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Preface

Since polymer blends have superior physical and/or chemical
properties, and since they can be easily obtained by mixing two
or more different components, they are nowadays widely used 1in
industry. In order to develop new materials of high performance,
it is requisite to study the interaction between the components,
structure, and dynamics of blends.

In 1974 and 1975, pioneering studies of morphology and
phase—-separation process of polystyrene/poly(vinyl methyl ether)
blends were done by Nishi, et al. using the broad line ly NMR
spectroscopy. In 1981, Schaefer, et al. first applied the solid-
state high—-resolution 13C NMR spectroscopy (eg. CP/MAS) to
polymer blends to study the morphology and miscibility.

This dHoctoral dissertation presents a structural
investigation in a molecular 1level of polymer blends by the
high-resolution NMR technique. Topics investigated here are the
interaction, miscibility, molecular motion, and phase-separation
process of ©polymer/polymer Dblends. Polycarbonate/poly(methyl
methacrylate) and polystyrene/poly(vinyl methyl ether) blends are
studied. The morphology and mobility of Lit-ion of poly(ethylene
oxide)/LiClO4 blend are studied. This blend shows 1ionic
conductivity in the solid state. The results obtained here will
be useful for understanding the structure and physical property
of polymer blends and for exploiting new synthetic polymeric

materials.

Atsushi Asano (Sapporo, January 1994)
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Chapter 1 General Introduction

. | Polymer/Polymer Blends

Polymer/polymer blends are widely wused for engineering
purposes. The research of polymer/polymer blends has Dbeen
progressively developed. The physical and/or chemical properties
of polymer/polymer blends mainly depend on its miscibility and/or
phase structure. In particular, the homo- or heterogeneous domain
size (morphology), the molecular dynamics, the fluctuation of
composition, and the interphase (or interface) between component
polymers affect the physical property. In order to exploit new

polymer materials, we need such information.

Thermodynamic properties of polymer blend have been
extensively studied.l Polymer/polymer blends are miscible
(homogeneous), if the free energy of mixing AG, is negative. Such
a condition is encountered for only a few polymer pairs. The
entropy of mixing ASm of polymers is nearly zero and the enthalpy
of mixing ‘AHm is, 1in general, positive.1 Thus, the value of
AGm=AHm—TASm is positive, T the absolute temperature. However,
when an exothermic interaction exists between two polymers, AHm
is negative. Therefore, if a specific inter—-polymer interaction
is operative between two polymers, they can be in close

proximity, resulting in a miscible state.




The miscibility (morphology) and phase-separation process of

polymer/polymer blends have been studied by differential scanning

3 4

calorimetry (DSC),2 light scattering, fluorescence emission,
Fourier transform infrared spectroscopy (FT—IR),5 small angle X-
ray scattering (SAXS, wide angle X-ray diffraction; WAXD),6
scanning and transmission electron microscopes (SEM and TEM),7
and so on. Besides advantages, these measurements have some
limitations for study of polymer/polymer blend. DSC is useful for
determining a miscible polymer pair, but can not detect the
domain size. It is not sensitive to phase-separation on a smaller
scale. Light scattering and SAXS can examine change of domain
size on a larger scale. It is difficult to determine the
composition in each domain. Fluorescence emission study gives
information on a scale of 20-30 A, but component polymer must be
labeled by fluorescent anthracene v tt's . This limits
polymer/polymer blends to be analyzed. SEM and TEM require a
cured sample for observation. FT-IR can detect a polymer—polymer
intersction,  i.e., hydrogen bonding, through the red-shift of
absorption. FT-IR is, however, not sensitive to change in domain

size.

Recent development of high-resolution solid-state NMR
techniques has enabled us to characterize the heterogeneity 1in
polymers.8 In most cases, the heterogeneity manifests itself in
the magnetic relaxation phenomenon. The most significant magnetic
relaxation in solid polymers is governed by the 1H dipole—dipole
9

interaction, which is a function of inter-proton distance.

