin-spin

relaxation time.
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Figure 9. (a) Temperature dependencies of half-width Av of Gauss-Lorentz curve
obtained from spectra of PVME/D,O/EtOH solution (¢ = 6 wt%, cgon = 1 vol%) (b)
Temperature dependencies of spin-spin relaxation time 75 calculated using formula
(6). Estimated error is +15%.

3.2 '"H NMR spectra and 'H spin-spin relaxation times 7, of EtOH

In '"H NMR spectra of the studied PVME solutions in D,O/EtOH mixtures
(containing 1-20 vol%, i.e., 0.3-7.2 mole% of EtOH) there is a merged single line of
EtOH and HDO OH protons (cf. Figure 4). In this respect the situation is the same as
in water/EtOH mixtures of the same composition [47]. Taking into account the fact

that the used D,O contains 99.9 % of deuterium then it follows that while for the
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mixture EtOH/D,0O containing 1 vol% of EtOH, the molar ratio EtOH/HDO = 3/2
and the contribution of both species to the merged OH peak is roughly comparable,
for mixtures EtOH/D,0 containing 5, 10 and 20 vol% of EtOH the respective molar
ratios are EtOH/HDO = 8/1, 24/1 and 36/1. This means that especially for PVME
solutions in EtOH/D,0O mixtures containing 10 or 20 vol% of EtOH the OH protons
of EtOH predominantly contribute to the merged EtOH/HDO peak and contribution
from HDO to this peak can be neglected. This is confirmed by integrated intensities
of EtOH signals. Thus, e.g., for PVME solution (¢ = 20 wt%) in D,O/EtOH mixture
containing 20 vol% of EtOH, the ratio of integrated intensities of OH, CH, and CHj3
signals of EtOH related to 1 proton is 1:0.95:0.94. We have found that slight
departure from the expected ratio 1:0.97:0.97 is due to the presence of small amount
(1 mole%) of H,O in the used EtOH. Therefore for D,O/EtOH mixtures contaning 20
vol% of EtOH, the contribution of EtOH, H,O and D,O (HDO) to the merged OH
peak is in the ratio EtOH/H,O/D,O = 32/0.6/1; we took here into account the fact
that while EtOH and D,O (i.e., HDO) contribute to the merged OH signal by 1
proton, H,O contributes to this signal by 2 protons. For D,O/EtOH mixtures
containing 10 vol% of EtOH, we have found from integrated intensities of EtOH
signals that this ratio is EtOH/H,O/D,0 = 22/0.4/1.

Measurements of 'H spin-spin relaxation times 7> of EtOH molecules in
PVME/D,O/EtOH systems should provide us an information about their mobility,
and consequently about contacts between EtOH molecules and polymer chains. A
comparison of the 7, relaxation behaviour of EtOH with that previously found for
HDO in PVME/D,0 solutions [38-40,43] should enable us to compare the behaviour
of both types of small molecules during temperature-induced phase transition. To
observe the effect of the polymer concentration on dynamic behaviour of EtOH we
have chosen three samples with EtOH content in EtOH/D,O mixture, cgiop = 10
vol%, and polymer concentrations ¢ = 0.1, 6 and 20 wt%. Table 1 shows the values
of 'H spin-spin relaxation times 7> of EtOH as obtained for these samples at
temperatures 37 °C (below the transition) and 52 °C (above the transition).

As it follows from Table 1, for dilute solution (¢ = 0.1 wt%) 7> values of all
proton types of EtOH do not change as the solution undergoes the phase transition.

This result is in accord with behaviour of water (HDO) as it was previously found
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from 7, measurements in PVME/D,O solution of the same polymer concentration

[38-40].

Table 1. 'H spin-spin relaxation times 7> of EtOH for PVME solutions in D,O/EtOH
mixtures with cgon = 10 vol%.

¢ [wt%] T [s]*
OH" CH, CH;
37°C 52°C 37°C  52°C 37°C  52°C
0.1 0.9 0.9 6.7 6.7 5.6 5.5
6 2.5 0.16 4.2 0.06 43 0.12
20 0.8 2.250.02¢ 3.2 6.4 5.0 7.8

* Estimated experimental error +5 %.

® Contribution of HDO to merged EtOH/HDO OH peak is negligible.
° Free EtOH, peak at 4.65 ppm (cf. Figure 11).

4 Bound EtOH, peak at 4.4 ppm (cf. Figure 11).

The behaviour found for 7, values of EtOH in the solution with ¢ = 6 wt% is quite
different (cf. Table 1). At elevated temperature above the transition (52 °C) the
relaxation times 7> of all EtOH groups are 1-2 orders of magnitude shorter than those
at 37 °C. This behaviour that again for HDO has been previously observed for
PVME/D,O solutions with ¢ = 2-10 wt% [38-40] shows that in PVME/D,O/EtOH
solutions with ¢ = 6 wt% at temperature above the transition there is a portion of
EtOH molecules bound in globules. The exponential character of 7, relaxation
curves and the fact that there is always a single line of the respective proton group in
the NMR spectrum indicate for EtOH molecules a fast exchange between bound and
free sites regarding 7, values (the residence time of the bound states is < 0.01 s, i.e.,
at least one order of magnitude shorter than the observed 75; cf. Table 1 and Ref.
[39]). In order to distinguish between two different dynamic states of solvent
molecules (D,O and EtOH) we introduce term “free” for solvent molecules in bulk
without interaction with polymer and term “bound” for solvent molecules interacting
with polymer.

There are two most important possible sources of the short 75 values of EtOH
observed for PVME solution (¢ = 6 wt%) in D,O/EtOH mixture at temperature above
the LCST transition:

31



Results and discussion I

(i) a lower, spatially restricted mobility, similarly to the phase-separated
PVME;
(ii) chemical exchange.
The dependence of measured 7> values on the time interval 7y in CPMG pulse
sequence is often used for characterization of microsecond-millisecond chemical
exchange [48,49]. Figure 10 shows such dependence as obtained for OH protons of
EtOH for PVME solution (¢ = 6 wt%) in D,O/EtOH mixture with cgon = 10 vol%.
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Figure 10. Dependence of spin-spin relaxation rate (75)" on the interval 74 in CPMG
sequence as obtained for EtOH OH protons in PVME/D,O/EtOH solution (¢ = 6
wt%, 10 vol% of EtOH in D,O/EtOH mixture) kept at 52 °C. Solid curve is a fit
according equation (7) with kex = 2500 s and (R»)’ = 0.296 s™".

From this figure it follows that contribution of chemical exchange to the spin-spin
relaxation rate (75)"' is important. Solid curve in Figure 10 shows the best fit as
obtained using the equation [49]

2 2
(1) =222 [1 - tanz(’jex’d)} (R.). ™
ex'd

[

with k. = 2500 s and (R2)0 =0.296 s™'. Here kex 1s the rate constant for exchange
process, (R.)" is the spin-spin relaxation rate in the absence of the exchange assumed
to be the same in states 4 and B, p4 and pp are populations of the states, A is the
chemical shift difference between the states and @ is resonance frequency. In

equation (7) we assumed that the exchange is fast and that the exchange time 7 is
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much slower than the motional correlation time 7. causing other relaxation
mechanisms. Since the exchange time 7. satisfies the formula 7y = 1/ ke, We
obtained 7., = 0.4 ms.

While for PVME/D,O/EtOH solutions with ¢ < 10 wt% there was only one
merged signal of the EEOH/HDO OH protons, for higher concentrations ¢ > 20 wt%
and temperatures above the LCST transition a new signal of EEOH/HDO OH protons
was detected with ~0.25 ppm smaller chemical shift in comparison with the main
EtOH/HDO OH peak. In Figure 11, where the 'H NMR spectrum of the
PVME/D,O/EtOH solution with ¢ = 20 wt% and cgon = 20 vol% is shown, a new
EtOH OH signal (we neglect the contribution of HDO to this signal) is marked by

asterisk.
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Figure 11. '"H NMR spectra of PVME/D,O/EtOH solution (¢ = 20 wt%, cgon = 20
vol%) measured at 32 °C and 45 °C. OH line of the bound EtOH is marked by
asterix.
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This new EtOH OH signal appears only at temperatures above the phase transition
and evidently corresponds to EtOH molecules bound in globular-like structures. For
EtOH in highly concentrated PVME/D,O/EtOH solutions, therefore, there is a slow
exchange between bound and free sites. Similarly results were found for bound and
free water in highly concentrated PVME/D,O solutions [40]. Here the term “slow
exchange” includes also the situation that there is no exchange at all (the residence
time is infinity). From the condition 1/7 << Av [50], where 7 is the residence time
and A4v is the difference of the respective chemical shifts in hertz, it follows that for
the residence time of bound EtOH molecules it holds 7 >> 8 ms. From integrated
intensities of lines corresponding to OH protons in free and bound EtOH/HDO (cf.
Figure 11), the relative amount of EtOH/HDO molecules bound in PVME globules
can be determined (Table 2).

Table 2. Fraction of bound EtOH/(HDO) and chemical shift of bound EtOH/(HDO)
OH protons in PVME/D,0O/EtOH solutions (¢ = 20 wt%) at 42 °C.

Content of EtOH in Fraction of bound Chemical shift of OH
D,O/EtOH mixture protons in bound

Ceion [VOl%] ECOH/(HDO)' %] g 1/(HDOY [ppm]
1 10 426
5 8 430
10 8 4.41
20 8 4.56

* For contents of cgon = 5 vol% a contribution of HDO to the merged
EtOH/HDO OH signal is negligible.

From Table 2 it follows that the relative amount of bound EtOH/HDO as a function
of EtOH fraction in D>O/EtOH mixture is virtually constant. Table 2 also contains
chemical shifts of the OH line of bound EtOH/HDO. It is well known that hydrogen
bonding leads to larger chemical shifts in '"H NMR spectra [50,51]. The fact that the
chemical shift of the bound EtOH/HDO OH protons is always smaller in comparison
with the main OH signal of free EtOH/HDO indicates that for the EtOH/HDO (with

predominant contribution of EtOH for D,O/EtOH mixtures with cgon = 5 vol%)
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bound in globular-like structures the hydrogen bonding is somewhat weaker in
comparison with that existing in neat D,O/EtOH mixtures. Increasing amount of
EtOH in D,O/EtOH mixture results in higher values of the chemical shift of OH
protons of bound EtOH/HDO (cf. Table 2) as a consequence of the strengthening of
the hydrogen-bonding structure. The same trend was found also in neat water/EtOH
mixtures with EtOH fraction < 20 vol% where the presence of small quantity of
EtOH promotes the formation of new water-ethanol hydrogen bonds and/or
incremented water-water association [47].

The assignment of two separated OH lines in concentrated PVME/D,O/EtOH
solutions to free and bound EtOH (or EtOH/HDO for solutions with small EtOH
fraction in D,O/EtOH mixture) is corroborated by measurements of spin-spin
relaxation times 7> on both signals (cf. Table 1, ¢ = 20 wt%). Significantly longer 7>
values as obtained at 52 °C for the signal of the free EtOH in comparison with the
value measured at 37 °C are evidently due to the fact that at higher temperature the
respective EtOH molecules do not interact with PVME, and therefore they are really
free while at temperature 37 °C a significant part of EtOH molecules interact with
polymer forming, e.g., hydrogen bonds and their motions are consequently somewhat
restricted; a contribution from the chemical exchange can be also important in the
latter case. On the other hand, due to spatially restricted mobility, 7, value of OH
protons of EtOH bound in globular-like structures is two orders of magnitude shorter
in comparison with free EtOH (cf. Table 1). Also for CH, and CHj protons of EtOH,
T, values at 52 °C were significantly longer in comparison with those at 37 °C,
indicating that also for these proton types the separate lines of free and bound EtOH
can exist for concentrated PVME/D,O/EtOH solutions (cf. Table 1). However, for
CH; and CH3 EtOH groups the lines of the bound EtOH were not detected; they
might be overlapped by signals of CHOCH; and CH; protons of PVME segments in
the dilute phase (cf. Figure 11).

We were interested in knowing whether the amount of EtOH bound in PVME
globules formed in concentrated aqueous solutions is changing with time or not.
Sample was kept at temperature above the phase transition (52 °C in our case) and
time dependence of the spin-spin relaxation time 7> of EtOH OH protons was

measured to this purpose. As it follows from Figure 12 where such time dependence
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is shown for PVME/D,O/EtOH solution with ¢ = 6 wt% and cgon = 10 vol%, T
values do not change during 17 hrs. However, after 40 hrs the 7, significantly
increased and then remains constant; the respective 7, is even larger than the value

observed at temperature below the transition (cf. Table 1).

