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Chapter 1

Chapter 1

General Introduction

1.1 World water shortage

The amount of water on the earth is limited and it consists of salt water (97 %),
brackish water (0.5 %), and fresh water (2.5 %)." Since the industrial revolution,
advances in technology have made human lives safer, easier, and more comfortable so
that the world’s population has reached 7 billion people in 2011 and is expected to be 10
billion people by 2050. Under these circumstances, the needs of agriculture and industry
for fresh water have been increased. Exploitation of groundwater aquifer and surface
water has decreased the quantity of the available natural water resources. Additionally,
climate changes are predicted to alter the natural availability of fresh water. For example,
it is said that receding glaciers causes arterial rivers (such as Ganges, Yellow, and
Mekong rivers) to become intermittent, compromising many people during the dry
months. Therefore, the water scarcity mainly caused by the rapid growth of the
population, industry, and agriculture has become one of the most serious problems.

Presently, more than one-third of the world’s population lives in water-stressed
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countries and this value is predicted to be two-thirds by 2025.% Furthermore, water is
also strongly connected with energy and food production. The shift to biofuel for
alternative energy requires further fresh water for irrigation. Although several measures
to address the stresses on water supply (e.g. water conservation, repair of infrastructure,
and improvement of reservoir and distribution system) should be implemented, these
measures can only improve the use of existing water resources not increase the amount
of fresh water. The only methods to increase water supply are desalination and water
reuse. Hence, the improvement in technologies for energy-efficient water purification

system has become great important.

Reverse osmosis (RO) is a membrane-based desalination process and is able to
reject almost colloidal or dissolved compounds from an aqueous solution and to
produce fresh water. Up to now, RO has become the dominant desalination technology
because of their low energy requirement (less than 4 kWh m™) compared to other
technology, such as multiple effect distillation (18-30 kwh m™) and multiple stage flash
distillation (24-37 kWh m®)*®°. Indeed, the market share of RO for seawater

desalination in Europe has reached 72 %.°
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1.2 Water purification by reverse osmosis

As mentioned above, the RO process is an efficient way to produce purified
water from the standpoint of energy and environment. In this section, the basic principal

of the RO and some examples of the RO process have been introduced.

1.2.1 Reverse 0smosis

Dissolved solutes in water generate an osmotic pressure (), which is

thermodynamically defined by the van’t Hoff equation:
T = RTZ ¢, (11
i

where C; is the molar concentration of dissolved the species, i, in the solution, R is
the gas constant, and T is the absolute temperature. Thus, when two solutions with
different concentrations are separated by a semipermeable membrane, there exists the

osmotic pressure difference (Ar):
Am = ACRT (1.2)
where AC is the salt concentration differences between solutions.

Depending on pressure gradient across the membrane, the direction of water
flux through semipermeable membranes can become negative (in the direction to the
high concentration solution) or positive (in the direction to the low concentration
solution). The former and latter are called forward osmosis (FO) and RO. To accomplish
water purification by RO, the applied pressure must be higher than the osmotic pressure
difference between the salty and the fresh water. A schematic diagram of RO is shown

in Figure 1-1.
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Figure 1-1 Schematic diagram of reverse osmosis

Water flux (J,,), salt flux (J), and salt rejection (R) are expressed as follows:

Jw = A(AP — Ar) (1.3)
Js = BAC (1.4)
R= (1 - %) X 100 (1.5)

where AP is the applied pressure, A is water permeability, and B is salt permeability.
Basically, AP establishes a water concentration gradient inside the semipermeable
membrane, which allows water transport by Fickian diffusion. Unlike water, a
difference in salt concentrations, which causes a difference in electrochemical potential,
generates a salt concentration gradient in the semipermeable membrane and drives salt

transport by Fickian diffusion. Thus, J is not significantly affected by AP value.

According to Solution-diffusion” model, which is the most accepted
framework describing mass transport in a dense nonporous membrane, diffusive
permeability of a penetrant (P;) can be expressed as the product of sorption (K;) and

diffusion (D;) coefficients:’
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Pi ES Ki X Di (16)

A is related to hydraulic water permeability (PZ) and diffusive water permeability (P,,)

as follows:
P B, W
=—=—X— )
4 L L RT 1.7)

where 1, is molar volume of water.

From the equation (1.3) and (1.7), J,, can be rewritten as follows:

H

P, K,D, VY
Jw = A(AP — Amr) = TW(AP — An) = WL 2 x R—‘;,(AP —Am) (1.8)

where L is the membrane thickness, K, is water solubility coefficient, and D,, is
water diffusion coefficient. Similarly, diffusive salt permeability (P,) is connected to B

value using the following equation:

B—PS 1.9

Using equation (1.6), equation (1.4) can be rewritten as

Py KD
Js = BAC = ZAC = —=AC  (1.10)

Besides, to clarify the relationships among A value, B value, and R, R is also expressed

by the following equation:

B _1
R=<1+—) x 100

A(AP — Ar)
R= (142 B L) <100
= —X—X——7"] X
P, V, (AP — An)
R (1+K5 Ds BT 1 )_1 100 (1.11
= — X — X — X — X .
K, D, V, (AP —An) (1.11)

From the equation (1.8) and (1.11), high K, and D, values with low K, and D

5
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values are required to achieve high J,, and R values.

For a variety of commercial RO membranes, there could be seen in a tradeoff
relationship between J,, and R.>** Membranes with higher A values often exhibit
lower NaCl rejection and vice versa. According to the previous studies regarding the
relationship between water permeability selectivity (B, /P,), and B,,, water solubility
selectivity (K,,/K;), and K, and water diffusivity selectivity (D,,/Ds) and D, for
various polymeric single membranes, D,,/D, values range from less than 10* to more
than 10°, whereas the range of K, /K, values is from 10° to 10" This indicates
P,/P, (i.e. NaCl rejection) mainly derives from D, and D, values. Therefore, it

seems important to achieve the selective enhancement of D, value.
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1.2.2 Water purification process via RO unit

The simplified schematic flow diagram for membrane-based water purification
process is shown in Figure 1-2. Generally, there are two membrane separation steps (i.e.
membrane pretreatment unit for removal of particles and other macromolecules
followed by a RO unit for removal of salts). Disinfection of feed water to membrane
pretreatment unit by chlorination is required to avoid biofilm growth on membrane
surfaces, which significantly depresses membrane performance. However, RO
membranes based on cross-linked aromatic polyamide cannot tolerate continuous
exposure to water containing chlorine (as discussed later).** Thus, the additional
dechlorination step is necessary before water is fed to a RO unit to prevent the
degradation of RO membranes. After the membrane pretreatment, separating salt from
the feed water is achieved by a RO unit. Among overall RO systems, semipermeable
membranes play an important role in the reduction in the total cost for the purification,
in spite of its low cost (8 % of the overall investment), since high permeable membranes
with high rejection can reduce an operating pressure and hence require less energy.*
Also, a reduction in an operating pressure leads to the reduction in the cost of pumps
and flow devices. Moreover, membranes based on chlorine-tolerant polymer can reduce

the cost of the additional dechlorination step.

Chlorination Dechlorination RO unit

Feed l—> Membrane Pretreatment 1_1> I! = Permeate

pH control pH control

Concentrate

Figure 1-2 Simplified process flow diagram of water purification involving two
applications such as pretreatment and salt removal via the RO unit.
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1.2.3 Requirements for RO membranes

As discussed above, semipermeable membranes (RO membranes), as one of
key materials, play an important role in RO process to reduce the total cost. The
principal requirements for RO membrane is transportation of water from salty solution
to fresh one with rejecting some salts. RO membranes should have some following
requirements: 1) high water flux with high salt rejection, 2) high mechanical strength, 3)
high chemical resistance (especially for chlorine), and 4) high fouling resistance.
Especially, as discussed in 1.2.1, the control over D,, and D values is quite important

to achieve high water flux with high NaCl rejection. han 0.5 nm must be established.

Table 1-1 summarizes Stokes radius (r;) and hydrated radius (ry) of the
objective ions of RO process, indicating that the effective radii of the ions in the
aqueous media are larger than water molecules due to the hydration.'* Thus, the
effective method to control over the pore radius with less than 0.5 nm must be

established.

Table 1-1 Stokes and hydrated radii of the ions

. r, r,
on [nm] [nm]
Na* 0.184 0.358
K 0.125 0.331
Mg* 0.347 0.428
Ca™ 0.310 0412
Cr 0.121 0.332
Br 0.118 0.330
NO; 0.129 0.335
SO 0.230 0.379
H,O 0.138 -




Chapter 1

1.3 RO membrane materials

RO membranes for desalination are currently derived from two classes of
polymers such as cellulose acetate (CA) and cross-linked aromatic polyamides (PA).
Meanwhile, other materials, such as sulfonated poly(arylene ether sulfone), carbon
nanotubes, and so for forth, for addressing the shortcoming of CA and PA and
improving water transport properties have caught much attention. In this section, RO
membranes based on CA, cross-linked aromatic PA, sulfonated poly(arylene ether

sulfone), carbon nanotubes, and liquid crystals are described.

1.3.1 Cellulose acetate

CA (Figure 1-3), which is a green polymer synthesized by the acetyl
substitution of cellulose known as one of the most common natural organic compounds,

possesses unique advantages (such as relatively high hydrophilicity etc.).

O @] O O
O: HO
+O 0] O
O: O O
Figure 1-3 The chemical structure of CA.

After Reid and Breton reported in the late 1950s that symmetric membranes based on
CA showed high NaCl rejection (98 %) but its water flux was less than 1.0x102 L m™
h™, much attention has been paid to the improvement of CA membranes. In 1963, Loeb
and Sourirajan has developed CA asymmetric membranes (water flux: 14.6 L m? h™,
NaCl rejection: 99 %), fabricated by non-solvent induced phase separation method.™
This development of the skinned asymmetric membranes was a major breakthrough in

membrane technology so that many attempts to enhance water and salt transport
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properties of CA asymmetric membranes were carried out. Cellulose triacetate (CTA)
membrane was designed for increasing its stability in a wider range of temperature and
pH as well as higher biofouling resistance compared to CA.*®* HOLLOSEP HM10255%,
which is based on CTA and commercialized by TOYOBO as a seawater RO membrane
module utilized especially in Middle East, can produce fresh water for 4600 hrs without
any chemical cleaning.!” However, the compaction caused by the operating pressure (30
bar) led to the severe loss of water flux. Although HB 10255® commercialized by
TOYOBO are well known as the state-of-art CA asymmetric membranes and utilized in
the Fukuoka seawater desalination plant that produces fresh water 50000 m® day™, CA
membranes are susceptible to the microbiological attack and are limited to operate in a
narrow pH range (3.5 to 6.5) due to the hydrolysis of the acetate groups, in addition to
the compaction under high temperature and pressure.'®*® Therefore, more and more CA

membranes has been replaced to the thin film composite membrane.

1.3.2 Cross-linked aromatic polyamides

Since thin film composite membrane that have a thin active barrier layer
(thickness: less than 100 nm) synthesized by interfacial polymerization on a porous
polysulfone support layer (thickness: about 50 nm) was developed by Caddot in early
1972, much attention has been paid to the composite membranes.*® The schematic
diagram of thin film composite membrane is shown in Figure 1-4. The FT-30®, which
was prepared by the reaction between m-phenylenediamine and trimesoyl chloride and
commercialized membrane by Dow Water and Process Solution in 1981, has dominated
the market for desalination application for about 30 years.! Interfacial polymerization

produces a very specific surface characteristic, which has been described as “ridge and

10
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valley” structure. According to the previous reports, this “ridge and valley” structure

increases the effective membrane surface area for water transport and leads to the

increase in water flux.?*

Active layer
(less than 100 nm)

Substratre layer
(about 50 nm)

Figure 1-4 A schematic diagram of thin film composite membrane.

Many previous studies concerning the relationship between the molecular structures of
cross-linked PAs and water transport properties revealed that the reaction between
m-phenylenediamine and trimesoyl chloride (Figure 1-5) produces the highest water

flux (40 - 60 L m™ h™) and NaCl rejection (99.6 - 99.8 %).22 %

HN NH,  cloc cocl interfacial (9 o B8 2N A E
\©I * ‘@’ polymerization NS |
—_— f J P J
cod 0% ~oH ©

Figure 1-5 Cross-linked aromatic polyamide via interfacial polymerization

PA membranes significantly suffer from performance degradation under the exposure to
chlorine, resulted in the additional use of expensive dechlorination and rechlorination

steps. The proposed mechanism aromatic polyamide chlorination mechanism by Glator

11
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et al. is shown in Figure 1-6.° As has been discussed by Kawaguchi and Tamura, the
tertiary amide linkage not possessing a hydrogen atom showed high chlorine resistance,

since the secondary amide linkage is the most sensitive moiety toward chlorine attack.?®

Reversible chlorination / \ﬁeversible chlorination

Orton
H rearrangement o o

e g

oxydative degaradation
e o
Cleavage of amide linkage

Figure 1-6 Proposal mechanism of chlorination of aromatic polyamide.

Cross-linked polypiperazineamide with tertiary amide linkages (as shown in Figure 1-7)
are expected to be chlorine tolerance materials.?” However, the polypiperazineamide

composite membrane exhibited high water flux (71 L m? h™) but low NaCl rejection

o 9 /0 QM
~[—“—%—LNN NN-I-
N s
0% ~CH 0

Figure 1-7 The chemical structure of cross-linked polypiperazineamide.

(50 %).

12
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1.3.3 Sulfonated polymers

Without chlorine sensitive amide linkages, poly(arylene ether sulfones) shows
excellent thermal and chemical stabilities as well as chlorine resistance.”® Therefore,
poly(arylene ether sulfones) are widely used as porous substrate in thin film composite
membranes and considered to become alternative materials to cross-linked aromatic
polyamides. Although poly(arylene ether sulfones) are highly hydrophobic, they may be
sulfonated. The post-sulfonation, which was usually achieved by the aromatic
electrophilic substitution reaction to conventional engineering plastic, was the most
common and accessible approach to obtain sulfonated poly(arylene ether sulfones).
However, concerned matters, such as the repeatability of post-sulfonation, the limited
variety of the polymer structure that could be available for post-sulfonation, and the
limited number of sulfonic acid groups that could be introduced into a polymer,

impeded the development of sulfonated polymer in the water treatment fields.?*

In contrast, the preparation of sulfonated aromatic polymers from sulfonated
monomers was then developed. McGrath et al. reported the synthesis of
3,3’-disulfonated-4,4’-dichlorodiphenylsulfone, which allowed the preparation of
sulfonated aromatic polymers with a defined polymer structure.®® Using this monomer,
they also synthesized sulfonated poly(ether sulfone)s (BPS-X) by the aromatic
nucleophilic substitution reaction (Figure 1-8). This not only solved the disadvantages
of post-sulfonation but also allowed the synthesis of sulfonated copolymers with any

desired compositions between non-sulfonated and sulfonated monommers.

13
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SO,H

? ?
x mol% (100-x) mol% 100 mol%
K,CO Q SO e

SO+ BPS-X

Figure 1-8 Preparation of sulfonated poly(ether sulfone)s from a sulfonated monomer.

McGrath et al. also strenuously studied the water and salt transport properties
of BPS-X membranes.®** Because of the absence of the amide linkages, BPS-X
exhibited high chlorine tolerance (over 40 h at 500 ppm chlorine). Although BPS-X
exhibited high NaCl rejection (99.2 %), the water permeability of BPS-X symmetric
membrane (0.03 L um m? h™ bar™) was quite low even if the degree of sulfonation and
the form of the counter cation to the sulfonate groups was changed. Furthermore, they
revealed that the blends of BPS-X with polyethylene glycol by strong ion-dipole
interactions between potassium ions of sulfonate groups and oxyethylene groups in
polyethylene glycol led to the plasticization, resulted in an increase in free volume and
water uptake.** Consequently, the increase in water permeability (0.055 L um m™? h™
bar') was achieved. Kim and coworkers also studied the water and salt transport
properties of the membranes based on end-group cross-linked sulfonated and
fluorinated poly(arylene ether) (ESF-BP) as shown in Figure 1-9.% Although the water
permeability of ESF-BP were low (0.6 L um m™ h™ bar™), ESF-BP exhibited excellent
chlorine tolerance (over 30 days at 4000 ppm chlorine) in addition to high NaCl
rejection (98.4 %). Though many efforts to improve water and salt transport properties
of ESF-BP have been conducted, the water transport properties was still not sufficient

for practical use.

14
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P03 00- e
L FRRF \

Figure 1-9 Chemical structure of end-group cross-linked sulfonated and fluorinated
poly(arylene ether) (ESF-BP).

1.3.4 Carbon nanotubes

Carbon nanotubes (CNTs), 1D-nanomaterials with very high aspect ratio, have
gathered much attention of many researchers due to their high water permeability
ascribed to the unique hydrophobic character of the membrane surfaces and interior wall,
antibiofouling property, and mechanical stability. Especially, the water permeability of
the aligned CNTs is theoretically estimated to be more than 1000 L m? h'! bar™ and
the chemical modification of the ends of CNTs to charged or bulky groups can prevent
NaCl passage due to the electrostatic interaction and steric hindrance.’**" Although
there are no reports for the preparation of the membrane with aligned CNTs having
large membrane area mainly due to the difficulties of incorporating the aligned CNTs
into polymer matrix, membrane having dispersed CNTs as fillers in the polymer matrix
have been reported. Lee and coworkers prepared the thin film composite membrane
with cross-linked PA active layer incorporating CNTs funtionalized by a sulfuric acid
and nitric acid mixture, which high showed water flux (40 L m™ h™) and NaCl rejection

(90 %).%

According to the report by Endo and co-workers, the cross-linked PA active
layer incorporating 15.5 wt% of multi-walled CNTs enhanced chlorine resistance due to
the reduction of chlorine within the matrix and the physical cross-linking effect of
CNTs.* Their membrane exhibited high water flux (62.5 L m™ h™* bar™) with high NaCl

15



Chapter 1

rejection (99.3 %), indicating that composite membrane with CNTs can become a
promising candidate for tailor-made membranes. However, these experimental results
have been lower compared to the theoretically estimated values, implying that more
work is necessary for the development of efficient preparation method to align arrays of

CNTs, with subnanometer diameters and tip-functionalization of charged groups.

1.3.5 Liquid crystal

It seems difficult to form the cross-linked PA layers with well-defined
nanometer-scaled pores due to the interfacial polymerization, the molecular
self-organization process is expected as a promising approach to prepare the membrane
with ordered nanostructures and to achieve high performance water treatment.
Cross-linked ionic liquid is expected to afford well-ordered nanostructures. Gin and
co-workers reported that membranes based on cross-linked lyotropic liquid crystals (as
shown in Figure 1-10a) as an active layer, which shows mesophase in water and has an
effective pore size of 0.75 nm, exhibited high NaCl rejection (95 %) but low water flux
(0.06 L m? h™).% Henmi et al. also demonstrated using the cross-linkable liquid crystal
(as shown in Figure 1-10b) that the thin film composite membrane with bicontinuous
cubic liquid crystal nanostructure as an active layer shows high water flux (33 L m? h)
but low NaCl rejection (60 %).** However, water transport properties of these

membranes were considerably low for practical use.

a \/ ©B (b)
(@) L r PO
) C12H2504©_\@J
@® o rN\_@BF“
e VAT A

Figure 1-10 Chemical structure of liquid crystal molecules.

16
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1.4 Purpose of this work

At present, RO desalination systems based on the cross-linked PA composite
membrane have been widely used. However, it is very difficult to characterize the
fundamental transport properties of the PA active layer itself, because the PA active
layer is not self-standing and its thickness is not well-defined. As a result, the influence
of chemical and molecular aggregation structures of polymer on fundamental transport
properties of water and salt through the active layer still remains unclear, frustrating the
establishment of a guide for material design of semipermeable membranes based on the
systematic investigation of structure-property relationship, which have been already
accomplished in gas separation membranes.*** In addition, transport properties of
sulfonated poly(arylene ether sulfone)s and cross-linked liquid crystal as an alternative
materials is not efficient for the practical use. The purposes of this work are to
investigate the polymer structure-transport property relationship by using freestanding
thin membranes and to develop novel polymeric materials which can be used as

alternative active layers for cross-linked PA.

We focused on aromatic PAs and polybenzimidazoles (PBIs) known as
engineering plastics for membrane materials due to their high mechanical strength.
These materials are about 2.0 pm thick to increase water flux as high as possible. In this
dissertation, the development of novel reverse osmosis membrane materials for water

treatment is described in the following chapters.

The general introduction regarding the background and the purposes of this

study is described in chapter 1.

In chapter 2, “Preparation and Structure-Property Relationship of Wholly
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Aromatic Polyamide Membranes”, the semipermeable membranes based on the various
wholly aromatic PAs are prepared through spin-coating or non-solvent induced phase
separation methods to reveal the fundamental structure-property relationship and to
identify the determining factors toward the enhancement of transport properties. It
becomes clear to suppress the polymer aggregation for an improvement of transport

properties.

In chapter 3, “Effect of N-Methyl Amide Linkage on Hydrogen Bonding
Behavior and Water Transport Properties of Random Aromatic Copolyamide
Membranes”, the influence of the tertiary N-methylated amide linkage on the transport
properties is studied. The suppression of the hydrogen bonding and the change in the
conformational preference increase free volume and cosequently lead to an increase in
water flux while lowering NaCl rejection due to an increase in water and NaCl diffusion

coefficients.

In chapter 4, “Effect of Cross-linking Reaction of N-Substituted
Polybenzimidazole Membranes on Water Transport Properties”, the effect of the
cross-linking of N-substituted PBI on the polymer aggregation behavior and transport
properties is investigated. Cross-linked N-butyl sulfonated PBI membrane shows higher
water permeability with relatively low NaCl permeability compared to various
membrane materials, since cross-linking reaction with divinyl sulfone induces the
change in the pore radius distribution from monomodal curve to bimodal one and lead

to a selective enhancement in water diffusion coefficient.

In chapter 5, “Solution and Solid-state Structures of Dynamic Covalent

Aromatic Polyamides: Effect of Thermal Reorganization Behaviors™, novel main-chain
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type dynamic covalent PA and random coPA are synthesized to investigate the effect of
the radical crossover reaction on the solution and solid-state. A rise in the membrane
fabrication temperature leads to a suppression of the interaction between the polymer
chains, a formation of a clear phase separated structure, and an increase in the number

of carboxylic acids involved in the surface reorganization induced by water molecule.