Examination of relaxation phenomena such as lH spin-diffusion can

reveal the spatial proximity and the heterogeneous structure of

polymer/polymer blends in the solid state.lo"13 The 13C cCross-—

polarization/magic—angle—spinning (CP/MAS)14 solid-state NMR
spectroscopy is very useful for characterizing homo- or hetero-
geneity in polymer/polymer blends.15’16 Stejskal, et al. showed
an advantage of the use of well-resolved spectra of a dilute spin

such as 13C nucleus to monitor the 1H relaxation behavior.15 This
method is quite powerful to study miscibility (morphology) and

phase-separated domain structure in polymer/polymer blends.

Table 1-1 lists polymer/polymer blends investigated by NMR

methods in 1973 to 1993. Those are mainly collected from papers

published in Macromolecules and Polymer. For twenty years, about

one hundred papers were published and seventy kinds of

polymer/polymer blends are studied by NMR. In particular, for

last four years (1990-1993), more than half of those papers were

published. This indicates that polymer/polymer blends are very

important materials in more recent years for industry

(technology) and science, and that NMR measurements can reveal

easily and clearly the domain structure of polymer/polymer

blends.




Table 1-1 List of polymer/polymer blends examined by NMR techniques which
were published in Macromolecules and Polymer in 1973 to 1993; Polymer/polymer

blends published in other journals are also included

Reference Reference
Polymer I ~ Polymer II Number folymer I  Polymer II Nuttibas:
PS PVME 1% 18 PVC PCHMA 36
PS PMMA 11, 12 PVC PBZMA 36
PS PBMA 13 PVC PTEGMA 37
PS PPO k=17 PC PMMA 38, 39
P2(4)MS PPO 15 PU PMMA 40
PS PB R PEO PMMA 41 - 43
PS PVPy 20 PEO PVC 44
PS PVIZ 20 PVA PMAA 45
PS PEA 24, i2d PVA PAA 45
PS PDMAA 29 PVA PVP 46, 47
PS PAc 23 PMA PVAc 48
PS PS-dg 24 PMA PVPh 32
PS PC 25 PDMAA PVPh 22, 49
PS PU 26 PVMK PVPh 50
PVF, PMMA /g g PEO PVPh 51
PVF, PEMA 28 PC PET e i
PVPh PMMA 32.-33 PC PBT 54
PVACc PMMA 34 PAr PBT 55, 56
PVC PMMA 4,35, 36 PENDC PET 57
Continued. Continued.

Polymer I ~ Polymer II Rﬁ%rfggre Polymer I ~ Polymer II Rﬁﬁfggf
Nylon66 PBZT 58 PDMS Silicone 75
Nylon6 PS 59 PDMS PDMS-dg 76
Nylon6 Li-SPS 60 PU PU-dg 76
oG 71-SPS o PS-PAN PMMA 77
PCL PVC & PS-PVPh PMMA 78
POT PPO 63 PS-PVPh PBMA 79
PEI PBI 58. 64 PVPy—PEA PS 20
PE] PAEK 65 PVIZ-PEA PS 20
PES PIm 66 PS-PSSA  PMMA-PVPy 11, 80
PES PPS 67 PS-PSSA PDMAA 22
PBI PIm 63 PS-PSSA PU 81
P ane s PS-PVPh PDMAA 22
i b e PS-PAAMA PEA-PMVPyI 21
PS-PSSNa  PEA-PMVPyI 21
. i 71 PENDC-PHBZA PET 57
5 oREl 71 Vectra-A PET 82
s Ly e PDMS-PDPS  Silicone 75
PHPM PDMAA 73 ek 4 .3
PECMA PNBEA 74 SBR PB 84
Continued.