T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70
Time [hrs]

Figure 12. Time dependence of spin-spin relaxation time 7> of EtOH OH protons in
PVME/D,O/EtOH solution (¢ = 6 wt%, cgon = 10 vol%) kept at 52 °C.

This result shows that EtOH molecules originally bound in globular-like structures
are with time very slowly released from these structures. The same process was
previously found for bound water (HDO) in semidilute or concentrated PVME/D,O
solutions but releasing of EtOH as demonstrated in Figure 12 is slower as compared
with the dehydration process in PVME/D,O solution of the same polymer
concentration [39]. We also followed the relative intensity of the separate OH
resonance of bound EtOH in PVME/D,O/EtOH solution (¢ = 20 wt%, cgon = 10
vol%) and we have found that after 4 hrs at 52 °C the relative intensity of this line
decreased to one half. From the same experiment at 42 °C it follows that the relative
intensity of the separate OH resonance of bound EtOH decreased after 4 hrs to one
fifth, i.e., the fraction of bound EtOH dropped from original 8 % to 1.6 %. These

results show that at these conditions the releasing process is much faster.
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3.3 C NMR spectra and "C spin-spin (73) and spin-lattice (7))

relaxation times of EtOH

BC NMR spectra of PVME/D,0O/EtOH solution with polymer concentration ¢ = 6
wt% and EtOH content in D,O/EtOH mixture cgion = 10 vol%, measured at 37 and
47 °C, i.e., below and above the LCST transition, respectively, are shown in Figure
13. The assignment of observed resonances to PVME and EtOH carbon types is
marked in the spectrum measured at 37 °C. The pronounced reduction of intensities
of polymer bands can be observed at 47 °C due to the formation of rather compact
globules, similarly as in '"H NMR spectra (cf. Figure 4). The intensities of EtOH
signals are virtually unaffected by the transition; therefore we applied °C NMR
relaxation measurements on these signals to study dynamics of EtOH molecules

during the transition process.

37°C CH,(EtOH) CH5(EtOH)

CH (PVME)
CH;(PVME)

CH»(PVME)
|

S M M)

=

47°C

i M

| | I | o | I | 1
90 80 70 60 50 40 30 20 10 ppm

Figure 13. BC NMR spectra of PVME/D,O/EtOH solution (¢ = 6 wt%, cgon = 10
vol%) measured at 37 °C and 47 °C.
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Tables 3 and 4 summarize ">C spin-spin relaxation times 75 and spin-lattice
relaxation times 77 as obtained for CH, and CHj; ethanol carbons in
PVME/D,O/EtOH solutions with ¢ = 0.1 and 6 wt% and ethanol fraction in
D,O/EtOH mixture cgiop = 10 vol%. In all cases the relaxation curves were single
exponential. One can see that even at temperature below the phase transition (37 °C),
T, values are somewhat shorter than the respective 7 values; we assume that this
rather unusual behaviour for small molecules is due to small spatial anisotropy in
their motion as consequence of their interactions (by hydrogen bonding) with PVME

segments (cf. ref. [40] and further text below).

Table 3. 13C spin-spin relaxation times 7, of EtOH for PVME solutions in D,O/EtOH
mixture with cgion = 10 vol%.

c [wt%] T, [s]
CH, CH;
37°C  52°C 37°C  52°C
0.1 43 6.6 9.0 10.2
6 8.5 3.0 7.0 1.2

Table 4. ">C spin-lattice relaxation times 7; of EtOH for PVME solutions in
D,0O/EtOH mixture with cgion = 10 vol%.

c [wt%] Ty [s]
CH, CH;
37°C  52°C 37°C  52°C
0.1 13.3 17.0 9.0 12.4
6 12.6 15.4 9.0 11.8

In accord with results of '"H 7, measurements shown in previous paragraph,
completely different behaviour of EtOH can be seen for these two polymer
concentrations from Table 3. While for the ¢ = 0.1 wt%, ethanol 7> values at 52 °C
are somewhat longer than those at 37 °C, as expected for higher temperature, for ¢ =
6 wt% a marked reduction of 7, values was found for the phase separated system.

This confirms that in 6 wt% solution a certain portion of EtOH molecules is bound in
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globular-like structures with fast exchange between bound and free sites. Detailed
relaxation study on PVME/D,O [39] proposed that the globules have a complex
internal structure and our results obtained by OM (see subsection 3.5) confirmed this
suggestion.

From Table 4 it follows that 7' values are insensitive to the phase transition,
even for ¢ = 6 wt% the values at 52 °C are always somewhat longer than those at 37
°C. Situation is here similar as it was previously found for HDO molecules in
PVME/D,O solution of the same polymer concentration where also a different
sensitivity of 7 and 7, relaxation times to the LCST transition was established and
interpreted in such a way that while the rates of the motion of bound and free HDO
molecules are virtually the same, the motion of bound HDO is spatially restricted and
anisotropic. The internuclear vector cannot reach all orientations and resulting
existence of near-static dipolar interactions predominantly affects 75 relaxation time;
nevertheless, spatial restriction of the motion of bound HDO is rather small [40].
Such interpretation probably holds also for the bound EtOH. Moreover, as discussed
in the paragraph 3.2, a contribution from the chemical exchange to the total spin-spin
relaxation rate can be also important.

C NMR spectra of the PVME/D,O/EtOH solution with the highest polymer
concentration (¢ = 20 wt%) and EtOH fraction in the mixed solvent cgiog = 10 vol%,
again measured at 37 °C and 52 °C, are shown in Figure 14. The most significant
new feature in the spectrum measured at temperature above the phase transition (52
°C) is the existence of two additional peaks that appear in the vicinity of the original
EtOH resonances. In accord with '"H NMR spectra discussed above (cf. Figure 11)
these new signals obviously belong to CH, and CH3 carbons of EtOH molecules
bound (probably forming hydrogen bonds with oxygen atoms of PVME units) in
PVME globular-like structures. Contrary to the system with polymer concentration ¢
= 6 wt% where the exchange between bound and free ethanol molecules was fast on
the NMR time-scale, for 20 wt% solution the existence of separate resonances for
bound and free EtOH molecules shows a slow exchange between both states; the
lifetime of the bound EtOH molecules has to be much larger than 10 ms (the
difference between chemical shifts of bound and free ethanol molecules is approx.

100 Hz on the frequency scale), again in accord with "H NMR results. From
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integrated intensities of the lines of bound and free EtOH in C NMR spectra we
obtained that the ratio of ethanol molecules in the bound and free states is 0.06:0.94,
i.e., the relative amount of bound EtOH as obtained from *C NMR spectra is in
rather good agreement with the respective value obtained from 'H NMR spectra (cf.
Table 2). It is interesting that while CH3 line of bound EtOH is shifted 1.2 ppm
downfield from the CHj line of the free EtOH, the CH, line of bound EtOH is shifted
0.8 ppm upfield from the respective line of free EtOH, i.e., CH, carbons in bound
EtOH are more shielded in comparison with free EtOH. In accord with results
obtained from 'H NMR spectra, higher shielding of CH, carbons in bound EtOH can
be probably attributed to a weakening of the hydrogen bonding in comparison with
free EtOH, similarly as decribed for carboxylic acid derivatives (anhydrides, esters,

amides etc) [52].

37°C CH,(EtOH) CH;(EtOH)

CH (PVME)
CH;(PVME)

CH»(PVME)

f

e

52°C

Figure 14. BC NMR spectra of PVME/D,O/EtOH solution (¢ = 20 wt%, cgion = 5
vol%) measured at 37 °C and 52 °C. Lines of the bound EtOH CH, and CHj; carbons
are marked by asterisks.

For PVME/D,O/EtOH solution (¢ = 20 wt%) the study of dynamics of the

ethanol molecules in bound and free states was performed using measurements of
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1C spin-spin and spin-lattice relaxation times 7> and T}, respectively. The values of
the relaxation times as obtained for ethanol carbons in PVME/D,O/EtOH solutions
with ¢ = 20 wt% and various ethanol fraction in D,O/EtOH mixture are shown in

Tables 5 and 6.

Table 5. °C spin-spin relaxation times 75 of EtOH in PVME/D,O/EtOH solutions
with ¢ =20 wt%.

EtOH content in T, [s]
D,O/EtOH CH, CH,
mixture Cgon
[vol%] 37 °C 52 °C 37 °C 52 °C
5 8.7 12.9%,2.4° 6.3 8.8% 3.5
10 7.1 11.6% 1.1° 5.7 8.1%, 3.0°
20 7.2 11.7%,5.1° 6.1 8.4 4.7°

* From the signal of free EtOH, cf. text.
® From the signal of bound EtOH, cf. text.

From Table 5 it follows that at temperature above the transition, EtOH bound in
globules is characterized by the 7, values significantly shorter than those
corresponding to free ethanol, though the observed differences are smaller than those
obtained from "H 7> measurements (cf. Table 1, ¢ = 20 wt%). Simultaneously, the
values obtained at temperature below the transition are located between the 7,
relaxation times of the free and bound ethanol as found for the systems above the
transition. This is in accord with an idea of solvent (in our case ethanol) molecules
which are initially (at temperatures below the transition) in contact with polymer
chains, probably through hydrogen bonding, and their motion is consequently
slightly restricted. However, as the solution passes the LCST transition, ethanol
occurs either in free state, without any restriction in its mobility, or in bound state,
where it is bound in relatively immobilized PVME globular-like structures. As seen
from Table 6, for solution with ¢ = 20 wt%, in contrast to ¢ = 6 wt%, T} values are
also significantly shorter for bound EtOH as compared with free EtOH indicating
that in this case the rates of the motion of bound and free EtOH are somewhat
different. At the same time, 7' values at the temperatures below the transition are in

between T values of free and bound EtOH in the phase-separated system.
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Table 6. 1°C spin-lattice relaxation times 77 and correlation times 7. (values in
brackets) of EtOH in PVME/D,O/EtOH solutions with ¢ = 20 wt%.

EtOH content T [s] (7 [ps])

in D,O/EtOH CH, CH;
mixture cgon 37 °C 52°C 37°C 52°C
[vol%] free” bound” free” bound”
5 11.9 (2.0) 17.6(1.4) 3.4(7.2) 85(1.9) 12.4(1.3) 5.8(2.8)
10 9.8(2.5) 17.1(1.4) 8.0(3.0) 7.5(22) 12.1(1.3) 8.0(2.1)
20 9.6(25) 173(1.4) 67(3.7) 7.62.1) 12.1(13) 6924

* Determined from the respective signal of free EtOH.
® Determined from the respective signal of bound EtOH.

Taking into account the fact that the spatial anisotropy of the bound motion of EtOH
is similar to previously found one for the bound HDO, i.e. rather small in both cases
[40], then assuming a model of rigid sphere isotropic rotation and the relaxation
predominantly due to the dipolar interactions of carbons with directly attached
protons, we calculated the values of the correlation times z. using the following

expressions [53]

(0 = o 7L (Ul - o)+ 300 ) s 600y + ).
TC
J(a))_ 1+a)22_02 ’ (9)

where 7 is the number of attached protons; 1 is vacuum permeability; yc, 7 and r
are gyromagnetic ratios of corresponding spins and spin-spin distance, respectively;
h is reduced Planck constant; wy and @c are resonance frequencies of protons and
carbons, respectively; and J(w) is spectral density at @ frequency. Equation (9) is an
expression for spectral density of rigid sphere isotropic rotation. The obtained values
of the correlation times are given in Table 6 in brackets. From Table 6 it follows that
for the bound EtOH, 7, values are 2-3 times longer in average as compared to free
EtOH, indicating that the motion of EtOH bound in globules formed in 20 wt%
PVME/D,O/EtOH solutions is slowed down. For PVME/D,O/EtOH solutions at 52

°C, the 7, values of free EtOH are virtually the same as we have found at the same
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temperature for EtOH in neat D,O/EtOH mixtures (without PVME) of the same
composition (7, = 1.3 ps both for CH, and CHj3 carbons), so that supporting the idea
that at 52 °C, molecules of free EtOH do not interact with PVME chains. Similarly
as T; and T, values, correlation times of EtOH at 37 °C are in between the 7. values

as obtained for free and bound EtOH at 52 °C.

3.4 DSC measurement

In following part of this thesis we will concentrate on special features of the coil-
globule transition during heating and cooling. For purposes of discussion, the terms
‘demixing’ (undergoing transition upon heating) and ‘remixing’ (undergoing

transition upon cooling) are introduced.