Finally, this study on novel semipermeable membranes for water treatment is

concluded in chapter 6.
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Chapter 2

Preparation and Structure-Property Relationship of

Wholly Aromatic Polyamide Membranes

2.1 Introduction

Polymeric semipermeable membranes for reverse osmosis (RO) have been
important materials for water treatment from the standpoint of environment and
energy.’ In a RO process, a significant amount of energy is required since a high
hydraulic pressure to overcome the osmotic pressure difference is applied as the driving
force of water permeation. Currently, cross-linked polyamides (PA) are commonly used
as active layers of commercial RO membranes.® However, the cross-linked PA active
layer prepared by interfacial polymerization on the surface of the supporting layer
cannot be used without a supporting layer, since this layer with around 50 nm thickness
has a very low mechanical strength. Thus, the fundamental transport properties of the
cross-linked PA could not be directly measured, frustrating the development of the

systematic elucidation of the structure and property relationship.
In this chapter, we have prepared and characterized novel ultrathin
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single-component wholly-aromatic PA membranes with about 2.0 um thickness to
investigate the structure-property relationship. First, the primary structures of PAs were
designed by changing the molecular structures in monomer repeating units, e.g. by
introducing hydrophilic groups into polymer backbone. Second, the effect of non-solvent
induced phase separation method on the transport properties of ultrathin PA membranes

was investigated for the improvement in the water transport properties.

2.2 Result and discussion
2.2.1 Synthesis and characterization

A series of polyamides (PA1, PA2, PA3, and PA4) and random copolyamides
(PA2-xx, where xx indicates the feed molar ratio of the hydrophilic 3,5-diaminobenzoic
acid among the diamine monomers) were synthesized by low temperature
polycondensation reaction of the corresponding diamines and isophthaloyl chloride as
shown in Figure 2-1. The chemical compositions of the random copolyamides (PA2-xx)
were precisely controlled by varying the feed molar ratio of 3,5-diaminobenzoic acid
among the diamine comonomers and confirmed by their *H NMR spectra. Figure 2-2
representatively shows the *H NMR spectrum of PA2-20. The ratio of integrals of the
aromatic and amine protons of the 3,5-diaminobenzoic acid unit and the
4,4’-diaminodiphenyl ether unit was in accordance with the target chemical structure.
The inherent viscosity #inn measurement of the polyamides was carried out at a
concentration of 0.5 g dL™ in NMP at 30°C. The #iy, values listed in Table 2-1 were

consistent with high molecular weight polymers.
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Figure 2-2 'H NMR spectrum of PA2-20.
Table 2-1 Inherent viscosities of PAs
PAI PA2 PA3 PA4 PA2-20 PA2-50 PA2-80 PA2-100
N [gdL'] 1.32 1.65 1.04 1.48 0.94 1.26 0.84 1.56

“Evaluated at 30 °C in NMP at a concentration of 0.5 g dL-!,
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2.2.2 Water and NaCl transport properties
2.2.2.1 PA1, PA2, PA3, PA4, and PA2-xx

To evaluate the influence of the chemical structure of the polyamide membrane
on semipermeability, the water transport properties were examined using the
instruments in the RO mode at an operating pressure of 7.5 bar. The PA membranes
(PAL, PA2, PA3, and PA4) with about 2 um thickness were successfully prepared by a
normal spin-coating method. In general, the increase in the free volume of the
membranes leads to an enhancement of water permeability (A value) and salt
permeability (B value).” Table 2-2 shows the water permeation properties of these
membranes. Unfortunately, PAl, PA2, PA3, and PA4 did not show any water
permeation phenomena. Therefore, it was obvious that the introduction of a flexible
ether, bulky binaphtyl, or fluorene units with large free volume in the ultrathin

membranes did not contribute to the water permeation behavior.

As shown in Table 2-2, the water permeation phenomenon was somewhat
confirmed by introducing a carboxylic acid group into the polymer backbone. On the
basis of the solution-diffusion model, water sorption coefficient (K,,), water diffusion
coefficient (D,,), salt sorption coefficient (K;), and salt diffusion coefficient (D) was
calculated.® The introduction of hydrophilic group led to the increase in K, value,
water permeability (A4), and water flux (J,,). Also, it was found that D, value was not
affected by the hydrophilicity. Meanwhile, K, value was also slightly increased with
maintaining D, value by the introduction of the hydrophilic group. These observations
imply that the introduction of the carboxylic acid groups selectively increase the water

and salt sorption coefficients. Thus, the hydrophilicity in the membranes was an
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important factor to enhance the water transport properties of the ultrathin membranes.
This result is consistent with the previous reports, which described that water
permeability of the membrane is proportional to the ratio of the hydrophilic unit in the
polymer chains.”**" However, since the significant increase in K,, values by the
increasing the ratio of the 3,5-diaminobenzoic acid unit per repeating unit could not be
seen, A value of PA2-xx was still low and slightly improved. Therefore, it seems
difficult to improve J, value and salt rejection (R) only by modifying the primary

structure of the PAs.

Table 2-2 Water transport properties of various PA membranes

Polymer Ju R A B K’ D_“’b K bf
’ [Lm?h'] [%] [Lpumm?h'bar'] [cm’s’] [cm?s?] [cm?s™]
PAl ND ND ND ND ND ND ND ND
PA2 ND ND ND ND ND ND ND ND
PA3 ND ND ND ND ND ND ND ND
PA4 ND ND ND ND ND ND ND ND
PA2-20 0.50 24 0.141 0.88x10"  0.076 7.091x10°  0.055 1.61x10*
PA2-50 0.54 33 0.153 0.61x101°  0.079 7.438x10°  0.055 1.10x10*
PA2-80 1.04 21 0.294 2.18x1010  0.129 8.704x10°  0.103 2.10x10*
PA2-100 0.92 23 0.259 1.70x10'°  0.171 5.783x10°  0.143 1.20x107*

"Measured at 235 °C using cross-flow filtration (AP =7.5 bar ; NaCl concentration = 500 mg L) . "Estimated from w
ater uptake and dry density. “Measured by NaCl desorption measurement.
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2.2.2.2 PA2-20-additive

In order to enhance the water flux and salt rejection of ultrathin semipermeable
membranes, non-solvent induced phase separation method has been used so far since
the discovery of high flux cellulose acetate membranes by Loeb and Sourirajan. This
method includes the addition of aqueous additives to the casting solution to provide a
semipermeability by generating pores induced by phase inversion. lkeda et al. also
reported a similar approach based on aromatic PAs containing carboxylic groups, which
showed higher water flux and salt rejection than that of the PAs without carboxylic
groups.*? PA2-20 was selected as a representative material for the membrane
preparation from the polymer solution containing aqueous additives, since Kuzumoto et
al. reported that there was no clear relationship between the ratio of the carboxylic acid
group in the polymer and the RO performance.®® The composition of the casting
solution was PA2-20 (6.5 wt%), NMP (58.1 wt%), MgCl, (4.8 wt%), H,O (17.7 wt%),
and ethylene glycol (12.9 wt%). MgCl; is coordinated to the amide linkage and reduce
the polymer interactions, which suppresses the aggregation of polymer chains and
consequently increases the free volume in the polymer matrix. H,O and ethylene glycol
may be absorbed into the membrane through such free volume and functioned as

templates for the formation of pores in the membranes.

The transport properties of PA2-20 and PA2-20-additives were evaluated using
the instruments in the RO mode at applied pressure 7.5 bar, and the results are
summarized in Table 2-3. The diffusion and sorption coefficient are not evaluated, since
PA2-20-additive is not dense but relatively porous membrane so that solution-diffusion
mechanism cannot be applied (see section 0). In spite of using exactly the same polymer,
there is a significant difference in the J, and A values between them. In contrast, the B
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value of PAZ2-20-additive was almost the same as that of PAZ2-20. Notably,
PA2-20-additive showed more than a 10 times higher water flux (0.50 L m? h™) than
PA2-20 (14.2 L m? h™) along with a slightly improved salt rejection. These results

indicated that this fabrication method for the membrane preparation significantly affects

the water permeability of the membranes.

Table 2-3 Water transport properties

J[ a Ru Aa Ba
Polymer v ) N
[L m? h'] [%] [L pm m? hr'bar!] [c?sT]
PA2-20 0.50 24 0.141 0.0088x10*
PA2-20-additive 14.2 35 60.05 0.146x10%

"Measured at 25 °C using cross-flow filtration (AP =7.5 bar ; NaCl concentration = 50
0 mg L!) . *Estimated from water uptake and dry density.
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2.2.3 Membrane structure

Apparently, the difference in the transport property between PA2-20 and
PA2-20-additive is owing to the modification of the membrane fabrication process. In
this section, membrane structure was characterized to investigate the factors required for
the improvement in the water transport properties of the ultrathin semipermeable

membranes.

2.2.3.1 ATR-FTIR measurements

To analyze the degree of the hydrogen bonding between the amide linkages in
the membrane, ATR-FTIR spectra of PA2-20 and PA2-20-additive were measured. As
shown in Figure 2-3(a), a peak at 1653 cm™ indicates the C=O stretching of the
secondary amide group for both membranes. Both membranes showed these two peaks
at the same wavenumbers. However, the peak from the C=0 stretching was shifted to a
higher wavenumber (1667 cm™) in the difference spectra of PA2-20 and
PA2-20-additive as shown in Figure 2-3(b), indicating that hydrogen bonds between
the amide linkages became weaker. This would be due to the aqueous additives, which
suppress the aggregation of polymer chains by the formation of complex between

carbonyl group and Mg*".
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Figure 2-3 (a) ATR-FTIR spectra of PA2-20 and PA2-20-additive, and (b) difference

spectra of PA2-20 and PA2-20-additive.
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2.2.3.2 Solid-state ®C CPMAS NMR measurements

Subsequently, solid-state **C CPMAS NMR measurements were carried out to
characterize the mobility of polymer chains in the membrane, since the change in the
hydrogen bonding behavior caused a change in the flexibility of the polymer chains.™ It
is well known that when the molecular mobility of the polymer is high, the peak
intensities of the CPMAS spectra become strong.”** The peak assignments are shown in
Figure 2-4, where the intensities of the peaks were normalized at D. It can be seen that
the intensities of the peaks (assigned to A, A’, B and C) for PA2-20-additive, become
stronger than those of PA2-20. The increase in these intensities indicates that the
molecular mobility of PA2-20-additive is higher than that of PA2-20 due to the
suppression of the polymer interactions in the case of PA2-20-additive, which probably
increases free volume and promotes the absorption of water and ethylene glycol via the

coordination of Mg®* to the amide linkage.” This result agrees with the ATR FT-IR

spectra.
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Figure 2-4 3C CPMAS NMR spectra of PA2-20 and PA2-20-additive.
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2.2.4 The state of water in the membrane

There are at least three states of water associated with hydrophilic region in a
polymer, such as non-freezing bound water, freezable bound water and free water.*
Thermal properties based on DSC allowed us to evaluate the state of water in polymer
membranes. Non-freezing bound water, which is strongly bound with the polymer, does
not show a melting endothermic peak by DSC. Broad melting peak at around 0°C is
appeared in the case of freezable bound water weakly associated with the polymer. Free
water, not intimately bound to polymer, displays a sharp melting peak at 0°'C. McGrath
et al. reported that the amount of freezable bound water and free water in the
cross-linked sulfonated poly(ether sulfone) membrane increased when cross-linking
reaction time is short. After the cross-linking reaction, mean pore size and pore size
distribution decreased. In other words, an endothermic peak from freezable bound water
is appeared when the pore formed. In PA2-20-additive, both the broad endothermic
peak from freezable bound water around -0.2°C and the sharp endothermic peak from
free water around 0.8'C were observed in Figure 6. On the other hand, PA2-20 showed
only an endothermic peak from free water. These results suggest that PA2-20-additive
contained relatively larger pores enough to bind water than PA2-20. In addition, the
endothermic peaks of free water were normalized to evaluate the water absorbability.
PA2-20-additive showed a higher endothermic energy of 44.5 cal/g than PA2-20 (35.5
cal/g), therefore the amount of water absorbed by PA2-20-additive is greater than that of
PA2-20. These results support the superior water flux of PA2-20-additive compared to
PA2-20. Moreover, Kesting et al. investigated the relationship between freezable bound
water and water/salt transport property using a cellulose acetate asymmetric membrane.?’

Their studies revealed that water molecules can permeate the membrane by its
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participation of the water molecules with freezable bound water in the membrane, which
is strongly interacted with the active site, and that salt has a difficulty in permeating due to
its inability to ligand with freezable bound water. From these results, it is probable that
the increase in the A value while maintaining almost the same B value is resulted from the
existence of freezable bound water in PA2-20-additive possessing pores to bind the
water.

Temperatpure (C)
-10 5

— PA2-20
— PA2-20-additive

Exo < Heat flow (mcal/sec) —» Endo

Figure 2-5 DSC thermograms of PA2-20 and PA2-20-additive.
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2.2.5 Membrane morphology

Finally, the cross-sectional microstructure and surface morphology of
PA2-20-additive were observed by scanning electron microscopy (SEM). Figure 2-6
shows the SEM images of PA2-20-additive. Obviously, it is confirmed that the
sponge-like pores were formed at the cross-section of membrane. Many pores with less
than 50 nm diameter could be seen at the membrane surface, which is consistent with

DSC analysis.

Figure 2-6 (a) Cross-section and (b) surface SEM images of PA2-20-additive.
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2.3 Conclusions

Ultrathin semipermeable membranes based on various aromatic PAs were
prepared and characterized. Although the effect of polymer backbone on water transport
properties could not be observed, water permeability was slightly improved by the
introduction of the hydrophilic carboxylic acid groups due to the increase in water
sorption coefficient. Also, non-solvent induced phase separation method has been used
for improving the performance of ultrathin self-standing wholly aromatic polyamide
membranes. Water permeability was significantly improved using a membrane prepared
from the casting solution containing aqueous additives with slightly increasing NaCl
rejection. This could be resulted from the formation of pores filled with freezable bound
water as confirmed by DSC analysis and SEM observation. Also, ATR-FTIR and **C
CPMAS NMR spectroscopy demonstrated that the aggregation of polymer chains due to
the hydrogen bonds among the amide linkages was suppressed probably due to the
coordination of the aqueous additives to the amide linkage. Therefore, this clearly
indicates that the suppression of the polymer/polymer interaction is one of the

requirements for improving water transport properties of the ultrathin membranes.
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2.4 Experimental
2.4.1 Materials

m-Phenylenediamine, 4,4’-diaminodiphenyl ether, 9,9’-bis(4-aminophenyl)-
fluorene, isophthaloyl chloride, and 3,5-diaminobenzoic acid were purchased from TCI,
Japan and purified by recrystallization before use. N-Methylpyrrolidone (NMP)
purchased from Wako Pure Chemical Industries, Japan was dried over calcium hydride
and distilled under nitrogen. 1,1’-Diamino-2,2’-binaphthyl was prepared according to

previous report.’®

2.4.2 Synthesis of polyamides having various repeating units

Various polyamides (PA1, PA2, PA3 and PA4), which have different repeating
units, were synthesized by the low temperature polycondensation reaction, between
diamines including m-phenylenediamine, 4,4’-diaminodiphenyl ether,
1,1’-diamino-2,2’-binaphthyl, or 9,9’-bis(4-aminophenyl)fluorene and isophthaloyl
chloride, which is described in detail for the case of polymer PA1 as a typical procedure.
To a two-necked flask, m-phenylenediamine (1.16 g, 10.8 mmol) and NMP (13.0 mL)
were added wunder nitrogen atmosphere. After completely dissolution of
m-phenylenediamine, the solution was frozen by cooling to -78°C. Isophthaloyl chloride
(2.18 g, 10.8 mmol) was then added to the solution and the reaction temperature was
raised to room temperature after isophthaloyl chloride was completely dissolved. The
solution was stirred for 3 h and then poured into 400 mL methanol to obtain white fibrous
precipitate. The obtained polymer was filtered, washed with methanol several times, and

dried in a vacuum oven for 24 h at 120°C.
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PA1: Yield 99 %. *H NMR(300 MHz, DMSO-dg, 8, 25 C): 10.51 (s, -NH, 2H), 8.55 (s,
ArH, 1H), 8.40 (s, ArH, 1H), 8.16 (d, J=9.0, ArH, 2H), 7.69 (t, J=8.1, ArH, 1H),

7.56-7.53 (M, ArH, 2H), 7.35 (t, J=8.1, ArH, 1H)

PA2: Yield 97 %. *H NMR(300 MHz, DMSO-d, 3, 25°C): 10.46 (s, -NH, 2H), 8.53 (s,
ArH, 1H), 8.15 (d, J = 9.0, ArH, 2H), 7.82 (d, J = 9.0, ArH, 2H), 7.70 (t, J = 7.5, ArH,

1H), 7.07-7.04 (m, ArH, 4H)

PA3: Yield 99 %. *H NMR(300 MHz, DMSO-ds, 8, 25 C): 10.71 (s, -NH, 2H), 8.90 (s,
ArH, 1H), 8.40 (d, J = 9.0, ArH, 2H), 8.26 (d, J = 9.0, ArH, 2H), 7.88-7.83 (m, ArH, 3H),

7.61 (t, J=9.0, ArH, 2), 7.33 (d, J = 9.0 ArH, 2H).

PA4: Yield 98 %. *H NMR(300 MHz, DMSO-ds, 5, 25°C): 10.31 (s, -NH, 2H), 8.46 (s,
ArH, 1H), 8.09 (dd, J = 3.0, 9.0, ArH, 2H), 7.92 (t, J = 9.0, ArH, 2H), 7.68-7.61 (m, ArH,

2H), 7.40 (t, 3 = 9.0, ArH, 2H), 7.32 (t, J = 9.0, ArH, 2H), 7.13 (d, J = 9.0, ArH, 4H).

2.4.3 Synthesis of polyamides with carboxylic acid

A series of polyamides with carboxylic acid (PA2-xx, where xx indicates the
feed molar ratio of 3,5-diaminobenzoic acid among diamine comonomers) were
synthesized by low temperature copolymerization from 3,5-diaminobenzoic acid,
4,4’-diaminodiphenyl ether and isophthaloyl chloride by controlling the molar ratio of
diamine monomers. The typical procedure is described as follows using the copolymer
PA2-50 as an example. To a two-necked flask, 3,5-diaminobenzoic acid (0.725 g, 4.76
mmol), 4,4’-diaminodiphenyl ether (0.954 g, 4.76 mmol) and NMP (14.4 mL) were
added under nitrogen atmosphere. After completely dissolution of diamine monomers,

the solution was frozen by cooling to -78°C. Isophthaloyl chloride (1.93 g, 9.52 mmol)
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was then added to the solution and the reaction temperature was raised to room
temperature after isophthaloyl chloride was completely dissolved. The solution was
stirred for 3 h and then poured into 400 mL methanol to obtain white fibrous precipitate.
The obtained polymer was filtered, washed with methanol several times, and dried in a

vacuum oven for 24 h at 120°C.

PA2-50 : Yield 2.86 g (98 %). ‘H NMR(300 MHz, DMSO-ds, 3, 25°C): 10.60 (s, -NH,
1H), 10.34 (s, -NH, 1H), 8.70 (s, ArH, 0.5H), 8.63 (s, ArH, 0.5H), 8.55 (s, ArH, 0.5H),
8.18-8.12 (m, ArH, 3H), 7.81 (d, J = 9.0, ArH, 2H), 7.72-7.65 (m, ArH, 1H), 7.05 (d, J =

9.0, ArH, 2H).

2.4.4 Preparation of PA membranes

10 wt% solutions of the obtained polyamides (PA1l, PA2, PA3, PA4, and
PA2-xx) were prepared in NMP and stirred by a magnetic stirrer at 70°C until the
homogeneous polymer solutions were obtained. After cooling to the room temperature,
the polymer solutions were filtered with a 0.45 um poly(vinylidene fluoride) membrane
filter. The filtered polymer solutions were then spin-coated onto a clean glass substrate to
form as-cast membranes with < 2.0 um thickness. Then, the as-cast membranes were
heated at 70'C for 30 min and at 200°C for 1 h. The membranes were immersed into water
to be peeled off from the glass substrate and stored in water. The obtained membranes
were immersed into 10 wt% isopropanol aqueous solution for 15 min and into water for

15 min before evaluating their membrane intrinsic separation properties.
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2.4.5 Preparation of PA membranes via non-solvent induced phase separation

(PA2-20-additive)

A solution containing a polyamide (PA2-20) and aqueous additives was prepared
by the addition of an appropriate amount of PA2-20, MgCl,, H,O, and ethylene glycol in
NMP and stirred by a magnetic stirrer at 70°C until the homogeneous solution was
obtained. The concentration of each components were finally as follows: PA2-20 (6.5
wit%), NMP (58.1 wt%), MgCl, (4.8 wt%), H,O (17.7 wt%), and ethylene glycol (12.9
wt%). After cooling to the room temperature, the solution was filtered with a 0.45 pm
poly(vinylidene fluoride) membrane filter. The filtered solution was then spin-coated
onto a clean glass substrate to form an as-cast membrane with < 2.0 um thickness. Then,
the as-cast membrane was immersed into cool water in order to remove the solvent and be
peeled off from the glass substrate and stored in water. The obtained membrane was
immersed into 10 wt% isopropanol aqueous solution for 15 min and into water for 15 min

before evaluating its membrane intrinsic separation properties.

2.4.6 Evaluation of water and NaCl transport properties

Membrane disks of 7 cm diameter were placed in the cross-flow filtration cells
of custom-made equipment. Under an operating pressure of 7.5 bar to perform membrane
filtration, a 500 mg L™ aqueous solution of NaCl was supplied to the membranes. The
temperature and pH of the feed solution were kept at 25 °C and 6.5, respectively.
Subsequently, the feed and permeate water were sampled after the operation had been
continued for more than 3 h to stabilize the membrane performance. Salt rejection rate (R

value) was calculated based on the electrical conductivities of the feed and permeate
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water measured by a pH/EC meter (WM-50EG, DKK-TOA Corp.). The flow rate of the
solution was 3.5 L/min. Water flux (J,, [L m? h™]), NaCl rejection (R [%]), hydraulic
water permeability (A [L pm m™? h™ bar]), and salt permeability (Ps [cm?/s]) are

calculated from the following equations.