Abbreviations :

PS : Polystyrene, PVME: Poly(vinyl methyl ether),

PMMA : Poly(methyl methacrylate), PBMA : Poly(butyl
methacrylate), PPO : Poly(2,6-dimethyl-1,4-phenylene oxide),
P2(4)MS : Poly(2-methyl styrene) or Poly(4-methylstyrene),

PB : Polybutadiene, PVPy : Poly(4-vinylpyridine),

PVIZ : Poly(N-vinylimidazole), PEA : Poly(ethyl acrylate),
PDMAA : Poly(N,N-dimethylacrylamid), PAc : Poly acetylene,

PC : Polycarbonate, PU : Polyurethane, PVF2 : Poly(vinylidene
fluoride), PEMA : Poly(ethyl methacrylate), PVPh : Poly(4-vinyl
phenol), PVAc : Poly(vinyl acetate), PVC : Poly(vinyl chloride),
PCHMA : Poly(cyclohexyl methacrylate), PBZMA : Poly(benzyl
methacrylate), PTEGMA : Poly(tetraethylene glycol dimethacrylate),
PEO : Poly(ethylene oxide), PVA : Poly(vinyl alcohol),

PMAA : Poly(methacrylic acid), PAA : Poly(acrylic acid),

PVP : Poly(N-vinyl-2-pyrrolidone), PMA : Poly(methyl acrylate),
PVMK : Poly(vinyl methyl ketone), PET : Poly(ethylene
terephthalate), PBT : Poly(butylene terephthalate), PAr : Polyarylate,
PENDC : Poly(ethylene naphthalene dicarboxylate),

PBZT: Poly(benz[a,d]dithiazol-2,6-diyl-1,4-phenylene),

Nylon6 : Poly(e-caprolactam), Li-SPS : lithium salt of sulfonated PS,
7n-SPS : zinc salt of SPS, PCL : Poly(e-caprolactone),

POT : Poly(3-octylthiophene), PEI : Poly(ether imide),

PBI : Poly benzimidazole, PAEK : Poly(aryl ether ketone),

PES : Poly(ether sulphone), PIm : Polyimide, PPS : Poly(phenylene
sulphide), PI : Polyisoprene, PVE : Poly(vinyl ethylene),

PChP : Polychloroprene, epo-PI : epoxidized PI, PE : Polyethylene,
PHPM : Poly([1-hydroxy-2,6-phenylene]methylene),

PECMA : Poly([N-ethylcarbazol-3-yl]Jmethyl acetate),

PNBEA : Poly(2-[{3,5-dinitrobenzoyl }oxy]ethyl acetate),

PDMS : Poly(dimethylsiloxane),

PS-PAN : PS-co-Polyacrylonitrile (copolymer), PSSA : Poly(styrene
sulfonic acid), PAAMA : Poly(tetraalkylammonium methacrylate),
PMVPyl : Poly(N-methyl-4-vinyl pyridinium iodide),

PSSNa : Poly(sodium styrenesulfonate),

PHBZA : Poly(p-hydroxybenzoic acid),

Vectra-A : Poly(p-hydroxybenzoic acid-co-p-hydroxynaphthoic acid),
PDPS : Poly(diphenylsiloxane), SBR : styrene-butadiene rubbers
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In this dissertation; we . investigate two kinds of
polymer/polymer blends using mainly the CP/MAS 13C NMR technique.
One is bisphenol A polycarbonate/poly(methyl methacrylate) blend
(PC/PMMA) and another 1is polystyrene/poly(vinyl methyl ether)
blend (PS/PVME). The phase diagram of both polymer/polymer blends
exhibits lower critical solution temperature (LCST) behavior. The
glass transition temperature Tg of PC/PMMA blend is higher than
110°C,2(C) that of PS/PVME blends at PS contents less than 60wt%

is lower than O°C.2(a)

In chapter 2, we describe how the interacted region, the
heterogeneous domain, and compositional change 1in each phase-
separated domain are detected by NMR techniques. We introduce the
nuclear Overhauser effect (NOE) and 13C spin—-lattice relaxation
time (13C—T1) in solution, 1y spin-diffusion and 1y spin—-lattice
relaxation times both in the laboratory (TlpH) and the rotating

(TlH) frames in solid.

In chapter 3, polymer-polymer interaction 1in solution of
PC/PMMA blend is investigated. The inter—polymer lH NOE can be
observed, suggesting that PC and PMMA in solution are in close
contact with each other. We measure 13C—Tl of the mixture and
pure polymers in solution. The temperature dependence of 13C—T1
is affected by mixing only for the phenyl and the methoxy carbon
resonances. It is concluded that the phenyl group of PC and the
methoxy group of PMMA interact with each other in solution.