3.4.1 Narrow temperature range DSC measurement

Cooling and heating DSC scans were performed on solutions with PVME
concentrations ¢ = 6 and 20 wt% and EtOH concentration cgiog = 1 and 10 vol%
(four samples in total). Measurement procedure consisted of several (from three to
five) heating-cooling cycles starting from 0 °C with heating to 55 °C then cooling to
0°C.

For a homogeneous PVME/D,O/EtOH solution, demixing was observed upon
heating with an endothermic phase transition, whereas for an already phase separated
solution remixing occurred upon cooling with an exothermic transition.

In order to investigate in detail the dynamic reversibility of the phase
separation of PVME, all heating and cooling thermograms corresponding to
particular sample were sorted and are plotted in Figure 15. Comparing the samples of
low EtOH concentration cgion = 1 vol% (Figure 15a,b) to those samples of high
EtOH concentration cgion = 10 vol% (Figure 15¢,d), several differences are apparent
but which in fact originate from the same phenomenon. It is clear that for samples at
high EtOH concentration the thermograms contain nearly symmetric peaks due to the
phase transitions during heating and cooling only, whereas at low EtOH

concentration the thermal response has an unsymmetrical appearance. In the case of
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low EtOH concentration solutions, the enthalpy increments per unit mass of PVME

AH are slightly larger than those of high EtOH concentration as presented in Table 7.
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Figure 15. DSC scans of PVME/D,O/EtOH solutions obtained on heating (—) and
cooling («). PVME concentration ¢ and EtOH concentration cgioy are specified for

each set of thermograms. Curves are shifted vertically for clarity.

In Table 7, columns (a) and (b) show larger values of enthalpy increments for each

run than columns (c¢) and (d). For the lower EtOH concentration, the onset

temperature of phase separation during heating and cooling is lower (around 33.7 °C)

than that for higher EtOH concentration (around 36.0 °C). Moreover, a hysteresis
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(around 2.3 °C) in onset temperature between heating and cooling can be observed at

higher EtOH concentration.

Table 7. Enthalpy increment per unit mass of PVME AH and onset temperature T,
of PVME peak in PVME/D,O/EtOH solutions as determined for n-th heating or
cooling (run). (Double columns are marked from (a) to (d) as in corresponding
thermograms in Figure 15).

CEtOH — 1 vol% CEtOH — 10 vol%
c=6wt% c =20 wt% c=6wt% c=20wt%
(a) (b) (c) (d)
Run AH  Ton AH  To AH  Ton AH  Ton

Vgl [°C1  [el [°Cl  Dlg] [°C]  [Veg] [°C]
" heating 589 33.7 575 335 531 353 524 354
2" heating  60.8 33.8 558 337 541 353 514 354
3 heating  56.7 33.7 532 337 569 353 524 354

4™ heating 570 337 - - 546 354 527 354
5™ heating 546 337 - —ee- - = 529 373
5™ cooling 582 339  oem - - = 500 37.3
4" cooling 584 339 - - 514 380 500 373

3" cooling 55.4 338 479 34.1 51.7 38.0 50.6 373
2" cooling 59.5 33.7 47.1 34.1 52.6 38.1 498 373
1¥ cooling 57.5 33.6 46.4 34.0 52.1 38.1 50.5 374

Experimental error of AH was estimated to be = 6 % and + 3 % for all samples
with PVME concentrations ¢ = 6 wt% and ¢ = 20 wt%, respectively.

These experimentally observed features can be explained by the positive role of
EtOH in stabilization of polymer-solvent interactions [27,35]. The EtOH molecules
eventually prevent the hydrophobic polymer-polymer interaction so that the onset
temperature of demixing and remixing is shifted towards higher temperatures for
higher EtOH concentrations. Lower values of enthalpy increments at higher EtOH
concentration could be due to existence of some non-separated polymer chains that
do not contribute to the enthalpy of transition. High-temperature shift of the LCST
and decrease of transition enthalpy with higher EtOH content agree well with results
obtained by NMR spectroscopy in subsection 3.1. Broad unsymmetrical peaks in

cooling thermograms of samples with lower EtOH concentration imply that
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processes of demixing and remixing occur by different mechanisms. During
demixing, the solution undergoes a transition from a homogenous solution to a
locally heterogenous state. On the molecular level almost all hydrogen bonds in the
sample are disrupted uniformly with subsequent formation of globules. In the case of
remixing, a transition from locally heterogenous to homogenous state takes place.
Here, the compact globules with low or almost no solvent content are available for
hydrogen bonding but the solvent molecules must penetrate and permeate the
globules’ interior through their surfaces (a feature which will be shown and
discussed in greater detail in the OM study below). This effect is also driven by
diffusion of solvent into the globules which can be more time consuming. Since the
EtOH molecules support hydrophilic polymer-solvent interactions [27], the
penetration of EtOH-rich solvent mixtures is facilitated. As seen in thermograms of
cooling in Figures 15a and 15b, the slope and width of thermograms can vary
significantly and depend on the ratio of PVME and EtOH concentration. As shown in
Figure 15b, the cooling thermograms are so broad that the enthalpy increments
calculated in Table 7 were affected becoming smaller. Therefore, enthalpy
increments were recalculated from thermograms measured over a wider temperature
range (see subsection 3.4.2, Table 9). Regarding the hysteresis at higher EtOH
concentration, the onset temperature of heating and cooling are shifted slightly
(Table 7, columns c,d) indicating that PVME chains are maintained in solution up to
higher temperatures upon demixing while, on the other hand, the globules are more
easily penetrated by solvent upon remixing.

Another considerable effect can also be seen in Figure 15. The slope and
width of cooling thermograms change with respect to the order of runs. This change
in shape is observed only for lower EtOH concentration samples. After one or two
heating-cooling cycles, the system reaches a stable state and subsequent
thermograms are static in terms of profile. The value of enthalpy increment upon
cooling does not change significantly and therefore, it can be concluded that the
same number of PVME chains undergo remixing. The gradual change of shape of
cooling thermograms indicates that globules formed over several heating-cooling

cycles are difficult to dissolve and, therefore, are more compact.
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3.4.2 Wide temperature range DSC measurement

Cooling and heating DSC scans were performed on solutions with PVME
concentrations ¢ = 0, 0.1, 6 and 20 wt% and EtOH concentration cgong = 1 and 10
vol% (eight samples in total). Data were collected during second cooling-heating
cycles on cooling from 55 °C to -100 °C and then reheating to 55 °C.

The wide temperature range allowed us to consider in detail the solvent
behavior with respect to PVME concentration and to investigate PVME in solutions
that had undergone freezing and melting. The thermograms plotted in Figure 16
contain (cooling-heating order of measurement) PVME remixing peak, D,O/EtOH
freezing peak, D,O/EtOH melting peak, and PVME demixing peak.
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Figure 16. DSC scans of PVME/D,O/EtOH solutions obtained during second cooling
(<) and second heating (—) in a wide temperature range. PVME concentration ¢ is
specified at each thermogram and two EtOH concentrations cgioy are presented for
(a), (b) and (c), (d). The shaded parts are enlarged within the insets. In (a) and (c) the
specific heat capacity ¢, is calculated per unit mass of solution while in (b) and (d) it
is calculated per unit mass of PVME. Curves are shifted vertically for clarity.
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The PVME remixing and demixing peaks are enlarged in the insets in Figure 16.
Only two PVME concentrations are shown in the insets since the peaks were intense
enough for further processing. PVME peaks in samples with PVME concentration ¢
= 0.1 wt% were weak and are hence subject to large error.

The onset temperatures 7T,, of the D,O/EtOH melting and freezing peaks are
listed in Table 8. As shown in Table 8, all 75, temperatures for cgiop = 1 and 10 vol%
do not vary significantly and do not show any regular occurrence depending on
PVME concentration. In the work by Meeussen et al. [54], a decrease in the melting
temperature of water with increasing PVME concentration was found for
PVME/H,0 systems. According to measurements in Ref. [54], the drop in melting
temperature between PVME concentrations ¢ = 6 wt% and ¢ = 20 wt% should be
about 2 °C. If this latter fact is taken into account, a slight decrease in the melting
point with increasing PVME concentration is apparent (see Table 8). Regarding the
freezing peak, the onset temperature is not reliably reproducible because of the
supercooling needed to overcome the surface Gibbs barrier for formation of the
crystalline phase. The changes in 7,, between samples with EtOH concentration
ceion = 1 vol% and 10 vol% are driven only by EtOH which shifts the 7, towards

lower values.

Table 8. Onset temperature 7,, of D,O/EtOH peak in PVME/D,O/EtOH solutions
determined from wide temperature range scans during the second cooling-heating
cycle.

Ton [°C]
Run c [wt%] ceion = 1 vol%  cgion = 10 vol%
heating 20 0.4 -6.7
6 0.7 -5.3
0.1 1 -4.5
0.9 -5.1
cooling 0 -14.4 -18.4
0.1 -15.5 -19.2
6 -14.9 -22.4
20 -19.6 -18.9
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The PVME demixing and remixing peaks for PVME concentration over a
wide temperature range are shown in Figure 16b and 16d. The enthalpy increment
and onset temperatures are presented in Table 9. These values are in good agreement
with those obtained during measurement over a narrower temperature range (cf.
Table 7), i.e. when the sample was not cooled below the freezing point. Moreover, it
was possible to determine the correct enthalpy increment value for the broad PVME
remixing peak for the sample with PVME concentration ¢ = 20 wt% and EtOH

concentration cgion = 1 vol% (Table 9).

Table 9. Enthalpy increment per unit mass of PVME AH and onset temperature T,
of PVME peak in PVME/D,O/EtOH solutions determined from wide temperature
range and second cooling-heating cycle.

ceion = 1 vol% ceron = 10 vol%
Run c [wt%] AH Ton AH Ton
/gl [°C] /gl [°C]
heating 20 58.2 339 53.2 358
58.5 337 519 357
cooling 6 58.2 335 50.5 38.6
20 575 344 524 375

Experimental error of AH was estimated to be + 6 % and + 3 % for all samples
with PVME concentrations ¢ = 6 wt% and ¢ = 20 wt%, respectively.

3.5 Optical microscopy measurement

In order to understand what occurs in these systems at the mesoscale, the optical
microscopy was used. Images of PVME/D,O/EtOH solutions at certain temperatures
during heating-cooling were taken. Since almost no difference in the images of
samples with EtOH concentration cgiop = 1 vol% and 10 vol% could be observed,
the samples with cgiopg = 10 vol% were chosen for investigation. Thus, imaging of
two PVME/D,O/EtOH samples with PVME concentration ¢ = 6 wt% and 20 wt%
and EtOH concentration cgiog = 10 vol% is presented.

The measurement procedure for study of demixing and remixing phenomena
was as follows. The initial temperature was set at 30 °C followed by heating up to

~50 °C at a rate of 0.1 °C/min. In the critical temperature region (36 °C - 40 °C)
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when phase transition in the samples commences, heating was discontinued after
each 0.1 °C gain and the temperature allowed to stabilize for about 3 minutes. A
similar procedure was followed on cooling. Images were taken at intervals of 0.5 °C
except during the critical temperature range, where images were taken at intervals of
0.1 °C. Thus, the images obtained show the stable states at the indicated
temperatures.