_AV 51
]W_m ()

R= (1 - 2) x 100 (2.2)

C1
o Jwl

A= (23)

B_10-7X I C, _10—7>< lxlOO—R -
= 3600 v (C;,—Cy) 3600 Jw (24)

where AV [L] is the volume of permeate water, S [m?] is the effective membrane area,
At [h] is time during water permeation, C; and C, are the salt concentrations in the feed
and permeate water, [ [um] is the membrane thickness, AP [bar] is pressure difference
across the membrane, and Am [bar] is osmotic pressure difference across the membrane.
To clarify the relationships among A, B, and R, R is also expressed by the following

equation: *°

-1

— B 5
R—lOOX(1+m) (2.5)

2.4.7 Determination of water sorption coefficient and water diffusion coefficient

Before the water uptake and dry density measurements, all of the PA
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membranes were dried in vacuum oven at 120 °C for 2 days. Polymer densities (pp [g
cm™®]) were determined using an Alfa Mirage SD-200L electronic densimeter at ambient

temperature (24-25 °C) using the following equation:

=4 (2.6)
pP_mA_mLpo .

where m, and m; are weights of the membrane measured in air and non-solvent,
respectively, and p, is density of the non-solvent. Ethanol was selected as the
non-solvent. To estimate water uptake (w,,), the dried membranes were immersed in
deionized water at ambient temperature (24-25 °C) for 3 days after weight of the dried
membranes (m,) were measured. Then, weight of hydrated membranes (m;) were

measured. w,, was calculated as the following equation:
m
w, =— (2.7)

From w,, value, equilibrium volume fraction of water in the hydrated membrane (¢,,)

was evaluated as follows:

b = PpWw
Y ppww + oy

(2.8)
where p,, is density of water (1.0 g cm™). Using ¢,, value, water sorption coefficient
(K,,) can be estimated, which is defined as the ratio of water concentration in the

membrane (C7*) to that in the solution (C,,) ([g water/cm® hydrated membrane]/[g

water/ cm® solution]) as shown in the following equation.’

Cr _ duMy

K, =
v Cw Pw Vi

(2.9)

where C,, is equal to density of pure water (p,,), M,, isthe molecular weight of water,

and V,, is the molar volume of water (18 cm*/mol).°
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Diffusive water permeability (B, [cm?®s™]) was related to water permeability (A [L pm

m?h™ bar]) as follows:

P—AxRTx10_6
W v, 36

(2.10)

where R is the ideal gas constant (8.314 J K™ mol™) and T is the absolute temperature.
Water diffusive coefficient (D,,, cm? s™) estimated from P, and K,, based on the

following equation:

P
D, = K—W (2.11)

w

2.4.8 Determination of NaCl sorption coefficient and NaCl diffusion coefficient

Salt partition coefficient (K;) was determined by salt desorption into deionized
water from the membrane previously equilibrated with 50 mL of 1.0 M NaCl aqueous
solution by immersing into that solution for at least 3 days. K is calculated by the ratio
of the mass of the mass in the membrane per unit volume to the concentration of NaCl

in the original solution as follows:

Mopy
m 58.44 x 1073

K, = (2.12)

where M, is the total weight of salt desorbed from membrane, m is weight of
membrane, p, is polymer density. Salt diffusion coefficient (Dg) is estimated from the

measured salt permeability (B value):

B
Dy = (213)

N
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2.4.9 Measurements

The nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
DPX-300S spectrometer at the resonant frequencies of 300 MHz for *H and 75 MHz for
3C nuclei using CDCl3 or DMSO-ds as the solvents and tetramethylsilane as an internal
standard (64 0.00). The FT-IR spectra were measured on a Horiba FT-720 spectrometer.
The inherent viscosities were measured at 30 °C in NMP at a polymer concentration of
05 g dL™?. Attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) spectra were measured on Nicolet AVATAR 360. Solid-state *C cross
polarization and magic angle spinning (CPMAS) NMR spectra were recorded on
Chemagnetics CMX-300 Infinity spectrometer. Differential scanning calorimetry (DSC)
thermograms were measured on TA Instruments DSC Q100 using Ishikiriyama's
method.®® The cross-sectional and surface morphologies of PA2-20-additve were
characterized using a scanning electron microscope (SEM, JCM-5700, JEOL, Japan)

operated at 15 kV and 5kV, respectively.
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Chapter 3

Effect of N-Methyl Amide Linkage on Hydrogen
Bonding Behavior and Water Transport Properties of

Random Aromatic Copolyamide Membranes

3.1 Introduction

Hydrogen bonding is one of the principal molecular forces, which plays an
important role in the self-assembly of biomacromolecules, such as proteins and
deoxyribose nucleic acids (DNA), and provides high thermal and mechanical properties
for synthetic polymers.! For example, the complementary hydrogen bondings of
nucleobase pairs in DNA stabilize the double stranded helical structure.? Among the
various hydrogen bondings, hydrogen bonding in the amide linkage acts as an especially
important molecular force for oligopeptides, proteins, synthetic polymers, and so on.®* In
oligopeptides and proteins, hydrogen bonding of the amide linkages is the main driving
force for the formation of tertiary and quaternary structures such as the a-helix, p-sheet,

and foldings.” In the case of synthetic polymers, wholly aromatic polyamides (PA), such
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as poly(p-phenylene isophthalamide) and poly(m-phenylene terephthalamide) known as
typical super-engineering plastics, have been widely used as fibers due to their high
tensile strength, high elastic modulus, and excellent flame resistance.®’ Their outstanding
properties arise from their rigid aromatic backbone and secondary amide linkages in the
trans conformation, which result in the extended rod-like polymer structure that interacts
with each other via strong n-n stackings and hydrogen bondings, and produce a sheet
structure.® On the other hand, aromatic oligoamides containing the three-center hydrogen
bonding, in which the oxygen atom of the alkyloxy side chain disrupts the interrmolecular
hydrogen bondings among the amide linkages due to the coordination of a lone pair on
the oxygen atom to the amine proton in the amide linkage, provide a highly planar
molecular backbone and fold into a specific secondary structure such as molecular
crescents, helices, and macrocycles.>*! For the poly(p-benzamide), the attachment of
triethylene glycol chains to the aromatic rings improved their organosolubility and
produced a completely flat polymer backbone due to the disruption of hydrogen bonding
by the three-center hydrogen bonding.*? Thus, the control over the hydrogen bonding of
the amide linkage is quite important to obtain the desirable molecular aggregation

structures and mechanical properties.

Whereas the hydrogen bonding in the secondary amide linkage is considerably
attractive, much attention has also been paid to the tertiary amide linkage, since the
tertiary amide linkage prefers the cis conformation that suppresses the hydrogen bonding,
resulting in a coil-like structure of the polymer chain.***® The N-alkylated PAs were
prepared via a post-polymerization reaction, in which the metalation of the proton of the
amide linkage was carried out to produce the polyanion, followed by a substitution

reaction with alkyl bromides. As have been reported by Shi et al., the solubility,
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crystallization and melting behaviors, and interplanar spacing were influenced by the
length of the alkyl side chain in the N-alkylated poly(p-benzamide).!” Yokozawa et al.
developed the remarkable synthetic procedure of the N-alkylated PAs with narrow
polydispersities and well-controlled molecular weight using a chain-growth
polycondensation reaction.”®  Furthermore, the well-defined poly(p-benzamide)
containing a chiral alkyl side chain on the nitrogen atom could possess a flexible helical
structure due to the cis conformation of the tertiary amide linkages and syn arrangement
of the benzene rings."® Similar to the case of the three-center hydrogen bonding, the
suppression of hydrogen bonding by the tertiary amide linkage affects the thermal
properties and the packing mode of the polymer main chain, and folds into the specific

polymer structure.?®?

As has been discussed in previous chapters, PAs have been considered as one of

22724 and a state-of-the-art commercial

the membrane materials for water treatment,
reverse osmosis (RO) membrane is a thin film composite membrane composed of a
densely crosslinked PA active layer on a microporous support, wherein the separation of
water from salty water is effectively achieved through the dense PA active layer.”® Hence,
the effect of the chemical and morphological structures of the PA layer on permselectivity
should be clarified in order to achieve a further improvement. To the best of our
knowledge, the semipermeable membranes based on N-alkylated PAs have never been
prepared, and the effect of the hydrogen bonding behavior of the amide linkage on the
water transport properties still remains unclear. Furthermore, in chapter 2, we have

revealed that it is important to suppress the hydrogen bonding for the improvement in

water transport properties.

In this chapter, we report the synthesis of novel partially N-methylated random
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aromatic coPAs (PA-X-Y, where X and Y indicate the feed molar percent of
3,5-diaminobenzoic acid (DABA) or N,N’-dimethyl-4,4’-diaminodiphenyl ether
(MDAE) among the diamine comonomers, respectively) composed of three repeating
units, such as the hydrophilic secondary amide unit containing a carboxylic acid group,
the N-methylated tertiary amide unit, and the secondary amide unit (see Figure 3-1).
Furthermore, the hydrogen bonding behavior of PA-X-Y in solutions and solid films, and

its effect on the water and salt transport properties were investigated in detail.

fotoi o0t giio-0Ha Y,

0 COOH

Hydrophilic unit N-metylated amide unit Amide unit
(DABA unit) (MDAE unit) (DAE unit)
PA-X-Ys

Figure 3-1 Chemical structure of partially N-methylated random aromatic coPAs
(PA-X-Y).
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3.2 Result and discussion
3.2.1 Synthesis and characterization

N,N’-Dimethyl-4,4’-diaminodiphenyl ether (MDAE) was prepared according to a
previous report and characterized by 'H NMR, *C NMR, and FT-IR spectra.?
Subsequently, the PA-X-Ys were synthesized by the low temperature solution
polycondensation of IPC with aromatic diamines, DABA, MDAE, and DAE, as shown in
Scheme 3-1. The random copolymer structures of the PA-X-Ys were designed to
decrease the crystallinity, which is favorable for increasing the water sorption.”’” MDAE
was employed as a comonomer to produce the tertiary amide linkage for suppressing the
hydrogen bonding, in which the N-methyl group was selected because rigid-rod polymers
containing flexible long alkyl chains tend to crystallize into a layered structure.?®% Also,
DABA with a hydrophilic carboxylic acid group was used as a comonomer to increase

the water permeability of the resulting PAs.*

HN NH, (o] o]
H H
OOH

DABA MDAE DAE IPC

NMP
rt., 3h

f:@: _g_©_§HMi@_o_@_ﬁf@-©-§Hﬁ—@—o _Q_: -E—Q_&L 00-X-Y

COOH PA-X-Ys

Scheme 3-1 Synthesis of PA-X-Ys.
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The chemical compositions of PA-X-Ys (PA-20-0, PA-0-20, PA-20-20, PA-20-40,
and PA-20-60) were precisely controlled by varying the feed molar ratio of DABA and
MDAE among the diamine comonomers, and the chemical structures were fully
characterized by their 'H NMR and FTIR spectra (Figure 3-2). In the case of PA-0-0, the
chemical composition was confirmed by its *H NMR, *C NMR, and FTIR spectra. On
the other hand, the *H NMR spectrum of PA-20-0 showed that the ratio of integrals of the
aromatic and amide protons of the DABA and DAE units was in good accordance with
the expected PA structure. For the PA-0-20, PA-20-20, PA-20-40, and PA-20-60, two
characteristic signals are observed at 3.38 ppm and 3.28 ppm (denoted as G (cis) and G
(trans), respectively), which correspond to the methyl protons of the tertiary amide
linkage in the cis (Z) and trans (E) conformations. The peak of the methyl proton of the
tertiary amide linkage in the cis conformation is observed at lower magnetic field than
that in the trans conformation because the methyl group is closely located to the phenyl
ring plane.' The desired chemical structures and molar compositions of these PAs were
confirmed by the comparison of the integral values of the methyl peaks to all the ArH
protons. The integral values of all the ArH peaks are totally calculated as 12.0 for
PA-0-20 and PA-20-20, and 11.0 for PA-20-40 and PA-20-60, respectively. While, the
integral values of the methyl peaks are 1.28 for PA-0-20 and PA-20-20, 2.43 for
PA-20-40, and 3.56 for PA-20-60, respectively, which are in good agreement with the
calculated values of 1.20, 2.40, and 3.60, respectively. The resulting PA-X-Ys exhibited
good solubilities in polar aprotic solvents, such as DMF, DMSO, DMAc and NMP, and

all polymers possess high inherent viscosity (7in) values as listed in Table 3-1.

52



Chapter 3

A G n I M
HOB o HG D oy (M Meo ooy 8 Ho 2 9
~[N N—C-@—CHN—@—O—@—N—C-@—CHN—@—O—@—N—C@C}

c E < X K y NO Q 100-x-y
COOH L R
Amide peaks Aromatic peaks
A
[

N

Methyl peaks
I 1 o \
M l
R H:0
o N
BD cE F
o sl AN
1 KL H |

N
H20
A -
\ G (trans)
AN T
() ". A M’ \ ! G (cis) —»
j
DI WA A_/\M LL
o LY M

(f)

M
. M

| LAY N S S Ry N DL B L SR S R SR B S LA S I R B R S R S
PPM 104 100 96 92 88 84 80 76 72 68 64 60 56 52 48 44 40 36 32

1

Figure 3-2 'H NMR spectra of (a) PA-0-0, (b) PA-20-0, (c) PA-0-20, (d) PA-20-20, (e)
PA-20-40, and (f) PA-20-60 in DMSO-dg at 100 °C.

53



Chapter 3

3.2.2 Thermal properties

The thermal stabilities of the PA-X-Ys were evaluated by thermogravimetry (TG)
analysis under a nitrogen atmosphere. All of the samples were preheated at 250 °C for 30
min to remove any moisture and residual solvents. As can be seen in Figure 3-3, PA-0-0
and PA-20-0 show a distinct single-step weight loss behavior attributed to the
degradation of the polymer main chains. On the other hand, two-step thermal
decomposition behaviors are observed from 300 to 350 °C and above 400 °C for PA-20-0,
PA-20-20, PA-20-40, and PA-20-60. The first and second weight losses are attributed to
the decomposition of the carboxylic acid groups and the polymer main chains,
respectively. The 5 % weight loss temperatures (Tgse) Of all the samples are found to be
more than 350 °C, which indicates that the thermal stability is not significantly affected
by the introduction of the N-methyl amide linkage into the polymer backbone.
Furthermore, all PAs show no glass transition up to the decomposition temperature. This

is probably due to the rigid aromatic polymer backbones.

100
90
£ 80
=
% 70 -8 PA-0-0 —e— PA-20-20
2 —8— PA-0-20 —— PA-20-40

60 —e— PA-20-0 —&— PA-20-60

50 | 1 | |
100 200 300 400 500

Temperature [°C]

Figure 3-3 TG curves of PA-X-Ys under nitrogen atmosphere.
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3.2.3 Conformational preference and hydrogen bonding behavior

The cis conformational preference in the N-methyl amide linkage was evaluated

for PA6-0-20 and PA6-20-20, PA6-20-40, and PA6-20-60 using the following equation:

L.
cis preferenece [%] = —————x 100 (3.1)

Ieis + Itrans
where I;s and I;.q,s are the integral values of the methyl peaks at 3.38 ppm and 3.28
ppm, respectively (Figure 3-2). Although the N-alkylated amide compounds prefer cis to
trans conformation in a solution and crystal, the calculated values of the cis preference
reveal that the increase in the ratio of the MDAE unit in the polymer backbone leads to a
decrease in the content of the cis conformation in the amide linkages as shown in Table
3-1.1% As has been discussed in the previous report by Lorenzi et al., the relaxation of
the steric interactions in the PA-X-Y's leads to the lower content of the cis conformation in
the tertiary amide linkage than that in the low molecular compounds.® The total contents
of the cis conformation, however, are maintained from 15 to 25 mol% for PA-0-20,

PA-20-20, PA-20-40, and PA-20-60.

Table 3-1 Cis preferences and inherent viscosities of PA-X-Ys.

PA-0-0 PA-0-20 PA-20-0 PA-20-20  PA-20-40 PA-20-60

cis preference® [%] ND 76.4 ND 76.2 59.7 40.9
Mo [gdL] 1.78 1.21 161 1.29 1.03 0.93

“Determined by the ratio of integral values of peaks assigned as the methyl proton in the f#ans and cis conformatio
ns. *Evaluated at 30 °C in NMP at a concentration of 0.5 g dL-%.
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Besides, the chemical shift of the amide proton provides us the information about
the hydrogen bonding.* In general, the chemical shift of the amide proton is moved to
downfield when the hydrogen bonding becomes strong.** Thus, the effect of the
introduction of the N-methyl amide linkage on the hydrogen bonding behavior in solution
was investigated by comparing their chemical shifts at 40 °C and 100 °C. For PA-0-0, the
chemical shifts of the amide protons denoted as M move from 10.41 ppm to 10.18 ppm
with increasing the temperature. This result indicates that the hydrogen bonding between
the amide linkages has become weak with increasing the temperature. PA-20-0 also
shows the same behavior. Meanwhile, for the other PA-X-Ys, two new peaks (M’ and A”)
are appeared. These peaks are assigned to the protons in the amide linkages of the DAE
and DABA units next to the MDAE unit as shown in Figure 3-4. The N-methyl amide
linkage acts as an electron-donating group to an adjacent benzene ring and increases the
electron density. The amide peaks attributed to M of PA-0-20, PA-20-20, PA-20-40, and
PA-20-60 at 100 °C are observed at 9.88 ppm, 10.00 ppm, 9.99 ppm, and 10.00 ppm,
respectively. Compared to PA-0-0 or PA-20-0, these chemical shifts are observed at the
higher magnetic field, indicating that the suppression of hydrogen bonding is promoted
by the replacement of the hydrogen atom with the methyl group in the amide linkage. The
peaks corresponding to A also show a similar behavior. In other words, the introduction of
the N-methyl amide linkage will efficiently prohibit the aggregation of the polymer
chains in solution. On the other hand, the peaks of A of PA-20-20, PA-20-40, and
PA-20-60 at 40 °C appear at 10.62 ppm, 10.59 ppm, and 10.59 ppm, respectively, which
are slightly lower than that of PA-20-0 (10.69 ppm). A similar trend is also observed for

peak M. In the cases of PA-0-0 and PA-0-20, the chemical shift values of peak M at 40 °C
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are 10.41 ppm and 10.36 ppm, respectively. These results indicate that the hydrogen

bonding is partially suppressed by the N-methyl amide linkage even at 40 °C.
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Figure 3-4 'H NMR spectra showing the region of the amide linkage signals of (a)
PA-0-0, (b) PA-20-0, (c) PA-0-20, (d) PA-20-20, (e) PA-20-40, and (f) PA-20-60 in
DMSO-dg at (A) 40 and (B) 100 °C.
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3.2.4 Membrane properties
3.2.4.1 Dry densities and water uptakes

All of the PA-X-Ys membranes with less than 2 um thickness were successfully
prepared by a spin-coating method. Densities of the dry membranes were measured for
estimation of free volume which affects water and salt transport properties.** ** With the
increase in the ratio of the MDAE unit in the polymer backbone, dry density (p,) clearly
decreases relative to PA-0-0 (1.316 g/cm®) and PA-0-20 (1.295 g/cm®) (Table 3-2). These
results indicate that the disruption of the polymer packing probably occurs because the
N-methyl amide linkages suppress the hydrogen bonding. Moreover, the cis conformation
in the N-methyl amide linkage leads to the configurational change in the polymer in
solution from rigid-rod to random-coil chains.®> The polymers having rigid-rod and
random-coil units exhibited a low compatibility and miscibility between the rigid-rod and
random-coil units.*>*® Thus, the cis conformation of the N-methyl amide linkage in
PA-0-20, PA-20-20, PA20-40, and PA-20-60 would also affects the structure of polymer
chains in solution and leads to a decrease in the dry density of the membranes. Water
uptake (w,,) values of the PA membranes possessing the hydrophilic carboxylic acid
groups are summarized in Table 3-2. Any differences in w,, values could not be seen

even if the N-methyl amide linkages were introduced into the polymer backbone.

Table 3-2 Dry densities, and water uptake of PA-X-Y membranes

PA-0-0 PA-0-20 PA-20-0 PA-20-20 PA-20-40 PA-20-60
P’ [gem?] 1.316£0.008 1.295+£0.009 1284+0.009 1.270+0.001 1.262 £0.005 1.254+0.002
w,' [%0] ND ND 42+03 47+£13 49+13 53+£13

“Dry density was measured at ambient temperature 24-25 °C in ethanol. "Water uptake was measured by immersing
into water for 3 days.
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3.2.4.2 FTIR spectra

Figure 3-5 shows the FTIR spectra of the PA-X-Ys to evaluate the hydrogen
bonding behavior in the solid film state. Generally, the peak assigned as the C=0
stretching shifts to the higher wavenumber, and the peak of the N-H in-plane bending
shifts to the lower wavenumber when the hydrogen bonding becomes weak.*” In the
Figure 3-5 (a), the peaks at 1654 cm™ and at 1527 cm™ are attributed to the C=0
stretching and the N-H in-plane bending of the secondary amide linkage in PA-0-0,
respectively. The peaks of the C=0 stretching and N-H in-plane bending in PA-0-20 are
also observed at 1654 cm™ and 1527 cm™, respectively. For PA-20-0, the peaks assigned
as the C=0 stretching are also observed at 1658 cm™and the peak for the N-H in-plane
bending appears at 1535 cm™. PA-20-20, PA-20-40, and PA-20-60 show peaks for the
C=0 stretching at the higher or lower wavenumbers (1659 cm™, 1650 cm™, and 1650
cm™, respectively) compared to PA-20-0. Since the peak for the C=0 stretching in the
tertiary amide linkage usually appears at lower wavenumber than that for the secondary
amide linkage, and overlaps with the peak of the secondary amide linkage in PA-20-40
and PA-20-60, thus becoming broad, it seems difficult to evaluate the hydrogen bonding
behavior of these samples.?* However, all the peaks corresponding to the N-H in-plane
bending of PA-20-20, PA-20-40, and PA-20-60 are confirmed at lower wavenumber
(1531 cm™). Similar to the dry density measurements, these results also suggest that the
hydrogen bondings between amide linkages are suppressed by the introduction of the

tertiary amide linkage into the polymer backbone.
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Figure 3-5 FTIR spectra of (a) PA-0-0 and PA-0-20 and (b) PA-20-0, PA-20-20,
PA-20-40, and PA-20-60 (Film). The dashed lines (labeled as a, b, c, and d) are
corresponding to the wavenumbers at 1654, 1527, 1658, and 1535 cm™, respectively.
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3.2.4.3 Time resolved contact angle measurement

The surface hydrophilicity and chain mobility is also considered as one of the most
important factors in determining the water and salt transport properties.®® Thus, the
time-resolved contact angle measurements of the PA-X-Y membranes were carried out to
evaluate the surface hydrophilicity and surface reorganization behavior. Since the
contact angle value is mostly affected by the surface roughness, the root-mean-square
roughness (Rrums) Of PA-X-Ys were determined by atomic force microscopy (AFM).
The Rgrums Values for all the films were ranged from 0.2 to 0.8 nm, which indicated that
the contact angle values were independent of the surface roughness. The water contact
angles of PA-0-0 and PA-0-20 linearly decreased with the increasing time. On the other
hand, two regions (an initial exponential decay and the following linear line) can be
seen in the PA-20-0, PA-20-20, PA-20-40, and PA-20-60. As has been discussed in the
previous reports by Tanaka et al., the initial contact angle decay and a subsequent linear
decrease reflect both the surface segregation induced by the water droplet and the

change in the droplet shape due to water evaporation, respectively.***°

(a) 80
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Figure 3-6 Time dependence of water contact angle for (a) PA-0-0 and PA-0-20 and (b)
PA-20-0, PA-20-20, PA-20-40, and PA-20-60.
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As the initial decay cannot be seen in PA-0-0 and PA-0-20, the segregation would
arise not from the amide linkages in the MDAE and DAE units but from the carboxylic
acid group in the DABA unit. Additionally, the experimental plot for the time-resolved

water contact angles were fitted by the following equation:**

t
- ;) Ckt+ 6 (32)

0(t) = (Oini — 9ter)exp(
where 6;,; and 6., are the initial and terminal values of the contact angles at t = 0
and in a quasi-equilibrium state, 7 is the time constant of the contact angle decay in the
initial stage, and k is the constant related to water evaporation, respectively. Especially,
T is correlated to the relaxation time of the interfacial mobility, and the difference in the
0;n; and 0., values means the degree of surface reorganization induced by the
water.**" Table 3-3 summarizes the 6;,;, O, and 7 values of all PA-X-Y
membranes. With the increase in the MADE units, the t values decreased from 2.23 to
1.46. Taking into account the results from FTIR and dry density measurements, the
decrease in the 7 value is probably due to suppressing the aggregation of the polymer
chains induced by the N-methyl amide linkage. Meanwhile, the differences in the 6;y;

and 6., values increased from 1.4° to 4.4°, indicating that the number of carboxylic

acid oriented toward the polymer/water interface increased.