Furthermore, the miscibility and the phase-separation of
PC/PMMA blends are studied by examining Tyy and TlpH in: 80l ids

The observation is done indirectly through the high-resolution

11




13C resonance. The blends are found to be

solid-state CP/MAS
homogeneous on a scale of 200-300A , but heterogeneous on a scale
of 20-30A . The phase diagram is obtained by analyzing the
recovery curve of lH relaxation of blends heated at various
temperatures for 30min. The kinetics of the phase—-separation is
also~discussed, and Tound "to be unitiated by spinodal
decomposition; the phase—-separation rate is 3.6x10 2min~ 1.

In chapter 4, we 1investigate the miscibility of PS/PVME
blend in the solid state. We examine Ty and fﬁ“ﬁ{ at wvarious
temperatures. At temperatures lower than Tg of the Dblend,
observed Tqy of PS and PVME as well as TlpH are the same each
other, showing that PS/PVME=5:5 blend is miscible on a scale of
20-30 A . At temperatures much higher than Tg, the observed lH
relaxation curve (TlpH) of PS apparently differs from that of
PVME. They are multiple—exponential. The analysis of multiple-
exponential decays shows that the 1H cross—-relaxation rate
between PS and PVME is NlOOOs"l at 38°C. This cross-relaxation
rate is so slow that TlpH values of PS and PVME do not coincide
with each other. This is attributed to fast molecular motion of
PVME .

Above the LCST, the phase—-separation occurs; the 1H
relaxation curves differ markedly from those of homogeneous
blend. We analyze the lH relaxation curve of each component
polymer, and obtain the stoichiometry in phase—separated domains.
We found that the phase-separation at 140°C of PS/PVME=5:5 blend
is initiated by the spinodal decomposition; phase-—-separation rate

is 0.5min" 1.

1.2 Polymer/Lithium—Salt Blends

Polymer/lithium(Li)-salt blend is a wuseful and important
material in the future, Dbecause it exhibits a high 1ionic
conductivity in the solid state. The most famous system of
polymer/Li-salt blends is poly(ethylene oxide) (PEO) with Li-
salt.17 For example, the ionic conductivity of PEO/LiClO4 blends
at higher than 50°C is more than 10_5(1“1c:m_'1.18_21 Since PEO is a
semicrystalline polymer, PEO/Li-salt blend shows various
complicated phases. Robitaille and Fauteux studied PEO/Li-salt
blends by wide angle X-ray scattering and polarized light optical
microscopy, and suggested that PEO/Li-salt blend can be 1in
various states, that 1is, crystalline and amorphous phases of

PEQO/Li-salt complex and those of pure PEO.21

At temperatures higher than the melting point, the 1ionic
conductivity of blends at low Li-salt concentrations is an order
of lO_Bf'z_lc:m—l.l&_21 Such high conductivity suggests that
PEO/Li-salt blend is in an amorphous phase and that an
interaction between Lit—ion and PEO in the crystalline phase is
weak. The interaction between ion and polymer depends on the

morphology, the ionic polarity, and so on.22

The solid-state NMR technique enables us to examine the
morphology of heterogeneous polymer blends. The 130 CP/MAS, the
7Li spectra, and the lH relaxation behavior can reveal the
conformation, the stoichiometry, and the domain size of
heterogeneous blend. Furthermore, 13C and 7Li relaxation rates

directly depend on the mobility of polymer chain and Li+—ion,
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Chapter 2 NMR Techniques for Studying the Heterogeneity

of Polymers

v | Detection of Interaction in Solution

A 1§ Nuclear Overhauser Effect

The nuclear Overhauser effect (NOE) is a change of signal
intensity of a nuclear spin when another spin 1is saturated.1 The
1H dipole—dipole interaction gives rise to the NOE between two 1H
spins. Since the strength of dipole—dipole interaction is
proportional to the inverse sixth—-power of +the inter—-proton
distance, there occurs no appreciable NOE between protons
separated by more than 51&.1’2 NOE 1is, therefore, a sensitive
tool to 1investigate whether component polymers are in close
contact on a microscopic scale.