Figure 17 and 18 show transitions though demixing and remixing at two
different scales for the same sample of concentrations ¢ = 20 wt% and cgion = 10
vol%. When phase separation occurs, the PVME-rich phase is present in images with
a darker colour tone while the solvent-rich phase is displayed in lighter tones. At a
lower magnification (Figure 17), a satisfactory overview is seen, at higher
magnification (Figure 18), the structure is revealed in greater detail. In these figures,
the initial state of phase separation (demixing) has a sponge-like structure with an
increasing particle size as the temperature is increased with a subsequent formation
of mostly ellipsoidal cell-like structures containing a complex internal substructure
together with many small spherical globules. During remixing small globules
redissolve relatively quickly while the cell-like structures dissolve gradually starting
at their surface. Processes of demixing and remixing are clearly not equivalent from
this point of view. Moreover, at a temperature below the LCST (first and last image
layers in each of Figures 17 and 18) some small undissolved globules remain. Since
it is unclear how long it might take for the entangled globule to transform back into a
swollen coil by thermal motion [8], it is possible that some of these globules remain
in a particular semi-stable globular state below the LCST. Complete dissolution of
such globules might be prevented by existing entanglements and also by solution
conditions in the vicinity of the LCST, i.e. when the character of solvent is on the
limit between that of a thermodynamically good and bad solvent. In all the imaged
samples, these globules were observed below the LCST after the first demixing. The
number of such globules decreased significantly for the samples which were kept at
room temperature for 24 hours and observed again below the LCST. Apparently,
time periods of tens of hours are required for complete redissolution to occur. This
behavior might also affect DSC measurements but could not be detected here

probably because of the low content of these slowly remixing globules.
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Figure 17. OM images captured with a 20x objective magnification. Temperature
stack taken during one heating (from 30 °C to 45 °C, layers 1-6) and cooling (from
45 °C to 30 °C, layers 6-11) of PVME/D,O/EtOH sample with PVME concentration
¢ =20 wt% and EtOH concentration cgion = 10 vol%. Scale bar and temperature are
presented in each layer.
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Figure 18. OM images captured with a 50x objective magnification. Temperature
stack taken during one heating (from 32 °C to 50 °C, layers 1-6) and cooling (from
50 °C to 32 °C, layers 6-11) of PVME/D,O/EtOH sample with PVME concentration
¢ =20 wt% and EtOH concentration cgon = 10 vol%. Scale bar and temperature are
presented in each layer.
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Figure 19. OM images captured with a 50x objective magnification. Temperature
stack taken during one heating (from 33 °C to 50 °C, layers 1-6) and cooling (from
50 °C to 33 °C, layers 6-11) of PVME/D,O/EtOH sample with PVME concentration
¢ = 6 wt% and EtOH concentration cgion = 10 vol%. Scale bar and temperature are
presented in each layer.
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A significant difference in morphology pattern was found for the samples
with PVME concentrations ¢ = 20 wt% (Figure 18) and ¢ = 6 wt% (Figure 19).
Although the initial stages of phase separation in these two samples appear similar,
further temperature increase results in formation of spherical globules in sample with
concentration ¢ = 6 wt%. Globules in Figure 19 reach a certain size above the LCST
and do not form the ellipsoidal cell-like structures, only the number of globules
increases. At this PVME concentration, ¢ = 6 wt%, PVME chains are not so strongly
linked and so can demix more finely into relatively small spherical objects thus
forming a droplet pattern.

Phase separation in polymer systems can exhibit a phase inversion [55-57].
The phase inversion occurs when the PVME-rich sponge-like structure is broken and
the PVME-rich phase changes from being continuous (Figure 17, layer 4) to being
discontinuous (layer 6). This effect was clearly observed for the sample with high
PVME concentration ¢ = 20 wt% (Figure 17 or 18) while for the sample with PVME
concentration ¢ = 6 wt% it was not so well pronounced (Figure 19). Zhou et al. [57]
presented continuum models of phase separation derived from a two-fluid model of
viscoelastic phase separation from nonequilibrium thermodynamics. In their work,
the pattern evolution over time was calculated after the system passed its critical
temperature. The results obtained in Ref. [57], including the phase inversion
mentioned there, are in good agreement with the observations presented here for the
sample with high PVME concentration ¢ = 20 wt%.

Further investigations were concerned with morphology changes in the initial
state below the LCST (at 30 °C) and in the final state above the LCST (at 45 °C) as
shown in Figures 20 and 21. These figures contain several cycles consisting of
heating from 30 °C to 45 °C at a rate of 1 °C/min followed by holding the sample at
this temperature for 10 minutes. The sample was subsequently cooling to 30 °C at
the same rate and held at that temperature for 10 minutes. After the first demixing
(Figure 20, layer 2), a different pattern containing larger cell-like structures as
compared to subsquent cycles after demixing (layers 4 and 6) was found. This
observation suggests that after the first heating above the LCST the sample reaches
some semi-stable state which is accompanied by creation of a larger amount of non-

remixible globules as seen in odd layers in Figure 20. When the sample is kept for a
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day at room temperature, a similar observation can be made. States above the LCST,
in even layers of Figure 21, appear similar. Since in this case the pattern consists of
many spherical globules, the difference between the first and other states after

demixing is not clear.

——

Figure 20. OM images captured with a 50x objective magnification.
PVME/D,O/EtOH sample with PVME concentration ¢ = 20 wt% and EtOH
concentration cgon = 10 vol%. The states below (at 30 °C) and above (at 45 °C) the
phase separation are presented. The stack starts from the top at 30 °C. Heating and
cooling between the states was provided at a rate of 1 °C/min. Scale bar and
temperature are presented in each layer.

Distinct similarities are also exhibited between all the low temperature images (odd
layers) and suggest that undissolved globules are immobile. This reduced mobility
could be caused by adherence to the glass slide. Another remarkable feature which

can be seen in Figure 21 is that the number of non-remixible globules below the
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LCST is greater but their size is smaller than for those observed in Figure 20. In odd
layers (except layer 1) of Figure 20, much bigger non-remixible globules are
observed. Only a single globule is seen within the visual field, however, the rest of
them are uniformly distributed in the sample with an average inter-globule distance
of about 200 um. This effect can be explained as follows. After remixing, one or
none undissolved residue remains from each globule. Therefore Figure 20 and 21

(odd layers) have different number of non-remixible globules below the LCST.

Figure 21. OM images captured with a 50x objective magnification.
PVME/D,O/EtOH sample with PVME concentration ¢ = 6 wt% and EtOH
concentration cgoy = 10 vol%. The states below (at 30 °C) and above (at 45 °C) the
phase separation are presented. The stack starts from the top at 30 °C. Heating and
cooling between the states was provided at a rate of 1 °C/min. Scale bar and
temperature are presented in each layer.
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3.6 Digital image processing - size distribution of globules

Since the pattern evolution of the sample with PVME concentration ¢ = 6 wt% and
EtOH concentration cgiog = 10 vol% is characterized by formation of spherical
globules, the size distribution of globules within the visual field of OM was defined

at several temperatures during demixing as seen in Figure 22.
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Figure 22. Globule size distribution (number of globules within the visual field N vs.
radius R) obtained by digital image processing (solid lines) for sample with PVME
concentration ¢ = 6 wt% and EtOH concentration cgiog = 10 vol%. Smoothing of
distributions above the LCST is presented as dashed lines. Curves are shifted
vertically for clarity and temperatures are shown.

In this figure, the evolution of size distribution during demixing indicates that after
heating above then cooling below the LCST to 30 °C, non-remixible globules are
presented in the system and they compose about 13 % of all globules above the
LCST (at 37.5 or 38.5 °C). By using formula (12) derived in subsection 3.7 (see
below), we have recalculated that this 13 % proportion of globules represents only 7
% in globule mass. As it is clearly seen in Figure 19, these globules remain during
the whole demixing process and then contribute to the distribution build up. At the

initial stages of phase separation (at 36.5 °C), a large number of small globules was
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detected as seen in Figure 22. These globules quickly coagulate into larger ones and
supposedly contain some solvent since the sample did not undergo complete phase
separation. Above the LCST, notably from 36.8 °C, the profile of the size
distribution does not vary considerably. Only the peak maximum shifts slightly
towards the larger values of radii, and the total number of globules decreases slightly
as the temperature increases, which indicates further globule coagulation.

For a further comparison of OM and DLS results, the size distributions above
the LCST were smoothed (dashed lines in Figure 22). The smoothing was done with
respect to accuracy of image processing affected by overlapping of globules. The

accuracy will be discussed in detail in subsection 3.8.

3.7 DLS measurement - size distribution of globules

DLS is a widely used method for determination of particle sizes in solutions. In this
work, it was used as a second independent method for analysis of globule size. The
remixing process of one sample with PVME concentration ¢ = 0.6 wt% and EtOH
concentration cgion = 1 vol% was investigated. Relative mass m;, and relative number
n; of globules versus the hydrodynamic radius Ry, as obtained by DLS, are plotted in
Figure 23 and 24, respectively. In both figures the absorbance (R.H.S.) was used as a
normalizing factor. The first distribution from top in both figures is normalized to
unity. Thus, the decrease in relative mass and relative number of globules can be
observed during remixing.

The relative mass representation (Figure 23) is more sensitive for detection of
larger particles than the relative number representation (Figure 24), and the opposite
is true for smaller particles. During remixing, larger globules are dissolved more
slowly than small ones and so persist for longer periods, as seen in Figure 23. In
Figure 24, during the critical part of demixing (at absorbance 0.014), the number of
small globules dramatically decreased while some larger globules temporarily
appeared (distribution is shifted towards the higher radii). These globules became
partly solvated and increased in volume. This can be seen in the OM measurement in
Figure 17 (layers 7 and 8) and we speculate that the same effect also occurs for a

much lower PVME concentration. Non-remixible globules were not detected in the
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DLS cell helps to redissolve them.

for this is that stirring
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of the sample in the
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Figure 23. Globule size distribution (relative mass of globules m; vs. hydrodynamic
radius Ry) obtained by DLS measurement for sample with PVME concentration ¢ =
0.6 wt% and EtOH concentration cgion = 1 vol%. Curves are shifted vertically for
clarity. Initial temperature (on the left side) and absorbance (on the right side) are

shown.
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Figure 24. Globule size distribution (relative number of globules #; vs. hydrodynamic
radius Ry) obtained by DLS measurement for sample with PVME concentration ¢ =
0.6 wt% and EtOH concentration cgiop = 1 vol%. Curves are shifted vertically for
clarity. Initial temperature (on the left side) and absorbance (on the right side) are

shown.
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3.8 Comparison of OM and DLS globule size distributions

In this subsection the OM and DLS measurements are compared. In order to connect
the two types of data obtained, which is represented in Figures 22-24, some basic
assumptions and background should be first introduced. Let us suppose that globules
are of spherical shape in dilute solutions with concentrations ¢ = 0.6 wt%, cgion = 1
vol% and ¢ = 6 wt%, cgion = 10 vol% for DLS and OM data, respectively. The size
distribution obtained at 38.5 °C using OM and the size distribution measured at 40
°C using DLS were chosen for comparison since they are above the LCST and the
respective temperatures are similar.

The following procedure was used to superimpose DLS and OM data. It is
necessary to derive the relation between the relative number 7, and relative mass m;
of globules and number N and mass M of globules within the visual field. The
relationship between the relative mass and mass of globules within the visual field
can be expressed by equation M; = Mpyme my, Wwhere M; is the mass of globules in the
visual field corresponding to i-th radius R;, MpyyE is @ mass of PVME within the OM
visual field volume and m;; is the relative mass corresponding to i-th radius R;. Since
we are working with distributions the index i is used as an independent variable.
Value N (or M) with and without index i represents i-th element of distribution and a
whole distribution, respectively. At this step we suppose that the densities of solvent
(D,O/EtOH) and PVME are the same since the values at 40 °C are ppyo = 1.100
g/cm3 [58], prion = 0.772 g/cm3 [59] and ppyme = 1.044 g/cm3 [60]. Moreover, no
solvent is present within globules at 40 °C above the LCST. Based on these
conditions, Mpymg can be easily expressed, and the mass within the visual field M;
takes the following form:

M, = PV s (10)
where c is concentration of PVME (in this case ¢ = 6 wt%) and Vyisuar is the volume
of the OM visual field. The latter is the same volume from which the OM
distributions were determined using image processing. A crucial part of the volume
evaluation was a layer thickness measurement. Weigh of cover glasses with and
without the sample and the sample area were measured several times. After that, the

thickness was calculated using known sample density. The visual field dimensions
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are x = 175(%2) um, y = 130(£2) um and z = 10.1(=1.6) um. The number of globules
within the visual field N; can be derived from formula (10) and expression N; =
M/ My;, where My, is a mass of globule with radius R; and equals to M, = ppyme 4/3 @
R,-3. Thus, the formula for N; is written as

=, (n
Distribution obtained by OM (Figure 22) gives only the number of globules within
the visual field N but in order to be compared with DLS results, the mass of globules
within the visual field M is required. Thus, M was derived from the relation M°M =
N,-OM Moy; as

MO =N P (12)

where M°™ is the mass of globules within the visual field corresponding to OM
measurement and N°™ is number of globules in the visual field as obtained by OM
(these values are plotted in Figure 22).