Table 3-3 6i,i, 6ier, and 7 values of PA-X-Ys.

PA-0-0 PA-0-20 PA-20-0 PA-20-20  PA-20-40 PA-20-60
[ 778 76.2 76.2 74.2 73.7 68.1
6.t [ ND ND 748 72.9 69.5 63.7
T [s] ND ND 2.23 2.50 1.94 1.46

“Time-resolved contact angle measurement was carried out by using the sessile drop method with water droplt of 2.0
uL.

62



Chapter 3

Also, it is noted that PA-0-0 and PA-0-20 show higher 6;,; value than those for PA-20-0,
PA-20-20, PA-20-40, and PA20-60 due to the absence of the hydrophilic DABA unit.
The 6;,; value decreases from 76.2° to 68.1° with increasing the content of the N-methyl
amide linkage in the polymer backbone, suggesting that more hydrophilic domains in
PA-X-Ys are formed with the suppression of the hydrogen bonding and the aggregation
of the polymer chains. Such an interfacial behavior will be discussed in detail after

presenting the tapping mode phase image by AFM measurements.
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3.2.4.4 AFM observation

To clarify the phase separation between the hydrophilic and hydrophobic domains,
the tapping mode phase images of the surfaces of the PA-0-20, PA-20-0, PA-20-20,
PA-20-40, and PA-20-60 membranes were recorded under ambient conditions on 250 x
250 nm? size scales by AFM measurements (Figure 3-7). Even though all samples are
random PAs, nanophase separations are clearly observed. The PA-0-20 membrane shows
the bright and dark regions derived from the hard segments corresponding to the DAE
units and the soft segments corresponding to the MDAE units, respectively, which imply
the low miscibility of secondary and tertiary amide linkages. In the PA-20-0 membrane,
the bright and dark regions derived from the hard segments corresponding to the DAE
units and the soft segments corresponding to the hydrophilic DABA units, respectively,
are clearly observed. Moreover, the dark regions seem to be connected and form
hydrophilic channels. The domain sizes and distributions of the PA-0-20 and PA-20-0
membranes are apparently different probably due to the significant difference of their
polarity. The PA-20-60 membrane exhibits a clearer nanophase separation compared to
the PA-20-20 and PA-20-40 membranes. The significant difference in their polarities
between the DAB and MDAE units may induce the lower miscibility between two parts.
Taking into account the comparison of the differences in the 6;,; and 6., values of
PA-20-0, PA-20-20, PA-20-40, and PA-20-60, an increase in the size of the hydrophilic
domains and the suppression of the hydrogen bonding would support the increase in the
degree of surface reorganization induced by the water and the decrease in the 6;,;

value.
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Figure 3-7 AFM tapping mode phase images of (a) PA-0-20, (c) PA-20-0, (d) PA-20-20,
(e) PA-20-40, and (f) PA-20-60 membranes. Scan sizes are 250 x 250 nm?.
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3.2.4.5 PALS

To assess the free volume of the PA-20-Y membranes, low-energy positron
annihilation lifetime spectroscopy (PALS) was carried out at room temperature. The
positron lifetime spectra (Figure 3-8), obtained at an incident positron energy of 7 keV,
were analyzed on the basis of an exponential decay function with three lifetime
components using the RESOLUTION code of the PATFIT package to attain the triplet
ortho-positronium (o0-Ps) lifetime (z3). The free-volume hole radii (r3) were determined

from 7, using the Tao-Eldrup model as follows:****

—1—2{1 I ( 2 )} 33
s = mr0166 2z "\ Toaee) G

The mean size of the sperical free volumes (V;) were calculated according to the

following equation:

Vs ==nri (3.4)
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Figure 3-8 Positron lifetime spectra of PA-20-Ys.
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Table 3-4 summarizes the PALS results for PA-20-Y membranes. PA-20-0 has the
values for 73 and r3, apparently lower than the other membranes, PA-20-20, PA-20-40,
and PA-20-60, implying that the introduction of the N-methyl amide linkage leads to the
increase in the free volume size. Indeed, the V5 value increased from 0.069 to 0.089
nm® with increasing in the MDAE unit content. This observation indicates that the
suppression of the hydrogen bonding and the conformational change, induced by the
introduction of the N-methyl amide linkage, lead to the increase in free volume size, in

good accordance with the results from FTIR and dry density.

Table 3-4 PALS results for PA-20-Ys

PA-20-0 PA-20-20  PA-20-40 PA-20-60
T [ns]  1.69+0.01 1.84£0.01  1.83+0.01 1.89+0.01
rp [nm] 0.256 0.271 0.271 0.277
Ve oo ']l 0.069 0.084 0.084 0.089

°T, and I were estimated by analyzing the PALS spectrum using the RESOLUTI
ON fit. *r,was detemined by Tao-Endrup equation. © V_is calculated by (4m/3)xr’.
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3.2.4.6 Proposed mechanism

The difference in the hydrogen bonding behavior and the configurational
difference during the fabrication process would affect the aggregation behaviors in the
obtained membranes. PA-0-0 and PA-20-0 act as rigid-rod polymers in the casting
solution, whereas PA-0-20, PA-20-20, PA-20-40, and PA-20-60 with the N-methyl amide
linkage in the cis conformation behave as random-coil chains. During evaporation of the
solvent, hydrogen bondings in the PA-20-20, PA-20-40, and PA-20-60 are more
suppressed than those of the PAs without the N-methyl amide linkage. Finally, the state of
the polymers in the membranes obtained from PA-0-0 and PA-20-0 are more densely
packed. On the other hand, the polymers in the membrane of PA-0-20, PA-20-20,
PA-20-40, and PA-20-60 are loosely packed because of the suppression of the hydrogen

bonding and the low compatibility of the polymer chains.
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3.2.5 Water and NaCl transport properties

Finally, the influence of introducing the N-methyl amide linkages into the
polymer backbone on the water and NaCl transport properties was investigated. All
measurements were carried out by the cross-flow instruments in the RO mode at an
applied pressure of 7.5 bar, and the results are summarized in Table 3-5. PA-0-0 shows
no water permeation behavior. In spite of the introduction of the N-methyl amide
linkage, the water permeation phenomenon cannot be observed for PA-0-20. These
results agree with the results in chapter 2, which revealed that the ultrathin
semipermeable membrane based on PAs without a carboxylic acid group could not
show any water permeation even if a flexible or rigid molecular unit was incorporated
into the polymer backbone. On the other hand, PA-20-0, PA-20-20, PA-20-40, and
PA-20-60 with a carboxylic acid group show a water permeation property. Moreover,
PA-20-60 with the higher contents of the N-methyl amide linkage leads to higher water

flux (2.25 L m™ h™') and water permeability (A value: 0.636 L um m™ h™ bar™) than those

Table 3-5 Water and NaCl transport properties

Polymer L o & o K b’ K b/

: [Lm?h'] [%] [Lpmm?h'bar'] [cm’s!] [cm?s?] [em?s!]
PA-0-0 ND ND ND ND ND ND ND ND
PA-0-20 ND ND ND ND ND ND ND ND
PA-20-0 0.50 24 0.141 0.0088x10®°  0.076 0.709x10°  0.055 1.61x10°
PA-20-20 1.88 10 0.530 0.093x108 0.073 2.771x10° 0.064 1.45x10%
PA-20-40 1.75 12 0.495 0.071x10® 0.069 2.741x10°  0.060 1.20x10%
PA-20-60 2.25 8 0.636 0.144x10® 0.068 3.503x10°  0.041 3.44x10%

“Measured at 25 °C using cross-flow filtration (AP =7.5 bar ; NaCl concentration = 500 mg L") . "Estimated from w
ater uptake and dry density. “Measured by NaCl desorption measurement.

69



Chapter 3

of PA-20-0 (water flux (J,,) : 0.50 L m? h™, A value : 0.141 L um m? h* bar™). The
increases in the free volume and distinct hydrophilic domains in the membrane may allow
the formation of an efficient pathway for water permeation. Indeed, the increase in water
diffusive coefficient (D,,) value from 0.709 x 10° cm? s™ to 3.563 x 10° cm® s is
observed. Meanwhile, salt diffusive coefficient (Ds) value of PA-20-60 is about 20
times higher than that of PA-20-0. As a result, NaCl rejection (R) and salt permeability

(B) decrease with increasing the molar ratio of the MDAE units in the polymer backbone.

According to the free volume theory, the small molecule diffusion coefficient is
correlated to the free volume and the hydrated size of the molecule as the following

equation.”

D; = a;exp <— %) (3.6)

where a; is the constant, b; is the constant related to the hydrated size of the penetrant,
and (vy) is the polymer’s average free volume. Thus, when the size of the penetrant is
increased, the effect of the change of (v¢) value on the diffusion coefficient becomes
higher. The larger effective radii of Na* (0.358 nm) and CI" (0.332 nm) than H,O
molecule (0.138 nm) indicates that D,, value is less influenced by the change of the
free volume than D, value.*** This expectation is verified by plotting InD,, and
In D versus V5! estimated from the PALS measurement as shown in Figure 3-9 (a).
Over the range of the MDAE contents considered, D,, values are higher than those of
D, value. As indicated in the equation (3.6), the diffusion coefficients of larger
penetrants (i.e. NaCl) vary more largely with changes in the free volume than those of
smaller penetrants (i.e. water). Also, this phenomenon can be confirmed by fitting the

plots using the equation (3.6), in which the slope of the line for the NaCl data is steeper

70



Chapter 3

— 10°F 410°®

o [ ] =

3 2

E o~

§ 5
s ;

Q Q
10'6:- 410°

11 12 13 14 15

v, Inm]

Figure 3-9 Correlation between water (m) or salt (o) diffusion coefficients, and free
volume estimated by the PALS measurement. The solid and dotted lines were fitted for
water and salt diffusivity, respectively, using the equations (3.6).

than that through the water data. The increase in (vy) induced by the MDAE unit led to
the larger enhancement of D, than that of D,. That is, the suppression of hydrogen
bonding and incompatibility of the hydrophilic and hydrophobic polymer domain

increase J,,, while lowering R of ultrathin membranes.

However, since it seems difficult to accurately control the free volume by
designing the primary structure, it is necessary to develop another method for the

adequate control over the free volume.
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3.3 Conclusions

Partially N-methylated random aromatic coPAs (PA-X-Ys) composed of MDAE,
DABA, and DAE units were successfully synthesized by the low temperature
polycondensation. The PA-X-Ys showed the decrease in the cis conformation in the
N-methyl amide linkage with increasing the MDAE unit in the polymer backbone. The
total contents of the cis conformation, however, were maintained from 15 to 25 mol% for
PA-0-20, PA-20-20, PA-20-40, and PA-20-60, promoting the formation of
loosely-packed membranes. The incorporation of the N-methyl amide linkage into the
polymer backbone affected the hydrogen bonding behavior of the amide linkage and the
configurational behavior in solution, which led to suppressing the aggregation of the
polymer chains during the membrane fabrication process. Since the polymers in the
membranes were loosely packed, the obtained PA-X-Y membranes with the MDAE unit
showed lower dry densities, higher free volume, and higher surface hydrophilicity than
the PA membranes without the MDAE unit, resulting in an enhancement of water flux
and depression of NaCl rejection due to a larger increase in salt diffusion coefficient

than water one.
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3.4 Experimental
3.4.1 Materials

4,4’-Diaminodiphenyl  ether (DAE), isophthaloyl chloride (IPC),
3,5-diaminobenzoic acid (DABA), sodium methoxide (ca. 5M in CH30OH),
paraformaldehyde, and sodium borohydride were purchased from TCI, Japan. DAE was
sublimed before use. IPC and DABA were purified by recrystallization before use. DAE
was purified by sublimation prior to use. N-Methylpyrrolidone (NMP), triethylamine,
potassium hydroxide, and methanol were purchased from Wako Pure Chemical Industries.

NMP was dried over calcium hydride and distilled under nitrogen.

3.4.2 Synthesis of N,N’-dimethyl-4,4’-diaminodiphenyl ether (MDAE)

To a 500 mL two-necked round flask, DAE (8.01 g, 40.0 mmol), sodium
methoxide (ca. 5 M in CH3OH) (80.0 mL, 400 mL), and methanol (240 mL) were added
under a nitrogen atmosphere. The solution was refluxed for 8 h. After cooling to room
temperature, paraformaldehyde (3.36 g, 112 mmol) was added. The reaction mixture was
refluxed for 12 h, sodium borohydride (3.0 g, 80.0 mmol) was added to this solution, and
the reaction mixture was refluxed for 3 h. A1 M NaOH aqueous solution (25.0 mL) was
then added to the reaction mixture to hydrolyze the products in the solution and the
reaction mixture was refluxed for 1 h. After evaporation of the solvent, the reaction
mixture was extracted with chloroform. The organic layer was washed three times with
brine, dried over MgSQy,, and the solvent was evaporated under vacuum. The residue was
purified by silica gel column chromatography treated with triethylamine (eluent: ethyl

acetate : hexane = 2 : 1) to give the crude product. Finally, the crude product was purified
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by recrystallization from hexane and ethyl acetate to give MDAE as white crystals (2.92
9)-

Yield: 32%. *H NMR (300 MHz, CDCls, 5, 25 °C): 6.87 (d, J = 8.9 Hz, ArH, 4H), 6.57 (d,
J=8.9 Hz, ArH, 4H), 3.52 (s, NH, 2H), 2.81 (s, N-CH3, 6H). **C NMR (75 MHz, CDCls,
8, 25 °C): 150.32, 145.49, 119.91, 113.74, 31.79. IR (KBr) v (cm™): 3367 (N-H

stretching), 2877 (C-H stretching), 1226 (C-O-C stretching).

3.4.3 Synthesis of a series of N-methylated PAs (PA-X-Ys)

A series of PA-X-Y were prepared by the low temperature solution
polycondensation of IPC with DABA, MDAE, and DAE by controlling the feed molar
ratio of the diamine monomers. The typical procedure (as an example for the PA6-20-60
copolymer) was as follows. Into a two-necked 50 mL flask, DABA (0.609 g, 4.00 mmol),
MDAE (2.72 g, 12.0 mmol), DAE (0.801 g, 4.00 mmol), and NMP (31.8 mL) were added
under a nitrogen atmosphere. After complete dissolution of the diamine monomers, the
solvent was frozen by cooling to -78 °C. Subsequently, IPC (4.10 g, 20.0 mmol) was
added to this solution and the reaction temperature was increased to room temperature
after isophthaloyl chloride was completely dissolved. The solution was stirred for at least
8 h, and then precipitated with a large amount of methanol to give a white fibrous polymer.
The obtained polymer was filtered off, washed several times with methanol, and dried in

a vacuum oven for 24 h at 120 °C. (6.05 g)

PA-0-0: Yield 99 %. *H NMR (300 MHz, DMSO-dg, 8, 40 °C): 10.41 (s, -NH, 2.0H), 8.54
(s, ArH, 1.0H), 8.15 (d, J = 7.2 Hz, ArH, 2.0H), 7.82 (d, J = 8.1 Hz ArH, 4.0H), 7.69 (t, J

= 6.6 Hz, ArH, 1.0H), 7.05 (d, J = 7.2 Hz, ArH, 4.0H). *C NMR (75 MHz, DMSO, 3,
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40 °C): 165.0, 153.1, 136.3, 134.6, 130.7, 128.6, 127.0, 118.7. IR (Film) v (cm™): 3065

(N-H stretching), 1654 (C=0 stretching), 1533 (N-H in-plane bending).

PA-0-20: Yield 99 %. 'H NMR (300 MHz, DMSO-ds, &, 100 °C): 9.88, 9.80 (s, -NH,
1.6H), 8.53 (s, ArH, 0.8H), 8.13 (d, J = 7.7 Hz, ArH, 1.6H), 7.90-7.62 (m, ArH, 4.2H),
7.46-7.33 (m, ArH, 0.6H), 7.19-6.99 (m, ArH, 4.0H), 6.83 (d, J = 8.7 Hz, ArH, 0.8H),
3.38, 3.28 (s, CH3, 1.2H). IR (Film) v (cm™): 3066 (N-H stretching), 2946 (aliphatic C-H

stretching), 1655 (C=0 stretching), 1527 (N-H in-plane bending).

PA-20-0: Yield 98 %. 'H NMR (300 MHz, DMSO-dg, 8, 40 °C): 10.69 (s, -NH, 0.4H),
10.48 (s, -NH, 1.6H), 8.70 (s, ArH, 0.2H), 8.63-8.55 (m, ArH, 1.0H), 8.18-8.12 (m, ArH,
2.4H), 7.81 (d, J = 9.0 Hz, 3.2H), 7.72-7.65 (m, ArH, 1.0H), 7.05 (d, J = 9.0 Hz, ArH,

3.2H). IR (Film) v (cm™): 1658 (C=0 stretching), 1535 (N-H in-plane bending).

PA-20-20: Yield 99 %. *H NMR (300 MHz, DMSO-dg, 5, 100 °C): 10.24, 10.00, 9.81 (s,
-NH, 1.6H), 8.60-8.53 (s, ArH, 1.0H), 8.19-8.12 (m, ArH, 2.0H), 7.94-7.86 (m, ArH,
0.6H), 7.80-7.62 (m, ArH, 2.8H), 7.45-7.34 (m, ArH, 0.6H), 7.16 (d, J = 8.8 Hz, ArH,
0.8H), 7.06-6.99 (m, ArH, 2.4H), 6.80 (d, J = 8.8 Hz, ArH, 0.8H), 3.38, 3.28 (s, CHs,
1.2H). IR (Film) v (cm™): 3066 (N-H stretching), 2946 (aliphatic C-H stretching), 1659

(C=0 stretching), 1531 (N-H in-plane bending).

PA-20-40: Yield 99 %. *H NMR (300 MHz, DMSO-ds, 5, 100 °C): 10.22, 10.04, 9.99,
9.80 (s, -NH, 1.2H), 8.59-8.53 (s, ArH, 0.8H), 8.19-8.12 (m, ArH, 1.6H), 7.94-7.87 (m,
ArH, 0.4H), 7.80-7.64 (m, ArH, 2.2H), 7.45-7.33 (m, ArH, 1.2H), 7.17 (d, J = 8.8 Hz,
ArH, 1.6H), 7.06-6.99 (m, ArH, 1.6H), 6.80 (d, J = 8.8 Hz, ArH, 1.6H), 3.38, 3.28 (s, CHs,
1.2H). IR (Film) v (cm™): 3066 (N-H stretching), 2943 (aliphatic C-H stretching),

1650(C=0 stretching), 1531 (N-H in-plane bending).
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PA-20-60: Yield 90 %. *H NMR (300 MHz, DMSO-ds, 8, 100 °C): 10.24, 10.08, 10.00,
9.82 (s, -NH, 0.8H), 8.62-8.54 (s, ArH, 0.6H), 8.19-8.12 (m, ArH, 1.2H), 7.97-7.87 (m,
ArH, 0.2H), 7.80-7.62 (m, ArH, 1.6H), 7.45-7.33 (m, ArH, 1.8H), 7.20-6.99 (m, ArH,
3.2H), 6.84-6.77 (M, ArH, 2.4H), 3.38, 3.28 (s, CH3, 1.2H). IR (Film) v (cm™): 3066 (N-H
stretching), 2931 (aliphatic C-H stretching), 1650 (C=0 stretching), 1531 (N-H in-plane

bending).

3.4.4 Preparation of ultrathin membranes

The 10 wt% solutions of the obtained PA-X-Ys were prepared in NMP.
Subsequently, the polymer solutions were filtered through a 0.45 um poly(vinylidene
fluoride) membrane filter and coated onto a clean glass substrate by a spin-coating
method to form the as-cast membranes with less than 2.0 um thickness. The as-cast
membranes were then heated at 70 °C for 30 min and at 200 °C for 1 h. The obtained
membranes were peeled off from the glass substrate and stored in deionized water before
use. Finally, the membranes were immersed in a 10 wt% isopropanol aqueous solution for

15 min and water for 15 min before evaluation of their membrane intrinsic properties.
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3.4.5 Water permeation test

Membrane disks of 7 cm diameter were placed in the cross-flow filtration cells
of custom-made equipment. Under an operating pressure of 7.5 bar to perform membrane
filtration, a 500 mg L™ aqueous solution of NaCl was supplied to the membranes. The
temperature and pH of the feed solution were kept at 25 °C and 6.5, respectively.
Subsequently, the feed and permeate water were sampled after the operation had been
continued for more than 3 h to stabilize the membrane performance. Salt rejection rate (R
value) was calculated based on the electrical conductivities of the feed and permeate
water measured by a pH/EC meter WM-50EG (DKK-TOA Corp.). The flow rate of the
solution was 3.5 L/min. Water flux (J,,, [L m? h™]), NaCl rejection (R, [%]), hydraulic
water permeability (4, [L pm m™ h™ bar]), and salt permeability (Ps, [cm?%s]) are

calculated from the following equations.