NOE is ordinarily observed in a form of difference spectra.
In the case of steady—-state NOE between 1H spins, the observed
signal intensity is positive and half of the original intensity
when wyT < 1. When Oyt > 1, it is negative. When wHtC=J5/2, the
NOE signal is not observed.l However, the steady—-state NOE 1is
less specific and hence less useful because of spin—-diffusion or
spin—migration.2 On the other hand, the initial buildup rates of
truncated driven NOE difference spectra are simply related to the
inverse sixth-power of the inter-proton distance.2

The initial build-up rate of NOE(cross-relaxation rate o0;

-

)

can be written

0;5=(1/10)ry*h%r; ;7%{-J;(0)+6J, (20y) ) (2-1)
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where Ty is the 1H magnetogyric ratio, # is Planck’s constant
divided by 2rx, Lij is the distance between proton i and proton j,
JO(O) and Jz(ZwH) are spectral densities of motion of the inter-
proton distance Ty and Wy is the 1H Larmor frequency.

As can be seen in eq 2-1, (Gij/oik)l/e is equal to (Lik/Lij)’
if we assume that the spectral density is the same for all proton

pairs. We can simply estimate the ratio of the distance between

i-spin and k-spin and the distance between i-spin and j-spin.

B 130 Spin—-Lattice Relaxation
If a specific inter-polymer interaction exists between A and
B polymers, the molecular motion of polymer chain in the mixture,
in particular, of the interacting region 1is expected to be
different from that of pure polymer. In solution, the fluctuation

13C spin—-lattice

of 13C—lH dipole interaction determines the
relaxation time(lBC—Tl). The molecular motion can be detected by
observing 13C—Tl.

The spin—-lattice relaxation rate 1/(13C—T1) can be written
134 . 5 -6 - _
IS Rl o Ty)=(1/20)K roy  [Jo (g wC)+3J1(wC)+6J2(wH+wC)] (2-2)

where K 1is ﬁrCrH. When the molecular reorientation can Dbe
described by means of a single rotational correlation time tC’B
spectral density Jm(w) becomes Zrc/(1+w2rcz) B o S T, B

In solution, the value of 1/(13C—T1) is governed mainly by

the interaction with closer 1H spin because of FCH—G term in eq

2=2,
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Figure 2-1. Simulated 13C—T1 curves of methine carbon. wc=2nX67.5MHz.

From the temperature dependence of 13C—Tl, we can estimate
an activation energy AE of motion contributing to 13C—T1 by the

Arrhenius relation as follows4

To=Togexp(AE/RT) (2-3)

where 75 is the correlation time at infinite temperature, R is
the gas constant.

When wpto<1 or wyt->1, the plots of 1og(13C—Tl) versus 1/T
show linear relation because that 1/(13C—T1) is proportional to
To or tc—l, the AEF can be obtained from the slope.

Figure 2-1 shows the temperature dependence of 13C—T1 0% SR ;|
13c-1y pair at various AEs. The value of 7, is 1.0x107125 and the
bond-length of 13C-—lH is 1.09A . Values of AE are 2.0Kcal/mol
(1), 3.0Kcal/mol (2), 4.0Kcal/mol (3), 5.0Kcal/mol (4), and
6.0Kcal/mol (5). With increasing activation energy, Ty minimum
moves to higher temperatures and the minimum value remains
unchanged. This indicates that if the temperature dependence of
13C—T1 moves to higher temperatures without change of the wvalue
of Tl minimum, one can recognize that the activation energy
becomes larger. For a 13C—1H dipole pair, a Tl minimum appears at

0oTE¥0.791. When oo is 27x67.5MHz, the value of 13C-T; minimum

becomes 0.106sec.




The mean—-square distance <r2> can be easily obtained with

222 Characterization of Heterogeneity in Solid

the initial magnetization of d—-function

A lH spin-Diffusion
<re>=8Dt (2-6)
Spin-diffusion is a process of energy exchange (flip-flop)
between interacting spins, resulting in a uniform energy

4 From eq (2-6), we can estimate the homogeneous domain size
distribution for whole spin system. The spin-diffusion process

. 1 ] y ; 5 ! if one can obtain the value of D and the diffusion time ¢t.
via the H dipole-dipole interaction homogenizes the
heterogeneous magnetization. Since the dipole—-dipole interaction
depends on the inverse sixth-power of the inter-proton distance,
the spin-diffusion provides information on the homogeneous domain

size.