The number of globules N for OM and DLS measurement is shown in Figure
25 while the mass of globules M is shown in Figure 26. Basically, the DLS data were
extrapolated into the range of higher PVME concentration and sample volume in
order to be compared with those obtained by OM. If one takes into account absence
of fitting parameters, the proximity of peaks maxima and coincidence of distributions
are relatively good in both cases (cf. Figure 25 and 26). However, the data obtained
by the DLS method provide a distribution of mass or number of globules versus the
hydrodynamic radius while OM gives a common geometrical radius. Nevertheless,
these two radii are similar and can be compared. The error in extrapolation of DLS
data is caused mainly by determination of the visual field volume. The error in image
processing of OM measurement arises from our not being able to identify overlapped
or very small globules. Thus, the size distribution obtained by OM is systematically
slightly lowered, especially for the region of very small globules. Stirring of the
sample was employed during the DLS measurement. This process changes the
sample conditions as well as influencing the distribution. Consequently, non-
remixible globules are dissolved. Errors caused by the extrapolation and image

processing imperfections are shown in the inset of Figures 25 and 26 (error for
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extrapolation process appears mainly in y-axis while the error in image processing is

mainly in x-axis).
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Figure 25. Comparison of globule size distributions obtained by DLS (red lines,
extrapolated sample with concentration ¢ = 0.6 wt%, cgon = 1 vol%) and OM (blue
lines, sample with concentration ¢ = 6 wt%, cgion = 10 vol%) measurement above the
LCST. Number of globules within the visual field N plotted versus radius R (or
hydrodynamic radius Ry). DLS data were calculated using formula (11). The inset

shows the error bars.
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Figure 26. Comparison of globule size distributions obtained by DLS (red lines,
extrapolated sample with concentration ¢ = 0.6 wt%, cgion = 1 vol%) and OM (blue
lines, sample with concentration ¢ = 6 wt%, cgion = 10 vol%) measurement above the
LCST. Calculated mass of globules within the visual field M plotted versus radius R
(or hydrodynamic radius Ry). DLS data were calculated using formula (10) and OM
data using formula (12). The inset shows the error bars.
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In the number distribution representation (Figure 25), a greater proportion of
small globules obtained by DLS in comparison with OM observation is seen. The
DLS method is more sensitive for detection of small globules while OM is limited in
this respect. In Figure 26, the ratio between the areas under distributions obtained by
OM and DLS is about 0.8/1 which suggests that OM measurement can be used to
identify about 80 % of PVME in samples as globular structures. Taking into account
the results obtained from both methods, radius distribution of globules can be

approximately determined as 0.2-8 pum.
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4 Conclusions I

In this work the temperature-induced phase separation in PVME/D,O/EtOH
solutions was investigated by NMR spectroscopy, DSC, OM and DLS methods. The
NMR measurement of the temperature dependences of PVME integrated intensities
permitted to determine the influence of polymer concentration and ethanol content in
D,O/EtOH mixture on the phase transition. It was found that the transition region
was shifted to lower temperatures with increasing polymer concentration, probably
due to the preferred polymer-polymer contacts in more concentrated solutions. For
lower polymer concentrations (¢ = 0.1 and 1 wt%), the broadening of the transition
temperature region was observed and at the same time the fraction of PVME units
involved in globular-like structures was only 0.5. The effect of the stabilization of
hydrogen bonding in presence of ethanol in solution was manifested by marked shift
of the transition region to higher temperatures and by decrease of the phase-separated
fraction p with increasing ethanol content in D,O/EtOH mixture.

Measurements of the temperature dependencies of PVME integrated
intensities were improved using a spin-echo pulse sequence, which gives a higher
accuracy for the phase-separated fraction p in PVME solutions. The half-width of
peaks, which corresponds to phase-separated fraction of PVME, was determined at
various temperatures above the LCST and therefore dynamical behaviour of
collapsed polymer chains at particular temperatures was approximately determined.

'H and >C NMR relaxation behaviour of EtOH molecules above the phase
transition showed a distinct dependence on the polymer concentration. EtOH
molecules in the most dilute solution (¢ = 0.1 wt%) were probably all expelled from

polymer structures at elevated temperatures, whereas a certain portion of ethanol
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molecules remained bound in PVME globules in the solution with ¢ = 6 wt%, as
revealed from "H and "C spin-spin relaxation times 7> of EtOH. While there is fast
exchange between bound and free sites in solutions with ¢ < 10 wt%, slow exchange
regime follows from the existence of separate signals of bound and free EtOH as
found for PVME/D,O/EtOH solutions with ¢ = 20 wt% in '"H NMR spectra
(resonance of OH protons) and especially in *C NMR spectra (resonances of CH,
and CHj; carbons). The lifetime of the bound EtOH molecules is much larger than 10
ms (the difference between *C chemical shifts of bound and free EtOH is approx.
100 Hz on the frequency scale). From the chemical shifts of OH protons it follows
that the hydrogen bonding is for bound EtOH somewhat smaller in comparison with
that existing in neat D,O/EtOH mixtures. While for solutions with ¢ = 6 wt%, the Bc
spin-lattice relaxation times 7 of bound EtOH were virtually the same as for free
EtOH indicating that the rate of the motion of bound ethanol molecules is not
changed, for solutions with ¢ = 20 wt% Ber | values of bound EtOH were
significantly shorter in comparison with free EtOH. For the latter case, the
correlation times of the bound EtOH were 2-3 times longer in comparison with free
EtOH, indicating that the motion of EtOH bound in globular-like structures is
slowed-down. Much larger differences between bound and free EtOH molecules
were found from 7, measurements (both 'H and "*C), where 75 values were for
bound EtOH up to 2 orders of magnitude shorter in comparison with free EtOH
molecules. The main sources of these large differences are evidently that the motion
of bound EtOH is spatially restricted and anisotropic (molecules cannot reach all
orientations) and for the solutions with ¢ < 10 wt%, where a fast exchange regime
exists, also a contribution from the chemical exchange. With time the originally
bound EtOH is very slowly released from phase-separated globules. A similar
behaviour as described above for EtOH molecules from 'H and ?C NMR spectra and
'H and "C relaxation measurements was previously found for water (HDO)
molecules in PVME/D,O solutions [38-40] so indicating that the decisive factor in
this behaviour is in both cases a polar character of these molecules (dipole moments
of water and EtOH are very similar) and hydrogen bonding.

DSC, OM and DLS methods were chosen in order to obtain information

regarding reversibility, microscopic morphology and the size of globules during
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phase separation events. It was found using DSC that a higher content of EtOH in
solution shifts the LCST towards higher temperatures and that thermograms are
almost symmetric for heating and cooling. Moreover, higher EtOH content decreases
the enthalpy increment of separation and a hysteresis (around 2.3 °C) in onset
temperature between heating and cooling can be observed. At low EtOH content, the
thermograms were found to be quite unsymmetrical during remixing. These broad
unsymmetrical peaks in cooling thermograms imply that processes of demixing and
remixing occur by different mechanisms. During demixing, the solution undergoes a
transition from a homogenous solution to a locally heterogenous state. On the
molecular level almost all hydrogen bonds in the sample are disrupted uniformly
with subsequent formation of globules. In the case of remixing, a transition from
locally heterogenous to homogenous state takes place. Here, the compact globules
with low or almost no solvent content are available for hydrogen bonding but the
solvent molecules must penetrate and permeate the globules’ interior through their
surfaces. It was possible to prove this fact using OM study.

OM measurement also revealed two different pattern evolutions for samples
with lower (¢ = 6 wt%) and higher (¢ = 20 wt%) PVME concentrations. For the
higher PVME concentration, the initial state of phase separation (demixing) has a
sponge-like structure with an increasing particle size as the temperature is increased
with a subsequent formation of mostly ellipsoidal cell-like structures containing a
complex internal substructure together with many small spherical globules. Although
the initial stages of phase separation in these two samples appear similar, further
temperature increase results in formation of spherical globules in sample with
concentration ¢ = 6 wt%. PVME chains are not so strongly linked and so can demix
more finely into relatively small spherical objects thus forming a droplet pattern. In
both samples non-remixible globules were found.

The size distribution of globules at various temperatures for
PVME/D,O/EtOH sample with concentrations ¢ = 6 wt% and cgon = 10 vol% was
determined using a digital image analysis. Relative mass and relative number
distributions were measured by DLS for the sample with concentration ¢ = 0.6 wt%,
ceion = 1 vol%. These distributions were extrapolated in PVME concentration and

volume to those observed by OM and a satisfactory match was found. Using the OM
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technique, it was possible to identify about 80 % of PVME in sample forming
globules above the LCST. The range of the globule radii was estimated by OM and

DLS measurements as 0.2-8 pm.
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5 Introduction II

5.1 Introduction to porphyrins

Porphine and its derivatives (i.e. the porphyrins, see Figure 27) are widely studied
functional pigments that can complex a great variety of metal cations at their
tetrapyrrole macrocyclic core [61-63]. In biological systems, porphyrins play
essential roles as photosynthetic antenna and reaction centre components, in the
heme proteins, and as coenzyme By, [64,65]. Porphyrins can coordinate cationic
species, especially transition metal cations, and these complexes exhibit unique
functions depending on the metallating species. Furthermore, the coordinated metal
cation can accommodate a variety of ligands resulting in, for instance, sophisticated
catalytic activity. The large extinction coefficients of porphyrin chromophores imply
use as photo-electronic components while their well-defined redox potentials suggest
many electrochemical applications based on this feature. Consequently, porphyrins
remain the most widely studied of all macrocyclic systems.

In addition, synthetic procedures to porphyrins are amenable to various
modifications permitting a continuous expansion of the family of porphyrin
compounds, which may now be more accurately referred to as the cyclic
oligopyrroles. New aspects of porphyrinoid chemistry, such as the expanded,
contracted, and isomeric analogs, are continuously being developed. Figure 27
illustrates some unusual core structures of porphyrins [66-68]. Corrole is the
macrocyclic porphyrin analogue contained in vitamin B,. The absence of one meso-

carbon permits corroles to retain the aromaticity characteristic of porphyrins, but
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induces tribasicity of the ligand over the usual dibasicity of porphine. In a similar
way, introduction or removal of macrocyclic carbon atoms to or from porphyrin
results in structures such as porphycene, corrphycene, hemiporphycene, and
isoporphycene (see Figure 27). The variation in the electronic and physical structure
of these porphyrins caused by skeletal transformations is likely to lead to the

manifestation of unique electronic or catalytic properties.

Porphyrin

Corrphycene Hemiporphycene Isoporphycene

Figure 27. Porphyrins with unusual core structures.

The porphyrin core usually consists of four pyrrole rings linked through
meso-carbon atoms. However, porphyrins containing larger numbers of pyrrole
groups have been developed, some of which are summarized in Figure 28. These
“expanded porphyrin” derivatives [69-72] have extended m-electron conjugation,
which results in novel photonic, electronic and magnetic properties. The expanded
polypyrrolic macrocycles contain a greater number of coordinating heteroatoms and
a larger central binding cavity exhibiting unique molecular recognition functions,
including anion sensing.

Porphyrin isomers may exist where a pyrrole ring is inverted such that its
amine function is positioned at the periphery of the porphyrin while a carbon atom
appears at the interior of the macrocycle. These pyrrole ring inversion isomers are
referred to as N-confused porphyrins (NCPs) (see Figure 29 for NCP families)

[73,74]. One result of this inversion is that the carbon atom at the macrocyclic
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interior is now available for formation of metal-carbon bonds where the coordinated

metal ion is suitable for such organometallic interaction.

Pentaphyrin

Hexaphyrin Heptaphyrin

Figure 28. Expanded porphyrins.

N-Confused Porphyrin Doubly N-Confused N-Fused Porphyrin
Porphyrin

Figure 29. N-Confused porphyrins

Synthetic modification at the porphyrin macrocyclic nitrogen atoms has also
been investigated [75]. N-alkylation of meso-tetrakis-3,5-di-tert-butyl-4-oxo-2,5-
cyclohexadienylideneporphyrinogen (Figure 30) was shown to be a useful way of
stabilizing the structure of the compounds against protic tautomerism. As it was
reported in [76] the redox and spectral properties of the latter compound are tunable
through an increase in multiplicity of N-substituents.

As summarized above, the porphyrin structure permits a variety of synthetic
procedures, resulting in a multitude of functional molecules. However, more
elaborate functional systems can be constructed by array formation or assembly of

such functional porphyrin molecules.
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Figure 30. An N-substituted (naphthalene substitution) porphyrin.

An example can be observed in photosynthetic systems. The photosynthetic systems
consist of a sophisticated supramolecular arrangement of proteins and dyes, and
efficiently convert incident light energy into chemical energy (adenosine
triphosphate - ATP). The entire process is initiated by adsorption of a photon by a
light-harvesting (LH) antenna system, where arrays of various porphyrin derivatives
(i.e. chlorophylls, bacteriochlorophylls, etc.) play the important role of rapid and
efficient energy transfer to the photosynthetic reaction center. This function cannot
be performed by individual porphyrin molecules but rather requires the large
absorption cross-section and supramolecular arrangement provided by the entire

light-harvesting system.