_AV 3.7
]W_m ()

R <1 CZ) 100 (3.8
=(1-——)x :
1 (3.8)

Wl
A=3p—an (3.9
5 1077 l C, 1077 l 100 — R 310
= X X = X X — .
3600 < v (C;—C,) 3600 Jw R (3.10)

where AV [L] is the volume of permeate water, S [m?] is the effective membrane area,
At [h] is time during water permeation, C; and C, are the salt concentrations in the feed

and permeate water, [ [um] is the membrane thickness, AP [bar] is pressure difference
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across the membrane, and Am [bar] is osmotic pressure difference across the membrane.
To clarify the relationships among A, B, and R, R is also expressed by the following

equation: *

B -1

3.4.6 Determination of water sorption coefficient and water diffusion coefficient

Before the water uptake and dry density measurements, all of the PA-X-Y
membranes were dried in vacuum oven at 120 °C for 2 days. Polymer densities (pp, g
cm’®) were determined using an Alfa Mirage SD-200L electronic densimeter at ambient

temperature (24-25 °C) using the following equation:

S 3.12
Pp = Po (3.12)

where m, and m; are weights of the membrane measured in air and non-solvent,
respectively, and p, is density of the non-solvent. Ethanol was selected as the
non-solvent. To estimate water uptake (w,,), the dried membranes were immersed in
deionized water at ambient temperature (24-25 °C) for 3 days after weight of the dried
membranes (m,;) were measured. Then, weight of hydrated membranes (m;) were
measured. w,, was calculated by the following equation:

m; —m
wwzﬁ (3.13)

From w,, value, equilibrium volume fraction of water in the hydrated membrane (¢,,)

was evaluated as follows:

Pp@
bw = P

=——— (3.14
PpWw t+ P ( )
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where p,, is density of water (1.0 g cm™). Using ¢,, value, water sorption coefficient
(K,,) can be estimated, which is defined as the ratio of water concentration in the
membrane (C7*) to that in the solution (C,,) ([g water/cm® hydrated membrane]/[g

water/ cm® solution]) as shown in the following equation.*

_ Cw' _ bwMy,
Ky =——=
Cw Pw Vi

(3.15)

where C,, is equal to density of pure water (p,,), M,, isthe molecular weight of water,

and V,, is the molar volume of water (18 cm®mol).>*

Diffusive water permeability (B, [cm?s™]) was related to water permeability (4, [L um

m?2h™ bar]) as follows:

P—A><RT><10_6
W v, 36

(3.16)

where R is the ideal gas constant (8.314 J K™ mol™) and T is the absolute temperature.
Water diffusive coefficient (D,,, cm? s?) estimated from P, and K, based on the

following equation:

P
D, = K—W (3.17)

w

3.4.7 Determination of NaCl sorption coefficient and NaCl diffusion coefficient

Salt partition coefficient (K;) was determined by salt desorption into deionized
water from the membrane previously equilibrated with 50 mL of 1.0 M NaCl aqueous
solution by immersing into that solution for at least 3 days. K is calculated by the ratio
of the mass in the membrane per unit volume to the concentration of NaCl in the

original solution as follows:
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Mypp

Ks == 5844 x 103

(3.18)

where M, is the total weight of salt desorbed from membrane, m is weight of
membrane, p, is polymer density. Salt diffusion coefficient (Ds) is estimated from the

measured salt permeability (B value):

B
Dy = (319)

N

3.4.8 Measurements

The nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
DPX-300S spectrometer at the resonant frequencies of 300 MHz for *H and 75 MHz for
3C nuclei using CDCl3 or DMSO-ds as the solvents and tetramethylsilane as an internal
standard (64 0.00). The FT-IR spectra were measured on a Horiba FT-720 spectrometer.
The inherent viscosities were measured at 30 °C in NMP at a polymer concentration of
0.5 g/dL. The thermal analysis (TGA) was performed on a Seiko TG/DTA 6300 thermal
analysis system under a nitrogen atmosphere for thermogravimetry (TG) and differential
thermal analysis (DTA). Before the evaluation, all the samples were preheated at 250 °C
for 30 min to remove any moisture and residual solvents in the TG/DTA furnace. The
samples were then cooled to 30 °C and heated to 500 °C at the heating rate of 10 °C/min.
Time resolved water contact angles of water droplets on the prepared membranes were
measured by the sessile drop method using a contact angle measurement system
(DropMaster 500, Kyowa Interface Science). The volume of the water droplets for the
measurements was 2.0 uL. All measurements were carried out at ambient temperature

(24-25 °C). The dry densities of the dried membranes were determined using an Alfa
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Mirage SD-200L electronic densimeter at ambient temperature (24-25 °C). The surface
morphology was characterized using an atomic force microscopic (AFM, SPA400, SlI
Nanotechnology) in the phase contrast mode. Low-energy positron annihilation lifetime
spectroscopy (PALS) was performed using a Fuji-imvac PALS-200A system at an
incident positron energy of 7.0 keV. A multi-exponential analysis using the
RESOLUTION code was applied to the obtained positron annihilation lifetime spectra
to attain the average lifetime of the third component (73) for the triplet

ortho-positronium (0-Ps).
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Chapter 4

Effect of Cross-linking Reaction of N-Substituted
Polybenzimidazole Membranes on Water Transport

Properties

4.1 Introduction

Polybenzimidazole (PBI) is expected to be one of the alternative membrane
materials because of its high water absorbability, mechanical properties, thermal
stability, and chemical stability over a wide range of pH. Additionally, PBIs having a
strong base dissociation constant (pK, = 5.5) become self-charged in an aqueous
environment, because an adjacent benzene ring delocalizes the proton of the imidazole
group.’ Meanwhile, the hydrogen bonding between the imidazole rings is so strong that
the PBI membranes become dense and show low water transport properties.? Therefore,
it is necessary to suppress the polymer/polymer interaction and to disrupt the polymer
chain packing for the enhancement in water permeability of PBI.? It is well known that

the suppression of the hydrogen bonding in the amide linkage of aromatic condensation
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polymers affects the interplanar spacing, the crystallinity, the solubility, and the
transport properties.*”’ In chapter 3, it was revealed that the incorporation of the
N-methyl amide linkage into the aromatic PA membranes suppress hydrogen bonding,
prevented the polymer chain packing, and increased water flux while it decreased salt
rejection. In the case of PBI, Kharul et al. have reported that the N-substitution of the
PBI designed for suppressing the hydrogen bonding and for inhibiting the polymer
chain packing enhanced the permeability for various gases because of an increase in the
diffusivity.® Therefore, the N-substitution of PBI would be an effective way to increase

water permeability.

In addition, it is generally accepted that the chemical cross-linking usually
induces an enhancement of the selectivity and a decrease in the permeability.>'® For
example, Wang et al. reported the cross-linking of PBI membranes by p-xylylene
dichloride improved the NaCl rejection while decreasing the water flux due to the
formation of smaller pores induced by the high cross-linking density.** However, this
expectation is not always acceptable and there would be the improvement of the
selectivity without the depression of permeability. Indeed, the cross-linking of some
polyimides applied for the gas permeable membranes can increase in the permeability
without sacrificing the selectivity.**** As discussed in the previous report by Lee et al.,
the improvement of the gas permeability with maintaining the gas selectivity was
achieved in the cross-linked and thermally-rearranged polybenzoxazole-co-imide
membranes, wherein the increase in the pore radius (from 0.82 to 0.97 nm) was induced
by the suppression of the hydrogen bonding among cross-linked polymer chains.*
Besides, we have concluded in chapter 3 that it seems difficult to obtain the effective

pathway for water molecules just by the N-substitution. Thus, we expected that the
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introduction of the cross-linked structure into PBI membranes during the desolvation
process of membrane fabrication would improve the water permeability without
decreasing the selectivity by formation of appropriate water channel with reduction of
hydrogen bonding. On the basis of these previous reports, 50% of the -NH- groups in
the imidazole rings of PBI were substituted to butyl or butylsulfonate groups to suppress
the hydrogen bonding and to compare the effects of the hydrophilicity on water and
NaCl transport properties with pristine PBI. Furthermore, the PBI was cross-linked with
divinyl sulfone during the desolvation process of membrane fabrication, which is

expected to make polymer/polymer interaction weaker.

In this chapter, we report the development of ultrathin membrane based on
cross-linked PBI. In addition, the effects of the N-substitution as well as cross-linking of
PBI on water and NaCl transport properties are described in detail. The cross-linking
reaction of the N-substituted PBI led to the change of the pore size distribution from
unimodal (0.25-0.33 nm) to bimodal (0.15-0.24 nm and 0.25-0.37 nm), where the

selective permeation of water molecule was successfully achieved.
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4.2 Result and discussion
4.2.1 Synthesis and characterization

N-butylsufonated and N-butylated PBIs (BSPBI and BPBI) were synthesized
by the two steps, that is, deprotonation of PBI using lithium hydride, followed by
treatment with 1,4-butanesultone or 1-bromobutane (Scheme 4-1). The *H NMR spectra
of PBI, BSPBI, and BPBI along with the assignments are shown in Figure 4-1. After
the N-substitution reaction of PBI, the peaks of the imidazole protons in BSPBI and
BPBI become smaller compared to that of PBI, indicating the progress of
N-substitution in the polymer main chain. The peaks due to the characteristic aromatic
protons appear in the range of 7.6 to 9.2 ppm. Whereas, the signals at 4.3 and 4.4 ppm
are assigned to the methylene protons attached to imidazole nitrogen atoms in BSPBI
and BPBI (denoted as A and A’). The signals of the other protons for butyl and butyl
sulfonate chains appear at 1.9, 1.8, 1.4, 1.7, and 0.8 ppm for B, D, C, B’, C’, and D’,
respectively. As the aromatic peak patterns of BSPBI and BPBI are too complicated to
identify the ratio of the disubstituted unit (x) and the monosubstituted unit (y) in the
repeating unit, the degree of substitution was estimated as the total of N-substitution.
The degree of substitution (x + y) was calculated based on the integral ratio of the
aromatic and the methylene proton peaks are denoted as A and A’. Both of BSPBI and
BPBI possess about 50 % degree of N-substitution. The inherent viscosity (#inn)
measurements of BSPBI and BPBI were carried out at a concentration of 0.5 g dL™ in
DMSO at 30 °C and the results are summarized in Table 4-1. All of the 7. values

indicate the formation of high molecular weight polymers.
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Scheme 4-1 Synthesis of BSPBI and BPBI by the post-functionalization reaction.
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Figure 4-1 The *H NMR spectra of the (a) PBI, (b) BSPBI, and (c) BPBI in DMSO-ds

at 40 °C.
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4.2.2 Preparation of the uncross-linked and cross-linked PBI membranes.

All of the ultrathin membranes with about 2.0 um thickness were prepared by the
spin-coating method. The cross-linked membranes (CL-BSPBI and CL-BPBI) were
successfully prepared by the reaction between divinyl sulfone and the -NH- groups of the
imidazole rings as shown in Scheme 4-2. The obtained CL-BSPBI and CL-BPBI were
insoluble in DMSO, indicating that the cross-linking reaction was successfully occurred.
Table 4-1 summarizes the properties of PBI membranes. Dry densities (pp) of the PBI
membranes were measured for the estimation of the free volume which affects the water
and NaCl transport properties. By the N-butylation of PBI, the pp, value apparently
decreases from 1.294 (g cm™) to 1.209 (g cm™). On the other hand, the p, value of
BSPBI increases, which would be due to the high molecular weight of the sulfonate
group. The BSPBI possessing the hydrophilic sulfonate groups shows higher water
uptake (w,,) than PBI. The decrease in the hydrophilicity of BPBI would be due to its
hydrophobic nature of the butyl group and the loss of the self-charged property. All the
PBIs show high thermal stabilities with the high 5 % weight loss temperatures (Tgso)

over 400 °C.

R = -H, -C4Hg, O -C4Hg-SO;Na
N

o o
g SO o

HN

Scheme 4-2 The cross-linked reaction between the imidazole rings by divinyl sulfone.
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Table 4-1 Inherent viscosities, dry densities, and water uptake of PBIs

PBI BPBI CL-BPBI BSPBI CL-BSPBI
R [gdLY] 1.00 0.96 - 1.78 -

P [gem®]  1.294+0007  1.209+0006 1.218+0.007 1368 £0.003  1.378+0.009
W [%] 11.5 8.8 10.5 494 50.0

“Evaluated at 30 °C in NMP at a concentration of 0.5 g dL-'. PMeasured at ambient temperature 24-25 °C in ethanol.
‘Measured by immersing into deinonized water for 3 days.
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4.2.3 The molecular aggregation structure of PBI membranes
4.2.3.1 FTIR spectra

In order to evaluate the hydrogen bonding behavior in the membrane, FTIR
spectra of all samples were measured (Figure 4-2). The strong and broad peaks from
3000 cm™ to 3500 cm™ are attributed to two kinds of stretching vibrations of the N-H
groups of the imidazole rings, such as the hydrogen bonded N-H groups around 3200
cm™ and the isolated non-hydrogen bonded N-H groups around 3415 cm™ (denoted as
v(h-NH) and v(i-NH)). For example, the peaks at 3387 cm™ and 3145 cm™ of PBI are
corresponding to v(i-NH) and v(h-NH), respectively."* Among the uncross-linked PBI
membranes, a strong peak of v(h-NH) is exceptionally observed for PBI, indicating that
the N-substitution of PBI suppresses the hydrogen bonding among the imidazole rings.
Both of BSPBI and BPBI show the strong peaks of v(i-NH) at 3388 cm™ and 3387 cm™,
respectively. On the other hand, in CL-BSPBI and CL-BPBI membranes, the strong
peaks of v(i-NH) are shifted to higher wave numbers than those of BSPBI and BPBI.
This observation indicates that the introduction of the cross-linked structure suppresses

the hydrogen bonding formation in PBI.
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Figure 4-2 FTIR spectra of the PBI membranes: (a) PBI, (b) BSPBI, (c) CL-BSPBI,
(d) BPBI, and (e) CL-BPBI.
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4.2.3.2 WAXD analysis

Next, the d-spcaings (dsp) were determined by WAXD analysis to evaluate the
molecular aggregation structure in the membranes. As shown in Figure 4-3, WAXD
analysis indicates the amorphous nature of all PBIs. Before cross-linking, the
N-substitution increases the mean dsp values in the order of BSPBI (0.407 nm) > BPBI
(0.384 nm) > PBI (0.367 nm). This result indicates that the bulky butyl sulfonate group
effectively reduces the intermolecular interaction. Additionally, the increase in the mean
dsp values of CL-BSPBI and CL-BPBI are also confirmed compared to
non-cross-linked PBIs, which are in good accordance with the FTIR measurements.
From these observations, it is confirmed that the suppression of the hydrogen bonding
induced by the N-substitution and the cross-linked structure led to the polymer packing

disruption.

Non-crosslinked PBls Crosslinked PBls

Intensity [a.u.]
Intensity [a.u.]

c

5 10 15 20 25 30 5 10 15 20 25 30

26 [degree] 20 [degree]
Figure 4-3 WAXD patterns of the PBI membranes: (a) PBI, (b) BSPBI, (c) CL-BSPBI,
(d) BPBI, and (e) CL-BPBI.
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4.2.3.3 Time-resolved water contact angle measurements

Prior to the measurements, the root-mean-square roughness (Rrys) of all PBIs
were measured by atomic force microscopy (AFM). The Rgys Vvalues for all the
membranes were ranged from 0.1 to 0.8 nm, indicating that the contact angle values
were not mainly affected by the surface roughness. Time-resolved water contact angle
measurements of all PBI membranes were carried out to evaluate the surface
hydrophilicity and surface reorientation behavior (Figure 4-4). All membranes showed
two regions (i.e. an initial exponential decay and the following linear line). On the basis
of the previous report, the experimental plot for the time-resolved water contact angles

were fitted by the following equation:™

t
- ;) —kt+ 0 (41)

Q(t) = (Bini - Bter)exp(
where 6;,; and 6., are the initial and terminal values of the contact angles at t=0 and
in a quasi-equilibrium state, 7 is the time constant of the contact angle decay in the

initial stage, and k is the constant related to water evaporation, respectively.

@ 80 (b) 30
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S c
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Figure 4-4 Time-resolved static water contact angle measurement of (a) PBI, BPBI,
and CL-BPBI, and (b) BSPBI and CL-BSPBI.
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The 6Oin, Bier, and t values are summarized in Table 4-2. Especially, small surface
reorganization with the difference in the 6;,; and 6., (i.e. the degree of surface
reorganization induced by the water) values from 2.3 to 2.7 and t values (i.e. the
relaxation time of the interfacial mobility) from 1.07 to 1.89 were observed, although
there is no hydrophilic groups in PBI, BPBI, and CL-BPBI. This reorganization
behavior would be attributed to the active proton in the imidazole rings. Meanwhile,
BSPBI and CL-BSPBI with hydrophilic sulfonate groups showed a larger difference in
the 6;,; and 6., Vvalues (4.7°) and relatively longer t values (14.4 and 15.1 s) than
those of PBI, BPBI, and CLBPBI, indicating that large numbers of sulfonate groups
were oriented toward the polymer/water interface. Also, it is noted that the 6., and ©
values of CL-BSPBI are smaller than those of BSPBI, in spite of almost the same 6;y;
values. Similar to the observation of FTIR spectra and WAXD measurement, this
observation also implies that the cross-linking reaction induced the suppression of the

polymer/polymer interaction even at the membrane surface.

Table 4-2 6;,;, 6ier, and T values of all PBI membranes.

PBI BPBI CL-BPBI BSPBI CL-BSPBI
O [°] 68.9 77.5 77.9 24.7 25.0
0. [ 66.2 75.2 75.6 20.0 19.3
T [s] 1.07 1.88 1.89 15.1 14.4

“Time-resolved contact angle measurement was carried out by using the sessile drop method with water droplt of 2.0
uL.
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4.2.3.4 AFM observations

Figure 4-5 represents the tapping mode phase images of the surface of the
BPBI, CL-BPBI, BSPBI, and CL-BSPBI recorded under ambient conditions on 250 x
250 nm? size scales by AFM measurements. Nanoscaeld phase separations are clearly
observed for all PBI membranes. In BPBI and CL-BPBI membranes, the dark and
bright regions are attributed to the soft segments corresponding to the N-butylated PBI
units and the hard segments corresponding to the nonsubstituted PBI units, respectively,
indicating the low miscibility of the N-butylated and nonsubstituted PBI units. The
BSPBI and CL-BSPBI membranes showed the dark and bright regions derived from the
soft segments corresponding to the N-butyl sulfonated PBI units and the hard segments
corresponding to the nonsubstituted PBI units, respectively. However, there could not be

seen in any differences between cross-linked and uncross-linked membranes.

(a)

16318 a8l - 14989 -1e30)

Figure 4-5 AFM tapping mode phase images of (a) BPBI, (b) CL-BPBI, (c¢) BSPBI, and
(d) CL-BSPBI membranes. Scan sizes are 250 x 250 nm?.
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4.2.3.5 PALS

Since it was difficult to evaluate free volume from the WAXD patterns due to
the amorphous nature of all PBI membranes, free-volume hole radii (r3) distribution for
the PBI membranes were estimated using the PALS and the results were shown in
Figure 4-6. By the calculation of the ortho positronium (0-Ps) lifetime (z3) using the
RESOLUTION code of the PATFIT package to obtain the positron lifetime spectra, r;

was determined by the Tao-Eldrup model;***

-1—2{1 I ( 2mrs )} 4.2
s = 40166z M\ 70166/ P

The r; distribution was calculated by the MELT anlysis.'®* However, since the
sulfonate groups as electron withdrawing moieties prevent the formation of 0-Ps,*® the
relative intensity value in Figure 4-6 would be not correlated with the density of the r;.
The 73 distribution increases in the order of PBI < BPBI < BSPBI, which is consistent
with the WAXD results. By cross-linking, the pore radius distributions of BSPBI and
BPBI membranes change from unimomodal (pore radius: 0.25-0.33 nm) to bimodal

(pore radius: 0.14-0.24 nm and 0.26-0.38 nm).
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Figure 4-6 The r3 distributions of the PBI membranes using the PALS measurements.
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4.2.4 Proposed mechanism for the formation of bimodal free-volume hole

distribution

A low-molecular-weight model system reaction as shown in Scheme 4-3 was
conducted in order to study the cross-linking reaction of benzimidazole groups with
divinyl sulfone in detail. To quantify the reaction rate constant ratio (x = k,/k,), where
k, and k, are the reaction rate constants for the first and second reaction steps,
respectively, the kinetics was examined according to a previously reported method.?
The 'H NMR spectra of the crude product obtained by the model reaction are
representatively shown in Figure 4-7, where it can be seen that the mono- and di-

substituted compounds (3 and 4) are formed after heating at 70 °C for 2 h.

N o= DMSO-dg :\5\0=
1 2 3
N b2
P k ©:N
@N\> + ©:N —)"2 s O
N °  DMSO-dg o

Scheme 4-3 1:1 model reaction between benzimidazole (1) and divinyl sulfone (2)
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Figure 4-7 *H NMR spectra of (a) 2, (b) 4, and (c) the crude products obtained by the
model reaction of 1 and 2 in DMSO-dg at 70 °C for 2 h.

As a result, k was estimated to be 1.3, indicating that there is almost no difference in
the rate constant between the first and second reaction steps. On the basis of previous
reports, k; and k, values at 70 and 200 °C were calculated and summarized in Table
4-32 Also, k, and k, values at 200 °C were about double digit higher than those at

70 °C.

Table 4-3 The reaction rate constants of the model reaction at 70 and 200 °C.

Temperature k, k,
1°C] |IL molt]  [L mol"]
70 1.63x10° 2.12x107
200 4.10x10" 5.33x10!
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To investigate the effect of the thermal treatment during the desolvation stage
of membrane fabrication process on r; and the distribution of free volumes, PALS
measurements were carried out for CL-BSPBI membranes fabricated via three kinds of
different thermal treatments: (1) 70 °C for 30 min and 200 °C for 1h
(CL-BSPBI-70-200), (2) 70 °C for 30 min (CL-BSPBI-70), and (3) 200 °C for 1h
(CL-BSPBI-200). After the respective heating process, the membranes were dried
under vacuum at room temperature for 2 days. Table 4-4 summarizes the PALS results
of these membranes. Although the reaction rate constants for the first (k;) and the
second (k) reaction steps at 200 °C are two orders of magnitude higher than those at
70 °C, there could not be seen significant differences in the r; values of the
CL-BSPBI-70 and CL-BSPBI-200. This can be explained by the assumption that the
formation of larger pores is determined not only by kinetics of cross-linking reaction but
also by kinetics of heat-induced aggregation of polymer chains during the solvation

process.

Table 4-4 PALS results for CL-BSPBIs prepared via different thermal treatments.