Figure 2-2 shows a schematic illustration of spin—-diffusion A B

between A—- and B-domains. The flip—flop phenomena of inter— and

e

intra—domains equalize energy levels of A- and B-domains. This is

---->

g
it
-
-

because the overall size of domain is smaller than the maximum v v v v

diffusive path length of spin-diffusion.
—

We can estimate the diffusive path length from the given

equation? Spin-Diffusion Process

aM(r,t)/at = D VZM(r,t)—l/Tl{M(r,t)—M } (2-4)

eq - - . -
Figure 2-2. Schematic illustration of spin-diffusion behavior between A- and

B-domains.
where M(r,t) is the magnetization at a position r and diffusion

time ¢, Méq is the equilibrium magnetization of M(r,t), and D is
fﬁf the diffusion constant. In general, the contribution of the

relaxation to the magnetization is not appreciable compared to

that of spin-diffusion. Therefore, eq 2-4 can be rewritten

dM(r,t)/3at = D V2M(r, t) (2-5)
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90°

Various solutions can be obtained from various initial 1) 1I—{

SL Dec.

magnetizations. Havens and VanderHart assumed that the E i

crystalline/amorphous phase of poly(ethylene terephthalate)

CE
corresponds to the one-dimensional (1D) lamellar model.’' In order S

to simplify the model mathematically, the initial magnetization 9()°

1 X
is assumed to be M(X,O)zMeq for all x<0 and M(x,0)=0 for all x>0. 2) H ’ SL S B
Here, x is a 1D component of the 3D distance r. Under -such S e ]
conditions, the mean-square distance <X2> is equal to 13C T CP

<x%>=(4/3)Dt (2-7) 180° 90°
1 X
) T SL Dec,
In such a way, the coefficient of Dt in eq 2-7 depends on

the 1initial condition concerned. However, the difference of C CP
coefficient is not important to estimate the domain size.S
Because one can not obtain an exact value of D, and because of 5 o o

i 90°  90°,  90°
signal loss during cross—polarization, the difference of 4)

ty i) SL Dec.

coefficient due to initial conditions is overwhelmed by s —

experimental error.

o
However, in the case of Goldman-Shen® or analogous

experiment (pulse sequence 4 in Figure 2—-3), we directly observe

90°
3
the spin-diffusion process as a function of time; the initial 5 1H
: ) SL LIec.
conditions are important. For example, Tanaka, et al. obtained ‘
the signal change of spin-diffusion from the regular structured 90?}( 90(;(

block copolymer sample, and determined whether the spatial C CP I T
dimension is 1D, 2D, or 3p.0 »

Figure 2-3. Pulse sequences with CP. 1) CP/MAS, 2) TlpH’ 3) Tigs
4) Goldman-Shen, 5) Torchia (TIC)'
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B !4 spin-Lattice Relaxation
If the component polymers in the blend form independent
domains, and if the overall domain size 1is smaller than the
maximum diffusive path-length <1"2‘>1/2 of H{ spin~-diffusion for

relaxation time TllO

cresl Catenr, )b/ (2-8) ,

we observe an identical averaged relaxation time for all
component polymers. The observed lH spin—-lattice relaxation times
are TlpH and Ty;y. The observation of two relaxation times
provides information on the two different domain sizes (eq 2-8),
because TlH’ in general, is three order longer than TlpH in the
solid state polymer. The pulse sequences for YﬁpH and TlH are
shown in Figure 2-3.

We show how heterogeneous magnetizations which are created
by different relaxation rates of components are homogenized
during a spin-lattice relaxation time by a schematic
illustration.