5.2 Anion binding

Complexation of anionic species by molecules containing an appropriate binding site
is an area of recent substantial interest in supramolecular chemistry [77-83]
Additionally, binding of a particular anion is involved in the activity or inhibition of
activity of some proteins [84]. The specificity of this interaction is a desirable
characteristic for synthetic derivatives, and many small molecules have been
investigated in relation to this. Second, the ability to complex and report the presence
of several environmentally deleterious or toxic anions would be a valuable means for
determination of those anions. Certain types of molecules are suitable for anion
complexation applications, notable examples being polyamide macrocycles [85],

calixarenes [86] and the calix[4]pyrroles [87-89]. Certain of these have been found to
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bind specific anions with great selectivity permitting speculation on their
applications [90].

The calix[4]pyrroles (see Figure 31) have been investigated intensively from
the point of view of anion binding [87-89,91-94]. They are ideal for this purpose
since they are available in high yield from a relatively simple synthesis. Their appeal
is furthered by availability of various post-macrocyclization modifications [95] and
because unsymmetrical derivatives can be prepared facilitating, for instance, the
introduction of a fluorophoric reporting group [96,97]. Anion binding properties of
the calix[4]pyrroles depend on hydrogen bonding interactions between the pyrrole
NH groups and the analyte anion with the inherent flexibility of their porphyrinogen
skeleton allowing the calix[4]pyrroles to exist in conformations somewhat analogous

with the calixarenes.

Figure 31. Structure of calix[4]pyrrole.

5.3 Objectives of the doctoral thesis (supramolecular part)

A species related to the calix[4]pyrroles is the 5,10,15,20-ztetrakis-3,5-di-tert-butyl-4-
oxocyclohexadienylidene porphyrinogen, 1, and its di-N-benzylated derivative, 1a,
(see Figure 32 in subsection 6.1), which although bearing essential similarities in its
structure with the calix[4]pyrroles, can be distinguished from them by an increased
macrocyclic rigidity as a result of its conjugated electronic system. Another novel
feature of the extended m-electronic system is an intense color in all of its derivatives.
After adventitiously observing an effect (red shift) related to the presence of an
anionic species in the electronic absorption spectra of the cyclohexadienylidene-

substituted porphyrinogens during spectroelectrochemical analyses [76] we were
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encouraged to investigate their behavior in the presence of a wider range of substrate
anions. Since these compounds possess intense electronic absorptions, we hoped to
obtain an anion-dependent chormogenic response. Further to this, these molecules
bear a moderate solvatochromism, which we believed could improve anion
differentiation.

Therefore, the aims of this study can be summarize as:

1) Synthesis of compounds 1 and 1a.

2) Solvatochromic response of 1 and 1a in various solvents (with different
polarities) studied using UV/Vis spectrophotometry methods.

3) UV/Vis spectrophotometry nvestigation of anion binding (using wide
range of anions) for 1 and 1a. Determination of binding constant between
anion and host molecule (1 or 1a).

4) Study of influence of anion binding to 'H NMR spectra of host molecules
1 and 1a.

5) Investigation of colorimetric response to anion selectivity by a

combination of anion binding and solvatochromic effects.
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6 Experimental 11

6.1 Samples

The compounds 5,10,15,20-tetrakis-3,5-di-tert-butyl-4-oxocyclohexadienylidene
porphyrinogen, (OxP) 1, and N;;N»3-dibenzyl-5,10,15,20-tetrakis-3,5-di-tert-butyl-4-
oxocyclohexadienylidene porphyrinogen, (OxP(Bz),) 1a (see Figure 32, and Figure
33 for numbering), used in this study were prepared as described in subsection 6.3.
Solvents, spectroscopic solvents, reagents and tetra-n-butylammonium salts (Figure
34) for anion binding studies were obtained from Aldrich Chemical Co., Wako

Chemical Co., Tokyo Kasei Chemical Co. or Kanto Chemical Co.

OxP, 1 OxP(Bz)z, 1a

Figure 32. Structure of 5,10,15,20-tetrakis-3,5-di-tert-butyl-4-oxocyclohexadien
ylidene porphyrinogen, (OxP), 1; and N;;Njs-dibenzyl-5,10,15,20-tetrakis-3,5-di-
tert-butyl-4-oxocyclohexadienylidene porphyrinogen, (OxP(Bz),), 1a.
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Figure 33. Numbering of porphyrinogen ring.
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Figure 34. Tetra-n-butylammonium (1) salts: fluoride F (2), chloride CI™ (3),
bromide Br (4), iodide I (5), acetate CH3;CO, (6), cyanide CN (7), hydrogen
sulfate HSO4 (8), tetrafluoroborate BF, (9), hexafluorophosphate PFs (10),
perchlorate ClO4 (11), dihydrogen phosphate H,PO4 (12), and nitrate NOs™ (13).

6.2 Characterization

6.2.1 Used spectrophotometers and spectrometers

Electronic absorption spectra were measured using JASCO V-570 UV/Vis/NIR
spectrophotometer, Princeton Applied Research (PAR) diode array rapid scanning
spectrometer or a Shimadzu UV/Visible spectrophotometer. 'H-NMR spectra were

obtained using JEOL AL300BX (operating at 300.4 MHz) or Bruker AM400
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(operating at 400.1 MHz) spectrometers. Variable temperature measurements were
performed using either instrument equipped with the appropriate liquid nitrogen

cooling apparatus.
6.2.2 X-ray crystallography

Crystals of the acetone solvate of compound 1a were grown by refrigeration (7 =
—20 °C) of a solution of 1a in anhydrous acetone. Very thin purple plates, which had
appeared after two-three weeks, were subjected to X-ray crystallographic analysis
using a rotating anode Mo K, source. A suitable crystal was selected and mounted on
a glass fibre using perfluoropolyether oil. This was placed in the cold stream of the
diffractometer (Bruker-Nonius Kappa CCD) at 120K prior to data collection. The X-
ray crystallography data collection and refinement were done by EPSRC UK
National Crystallography Service.

Crystal data for 1a-acetone (see the structure in Figure 35¢): Co3H;10N4Os, M
= 1363.85, triclinic, centrosymmetric point group P 1, a = 12.1693(11) A, b =
17.5849(13) A, ¢ =21.0965(17) A, o= 69.870(4) °, B=78.140(4) °, y= 82.865(5) °,
V=41413(6) A’, Z=2, D, = 1.094 g cm”, x(Mo K,) = 0.067 mm™, crystal size
0.12 x 0.10 x 0.02 mm>, structure solved by direct methods, F? refinement, 946

parameters.

6.3 Synthesis

5,10,15,20-Tetrakis-3,5-di-tert-butyl-4-oxocyclohexadienylidene porphyrinogen,
(OxP) 1, was prepared by modifications of procedure previously published by
Milgrom [98]. The synthesis of 1 was performed in propionic acid (250 mL) with
addition of 3,5-di-fert-butyl-4-hydroxybenzaldehyde (11.74 g, 0.05 mol) refluxing at
140 °C. The reaction mixture was stirred during the addition of pyrrol (3.35 g, 0.05
mol). After 3 hours the mixture was cooled to 70 °C and 150 mL of propionic acid
was removed by evaporation under reduced pressure (280 hPa, 80 °C). Then the
mixture was kept in refrigerator at -10 °C for 24 hours. The solid compound

aggregated on the sides of flask. After filtration the sample was dissolved in
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dichloromethane (200 mL) and during stirring the triethylamin (~ 10 mL) was
gradually added to deprotonize the product. After addition of methanol (200 mL) the
product was filtered and we obtained 5,10,15,20-tetrakis-3,5-di-tert-butyl-4-
hydroxyphenylporphyrinogen, (P), 0, (2.7 g, yield 19.2 %) as a purple blue solid.

To obtain its two-electron oxidized product, 1, the 0 (1 g) was dissolved in
dichloromethane (500 mL) at room temperature. The mixture of potassium hydroxide
(100 mg) with methanol (5 mL) was prepared in separate veil and gradually injected
into the stirring dichloromethane with 0 until the solution changed the colour to
green. After 16 hours of stirring at room temperature the distilled water (300 mL)
was added. The dichloromethane was removed from solution by evaporation under
reduced pressure (270 hPa, 40 °C). The remaining mixture is filtered through paper
filter using vacuum pump. The obtained product is a green solid OxP, 1 (0.98 g, yield
98 %).

N-alkylation of the OxP, 1, was performed in refluxing anhydrous
ethanol/potassium carbonate with 5 equiv of benzyl bromide. 1 (200 mg, 1.8 x 10™
mol) was dissolved in dry ethanol (20 mL), and anhydrous potassium carbonate (0.25
g) was added. The reaction mixture was stirred during the addition of benzyl bromide
(150 mg, 8.8 x 10™ mol, ~5 equiv) followed by warming to reflux. Typically, the
reaction was allowed to proceed until none of the parent compound 0 remained (thin
layer chromatography (tlc) monitoring). Following completion of the reaction, the
solvent was removed by evaporation under reduced pressure, and the resulting solid
was partitioned between dichloromethane and water. Evaporation of the highly
coloured dichloromethane fraction yielded a green solid that was dissolved in
minimum of dichloromethane and chromatographed on silica gel eluting with »n-
hexane/dichloromethane, 1:1. The major products are consistently the di- and tetra-
substituted products when benzyl bromide is used in the N-alkylation. The two main
products are separated easily, but care must be taken to avoid contamination by small
amounts of tri-substituted derivative that are present in the mixture. Relative yield
depends on reaction time, but the tetra-substituted product could be obtained in >80
% vyield if the reaction was allowed to proceed until virtually no di-substituted
material remained. After the silica gel chromatography, the di-substituted product 1a

(75 mg, yield 38 %) used in this study, was obtained.
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7 Results and discussion 11

7.1 Solvatochromism

Solvatochromism is the term for changes in electronic spectra of compounds when
dissolved in different media and is related to changes in the electronic structure in the
subject molecules caused by variation of solvent polarity or other interactions,
especially hydrogen bonding [99-103]. For compounds 1 and 1a, absorption maxima
in different solvents appear in the range 400-900 nm and this is illustrated by the
spectra shown in Figure 35 while the positions of the absorption maxima in different
solvents are summarized in Table 10. Low solubility of 1 in several of the solvents
used here did not prevent us from observing the trends in its electronic absorption
spectrum. However, 1a proved soluble in a greater variety of solvents. Hexane is the
least polar of the solvents employed and gives Amax for 1a at 486 nm. Increasing the
polarity of the solvent results in a red shift so that A« for 1,4-dioxane occurs at 504
nm. Other non-hydrogen bonding solvents with comparable polarities, such as
chloroform and dichloromethane, have Am.x of similar value. When solvents capable
of H-bonding are used new absorption bands appear at 600 and 750 nm, the relative
intensity of which varies with the solvent polarity and may be a measure of how
strongly the hydrogen bonding interaction occurs with the oxoporphyrinogens, 1 and
1a. The original ‘Soret’-type band (a very strong absorption band in the blue region
of the optical absorption spectrum of a porphyrin) at 500 nm reduces in intensity

with increasing solvent polarity.
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Figure 35. Solvatochromism in 1 and 1a: (a) and (b) electronic absorption spectra of
1 and 1a, respectively, in solvents of various polarities, and (¢) molecular structure of
the acetone solvate of 1a as obtained using X-ray crystallography. (For the molecular
structure of the water solvate see Ref. [104]). 1a-acetone hydrogen bond N-O
distance: 2.904 A.
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Table 10. Donor numbers and £ values of the employed solvents, and optical
absorption spectral data for the investigated porphyrinogens in different solvents.

Solvent nIlzr(r)lré(;rra Yisd O[flii]l OXPE?;)]z’ la
[kJ/mol]

Hexane 0.0 0.00 330, 364, 538(sh), 660 322,486, 552(sh)
Benzene 0.1 0.10 343,514, 583(sh) 329, 503, 569(sh),
Nitrobenzene 4.4 0.30 530, 592(sh) 521, 585(sh)
Benzonitrile 11.9 0.41 342,531, 594(sh) 339, 522, 589(sh)
Acetonitrile 14.1 0.31 367,543, 682 344,519, 586
Dioxane 14.8 0.37 350,512.5, 584(sh) 338, 504, 574(sh)
Acetone 17.0 0.48 360, 524, 590(sh) 352,516, 580(sh)
Ethyl acetate 17.1 0.45 356,521, 602(sh) 348, 510, 583(sh)
Ethanol 19.2 0.77 360, 535, 604(sh) 353,517, 588(sh)
Diethyl ether 19.2 0.47 343,500, 577(sh) 344, 497
Tetrahydrofuran 20.0 0.55 356,521, 598(sh) 349, 507, 575(sh)
Dimethylformamide  26.6 0.69 372,535,637 360, 534, 586, 757
Dimethylsulphoxide  29.8 0.76 371, 544, 625 365, 536, 606(sh)
Pyridine 33.1 0.64 389,537,631 374, 532(sh), 601, 679

* Taken from Ref. [105].
® Taken from Ref. [106].