-r a r. b
Samples Thermal treatment Distribution : ’
[ns] [nm]
CL-BSPBI-70 70 °C for 30 min Monomodal  2.16+0.01  0.303x0.01
CL-BSPBI-200 200°Cforlh Monomodal  2.25+0.01 0.311+0.01
1.00+£0.01  0.187+0.01
(e} 3 o] 3
CL-BSPBI-70-200 70 °C for 30 min, 200 °C for 1 h Bimodal 2174001 03044001

»T, was estimated by analyzing the PALS spectrum using the POSITRON fit. br, was detemined by
Tao-Endrup equation.
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Also, it should be noted that the r; distributions of CL-BSPBI-70 and
CL-BSPBI-200 are monomodal curves, as shown in Figure 4-8. We hypothesize that
the competition between the cross-linking and the evaporation rate of the casting
solvent would play an important role in determining the r; distribution. Figure 4-9
represents the overall schematic image of the polymer chain and cross-linker behaviors

over the membrane fabrication process.

For CL-BSPBI-200 and CL-BSPBI-70, the cross-linking reaction would
proceeds during the heat-induced desolvation process. Then, the desolvated mebranes
are completely dried under vacuum for 24 h and only larger r; elements were formed
due to the competitive effect of cross-liking reaction and heat-induced aggregation of
polymer chains. On the other hand, for CL-BSPBI-70-200, a large part of the
cross-linker still remains after the desolvation at 70 °C for 30 min and the smaller 73
elements are constructed due to the partial shrinkage by cross-linking in the successive

heating treatment at 200 °C for 1 h.

6.0
— 70°C, 30 min 200 °C, 1 h

—~ | — 70°C, 30 min

=, —200°C,1h

>4.0
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c
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=

2
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S

(8]
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| | |
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Figure 4-8 The r; distributions of the CL-BSPBI membranes fabricated via different
thermal treatments using the PALS measurements.
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Rapidly cross-linking

Larger free volume

Figure 4-9 Schematic image of the polymer chain and cross-linker behaviors during the
membrane fabrication process.
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4.2.5 Water and NaCl transport properties

The effects of the N-substitution of PBI and the crosslinking on transport
properties were evaluated using the instruments in the RO mode at an applied pressure of
7.5 bars, and the results are summarized in Table 4-5. Unlike the wholly aromatic
polyamides, water permeation of PBI and BPBI was occurred without introducing the
hydrophilic groups. Although the replacement of 50% of the active -NH- protons of the
imidazole rings leads to the suppression of polymer/polymer interactions and increase in
the D,, value, BPBI shows the same J,, and the A values, and low R value due to the
loss of the charged property. In the case of BSPBI, the J,, and A values increase because
the introduction of the hydrophilic sulfonate group enhances the K,, value. On the other
hand, the introduction of the cross-linked structure of BPBI and BSPBI enhances both of
J,» and R values. Especially, CL-BSPBI significantly improved the J,, (22.1 L m?h™),
A (624 Lum m™?h™ bar?), and R values (46 %) compared to BSPBI (J,, : 1.88 Lm?h™,
A :0.530 L um m? h™ bar®, R : 11 %) with suppressing the increase in the B value.
Although CL-BSPBI and BSPBI, and CL-BPBI and BPBI show almost the same K,
values, there is a large difference in the D, values between the cross-linked and
uncross-linked PBI membranes because the cross-linking induces a lower packing
density and a change of the pore radius distribution. According to the free volume
theory, the small molecule diffusion coefficient is correlated to the free volume and the

hydrated size of the molecule as the following equation.?

D; = a;exp <— %) (4.3)

where a; is the constant, b; is the constant related to the hydrated size of the penetrant,

and the (vf) is the polymer’s average free volume. Thus, when the size of the penetrant
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molecule is increased, the effect of the change of the (v,) value on the diffusion
coefficient becomes more substantial. The effective radius of Na* (0.358 nm) and CI
(0.332 nm) are larger than that of H,O molecule (0.138 nm).?® Therefore, the D,, value
is less influenced by the change of the free volume than the diffusion coefficient of
NaCl.** The partial formation of larger pores in the membrane (0.26 — 0.38 nm) would
increase the diffusion coefficients of the water and NaCl. However, since the difference
of the radius of larger pores between the uncross-linked and the cross-linked PBI
membranes is small, it would not substantially affect the diffusion coefficients of water
and NaCl. Whereas, the smaller pores in the membrane (0.14 — 0.24 nm) would
selectively permeate water molecule and repel the Na* and CI ions, which result in the
improvement of the selectivity. Although the numbers of the smaller and larger pores
could not be estimated from the PALS measurements, the significant improvement of
the D, value and the suppression of the increase in the B value of CL-BSPBI imply
that the different free volume elements, especially smaller pores, led to the formation of
the channels for the selective and effective permeation of the water molecules in the

cross-linked membrane.

As the ], and R values are functions of the applied pressure from outside and
salt concentration, A and B values should be used as the intrinsic transport properties
of the membrane materials.® Moreover, it is difficult to determine the intrinsic transport
properties of the cross-linked PA and various asymmetric membrane materials, since the
transport properties of these membranes depend not only on the membrane materials but
also on the membrane fabrication process and membrane structure.?®** Compared to the
symmetric semipermeable membranes based on various polymeric materials such as CA

(A :0.07 Lumm?h™bar?, B :0.12x10® cm? s™),** aromatic PAs (4 : 0.19 L ym m™
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h' bar?, B : 0.004x10® cm? s),** and sulfonated poly(arylene ether sulfone) (PESf)
random copolymer (A : 0.03-4.21 L pym m? h™ bar?, B : 0.004x10%-9.4x10® cm?
s1),1933 CL-BSPBI shows an excellent high 4 and low B values, as shown in Figure
4-10. Furthermore, the improvement by cross-linking does not follow the general
trade-off relationship between A and low B values, indicating the present work opens
an effective direction of simultaneous improvement in the water permeability and

selectivity.

Table 4-5 Water and NaCl transport properties of all PBI membranes.

j a RQ Aa Bo K b D ’b KE D c

Polvmer w R R w w 5 ,.5
- [Lm?h'] [%] [Lupumm?h'bar'] [cm’s!] [cm?s] [cm?s!]

PBI 1.25 13 0.353 0.046x10%  0.130 1.042x<10°  0.081 5.71x10°
BPBI 1.25 4 0.353 0.167x10%  0.096 1.405x10°  0.059 2.84x10°®
CL-BPBI 2.63 25 0.742 0.044x10%  0.113 2.501x10° 0.058 7.56x10”
BSPBI 1.88 11 0.530 0.084x10% 0403 0502x10° 0323 2.61x10°
CL-BSPBI 22.1 46 6.241 0.144x10% 0407 5.849x10° 0356 4.05x107

"Measured at 25°C using cross-flow filtration (AP =7.5 bar ; NaCl concentration = 500 mg L) . *Estimated from w
ater uptake and dry density measurements. “Measured by NaCl desorption measurement.
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Figure 4-10 Relationship between water and NaCl permeability of symmetric single
membranes based on PBIs, sulfonated PESf random copolymers, aromatic PAs, and
CAs with the general trade-off relationship.
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4.3 Conclusions

The improvement in water permeability while maintaining NaCl permeability
has been demonstrated by cross-linking reaction of the N-butyl sulfonated
polybenzimidazole (BSPBI) with divinyl sulfone. From WAXD and FTIR observations,
it is confirmed that the suppression of the hydrogen bonding induced by the
N-substitution and the cross-linked structure led to the polymer packing disruption.
The cross-linking reaction changed the pore radius distribution, wherein the selective
improvement of hydraulic water permeability with maintaining the NaCl permeability
of the membrane was achieved. Especially, CL-BSPBI showed high hydraulic water
permeability (6.24 L um m™h™ bar™®) and relatively low NaCl permeability (0.144 X

10°® cm? s), among conventional polymeric membrane materials.
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4.4 Experimental
4.4.1 Materials

Isophthalic acid, 1,4-propanesultone, 1-bromobutane, benzimidazole, and
divinyl sulfone were purchased from TCI, Japan. N,N-Dimethylacetamide (DMAC),
dimethyl sulfoxide (DMSO), acetone, hydrochloric acid, sodium bicarbonate, and lithium
hydride were purchased from Wako Pure Chemical Industries. Polyphosphoric acid
(PPA) was purchased from Sigma-Aldrich. Poly(p-phenylenebenzimidazole) (PBI) was
synthesized by the polycondensation of 3,3’-diaminobenzidine and isophthalic acid in

PPA. %

4.4.2 Synthesis of N-butylsulfonated PBI (BSPBI)

A 200 mL two-necked flask equipped with a magnetic stirring bar and a reflux
condenser was charged with PBI (5.05 g, 16.4 mmol unit) and DMAc (80.0 mL) under a
nitrogen atmosphere. The flask was immersed into an oil bath and the mixture was heated
at 85 °C. After dissolution of the PBI, lithium hydride (1.29 g, 163 mmol) was added and
the solution was stirred for 3 h. 1,4-Butanesultone (2.23 g, 16.4 mmol) was added to this
solution and the solution was stirred for 24 h at 85 °C. Then, the solution was poured into
a large amount of acetone to yield the brown fibrous polymer. The obtained polymer was
filtered off, washed thoroughly with acetone, and dipped in a 10 wt% NaHCO3; aqueous
solution for 24 h. Then, the polymer was filtered off, washed with water, and dried in

vacuum oven for 24 h at 120 °C.
Yield: 7.32 g (96 %). 'HNMR (300 MHz, DMSO-dg, 6, 40 °C): 9.13-7.72 (m, 10H), 4.46
(s, 2H), 1.95 (s, 4H), 1.68 (s, 2H). IR (Film), v (cm™): 1631 (C=N stretching), 1182
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(-SO3Na asymmetric stretching), 1043 (-SOsNa symmetric stretching).

4.4.3 Synthesis of N-butylated PBI (BPBI)

The title compound, BPBI, was synthesized by the same procedure as the
BSPBI performed with lithium hydride (1.29 g, 163 mmol), DMAc (80 mL),
1-bromobutane (2.23 g, 16.3 mmol). Yield: 5.91 g (99 %). *H NMR (300 MHz, DMSO-ds,
§, 40 °C): 9.18-7.58 (m, 10H), 4.32 (s, 2H), 1.74 (s, 2H), 1.20 (s, 2H), 0.78 (s, 3H). IR

(Film), v (cm™): 2959 (alkyl C-H stretching), 1620 (C=N stretching).

4.4.4 Model reaction and calculation for the reaction rate constant

The model reaction was conducted as follows. To two-necked 50 mL flask,
benzimidazole (1) (708.8 mg, 6.0 mmol), divinyl sulfone (2) (354.5 mg, 3.0 mmol) and
DMSO-dg (16 mL) were added under argon atmosphere. After complete dissolution, the
solution was stirred at 70 °C. Periodically, 0.4 mL of the reaction solution was sampled
and immediately cooled down to stop the reaction. Then, the *H NMR measurements

were conducted to reveal the molar ratio of the reactants and products (3, 4).
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Figure 4-11 1:1 model reaction between benzimidazole (1) and divinyl sulfone (2)

Since the model reaction between 1 and 2 proceeds as shown in the reaction

kinetics can be expressed as the following equations:

d
-2 = k[1[2]  (44)

— ;[ = k[1][2] + k,[1][3]  (4-5)

— = 18] =~k [1][2] + k;[1][3]  (4:6)

The initial concentration of each compound is defined as: [1],, [2]o, [3]o:

and [4],, where [3],=0, [4],=0. Furthermore, dimensionless variables («, S, v, and

6) are introduced as:

m 2 B1+4] B3l )
““my PTmy YT @, M0t ¢ *10

and the parameters x and S are defined by

=— (411
K= (41D

5 =22 (4.12)
[1]o
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where x is the ratio of the two rate constants and S is the parameter of stoichiometric

imbalance.
From the relationships, [2], = [2] + [3] + [4] and [1], = [1] + [3] + 2[4], ¥ and
é can be expressed as:
y=1-p (4.13)
and
S=a—-1+SA1-B)  (414)
Additionally, the normalized dimensionless time t is defined as:
T=ky[2]ot (4.15)

By solving the coupled equations (4.4) and (4.6), a can be expressed by g, S, and

K as:

_ SP k-1
(X—1—5+m(21€—a—ﬁ ) (4.16)

By using this equation, « value is calculated at the specific § value.

The equation (4.4) is rewritten by

d _ 2[1]oky

dt S

2k —1-B1) (4.17)

The equation (4.17) can be solved to obtain

1

dw

B

sz
2 1

1 (3-2)W+m(2k—1—wl_’€)

(4.18)

The right-hand side of the equation (4.18) can be calculated using Romberg’s

method by Igor Pro (ver. 6.3.4.0, HULINKS).
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From the relationship between S values and t obtained from the experiment
(Figure 4-12), the t values corresponding to reaction times t were calculated using

equation (4.18) by assuming certain x value.

0.8 R

p O6F = =

0.2 ' .
0 50 100 150 200

t [min]

Figure 4-12 The relationship between the residual ratio g (= [2]/[2]o) and the reaction
time (t) values.

Since the 7 value should be proportional to t as expressed in the calculated 7 values
were plotted versus t for a series of x values. The correlation coefficients (R?)
obtained from the fitting of the linear equations using the least square method were
evaluated. Figure 4-13 indicates the calculated R? values plotted versus x value, and
the maximum R? value (0.9930) was obtained when x = 1.3. From the equation
(4.15) and (4.11), the k; and k, values at 70 °C were calculated to be 1.63x107 L
mol™ min™ and 2.12x10° L mol™ min™, respectively. Also, the k; and k, values at

200 °C were similarly determined to be 4.09x10™ and 5.33x10™, respectively.
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Figure 4-13 The relationship between the x and the correlation values (R).

4.4.5 Preparation of ultrathin PBI membranes

10 wt% solutions of the PBIs were prepared in DMSO by heating. Then, the
polymer solutions were filtered with a 0.45 um poly(vinylidene fluoride) membrane filter.
Subsequently, the polymer solutions were spin-coated onto a clean glass substrate to
obtain the as-cast membrane with < 2.0 um thickness. The as-cast membranes were then
heated at 70 °C for 30 min and at 200 °C for 1 h. After cooling to room temperature, the
obtained membranes were immersed into water, peeled off from the glass substrate, and
stored in water. Finally, the membranes were immersed into 10 wt% isopropanol aqueous
solution for 15 min and into water for 15 min just before measuring their membrane

intrinsic separation properties.
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4.4.6 Preparation of cross-linked PBI membranes

10 wt% solutions of the PBIs were prepared in DMSO by heating. After cooling
to room temperature, divinyl sulfone (1.0 mol% to —NH-group in each imidazole ring)
was added to the polymer solutions as a cross-linker and the obtained polymer solutions
were filtered with a 0.45 um poly(vinylidene fluoride) membrane filter. Subsequently, the
polymer solutions were spin-coated onto a clean glass substrate to obtain the as-cast
membranes with < 2.0 um thickness. For the desolvation and cross-linked reaction, the
as-cast membranes were then heated at 70 °C for 30 min and at 200 °C for 1 h. After
cooling to room temperature, the obtained membranes were immersed into water, peeled
off from the glass substrate, and stored in water. Finally, the membranes were immersed
into 10 wt% isopropanol aqueous solution for 15 min and into water for 15 min just

before measuring their membrane intrinsic separation properties.

4.4.7 Evaluation of water and NaCl transport properties

Membrane disks of 7 cm diameter were placed in the cross-flow filtration cells
of custom-made equipment. Under an operating pressure of 7.5 bar to perform membrane
filtration, a 500 mg L™ aqueous solution of NaCl was supplied to the membranes. The
temperature and pH of the feed solution were kept at 25 °C and 6.5, respectively.
Subsequently, the feed and permeate water were sampled after the operation had been
continued for more than 3 h to stabilize the membrane performance. Salt rejection rate (R
value) was calculated based on the electrical conductivities of the feed and permeate
water measured by a pH/EC meter WM-50EG (DKK-TOA Corp.). The flow rate of the

solution was 3.5 L/min. Water flux (J,,, [L m? h™]), NaCl rejection (R, [%]), hydraulic
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water permeability (4, [L um m?h™ bar™]), and salt permeability (Ps, [cm?/s]) are

calculated from the following equations.

_ AV 4.19

R= (1 - Q) x 100 (4.20)

c1
o Jwl

A= (420)

PRI TV S L R P LIk P
3600 Jw (C;—C,) 3600 Jw R (4-22)

where AV [L] is the volume of permeate water, S [m?] is the effective membrane area,
At [h] is time during water permeation, C; and C, are the salt concentrations in the feed
and permeate water, [ [um] is the membrane thickness, AP [bar] is pressure difference
across the membrane, and Am [bar] is osmotic pressure difference across the membrane.
To clarify the relationships among A, B, and R, R is also expressed by the following

equation: *

-1

R=100x (1+—0 4.2
- oo><< +A(AP—A7T)> (4.23)

4.4.8 Determination of water sorption coefficient and water diffusion coefficient

Before the water uptake and dry density measurements, all of the PBI
membranes were dried in vacuum oven at 120 °C for 2 days. Polymer densities (pp, g
cm™) were determined using an Alfa Mirage SD-200L electronic densimeter at ambient
temperature (24-25 °C) using the following equation:

my

=—"— 4.24
Pp = Po (4.24)

118



Chapter 4

where m, and m; are weights of the membrane measured in air and non-solvent,
respectively, and p, is density of the non-solvent. Ethanol was selected as the
non-solvent. To estimate the water uptake (w,,), the dried membranes were immersed in
deionized water at ambient temperature (24-25 °C) for 3 days after the weight of the
dried membranes (m, ) was measured. Then, the weight of hydrated membranes (m;,)
was measured. w,, was calculated as the following equation:

m, —m
ww=% (4.25)

From the w,, value, the equilibrium volume fraction of water in the hydrated

membrane (¢,,) was evaluated as follows:

b, = Pp Dy
Y ppwy + Py

(4.26)
where p,, is the density of water (1.0 g cm™). Using the ¢,, value, water sorption
coefficient (K, ) can be estimated, which is defined as the ratio of water concentration in

the membrane (C/?) to that in the solution (C,,) ([g water/cm® hydrated membrane]/[g

water/ cm® solution]) as shown in the following equation.”

_ GV _ duM,
Ky =—— =
Cw Pw Vo

(4.27)

where C,, is equal to the density of pure water (p,,), M,, is the molecular weight of

water, and V,, is the molar volume of water (18 cm*/mol).*

The diffusive water permeability (B, [cm?s™]) is related to water permeability (4, [L

um m~h™ bar™]) as follows:

o o— BT 1076
=AX—X
w v, 36

(4.28)

where R is the ideal gas constant (8.314 J K™ mol™) and T is the absolute temperature.
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Water diffusive coefficient (D,,, cm? s?) estimated from P, and K, based on the

following equation:

P
D, = KW (4.29)

w

4.4.9 Determination of NaCl sorption coefficient and NaCl diffusion coefficient

The salt partition coefficient (K;) was determined by salt desorption into
deionized water from the membrane previously equilibrated with 50 mL of 1.0 M NaCl
aqueous solution by immersing into that solution for at least 3 days. K is calculated by
the ratio of the mass in the membrane per unit volume to the concentration of NaCl in

the original solution as follows:

M, pp

Ks == 5844 x 103

(4.30)

Where M,, is the total weight of salt desorbed from the membrane, m is the weight of
the membrane, p, is the polymer density. The salt diffusion coefficient (Dg) is

estimated from the measured salt permeability (B value) as follows:

D—B 4.31
S_K (' )

N
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4.4,10 Measurements

The nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
DPX-300S spectrometer at the resonant frequencies of 300 MHz for *H and 75 MHz for
3C nuclei using CDCl3 or DMSO-ds as the solvents and tetramethylsilane as an internal
standard (64 0.00). The FT-IR spectra were measured on a Horiba FT-720 spectrometer.
The inherent viscosities were measured at 30 °C in NMP at a polymer concentration of
0.5 g/dL. The thermal analysis (TGA) was performed on a Seiko TG/DTA 6300 thermal
analysis system under a nitrogen atmosphere for thermogravimetry (TG) and differential
thermal analysis (DTA). Before the evaluation, all the samples were preheated at 250 °C
for 30 min to remove any moisture and residual solvents in the TG/DTA furnace. The
samples were then cooled to 30 °C and heated to 500 °C at the heating rate of 10 °C/min.
The contact angles of water droplets on the prepared membranes were measured by the
sessile drop method using a contact angle measurement system (DropMaster 500, Kyowa
Interface Science). The volume of the water droplets for the measurements was 2.0 pL.
All measurements were carried out at five or more different points for each sample at
ambient temperature (24-25 °C) and were reproducible within 2°. The dry densities of the
dried membranes were determined using an Alfa Mirage SD-200L electronic densimeter
at ambient temperature (24-25 °C). The surface morphology was characterized using an
atomic force microscopic (AFM, SPA400, SII Nanotechnology) in the phase contrast
mode. Low-energy positron annihilation lifetime spectroscopy (PALS) was measured on
a Fuji-imvac PALS-200A at an incident positron energy of 7.0 keV. A multi-exponential
analysis using the RESOLUTION code was applied to the obtained positron
annihilation lifetime spectra to attain the average lifetime of the third component (z5)

for the triplet ortho-positronium (0-Ps). The pore size distributions were calculated by
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MELT analyses.*
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Chapter 5

Solution and Solid-state Structures of Dynamic
Covalent Aromatic Polyamides: Effect of Thermal

Reorganization Behaviors

5.1 Introduction

In chapter 4, the improvement in water flux and NaCl rejection owing to the
selective enhancement of water diffusion coefficient has been achieved by the formation
of the smaller free-volume elements with 0.14-0.24 nm radius where water molecule
can permeate while hydrated ions are repelled. Ideally, the formation of the free-volume
elements with an appropriate radius and narrow size distribution is preferable for further
improvement. However, to precisely control the free volume by crossliking rection
during the heat-induced desolvation process (i.e., the formation of free volume with an
appropriate radius and narrow size disutribution) is still challenging. Therefore, we need

to develop another approach to construct small free-volume elements.

Dynamic covalent polymers have become one of the attractive materials
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because their primary structures and properties can be controlled by external stimulus
even after the polymerization, and have been used in various fields." Otsuka et al.
reported that the molecular weight distribution of dynamic covalent polymers reached
the theoretical value of about ~2.0 through the reversible dissociation and association of
2,2,6,6-tetramethylpiperidinyloxy (TEMPO) units in the main chain.* Moreover, they
have revealed that the radical crossover reaction between two different dynamic
polymers, polyester and polyurethane, induced their hybridization via “polymer

scrambling” at the main chain level .