First, we consider the spin behavior without spin—-diffusion.
Figure 2-4 shows the spin behavior during Tiy measurement
(inversion-recovery method; pulse sequence 3 in Figure 2-3). The
system consists of A- and B-components; assuming T1A<:TLB' Just
after 7(180°) pulse, both spins are inverted. After r interval,
A-spin recovers first to thermal equilibrium state because of

fast relaxation rate compared to B-spin. The spin system 1is

heterogeneous at that time.

o T T T 1 L
equilibrium P
just after i l l 1
ey f ok

T T T T T hetero-
i v ' v geneous

after oo T T r T g ? ? ?

Figure 2-4. Schematic illustration of the recovery of spins in A- and B-

domains after 180° pulse without spin-diffusion.

SD
?
A B

" -

C o -
O 1 T

TR

Figure 2-5. Schematic illustration of the recovery of spins in A- and B-

domains after 180° pulse with spin-diffusion.
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Next, let’s consider how the spins fecover when the spin-
diffusion' exists between the interface of A- and B-domains.
Figure 2-2 shows spin-diffusion between the both domains. Figure
2-5 includes Figure 2-2 and 2-4. Here, we assume again that 1/T1A
is so large compared to 1/71B that the spins in A-domain can
recover readily to thermal equilibrium. The initial state is left
and top, and after 7 interval the spin sﬁate becomes right and
bottom. As shown in Figure 2-5, the Tl relaxation combined with
spin-diffusion makes B-spin recover to the thermal equilibrium
within 7 interval, otherwise B-spin does not recover in short
time. Note that this phenomenon can be achieved only 1if the
spin-diffusion takes place during Tl'

If the complete spin-diffusion occurs during a period less
than the lH relaxation time among all protons of A- and B- spins,

the 1H relaxation rate is averaged as followslo’11

Tiave & = No/(Np+Ng) x T1,71 + Np/(Nu+Ng) x Ty~ (2-9)
where Tlave is the averaged 1H relaxation time, NA and NB are the
numbers of protons per mole of A- and B-spins, respectively, and
TlA and TlB are the lH relaxation times for A- and B-spins,
respectively.

In order to estimate the domain size in which spins can
diffuse, we evaluate a typical value of D of solid polymers.

According to Assink,12 3D diffusion constant D(ri can be

j)

written

D(r;;)=W(ri;)r;;2/6 (2-10)

Ty 3

where W(ri is the probability of spin flip-flop for two

i)
adjacent spins i and j; W(rij)Nl/Tz(rij), Tz(rij) is the 1H
spin—-spin relaxation time for two adjacent spins. l/Tz(rij) is

proportional to the inverse sixth—-power of,rij. Therefore, D(rij)

can be rewritten
it (2-11)

where C 1is a constant. Assuming that spins distribute uniformly
and 1isotropically in a sphere, eq 2-11 is integrated from 2rg to
infinity, where rg is the van der Waals radius of proton
(1.17A ). Similarly, the same integration of l/Tz(rij)=Crij_6 is

performed. The result is as follows
Deg ro ) To%8e TARLOTAN A2 Henisen™) (2-12)

where the unit of TZ is #s. In general, polymers in the solid
state have maximum T, of 100us at room temperature. Hence, the

diffusion constant D is '\'10"12 g s

From eq 2-8 and D=10“lzcmzsec—l, we estimate the diffusive
path—-length to be 250A for a Tyy value of 1s and 25°A for a TlpH
value of 10ms. It is true that the obtained diffusive path-length
is a measure of size, because Tl is not a constant and D varies
from polymer to polymer. Nevertheless, if we observe a single TlH
value for component polymers, the blend is homogeneous on a scale
of 200-300 A (several hundred A ). Similar criteria hold for
TlpH experiments; the blend is homogeneous on a scale of 20-304&

(several ten A).
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Figure 2-6 shows the relation between the domain size and
spin—-diffusion in Tiy experiment. If the domain size is larger
than 200-300A (Figure 2-6-b), heterogeneous spins can not be
averaged for = interval. On the other hand, if the domain size is
less than 200-300A (Figure 2-6-a), spins of all domains are

averaged after r.