Variation of solvent polarity could also be accomplished using a binary mixture.
Spectra were measured in dichloromethane-dimethylformamide (CH,Cl,-DMF)
mixtures of various ratios. Even at high CH,Cl,-DMF ratios there is a notable color
change from pink to violet with a gradual attainment of the blue color (Figure 36).

To emphasize the possibility of hydrogen bonding involving the pyrrolic NH
groups and solvent molecules the crystal structure of the acetone solvate of 1a was
determined using X-ray crystallography. Figure 35c shows the inclusion of acetone
at the binding site of 1a in the compound 1a-acetone. Notably, crystals of 1a-acetone
are purple, which represents a departure from the usual green/red dichroism in
crystals of these compounds. However, the purple color of the crystals is consistent
with the observed solvatochromism of l1a. When compared with the known
structures of di-N-alkylated 1 [76,104], the most obvious difference is the

displacement of the water molecule from the binding site between the pyrrolic NH
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groups. The N22-Oqcetone distance (cf. Figure 35¢) in 1a-acetone is 2.90 A compared
to 3.02 A for the case where water is hydrogen bonded [104]. This is one of the
factors affecting the dihedral angles subtended between the pyrrole groups and the
macrocyclic least squares plane so that while the angle between benzyl-substituted
pyrroles is similar in both water and acetone solvates, the angle subtended by the

pyrroles involved in the H-bonding interaction is lower in the acetone solvate (41°

and 43° against 47° and 52.4° for the water solvate [104]).

10O 90:10 80:20 70:30 60:40  S0:50 40:60 30:70 20:80 10:90  0:100
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I I -
400 600 800 1000
Wavelength [nm]

Figure 36. Spectral and color variation accompanying changes in the ratio of
dichloromethane:dimethylformamide solutions of 1a.

Qualitatively, the solvatochromism of 1 and 1a results in a color change from
red/pink in non-polar solvents through violet to blue for the most polar solvents used
here (N,N-dimethylformamide, dimethylsulfoxide). For the fully N-substituted
derivatives of 1 there is predictably no substantial change in the electronic spectrum
upon variation of solvent polarity since the possibilities for hydrogen bonding and
protic tautomerism have been effectively negated by complete N-alkylation.

Several models have been developed in the literature to visualize the linear
solvation energy relationships [99-103,105]. A comprehensive collection of
solvatochromic parameters and methods for simplifying the generalized
solvatochromic equations has been reported by Kamlet et al [106]. In the present

study, we utilized solvent donor number (quantitative measurement of Lewis
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basicity) and the £ scale of hydrogen-bond acceptor (HBA) basicities to seek linear
solvation energy relationships. The £ scale provides a measure of the solvent’s
ability to accept a proton (donate an electron pair) in a solute-to-solvent hydrogen
bond. Figure 37 illustrates the relationships between the solvent donor number, the 4
values, and the spectral shifts of compounds 1 and 1a. The correlation coefficients
for these plots were found to be 0.85, 0.97, 0.73, 0.90, respectively, for plots (a)-(d).
The linear trend in the plots suggests that solute-solvent hydrogen bonding is

primarily responsible for the observed solvatochromic effect of porphyrinogens.
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Figure 37. Plots of donor number versus absorption peak maxima (a and b), and S
versus absorption peak maxima (c and d) for 1 (plots a and ¢) and 1a (plots b and d).
Solvents: 1 (hexane); 2 (benzene); 3 (benzonitrile); 4 (acetonitrile); 5 (1,4-dioxane);
6 (acetone); 7 (ethyl acetate); 8 (ethanol); 9 (diethyl ether); 10 (tetrahydrofuran); 11
(dimethylformamide); 12 (dimethyl sulfoxide); 13 (pyridine).

7.2 UV/Vis Spectrophotometry of anion binding

The potential of polytopic hydrogen bonding sites can be exploited by
assessing their anion binding properties. Therefore, electronic absorption
spectroscopy was used to quantify the binding of halides and several other anions.

Figure 38 illustrates the spectral changes observed during the titration of

tetrabutylammonium fluoride against a solution of 1a in dichloromethane. During the
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titration absorption bands located at 333 and 509 nm underwent a red shift to 374 and
604 nm, respectively. In addition, a new intense band was observed at 753 nm. An
isosbestic point was observed at 420 nm suggesting the presence of one equilibrium
process in solution. Similar spectral changes were observed for all of the anions

investigated.
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Figure 38. Spectral changes observed during titration of 1a with tetrabutylammonium
fluoride in dichloromethane. The figure inset shows the Benesi-Hildebrand plot
constructed for determination of the binding constants.

Job’s method (also called as a method of continuous variation) is effective
approach to the determination of stoichiometry for the porphyrinogen-anion
complexes. When we assume reaction aA + dD <==> cC, where A is host (electron
acceptor, porphyrinogen), D is guest (electron donor, anion), C is complex
(porphyrinogen-anion), and a, d, ¢ are number of moles of host, guest, complex,
respectively. The latter equation can be rewritten in the form A + kD <==> mC (by
dividing all coefficients by a), where k = d/a and m = c/a. Job’s method is based on
the following: if a series of solution is prepared, each containing the same total
number of moles of A and D, but a different ratio, R, of moles D to moles A, the
maximum amount of product (complex), C, is obtained in the solution in which R = k
(the stoichiometric ratio). In order to obtain preliminary information regarding
stoichiometric ratio, the method was slightly modified. The absorbance of the

strongest band was plotted against the molar ratio of F~ anion and 1 (or 1a). The
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changes in the trend of this plot suggested that the 1-anion complexes hold
stoichiometry 1:2 while 1a-anion complexes hold 1:1. An example of modified Job’s
plot for 1-F complex is seen in Figure 39. In this figure the trend is changed twice, at

the ratio 1 and 2.
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Figure 39. Job’s plot for binding of fluoride ions by compound 1 indicating a 2:1
stoichiometry.

The anion binding constants were evaluated using the spectral data by construction
of Benesi-Hildebrand plots [107]. This method is a widely used approach for
determination the stoichiometry and equilibrium binding constants of nonbonded
interactions, particularly 1:1 and 1:2 interactions. The method is based on equation

[Aq] _ 1 L L
d4d 1A K[D,] [Ag’

(13)

where [Ag] and [Dy] are initial molar concentrations of host and guest, respectively;
d4 is change in absorbance and satisfies d4 = Ay — A, where A4, is the initial
absorbance before the interaction of A and D, and A4 is the absorbance taken at any
point of titration; K is binding constant; A¢ is a difference between molar extinction
coefficient of complex and guest, and / is distance the light travels through the
material (i.e. the path length). The slope of dependence of [Ag]/d4 vs. 1/[Dy] is
closely related to the value of binding constant.

The compound 1a has only one binding site and therefore only one set of

spectral changes was observed (see Figure 38). The inset in the latter figure shows
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Benesi-Hildebrand plot constructed for determination of the binding constant. The
compound 1 has two binding sites which was supported (besides the Job’s plot) by
observation of two sets of spectral changes in Figure 40a and 40b. Two binding
constants were determined for F~ anion using Benesi-Hildebrand plot (see insets in
Figure 40). Linear plots were observed for all of the studied anions and the binding

constants thus calculated are summarized in Table 11.
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Figure 40. Spectral changes observed during the titration of 1 with
tetrabutylammonium fluoride in dichloromethane. (a) The first set of spectral
changes and (b) second set of spectral changes. The insets show the respective
Benesi-Hildebrand plots constructed for evaluation of binding constants.
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Table 11. Spectral shifts of the UV band and anion® binding constants for OxP, 1,
and OxP(Bz),, 1a, receptors determined from absorption titration method in
dichloromethane at room temperature.

) OxP, 1 OxP(Bz),, 1a
anion 1o 1 1 -1 -1
AA,ecm™” K [Lmol'] K;[L mol ] AA,ecm™  K[L mol ]
F 821 1.0x10° 2.7 x 10* 854 12x10°
Cl 647 8.3x10* 3.2x10* 521 5.1x10*
Br 534 8.2x10* 2.4x10* 247 1.9x10*
I 83 4.8 x10* 1.6 x 10° 58 3.5x10°
PFs 15 1.2 x10* 1.5x10° 8 3.2x10°
Clos 19 1.4 x 10 2.1x10° 62 7.9 x 10°
NO;~ 383 9.7 x 10* 2.7x10* 548 8.2x10*
CH;CO, 554 6.6 x 10* 3.3 x 10* 526 6.1 x 10*
H,PO,~ 520 33x10%  23x10* 570 6.1 x10*

* Tetrabutylammonium salts were utilized.
® For the first set of spectral changes.

The magnitudes of K values suggest stable anion binding by both
porphyrinogens, which for halides follows the trend: I’ < Br < CI" < F'. However,
for polyatomic anions, no clear tread could be observed perhaps due to different
modes of binding of these anions to the porphyrinogen pyrrolic NH groups. In
general, porphyrinogen 1 shows higher K values compared to 1a for a given anion
(K1 was chosen for comparison). The spectral shifts of the UV band were correlated
with the K values as shown in Figure 41. Good trends were observed for both of the
investigated porphyrinogen derivatives. Based on the results of solvatochromic
studies in Figure 37 and the results of Figure 41 one can conclude that hydrogen
bonding interactions are primarily responsible for these observations. Further 'H
NMR studies were performed to confirm the hydrogen bonding interactions for

solvent and anions by the investigated porphyrinogens.
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Figure 41. Plots of binding constant of different anions versus spectral shift for (a) 1
and (b) 1a.

7.3 "H NMR spectroscopy

In general, it is possible to detect hydrogen bonding interactions during binding of an
anion by a small molecule using proton NMR spectroscopy. Observation of the
interaction is preferred in a solvent, such as dimethylsulfoxide or acetonitrile, where
formation of an ion pair by the anion salt (e.g. tetra-n-butylammonium fluoride) is
not favored. For derivatives of 1, which are poorly soluble in these solvents, this
presented a problem. However, in the presence of excesses of the analyte anion the
compounds are somewhat solubilized permitting measurement of their NMR spectra.
This solubilization is evidently caused by anion complexation.

Proton NMR spectra of 1 in the absence and presence of chloride ions in
chloroform (CDCls) are shown in Figure 42. We interpret the spectra with reference
to the known protic tautomerization of 1 [108]. The tautomerism is illustrated
together with the 'H NMR spectrum of a CDCl; solution of the tautomers in
admixture. The aromatic and OH peaks assigned to the porphyrinogen (Figure 42b)
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and porphodimethene (Figure 42c) forms, respectively, are present. In the aromatic
region, the peak due to residual chloroform obscures one of the peaks. It is notable
that increasing the temperature of measurement shifts the tautomeric equilibrium to
the porphyrinogen form. Stabilization of the porphyrinogen form can also be
accomplished by introduction of a hydrogen bonded guest species such as a halide or
other anion. In the presence of anions the peaks due to the porphodimethene form are

diminished as illustrated in Figure 42b.

OH

Tautomer 1 Tautomer 2

(b) a

(+ TBA Chloride)

(©)
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Figure 42. "H NMR spectra of aromatic region of 1 in CDCl; in the absence and
presence of excess tetra-n-butylammonium chloride at room temperature. (a)
Structures of the two tautomers of 1 (Tautomer 1: porphyrinogen form, Tautomer 2:
porphodimethene form). (b) '"H NMR spectrum of 1 in the presence of excess tetra-n-
butylammonium chloride revealing binding of chloride by the porphyrinogen form
(“a”: meso-substituent alkene-H; “b”: pyrrolic A-H). (¢) '"H NMR spectrum of 1 in
the absence of excess tetra-n-butylammonium chloride indicating its existence as the
porphodimethene form (“c” and “e”: meso-substituent alkene-H; “d” and “f”:

.99,

pyrrolic /-H; “g”: meso-substituent hydroxyl-H).

In the case of 1a in CDCI; (Figure 43), the complexation of an anion is again

(Y92

obviated not only by a downfield shift of the pyrrolic NH protons (assigned as “a” in
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Figure 43) but by variations in the chemical shifts of the pyrrolic S-proton
resonances (assigned as “d” in Figure 43). '"H NMR titration spectra of 1a against
amount of CI™ anion are presented Figure 43b and 43c. The downfield shift of the

NH proton peak is a result of hydrogen bonding with the substrate anion.