Among the various polymeric materials, wholly aromatic polyamides (PAS),
such as poly(m-phenyleneisophthalamide) and poly(p-phenyleneterephthalamide), are
widely used as typical engineering plastic due to their high mechanical strength and
high flame resistance.®” Their outstanding physical properties and chemical stabilities
are arise from their rigid aromatic backbone and secondary amide linkages, which result
in an extended rod-like structure interacting with each other via hydrogen bondings and
strong n-n stackings. On the other hand, disruption of the hydrogen bondings between
the secondary amide linkages by N-alkylation or three-center-hydrogen bonding to
suppress the hydrogen bondings affects the thermal/mechanical properties and the
packing mode of the polymer main chain.®** Moreover, the control over the state of PA
also plays a critical role in determining the physical properties in the solid state. For
example, the transport properties of small molecules through polymer thin
films/membranes are mostly dependent on free volume. Especially, in chapter 4, we
have revealed that the crosslinking reaction during the desolvation process induced the
change in the pore-size distribution from monomodal to bimodal curves so that the

significant improvement in the water transport properties is achieved. Therefore, it is
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important to control the molecular aggregation structure in solution and films to afford
desirable properties (e.g., mechanical properties, transparency, and permselectivity).'* %>
Although the dynamic covalent polymer in the main chain drastically changes the
molecular state via dissociation and association reactions, to the best of our knowledge,

the effect of thermal reorganization on the solution- and solid-state structures still

remains unclear.

In chapter 5, we report the synthesis of a new aromatic PA (TEMPO-PA) with
TEMPO units in the main chain and random coPA (TEMPO-PA-COOH) composed of
a hydrophilic TEMPO unit and hydrophilic 3,5-diaminobenzoic acid (DABA) unit (see
Figure 5-1), then the fundamental properties and the effect of radical crossover reaction
on the polymer aggregation behavior were investigated in detail. Furthermore, the effect
of the thermal reorganization process on the phase separation behavior of
TEMPO-PA-COOH was carefully examined by time-resolved water contact angle

measurements and atomic force microscopy observations.

\ /

0.5 05
/ \ cooH /
reversible covalent bonding unit TEMPO unit hydrophilic unit
(TEMPQ unit) (DABA unit)
TEMPO-PA TEMPO-PA-COOH

Figure 5-1 Chemical structures of TEMPO-PA and TEMPO-PA-COOH.
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5.2 Result and discussion
5.2.1 Preparation, cleavage behavior, and thermal and mechanical properties

(a)

BPO

4-nitrobenzoyl
slyrene NaOH ch\onde _@)}\ )@_
85 G, 30 min EtOH H,0 THF, pyndme
reflux, 5 h

rt, 1 day

99 % 84%

TEMPO-OH TEMPO-NO,
. isophthaloyl
e bo*@ T O oA
rt., Bdays
88% 93%
TEMPO-NH, TEMPO-PA
(b)
o] (o] |
RO e T ok, ?}*@*@)H St
COOH
07% COOH
TEMPO-NH, DABA TEMPO-PA-COOH

Scheme 5-1 Synthesis of (a) TEMPO-PA and (b) TEMPO-PA-COOH.

The diamine monomer, TEMPO-NH,, was prepared in four steps according to
Scheme 5-1 and its molecular structure was confirmed by its *H NMR, **C NMR, and
FTIR spectra (see experimental section). Subsequently, TEMPO-PA was synthesized
by the low temperature polycondensation of isophthaloyl chloride with TEMPO-NHs.
Also, a random copolyamide (TEMPO-PA-COOH) composed of the TEMPO and
hydrophilic DABA units was synthesized by the polycondensation reaction between
TEMPO-NH;, DABA, and isophthaloyl chloride. The chemical structures of the
obtained TEMPO-PA and TEMPO-PA-COOH were fully characterized by their 'H
NMR, C NMR, and FTIR spectra (Figure 5-2). For TEMPO-PA, the characteristic
peak from the amide linkage is observed at 10.71 ppm (denoted as A) in the *H NMR
spectrum and the integral values for each peak are consistent with the expected

structure.
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Figure 5-2 'H NMR spectra of (a) TEMPO-PA and (b) TEMPO-PA-COOH in

DMSO-ds at 40 °C.

Although the different ordered structures (head to head/head to tail) could be formed by
the polycondensation because of the asymmetric structure of TEMPO-NH,, the splitting
pattern of the isophthaloyl chloride moiety (labeled as R, S, and T) could not be
observed in the *H NMR spectra. In the case of TEMPO-PA-COOH, the characteristic
peaks of the amide proton (labeled as U) and of the aromatic protons corresponding to
the DABA unit (labeled as V, W, X, Y, and Z) were confirmed. The TEMPO-PA and
TEMPO-PA-COOH exhibited good solubilities in polar aromatic solvents (such as
DMF, DMSO, DMAc, and NMP). The molecular weight of TEMPO-PA was estimated
to be M, = 46400 and M,,= 152900 by gel permeation chromatography. For
TEMPO-PA-COOH, inherent viscosity (7i.n) measured at a concentration of 0.5 g dL™
in DMSO at 30 °C was calculated to be 0.91, being consistent with high-molecular

weight polymers.

First of all, ESR spectroscopy measurement of TEMPO-PA was carried out at

different temperatures in order to determine the hemolytic cleavage behavior of the
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C-ON bonds in the TEMPO units. Figure 5-3 shows the ESR spectra of TEMPO-PA at
different temperatures and the relative intensities of the radical signal estimated from
the area are summarized in Table 5-1. According to the increase in the temperature from
room temperature to 130 °C, the ESR signal intensity increased, indicating that the
equilibrium of the alkoxyamine units shifted to the dissociated state. Although the
relative intensities gradually increased from 25 °C to 100 °C, the drastic increase from
100 °C to 130 °C can be observed. Additionally, the equilibrium constant of the
alkoxyamine unit at 130 °C was about five times higher than that at 100 °C by

comparison of the intensities at each temperature.

—130°C
—100 °C
—70°C
—r.t

| | | | | | |
325 326 327 328 329 330 33N
Magnetic field [mT]

Figure 5-3 ESR spectra of the TEMPO-PA measured at different temperatures (r.t., 70,

100, and 130 °C) in DMSO.

Table 5-1 Relative ESR intensities calculated from the integral areas.

Temperature [°C] 25 70 100 130
Intensity [au.] 2.10 5.88 10.01 55.16
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Subsequently, the thermal stability of the TEMPO-PA and
TEMPO-PA-COOH were evaluated by a thermogravimetry (TG) analysis under a
nitrogen atmosphere. As can be seen in Figure 5-4, TEMPO-PA and
TEMPO-PA-COOH shows two-step weight loss behaviors from 250 to 400 and from
500 to 700 °C, respectively. Although the reversible reaction of the alkoxyamine moiety
was confirmed from 70 °C, the 5 % weight loss temperatures (Tgse) for TEMPO-PA

and TEMPO-PA-COOH were determined to be 259 °C and 275 °C, respectively.

—TEMPO-PA
—TEMPO-PA-COCOH

T T T T
200 400 600 800 1000
Temperature [°C]

Figure 5-4 TG curves of TEMPO-PA and TEMPO-PA-COOH.
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5.2.2 Radical stability and thermal reorganization behavior

In order to investigate the stability of the TEMPO unit, two polymer solutions
in DMSO-d at a concentration of 6 mg mL™ were separately heated at 130 °C under air
and argon atmospheres, and examined by *H NMR spectra monitoring (Figure 5-5).
Under an argon atmosphere, no other peaks could be seen even after 24 h, indicating
that the side reactions instead of the recombination of nitroxide with the styryl radicals
had not occurred. On the other hand, the side reactions had obviously occurred after 16
h under an air atmosphere, since there could be seen other characteristic peaks in
addition to those of TEMPO-PA. As has been reported by Matyjaszewski et al., the side
reaction was due to the irreversible reaction of the styryl radical with oxygen and the
following oxidation of nitroxide by peroxyl radicals.'® Therefore, the TEMPO-PA and

TEMPO-PA-COOH should be treated under an argon atmosphere.
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Figure 5-5 'H NMR spectra of TEMPO-PA heated at 130 °C for 0, 16, and 24 h under
(@) an air and (b) argon atmosphere. The asterisked peaks cannot be assigned to the
peaks corresponding to TEMPO-PA, indicating that side reactions occurred in the
presence of oxygen in addition to the reversible recombination reaction between the
nitroxide and styryl radicals.
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Furthermore, to evaluate the effects of the thermal reorganization behavior of
the alkoxyamine unit on M, and M,/M, , TEMPO-PA ( M, = 46400 ,
M, /M, = 3.30) was heated at 130 °C in the DMF solution under an argon atmosphere.
A noticeable color change was not observed during the reaction, although the nitroxide
radical shows a red color. As has been reported by Otsuka et al., M,,/M, value reached
~2.0 as the theoretically expected value of step-growth polymerization within 1 h and
no more changes were observed after 1 h due to the equilibrium state.* On the other
hands, M, values after thermal rearrangement reaction have become higher than the
original one, probably because the molecular distribution from broad to narrow led to
the formation of the middle-weight polymer. Indeed, Figure 5-6 (a) shows that the
molecular distribution has become narrower with the shift of the peak tops from higher
to lower molecular weights. As can be seen in Figure 5-6 (b), M,, M,,, and M, /M,

values seemed to attain equilibrium state after 1-24 h.

200 35
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Figure 5-6 (a) GPC RI curves for TEMPO-PAs with heat treatment in DMF at 130 °C
for 0, 0.5, 24 h. (b) Plots of M,, M, and M, /M, as a function of time for
TEMPO-PAs with heat treatment in DMF at 130 °C for 0, 0.5, 24 h.
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In the case of TEMPO-PA-COOH, the TEMPO unit sequence in polymer
main chain would be distributed again and it is probably possible to change the
alignment of the TEMPO and DABA units along the polymer chain once thermal
reorganization reaction of TEMPO-PA-COOH occurred. In general, the sequence of
the random polymer can be identified by the peaks of the carbon nuclei in the amide
linkages in the *C NMR spectra.'” However, it was found that the sequential
rearrangement of TEMPO-PA-COOH could not be traced by *C NMR spectra, since
no changes in all amide peaks were observed after TEMPO-PA-COOH was heated in
DMSO-ds at a concentration of 100 mg mL™ for 2 h (Figure 5-7). This observation is
probably because the reversible reaction of the nitroxide with the styryl radical is only

limited to the TEMPO unit and there always exists a TEMPO unit next to the DABA

unit.
@ _cooH -CONH- -COO-
MJMMJ\—W
PPM 1670 166.0 165.0
(D)MMWU\\U
PPM  167.0 166.0 165.0

Figure 5-7 *C NMR spectra (carbonyl region) of TEMPO-PA-COOH in DMSO-d at
40 °C (a) before and (b) after heating at 120 °C for 2 h. Any changes in the intensity of
all the peaks could not be seen, indicating that it seems difficult to evaluate the
sequential rearrangement of TEMPO-PA-COOH using *C NMR spectra.
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5.2.3 Solution structures
5.2.3.1 'H NMR spectra

The chemical shift provides us with information about the hydrogen bonding
behavior. Generally, the shift of the amide proton to low magnetic field is induced when
the hydrogen bonding becomes strong.*® Thus, the chemical shifts of the peaks assigned
to the protons in the amide linkages of TEMPO-PA and TEMPO-PA-COOH at
different temperatures were measured to evaluate the hydrogen bonding behavior.
Figure 5-8 shows the 'H NMR spectra of TEMPO-PA and TEMPO-PA-COOH at
different temperatures. The chemical shifts of the amide protons move to lower
magnetic field with a rise in the temperature. This result indicates that the hydrogen

bonding between the amide linkages has become weak with the increasing temperature.

@ ®
N (@ M @)
] A_JJMW )
A (b) I (b)

] \ J‘m_m @ 2 @

110 100 9.0 8.0 70PPM 110  10.0 9.0 80  7.0PPM

Figure 5-8 *H NMR spectra of (A) TEMPO-PA and (B) TEMPO-PA-COOH at (a)
25 °C, (b) 70 °C, (c) 100 °C, and (d) 130 °C in DMSO-ds. The asterisked peaks are
attributed to the amide ptrotons.
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5.2.3.2 DLS measurements

Subsequently, ~DLS  measurements of the TEMPO-PA and
TEMPO-PA-COOH in DMSO at a concentration of 2.0 wt% were performed in order
to evaluate the polymer solution structures at different temperatures. The correlation
functions are shown in Figure 5-9. Hydrodynamic diameter, Ry, and diffusion
coefficient, D, were assessed by CONTIN analysis, which are summarized in Table 5-2.
These values were calculated assuming that the polymer possesses the shape of a hard
sphere. The Ry values of TEMPO-PA and TEMPO-PA-COOH decreased with an
increase in the membrane preparation temperature. Meanwhile, increases in the D
values were observed. Therefore, it was suggested that both TEMPO-PA and
TEMPO-PA-COOH in solution at high temperature are smaller than those at low
temperature probably because a large amount of the alkoxyamine moieties in the main
chain are dissociated in addition to the suppression of the hydrogen bondings between

the amide linkages.

(@) 0.4 (b) 0.04
130 °C 130 °C
—=—100°C —=—100°C
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Figure 5-9 Correlation function corresponding to (a) TEMPO-PA and (b)
TEMPO-PA-COOH at r.t., 70, 100, and 130 °C in DMSO.
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Table 5-2 Hydrodynamic diameters and diffusion
TEMPO-PA-COOH at different temperatures.

coefficients of TEMPO-PA and

Polymer TEMPO-PA TEMPO-PA-COOH

Temperature [°C] 25 70 100 130 25 70 100 130
R [nm] 10.15 7.62 4.13 1.83 593 4.46 3.10 1.35
D? [10¥ m? ] 1.04 291 9.64 53.6 1.77 4.33 10.3 55.1

“Hydrodynamic diameters and diffusion coefficients were calculated using Einstein-Stokes equation.
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5.2.4 Solid-state structures

In order to investigate the effect of the radical crossover reaction on the
molecular aggregation structure, both TEMPO-PA and TEMPO-PA-COOH thin films
were prepared at the three different temperatures of 70, 100, and 130 °C. Since the
unexpected reaction of the alkoxyamine moiety easily occurred in the presence of
oxygen, the membrane preparation process was conducted in a glove box after the
polymer solutions were degassed by four cycles of freeze-pump-thaw. In this section,

the state of polymer in films was described.

5.24.1FTIR spectra

Figure 5-10 shows the FTIR spectra of the TEMPO-PA and
TEMPO-PA-COOH in order to evaluate the hydrogen bonding behavior in the thin
film. Generally, two characteristic peaks of the amide linkage, such as the C=0
stretching and the N-H in-plane bending, are shifted to the higher and lower
wavenumbers, respectively, when the hydrogen bonding between the amide linkage
becomes weak.’® For TEMPO-PA, the peak corresponding to the C=0O stretching is
shifted from 1682 cm™ to 1685 cm™ with the increase in the thin-film preparation
temperature, whereas the peak assigned to the N-H in-plane bending is shifted from
1536 cm™ to 1530 cm™. This result indicates that the hydrogen bondings between the
amide linkages are suppressed when the thin film is prepared at high temperature. In the
case of the TEMPO-PA-COOH, similar shifts of the peaks attributed to the C=0

stretching and N-H in-plane bending are also confirmed.
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Figure 5-10 FTIR spectra of (a) TEMPO-PA and (b) TEMPO-PA-COOH films
fabricated at different temperatures. The dotted lines (a, b, ¢, and, d) indicate
wavenumbers at 1682, 1536, 1672, and 1534 cm™, respectively.
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5.2.4.2 Dry densities

Subsequently, the dry densities were measured for estimation of the free
volume and summarized in Figure 5-11." With an increase in the thin film preparation
temperature, the dry densities of both TEMPO-PA and TEMPO-PA-COOH clearly
decreased from 1.248 to 1.229 and from 1.301 to 1.282, respectively, indicating that free
volume of the polymer thin film can be controlled by the fabrication temperature. This
result is in good accordance with the FTIR spectra and implies that the disruption of the
polymer packing mainly occurs due to the suppression of the hydrogen bonding.
Although there is no experimental evidence, the aggregation behavior in the thin film

would also be affected by the thermal reorganization behavior.
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Figure 5-11 Dry densities of TEMPO-PA and TEMPO-PA-COOH films fabricated at
different temperatures (70, 100, and 130 °C).
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5.2.4.3 Time-resolved contact angles measurement

The surface reorganization of the TEMPO-PA and TEMPO-PA-COOH films
induced by liquid molecules was investigated by water contact angle measurements.
Figure 5-12 represents the time course of the water contact angles for the TEMPO-PA
and TEMPO-PA-COOH films prepared at different temperatures. Since the contact
angle value is mostly influenced by the surface roughness, the root-mean-square
roughness, Rgrms, Of TEMPO-PA and TEMPO-PA-COOH were determined by
atomic force microscopy (AFM).?® The Rgys Values for all the films were from 0.2 to
0.4 nm, indicating that the contact angle values mainly depend on the surface chemical
structure. The water contact angles of all the TEMPO-PA membranes and the
TEMPO-PA-COOH film fabricated at 70 °C linearly decreased with the increasing
time. On the other hand, two regions (an initial exponential decay and the subsequent
linear line) can be seen in the TEMPO-PA-COOH films fabricated at 100 °C and

130 °C.
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Figure 5-12 Time dependence of water contact angle against (a) TEMPO-PA and (b)
TEMPO-PA-COOH films fabricated at 70, 100, and 130 °C.
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According to a previous report, the initial contact angle decay and a subsequent
linear decrease reflect both the surface segregation induced by the water droplet and the
change in the droplet shape due to water evaporation, respectively.?*?? As the initial
decay cannot be seen in all the TEMPO-PA films, the segregation would arise not only
from the amide and ester linkages in the alkoxyamine unit but also from the carboxylic
acid group in the DABA unit. In addition, the experimental plot for the time course of

the water contact angles were fitted by the following equation:*

t
0(6) = (O1ni — Oer)exp(—=) — kt + 0 (5.1)

where 6;,; and 6., are the initial and terminal values of the contact angles at t=0 and
in a quasi-equilibrium state, 7 is the time constant of the contact angle decay in the
initial stage, and k is the constant related to water evaporation, respectively. Especially,
T is correlated to the relaxation time of the interfacial mobility, and the difference in the
0;n; and O, values means the degree of surface reorganization induced by the
water.??® With an increase in the film fabrication temperature, the ¢ value decreased
from 6.77 to 5.87. Taking the FTIR spectra and dry densities into account, the decrease

in the 7 value is probably due to suppressing the aggregation of the polymer chains.
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Table 5-3 6;,i, Oier, and T values of TEMPO-PA-COOH films fabricated at 70, 100,
and 130 °C.

Temperature [°C] 70 100 130
8. [°] 816 85.7 90.1
Brer® [°] ND 83.5 87.0
T [s] ND 6.77 5.87

*Time-resolved contact angle measurement was carried out by using the
sessile drop method with water droplet of 2.0 pL.

Meanwhile, the difference in the 6;,; and 6., values increased from 2.18 to
3.11. Also, it is noted that the increase in the contact angles of the TEMPO-PA-COOH
films along with the increasing film fabrication temperature was observed while all the
TEMPO-PA films showed the same contact angles. This observation implies that more
hydrophilic domains in TEMPO-PA-COOH are formed and the number of carboxylic
acid groups to be involved in the surface reorganization is increased with the increase in
the membrane preparation temperature. Such an interfacial behavior will be discussed in

detail after presenting the tapping mode phase image by AFM measurements.
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5.2.4.4 AFM observations

In order to clarify the phase separation between the hydrophilic and
hydrophobic domains, the phase images of the surfaces of the TEMPO-PA-COOH
films were recorded in the tapping mode AFM under ambient conditions (Figure 5-13).
Although all the samples are random copolymers, nanoscaled phase separations are
clearly observed. The bright and dark regions in the images are derived from the hard
segments corresponding to the TEMPO units and the soft segments corresponding to the
DABA units, respectively (Figure 5-13(above)). Furthermore, threshold method was
carried out to obtain binarized images as shown in Figure 5-13(bottom), where the blue
and red regions are derived from hydrophilic and hydrophobic segments corresponding

to the TEMPO and DABA units, respectively.

fnm)

Figure 5-13 AFM tapping mode phase images (above) and their binarized image using
threshold method (bottom) of TEMPO-PA-COOH films fabricated at (a) 70 °C, (b)
100 °C, and (c) 130 °C. Scan sizes are 250 x 250 nm?.
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The area fractions of hydrophilic domains of TEMPO-PA-COOH were
summarized in Table 5-4. As can be seen in Figure 5-13(bottom) and Table 5-4, it is
obvious that with an increase in the film fabrication temperature, the size of the
hydrophilic domain has become larger whereas the total area of the hydrophobic
domains increased. Based on this observation, it is suggested that both the DABA and
TEMPO units tend to be discretely aggregated near the film surface. The hydrophobic
TEMPO units are likely to be oriented toward the air to minimize the surface free
energy, which is induced by the thermal reorganization behavior during the film
fabrication process. In addition to the thermal reorganization behavior, the suppression
of the hydrogen bondings in the casting solution would also assist in the separation of
both the hydrophobic and hydrophilic domains. These results are in good agreement
with the difference between 6;,; and 6., of TEMPO-PA-COOH. This is probably
related to the hydrophilic domain size. For the TEMPO-PA-COOH film fabricated at
70 °C, the surface reorganization could not be observed since the small hydrophilic
domains are surrounded and suppressed by the large amount of hydrophobic domains.
By comparison of the differences in the 6;,; and 6., values of the
TEMPO-PA-COOH films fabricated at 100 and 130 °C, an increase in the size of the
hydrophilic domains would support the increase in the degree of surface reorganization
induced by the water. The polymer aggregation and phase separation behaviors in the
films were easily controlled by thermal treatments during the film fabrication,
indicating that the dynamic covalent polymers can provide any desirable physical

properties without chemical modification, inorganic-organic hybridization, etc.
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Table 5-4 Area fraction of hydrophobic domains of TEMPO-PA-COOH films
fabricated at different temperatures (70, 100, and 130 °C), estimated by threshold
method.

Temperature [°C] 70 100 130
Area fraction of hydrophobic domains [%] 48.9 53.5 57.9
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5.3 Conclusions

In this chapter, dynamic covalent PA composed of TEMPO units
(TEMPO-PA) and dynamic covalent random coPA containing the DABA unit
(TEMPO-PA-COOH) were successfully synthesized by a low temperature
polycondensation. The fundamental properties and the effect of the radical crossover
reaction of the prepared dynamic covalent polymers on the solution and solid-state
structures were investigated. Based on the 'H NMR and DLS measurements, it was
revealed that a rise in solution temperature induced suppression of the hydrogen
bonding between the amide linkages and the decrease in the hydrodynamic radius with
an increase in the diffusion coefficient. During the thin-film fabrication process,
hydrophobic TEMPO and hydrophilic DABA units tend to be discretely aggregated near
the film surface to minimize the surface energy with the suppression of the hydrogen
bondings. Therefore, a rise in the film fabrication temperature led to (1) a suppression of
the interaction between the polymer chains, (2) formation of a clear phase separated
structure, and (3) an increase in the number of carboxylic acids to be involved in the
surface reorganization induced by water molecules, as characterized by the dry density,
FTIR, water contact angle, and AFM measurements. These results indicated that the
solid-state molecular aggregation structure of the dynamic covalent polymers can be

easily controlled by a thermal treatment during the solidification process.
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5.4 Experimental
5.4.1 Materials

4-Hydroxy-2,2,6,6-tetramethylpiperidinyloxy ~ (TEMPO), styrene, Pd-C,
4-nitrobenzoyl chloride, 3,5-diaminobenzoic acid (DABA), and isophthaloyl chloride
were purchased from TCI, Japan. Dehydrated pyridine, dehydrated tetrahydrofuran
(THF), N-methylpyrrolidone (NMP), N,N-dimehylformamide (DMF), and dimethyl
sulfoxide (DMSQ) were obtained from Wako Pure Chemical Industries. NMP was dried
over calcium hydride and distilled under nitrogen. PA2-20 was synthesized by the same

procedure described in chapter 2.

5.4.2 Synthesis of TEMPO-based diol compound (TEMPO-OH)

According to a previous report, the diol was successfully prepared. The
obtained TEMPO-OH was fully characterized by infrared and nuclear magnetic

resonance spectroscopies.

'H NMR (300 MHz, CDCl3, §, 25 °C): 1.21 (s, -CHs, 3H), 1.28 (s, -CHs, 3H), 1.31 (s,
-CHs, 3H), 1.54 (s, -CHs, 3H), 1.31-1.98 (m, -CH,- 4H), 3.72 (dd, -CH-, J = 11.1 Hz,
1H), 4.01 (dd, -CH-, J = 11.1 Hz, 1H), 4.20 (t, -CH-, 6.0 Hz, 1H), 5.26 (m, -CH-, 1H),
7.26-7.34 (m, ArH, 5H). IR (KBr), v (cm™): 3295 (O-H stretching), 3111-2855 (C-H

stretching), 1456 (C=C stretching).

5.4.3 Synthesis of TEMPO-based dinitro compound (TEMPO-NO,)

4-Nitrobenzoyl chloride (6.96 g, 37.5 mmol), TEMPO-OH (3.52 g, 12.5 mmol),
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and, dehydrated THF (50 mL) were added into a two-necked 100 mL flask under a
nitrogen atmosphere. After complete dissolution, dehydrated pyridine (3.96 mg, 50.0
mmol) was injected into the solution. After the solution was stirred at room temperature
for 12 h, a white precipitate was removed by filtration, then the filtrate was evaporated.
The crude product was purified by silica gel chromatography eluting with CHCI3 to give
TEMPO-NO; as a white powder.

Yield: 6.20 g (84 %). 'H NMR (300 MHz, CDCls, §, 25 °C): 0.79 (s, -CHs, 3H), 1.23 (s,
CHs, 3H), 1.36 (s, -CHs, 3H), 1.45 (s, -CHs, 3H), 1.67-2.07 (m, -CHy- 4H), 4.59 (dd,
-CHy-, J = 11.1 Hz, 1H), 4.90 (dd, -CH,-, J = 11.1 Hz, 1H), 5.10 (t, -CH-, J = 6.0 Hz,
1H), 5.24-5.33 (m, -CH-, 1H), 7.27-7.38 (m, ArH, 5H), 8.06-8.30 (m, ArH, 8H). *C
NMR (75 MHz, CDCls, 8, 25 °C) : 21.16, 21.27, 34.01, 34.13, 44.61, 44.67, 60.68,
60.79, 67.30, 68.55, 84.22, 123.74, 123.77, 127.79, 128. 37, 128.54, 130.84, 130.85,
135.61, 136.06, 139.92, 139.96, 150.78, 164.47(C=0), 164.65(C=0). IR (KBr), v (cm™):
3111-2855 (C-H stretching), 1711 (-C=0- stretching), 1607 (-C=C- stretching), 1526

(-NO; asymmetric stretching), 1349 (-NO, symmetric stretching).

5.4.4 Synthesis of TEMPO-based diamine compound (TEMPO-NH,)

Under a hydrogen atmosphere, TEMPO-NO; (4.43 g, 7.5 mmol), Pd-C (886.83
mg, 20 wt%), and ethyl acetate (300 mL) were injected into a two-necked 500 mL flask.
After stirring at room temperature for 24h, the solution was filtered off and evaporated
to give the crude product. Finally, the crude product was purified by silica gel
chromatography eluting with ethyl acetate/hexane (1/5, v/v) and dried in a vacuum at

70 °C for 24h.
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Yield: 3.50 g (88 %). *H NMR (300 MHz, CDCls, 8, 25 °C): 0.76 (s, 3H), 1.21 (s, -CHa,
3H), 1.35 (s, -CHa, 3H), 1.44 (s, -CHa, 3H), 1.61-2.01 (m, -CH,-, 4H), 4.04 (s, -NH,,
4H), 4.47 (dd, -CH,-, J = 12.0 Hz, 1H), 4.90 (dd, -CH,-, J = 11.4 Hz, 1H), 5.06 (t, -CH-,
J = 6.0 Hz, 1H), 5.16-5.25 (m, -CH-, 1H), 6.63 (t, ArH, J = 7.5 Hz, 4H), 7.34-7.39 (m,
ArH, 5H), 7.75-7.84 (m, 4H). *C NMR (75 MHz, CDCls, 5, 25 °C) : 21.30, 21.34, 34.14,
34.22, 45.01, 45.12, 60.66, 60.91, 66.32, 66.63, 84.55, 114.04, 119.95, 120.42, 128. 05,
128.37, 131.84, 131.96, 140.86, 151.11, 151.14, 166.58 (C=0), 166.72 (C=0). IR (KBI),
v (cm™): 3475 (N-H asymmmetric stretching), 3369 (N-H symmetric stretching), 3227,
2973-2939 (C-H stretching), 1693 (-C=0- stretching), 1623 (N-H bending), 1602

(-C=C- stretching), 1517 (-C=C- stretching).

5.4.5 Synthesis of polyamide containing TEMPO moiety (TEMPO-PA)

TEMPO-NH; (531.7 mg, 1.0 mmol) was dissolved in dried NMP (3.0 mL) at
room temperature and the solution was cooled to -78 °C. Subsequently, isophthaloyl
chloride (203.0 mg, 1.0 mmol) was added and the temperature was slowly raised to
room temperature. Then, the solution was stirred for 3 h and precipitated with methanol
to obtain a white fibrous polymer. The obtained polymer was filtered off, washed

several times with methanol, and dried in a vacuum oven for 48 h at 40 °C.

Yield: 615.4 mg (93%). M, = 46400, My/M, = 3.29. *H NMR (300 MHz, DMSO-dg, ,
40 °C): 0.73 (s, 3H), 1.29 (s, -CHs, 3H), 1.40 (s, -CHs, 3H), 1.52 (s, -CH3, 3H),
1.73-2.01 (m, -CH,-, 4H), 4.51 (dd, -CH,-, J = 12.2 Hz, 1H), 4.76 (dd, -CH,-, J = 12.2
Hz, 1H), 5.11-5.16 (m, -CH-, 2H), 7.27-7.46 (m, ArH, 5H), 7.71 (t, ArH, J = 7.5 Hz,

1H), 7.86-7.95 (m, ArH, 8H), 8.16 (d, ArH, J = 7.5 Hz, 5H), 8.57 (s, ArH, 1H), 10.71 (s,
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-NH-,1H). BC NMR (75 MHz, DMSO-dg, 8, 40 °C) : 17.08, 20.70, 28.87, 29.96, 33.2,
44.18, 48.41, 60.22, 65.80, 66.33, 83.63, 119.70, 124.41, 124.85, 127.28, 127.67,
127.89, 128.13, 128.80, 130.08, 131.18, 134.79, 139.93, 143.62, 143.70, 164.93 (C=0),
165.10 (C=0), 165.46 (C=0), 165.50 (C=0). IR (KBr), v (cm™): 3295 (N-H stretching),
2973-2872 (C-H stretching), 1716 (-C=0- stretching), 1671 (-C=0O- stretching), 1601

(-C=C- stretching), 1527 (-N-H bending).

54.6 Synthesis of random copolyamide containing TEMPO moiety

(TEMPO-PA-COOH)

TEMPO-NH; (2346.3 mg, 4.4 mmol) and 3,5-diamino benzoic acid (668.5 mg,
4.4 mmol) were dissolved in dried NMP (18.7 mL) at room temperature. After the
solution was cooled to -78 °C, isophthaloyl chloride (1791.8 mg, 8.8 mmol) was added.
After the temperature was slowly raised up to room temperature, the solution was
stirred for 3 h. Subsequently, a viscous reaction solution was precipitated with methanol
to give a white fibrous polymer. The obtained polymer was filtered off, washed several

times with methanol, and dried in a vacuum oven for 48 h at 40 °C.

Yield: 4032 mg (97%). *H NMR (300 MHz, DMSO-dg, 5, 40 °C): 0.70 (s, 3H), 1.13 (s,
-CHs, 3H), 1.26 (s, -CHs, 3H), 1.37 (s, -CH3, 3H), 1.53-1.98 (m, -CHo-, 4H), 4.48 (dd,
-CHyp-, J = 12.2 Hz, 1H), 4.74 (dd, -CH,-, J = 12.2 Hz, 1H), 5.07-5.13 (m, -CH-, 2H),
7.26-7.43 (m, ArH, 5H), 7.67 (t, ArH, J = 7.5 Hz, 2H), 7.83-7.92 (m, ArH, 8H), 8.16 (s,
ArH, 6H), 8.52-8.68 (m, ArH, 3H), 10.60. 10.66 (s, -NH-,4H). *C NMR (75 MHz,
DMSO-d, 3, 40 °C) : 20.86, 33.51, 44.27, 44.36, 60.02, 60.26, 65.93, 66.04, 66.48,

66.53, 83.64, 116.47, 116.99, 119.81, 124.50, 124.93, 127.40, 127.82, 128.03, 128.28,
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128.91, 130.28, 131.12, 131.15, 131.29, 131.61, 134.98, 135.06, 139.69, 139.72, 140.16,
143.70, 143.72, 143.78, 143.80, 165.07 (C=0), 165.23 (C=0), 165.33 (C=0), 165.46
(C=0), 165.63 (C=0), 165.69 (C=0), 165.75 (C=0), 167.25 (C=0). IR (KBr), v (cm™):
3295 (N-H stretching), 2973-2872 (C-H stretching), 1719 (-C=0- stretching), 1684
(-C=0- stretching), 1674 (-C=0O- stretching), 1597 (-C=C- stretching), 1526 (-N-H

bending).

5.4.7 Fabrication of TEMPO-PA and TEMPO-PA-COOQOH films

The 10 wt% solutions of the obtained TEMPO-PA and TEMPO-PA-COOH
films were prepared in DMSO. Subsequently, the polymer solutions were degassed by
freeze-pump-thaw and filtered through a 0.45 um poly(vinylidene fluoride) membrane
filter in a glovebox. The polymer solutions were coated onto a clean glass substrate by a
spin-coating method to form the as-cast films with less than 2.0 um thickness. The
as-cast films were then heated at various temperatures (70, 100, and 130 °C) for 3 h and
dried under vacuum for at least 24 h before evaluation of the intrinsic properties of the

films.
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5.4.8 Evaluation of the stability and thermal rearrangement behavior of TEMPO
unit

To evaluate the radical stability in solution, TEMPO-PA (M, = 46400,
M,,/M, = 3.30) was dissolved in DMSO-ds at a concentration of 6 mg mL™and then
heated at 130 °C under an air or argon atmosphere. ‘H NMR measurements were carried
out for the samples collected at 16 and 24 h. After TEMPO-PA (M, = 46400,
M, /M, = 3.30) was dissolved in DMF with 0.05 M LiBr at a concentration of 2 mg
mL™, the polymer solution was degassed by four cycles of freeze-pump-thaw and then
heated at 130 °C under an argon atmosphere to study the thermal rearrangement
behavior. GPC measurements of the samples collected at 0.5, 1, 2, 4, 16, and 24,

respectively, were conducted.

5.4.9 Measurements

Proton nuclear magnetic resonance (*H NMR) spectra were recorded on a
Bruker DPX300S spectrometer in DMSO-ds calibrated to tetramethylsilane as an internal
standard (64 0.00). FTIR spectra were measured on a Horiba FT-720 spectrometer.
Electron spin resonance (ESR) was measured by JEOL JES-X320 T-band ESR
spectrometer equipped with a JEOL DVT temperature controller. The measured samples
in DMSO at a polymer concentration of 10 wt% were contained in 0.8 mm glass
capillaries, which were sealed after being degassed by four cycles of freeze-pump-thaw.
The microwave power was 0.5 mW, the field modulation was 0.2 mT with a time
constant of 0.03 s, and the number of scans was 16. The relative intensities were

calculated using the integral areas in the spectra. The thermal analysis (TGA) was
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performed in a nitrogen atomosphere on a RIGAKU Thermo plus EVO TG8120 thermal
analyzer under a nitrogen atmosphere for the thermogravimetry (TG) and differential
thermal analysis (DTA). Before the evaluation, all the samples were preheated at 80 °C
to remove any moisture and residual solvents in the TG/DTA furnace. The samples were
subsequently cooled to 30 °C and then heated to 500 °C at the heating rate of 10 °C/min.
Inherent viscosity was measured at 30 °C in DMSO at a polymer concentration of 0.5 g
L. Gel permeation chromatography was measured on Viscotek GPC-1000 system
equipped with a TDA 302 triple detector and a TSK-GEL o-M column with a
conventional calibration curve based on polystyrene standards. DMF with 0.05 M LiBr
was used as the carrier solvent at flow rate of 0.6 mL/min. The number and weight
average molecular weights (M,, and M,,) were calculated based on the light-scattering
data. Dynamic light scattering measurements were performed on Wyatt DynaPro
NanoStar. The hydrodynamic diameter (Ry) and the diffusion coefficient (D) of the
prepared polymers in DMSO at a concentration of 2.0 wt% were calculated on the basis
of CONTIN analysis using DYNAMICS software (Wyatt Technology Co., Ltd.). To
avoid the side reaction between the TEMPO unit and oxygen, the polymer solutions
were filtered through a 0.45 pum membrane filter after four cycles of freeze-pump-thaw

and transferred to quartz cells in a glove box. Viscosities of DMSO at 70, 100, and

130 °C were determined to be 1.277, 0.855, and 0.408 mPa-s, respectively, by the

viscometer. Also, refractive indices were found to be 1.452, 1.431, and 1.392,
respectively, by the interferometric method. The polymer densities in the thin films were
determined using an Alfa Mirage SD-200L electronic densimeter at ambient
temperature (24-25 °C). Ethanol was selected as the non-solvent. Contact angles of the

thin films were measured by the sessile drop method using a DropMaster 500, Kyowa

156



Chapter 5

Interface Science Co., Ltd., at ambient temperature (24-25 °C). As the probe liquid, a
purified water droplet with the volume of a 2.0 uL was used and the contact angles were
calculated on the basis of a contour curve-fitting method using FAMAS software
(Kyowa Interface Science Co., Ltd.). The surface morphology was characterized using
atomic force microscopy (AFM, SPA400, SII Nanotechnology) in the phase contrast

mode.
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Chapter 6

General Conclusions

Conclusions of each chapter and further prospect for the development of

polymeric membranes for water treatment are summarized in this chapter.

The general introduction regarding the background of this study is described in

chapter 1.

In chapter 2, wholly-aromatic polyamide (PA) membranes were prepared and
their transport properties were characterized. With the increase in the hydrophilic
carboxylic acid groups, the water sorption coefficient was slightly increased. However,
the enhancement of water transport properties induced by the introduction of the
hydrophilic group was not substantial. Therefore, PA2-20-additive was prepared via
non-solvent induced phase separation method. As a result, PA2-20-additive showed
higher water flux (14.2 L m™? h™) and NaCl rejection (35 %). The formation of pores
was supported by differential scanning calorimetry and scanning electron microscope.

Also, attenuated total reflectance Fourier transform infrared spectroscopy and solid-state
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carbon polarization and magic angle spinning nuclear magnetic resonance spectroscopy
demonstrated that the aggregation of polymer chains due to the hydrogen bonds among
the amide linkages was suppressed probably due to the coordination of the aqueous

additives to the amide linkage.

In chapter 3, the synthesis, conformational preferences, hydrogen bonding
behaviors, and membrane properties of partially N-methylated random aromatic coPAs
(PA-X-Ys) were investigated. PA-X-Ys were prepared by the low temperature
polycondensations of isophthaloyl chloride with 3,5-diaminobenzoic  acid,
N,N’-dimethyl-4,4’-diaminodiphenyl ether (MDAE), and 4,4’-diaminodiphenyl ether.
The incorporation of the N-methyl amide linkages into the polymer backbone decreased
the content of the cis conformation in the N-methyl amide linkages and suppressed the
hydrogen bondings among the amide linkages, which assisted the surface reorientation
of the carboxylic acid. These experimental results indicated that the suppression of the
hydrogen bonding and the existence of the tertiary amide linkage in the cis conformation
induced the loose packing of the polymer chains. Indeed, the N-methyl amide linkage
increased the free-volume. As a result, the incorporation of the N-methyl amide linkage
increased water flux and decreased salt rejection due to the increase in water and salt

diffusion coefficients.

In chapter 4, semipermeable membranes based on various polybenzimidazoles
(PBIs) were prepared and characterized. PBI with N-butylsufonate (BSPBI) was
prepared by the two steps, that is, deprotonation of PBI using lithium hydride, followed
by treatment with 1,4-butanesultone. From WAXD analyses, FTIR spectra, and
time-resolved contact angle measurements, it was confirmed that the suppression of the
hydrogen bonding induced by the N-substitution and the cross-linked structure led to the
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polymer packing disruption. The cross-linking reaction of BSPBI with divinyl sulfone
induced the change of the pore size distribution, where the selective permeation of water
molecule was successfully achieved. As a result, simultaneous improvement in water
permeability and selectivity was achieved by the simple cross-linking reaction due to
the selective increase in water diffusion coefficient. The cross-linked BSPBI
(CL-BSPBI) membrane exhibited considerably high water permeability (6.24 L pm m™
h™ bar™) with relatively low NaCl permeability (0.144%10® cm? s™), compared with

conventional polymeric membranes.

In chapter 5, thermally-rearrangeable aromatic PA (TEMPO-PA) and random
coPA (TEMPO-PA-COOH) incorporating alkoxyamine moieties in the main chain
were synthesized and then the effect of the thermal reorganization behavior on their
solution and solid-state structures was investigated. '"H NMR spectra and DLS
measurements revealed that a rise in the solution temperature suppressed hydrogen
bondings between the amide linkages as well as decreasing the hydrodynamic radius.
For the thin films fabricated at high temperature, on the other hand, both the decrease in
the density and the suppression of the hydrogen bonding were observed. Furthermore,
the surface wettability and phase separation behaviors of the TEMPO-PA-COOH
containing both reversible covalent bonds and hydrophilic units were characterized by
time-resolved water contact angle measurements and AFM observations, respectively.
These analyses clearly showed that the surface hydrophilicity of the random
copolyamide had decreased. The water-induced surface reorganization (i.e., phase
separation of hydrophilic and hydrophobic domains) easily occurred to minimize the
surface energy via a radical crossover reaction. This study indicated that both the

solution structure and the solid-state molecular aggregation structure of the dynamic
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covalent polymers can be easily controlled by a thermal trigger, and brought a new

option for controlling the high-order structure of polymer solutions and solids.

As described above, we have investigated the influence of chemical and
molecular aggregation structures of various PAs on fundamental transport properties in
chapters 2 and 3 as a first step of this study. In chapter 3, we have concluded that it
seems difficult to independently control permeability and selectivity by designing the
polymer backbone. The MDAE unit-induced the suppression of the hydrogen bonding
between the amide linkages enables an increase in free volume while a traditional
trade-off relationship, that is the permeability gain and the concomitant selectivity loss,
is also observed. For example, PA-20-60 with large free volume elements (0.089 nm°)
showed higher water flux (2.25 L m™? h™) and lower NaCl rejection than PA-20-0 with
small free volume one (0.069 nm®). By expanding the approach for suppression of
polymer/polymer interaction, crosslinking reaction between the N-substituted PBIs
during the desolvation process has been examined in chapter 4. Especially, the free
volume elements (radius: 0.14-0.24 nm) has played an important role in the selective
enhancement of water diffusion coefficient, as can be seen in the CL-BSPBI. For
further improvement in membrane performance, we need to minimize the membrane
thickness and to afford high pressure tolerance for increasing water flux as high as
possible by using a thin-active-layer composite membrane. If a composite membrane
with a CL-BSPBI active layer are operated without a pressure-induced compaction and
concentration polarization under some practical RO operating conditions (e.g., AP =

75 bar and Am = 49.8 bar for 1M NaCl aq), water flux and NaCl rejection can be
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estimated to be 157.3 L m? h™ and 99.9 %, respectively. These values are comparable to

those of the cross-linked PA membranes and cellulose acetate asymmetric membranes.

In order to prepare the fine structure-controlled semipermeable membrane
materials, ideally, it is necessary to develop the way for forming monomodal
free-volume radius distribution around 0.14-0.24 nm. Unfortunately, this cannot be
accomplished by cross-liking reaction during desolvation process even in CL-BSPBI
membrane. To address this problem, utilization of radical crossover reaction on the
hydrogen bonding and aggregation behavior was presented in chapter 5. Although the
free-volume radius distribution of TEMPO-PAs still remains unclear, the molecular
rearrangement of TEMPO-PA-COOH was effectively occurred at the membrane-air
surface to reduce surface free energy, supported by the time resolved contact angle
measurements and AFM observations. This indicates that there is a probability that
TEMPO-PA-COOH can alter free volume near the membrane surface. Also, we think
that alkoxyamine-based cross-linked PBIs can bring new potential to optimize the

free-volume radius distribution via radical cross-over reaction.

Finally, the author believes that some developments and findings in this study

will be useful for the development of the next generation water purification systems.
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