Figure 43. '"H NMR spectra of 1a in CDCl; at room temperature. (a) 'H NMR
spectrum of 1a in the absence of any tetra-n-butylammonium salt. The peaks are

[P

assigned as they correspond to the structure: “a”: pyrrolic NH protons; “b” and “c”:
meso-substituent alkene-H; “d” and “e”: pyrrolic f-H; “u” and “v”: tert-butyl-H; “x”:
benzyl CHy; “y”: benzyl ortho-, para-H; “z”: benzyl meta-H; “1”: residual CHCls;
“2” and “3”: impurities (acetone and water, respectively) from synthesis; “4”:
tetramethylsilane (TMS) standard. (b) and (c) '"H NMR spectra of titration of 1a
against tetra-n-butylammonium chloride. Pyrrolic NH proton (b) and part of aromatic

region (c) are shown in detail.

For the more strongly interacting fluoride, cyanide and acetate anions, the
resonance due to the NH protons gradually broadens with a slight downfield shift.

Shifts in the positions of the f-proton resonances are also more pronounced than for
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the other anions studied because of larger macrocyclic perturbations. For instance,
complexation by the smaller fluoride ion must cause more serious macrocyclic
deformations and this is born out by the substantial red shift in the electronic
spectrum. The potential coupling between proton and fluorine nuclei could not be
initially observed in 1a although NMR spectra at depressed temperatures (Figure 44)
indicate the presence of more than one species in solution assigned to complexed and
non-complexed 1a. (Measurement of NMR spectra at lower temperature permits to
detect NH peaks due to slowing down of chemical exchange.) A third peak observed
during the low temperature measurements (at about 0.2 equivalent) could be due to

complexation of one fluoride ion by two molecules of 1a.
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Figure 44. Low temperature 'H NMR data for 1a in CDCl; solution at =70 °C and in
the presence of increasing proportion (as indicated) of tetra-n-butylammonium
fluoride. The N-H resonance for complexed (on the left) and non-complexed (on the
right) 1a is seen.

When dichloromethane was used as solvent the complexation by fluoride ion can be
more easily observed and a titration of 1a against fluoride ions in d>-dichloromethane
(CD,Cl,) is shown in Figure 45. During the titration and for low proportions of
fluoride ion, there appear two distinct NH resonances. As fluoride ion concentration
is increased the NH peak at lower field (assigned to the 1a-F~ complex) increases

then diminishes until at proportions above 1 equivalent it disappears from the
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spectrum altogether, presumably because of anionic exchange. In the initial stages of
the titration involving very low concentrations of fluoride ion the NH resonance
becomes significantly broadened although the NH peak(s) reappear at higher fluoride

concentrations. The peak at higher field is due to the anion-free 1a.

15 14 13 12 11 10 9 8
8 [ppm]

Figure 45. "H NMR spectra of titration of 1a against fluoride ions perfomed in ds-
dichloromethane solution at room temperature. The N-H resonance for complexed
(on the left) and non-complexed (on the right) 1a is seen.

7.4 Anion selectivity by a combination of anion binding and

solvatochromic effects

The effect of the solvatochromism of 1 and its di-N-benzylated derivative 1a
on their electronic spectra in the presence of complexing anions was observed. This
is intended as a qualitative assessment of the colorimetric responses of 1 and 1a to
anions in various solvents. For 1, accessible solvents for this study were
dichloromethane, chloroform, tetrahydrofuran and pyridine. For several other
solvents 1 was virtually insoluble except in the presence of excesses of the more

strongly interacting anions. Electronic absorption spectra indicate the effect of anion
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binding and solvent identity on the color of the solutions. The most attractive
example of this for 1 is in dichloromethane solution where changing the identity of
the anions gives relatively well defined changes in the UV/Vis spectrum.
Tetrafluoroborate anions interact weakly and do not perturb the spectrum of the
parent significantly. Binding of the halides gradually increases the intensity of a new
band at 665 nm passing from iodide to chloride (Figure 46b). However, when
fluoride is present, the absorption spectrum departs much more significantly from
that of the parent. A broad band appears at 758 nm as was noted previously. This
band is significant in that it would allow monitoring for the presence of fluoride at
around 860 nm without interference from the other anions studied. In acetone the
response of 1 to different anions is similar to that in dichloromethane. The effect of
the presence of particular anions on the color of solutions of 1 is summarized in
Figure 46. It is interesting to note in Figure 46b that an apparent isosbestic point
appears in the spectra containing non-identical anions. This is because the mode of

binding of the anion is similar for those participating in this phenomenon.

(a)

Acetate 1.2
Cyanide
) J
Fluoride b= LA
o
=
Chloride S
<205
Bromide .
lodide
: 0 e
HSO4 400 600 800 1000
i Wavelenght [nm)]
BF,
F~ Br- =
PF, HSO,~ —— i e—
CH,CO,;” —— Gl
No Anion NO iOn  =—

Figure 46. (a) Colors of solutions of 1 in the presence of various anions and solvents
(see Figure 49 for the photograph from which the tile pattern was generated). (b) The
electronic spectra of 1 in dichloromethane and in the presence of the indicated anions
are shown as an example.
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Electronic absorption spectra of solutions containing individual anions, 1a
and in selected solvents are shown in Figure 47. For 1a, fluoride ions could be easily
distinguished from the other halides in most solvents while they could also be
distinguished from acetate and cyanide by variation of the solvent. In solvents of
higher polarity, differentiation of fluoride became increasingly unlikely because the
characteristic color for fluoride ions coincides increasingly with the native color of
1a in those solvents. This is shown in fluoride electronic spectra in Figure 47, where
the dichloromethane represents less polar solvent than the ethanol. Generally, the
ions acetate, cyanide and fluoride can be differentiated from the other ions by the
blue color of their solutions. The presence of other anions tends to result in violet
solutions. The most notable separation of anion response comes in dichloromethane
where fluoride can be distinguished from all the other ions studied by virtue of the
absorption band at 750 nm. When ethanol is used as a solvent, cyanide ions may be
distinguished from the other studied anions. In that case it is the lack of response
from other anions which enables almost unobstructed observation of an absorption

band at 756 nm.
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Figure 47. Electronic spectra of 1a in dichloromethane (a) or ethanol (b) and in the
presence of the indicated anions.

Further, iodide ions give a variety of responses depending on solvent (Figure 48).

Often a new absorption band(s) is observed in the UV around 380 nm. When
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propionic acid is the solvent iodide is the only analyte to induce a distinct response
from 1a. In the UV/Vis spectrum, this manifests itself as intense new absorption
bands at 350, 440 nm with a less intense band at 785 nm which does not overlap with
the absorption bands in the spectra of solutions containing other anions. The tiling
representation in Figure 48 illustrates the colors of dilute solutions (~10° M) of 1a in
various solvents and in the presence of excesses of the respective anions. The
solvents are arranged in order of their polarities while the anions are arranged
approximately by the apparent strengths of interaction with the anion complexing

agent 1a according to the color changes.

Acetate
Cyanide
Fluoride

Chloride

Bromide

uuuuuu

No Anion

Figure 48. Tiling representation of the colors of dilute (~ 10™® M) solutions of 1a in
several solvents and in the presence of the anions studied (see Figure 50 for the
photograph from which the tile pattern was generated).

Finally, anomalous effects are obtained when solvents containing peroxides
are employed. In the absence of 1, traces (~10ppm) of peroxides cause a yellow color
in solutions of iodide ions in tetrahydrofuran, propionic acid or 1,4-dioxane. The

yellow colour is an accepted indicator for the presence of peroxides, which are in this
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case present because of the use of stabilizer-free solvents. Discoloration of the
solutions generally occurs on a timescale of minutes. In propionic acid no
chromogenic response can be observed except in the case of iodide ions. The intense
yellow color replaces the dark pink of non-complexed 1. However, although the
effect is intense, no change is observed in the electronic absorption band of 1. The
lack of response by the other anions simply serves to emphasize a chromogenic

response in propionic acid.
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Figure 49. Original photographs of solutions of 1 in the stated solvents in the
presence of excesses of the respective anions as their tetra-n-butylammonium salts.
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Figure 50. Original photographs of solutions of 1a in the stated solvents in the
presence of excesses of the respective anions as their tetra-n-butylammonium salts.
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The anion binding by 1 and its N-substituted derivatives is not only of interest
from the point of view of determination of ions but also has connotations for the
actual N-alkylation reaction leading to those derivatives. In our case, we routinely
use solvent ethanol with anhydrous potassium carbonate as the base during these
preparations. The 1 is poorly soluble in ethanol (and other polar solvents) which
affects the reactions with this compound. However, in the presence of carbonate
anions 1 is sufficiently solubilized in ethanol, although at elevated temperature,
presumably by binding of the carbonate anion and the consequent higher polarity of
the anion complex, that the N-alkylation reaction is promoted. In this way, the use of
18-crown-6 as a promoter is not required since 1 itself acts as a phase transfer
catalyst by binding of carbonate. Phase transfer catalyst facilitates the migration of a
reactant in a heterogeneous system from one phase into another phase where the
reaction can take place. It is also now likely that anion binding of carbonate
influences the distribution of the N-alkylates obtained from the reaction between 1
and alkyl bromides. Hence, N-benzylation of 1 should displace a bound carbonate
anion resulting in Nj;-benzyl-1. Carbonate ions interact weakly with the single NH
group at N3 increasing the rate of reaction between this pyrrole group and a
subsequent alkylating species. Thus, N»;,Ny3-dibenzyl-1 is obtained as one major
product. A similar situation occurs for Nj;,Ny3-dibenzyl-1 at its unalkylated face
where displacement of the carbonate by Nj;-alkylation enhances reactivity at Nj4.
We also considered that the carbonate anion binding may effectively prevent
formation of the other isomers of multiple substitution products by fixing the
macrocyclic conformation. In addition, use of other bases apparently does not affect
the identity of the resulting N-alkylates although variation of base and solvent can
lead to changes in the distribution of products obtained from the alkylation reaction

[109].

96



Conclusions 11

8 Conclusions I1

In conclusion, the solvatochromic effect of 5,10,15,20-Tetrakis-3,5-di-tert-butyl-4-
oxocyclohexadienylidene porphyrinogen 1 and its di-N-benzylated derivative 1a in
various solvents was investigated using UV/Vis spectrophotometry. It was illustrated
that relationship between solvent’s £ value (scale of hydrogen-bond acceptor) or
solvent’s donor number versus spectral shift of 1 and 1a is linear which suggests that
solute-solvent hydrogen bonding is primarily responsible for the observed
solvatochromic effect of porphyrinogens. It was also found that 1 and 1a are capable
of binding anionic species such as the halides and other more complex anions. The
measure of strength of anion binding, the binding constants, were determined using
Benesi-Hildebrand plots. It was shown that binding constant between halides and
both porphyrinogens follows the trend I' < Br < ClI" < F". Moreover, the spectral
shifts of the UV band were higher for anions with larger value of binding constant.
This is manifested by shift in solution colour towards blue for more strongly bounded
anions. Further, there is some specificity in the chromogenic response of 1 and its di-
N-benzylated derivative 1a when in the presence of certain anions. Thus, fluoride
ions can be distinguished from the other halides by the more substantial change in
color that occurs upon fluoride ion binding. This difference is even more substantial
in spectrophotometric terms with fluoride ion binding resulting in a strong absorption
band at longer wavelength. In addition, derivatives of 1 exhibit solvatochromism
allowing some chromogenic distinction between other ions, such as acetate or
cyanide, and fluoride. Both solvatochromic and anion binding effects are influenced
by the hydrogen bonding ability of the pyrrolic NH groups so that increased H-

bonding between 1, 1a and the solvent obscures the effect of anion binding.
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Hydrogen bonding by 1a to solvent acetone molecules was observed in the
crystal structure of that solvate. Furthermore, 1 tends to undergo a tautomerism
which can be weighted in favor of the porphyrinogen form by complexation with
appropriate anions which was proved by 'H NMR spectroscopy. It was found using
"H NMR titration spectra of 1a that complexation of an anion is obviated not only by
a downfield shift of the pyrrolic NH protons but also by variations in the chemical
shifts of the pyrrolic f-proton resonances. The titrations suggest that complexation
by the smaller fluoride ion must cause more serious macrocyclic deformations and
this is born out by the substantial red shift in the electronic spectrum as well.

The tile patterns containing colours of dilute solutions of 1 or 1a in different
solvents and in presence of excesses of the respective anions were constructed. The
colorometric response of 1 and 1a was illustrated directly in these patterns as well as
possibility of specific anion selection.

Finally, some connotation of anion binding for N-alkylation reaction leading
to 1a was described. The influence of binding of the carbonate anion and the
consequent higher polarity of the 1a-anion complex was suggested in the terms of
distribution of products from the alkylation reaction towards predominantly di- and

tetra-N-substituted 1.
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