TR R R T R e T
TR R e ] R R TR

b) diffusive length = 200-300A

Figure 2-6. The relation between the domain size and spin-diffusion. a) the

domain size is smaller than 200-300 A . b) the domain size is larger than

200-300 A .

e Phase—Separation

From the analysis of 7& curve, we can detect the phase-
separation process, in particular, the change in composition of
polymer blend A/B. We assume that the phase-separated blend
consists of two spatially separated domains: A-rich and B-rich
domains. -The T{ curves for A and B are double-exponential:
relaxation curves will appear in chapters 3 and 4. The spatial
separation means that the spin-diffusion does not occur between
the two domains. Within a domain, there is a sufficiently fast

spin—-diffusion between A and B to average each T{. A similar view

13

of the phase-separated domains can be found in fluorescence and

NMR studies.14 Figure 2-7 shows a schematic drawing of domain
structure of phase-separated blend. The above assumption suggests
that A and B within a phase—-separated domain have an identical T4
value, but the two polymers in different domains have different
Ty values.

The normalized lH magnetization of A during relaxation
process MA(Z) is expressed by double exponential, reflecting the
two relaxation rates of the two domains; A in the B-rich domain
(B—domain) has TlB_riCh and that in the A-rich domain (A-domain)

has TlA—riCh. The Tlp decay, for example, can be written

MA(f)=XAB—riChexp(—t/TlB—rlCh) + XAA_rlchexp(~t/T1A—rlch)

(2—-13a)

Here, XAi_riCh denotes the fraction of A in the i-domain (i=B or

A; XAB_riCh+XAA_riCh=1). A similar equation for B is given
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ME(T):XBB—rlChexp(—r/TlB_rlch) & XBA-righexp(_t/TlA—rich)

(2~130)

The composition in each domain can be determined by fitting the
two decay curves observed for A and B to eq 2-13.
We can determine the weight fraction of the B-domain of the

(¢AB-rich rieh

whole blend (r) and the coexistent composition
¢AA~rich) of the phase-separated blend from XAB_riCh and XBB—riCh

as follows

ro= )y B-rich 4 0, y B-rich (; 4 O (2-14a)
¢AB—rich 2 XAB—rich ¢AO/F (2-14Db)
¢AA—I‘iCh - (1—XAB—rlCh)¢AO/ ( 1‘1‘)

o1

1 - (1-xgBTiehy (1-4,%)/(1-r) (2-14c)

where ¢AO i1s the total weight fraction of A in blend (for the
A/B=6:4 blend, ¢AO 180 .6), "and ¢AB—rich and ¢AA—rich are weight

fractions of A in the B~ and A—-domains, respectively. These

equations are easily derived from the relation among ¢AO,

¢AB—rich , and r (Figure 2-7).

>

A~rich
¢A

32

homogeneous ' :
phase B-rich A-rich

A-rich

Figure 2-7. Schematic illustration of phase-separation. The homogeneous blend
(left, A/B=6:4) is phase-separated into two domains: the A-rich and the B-rich
domains. ¢AB—rich and ¢AA—rich are the weight fraction of A in each domain.
¢AO is the total weight fraction of A and r is the fraction of the B-rich
domain of the whole blend.
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Chapter 3 Polycarbonate/Poly(methyl methacrylate)

(PC/PMMA) Blend

% Introduction

Bisphenol A polycarbonate/poly(methyl methacrylate) (PC/PMMA)
blend has been studied from various viewpoints.l—lo Gardlund
studied the PC/PMMA blend prepared by the melt extruding method,
and showed on the basis of dynamic mechanical analysis and
scanning electron microscope that the Dblend is partially
miscible. The partial miscibility is ascribed to the n-m complex
formation between the ester group of PMMA and the phenyl ring of
PC.1 Differential scanning calorimetric and cloud point
experiments showed that the PC/PMMA blend exhibits a lower
critital sokation temperature(LCST).2—6 Kyu, et a1.4 investigated
the phase-separation process of PC/PMMA blend cast from
tetrahydrofuran(THF) solution wusing the time resolved 1light
scattering method. Landry and Henrich56 investigated chain motion
of deuterated PC/PMMA blend by the solid-state deuterium (ZH) NMR
method and dynamic mechanical spectroscopy. The rheological
3,9

properties,7’8 polymer—-polymer interaction parameter(X) glass

transition temperature,9 and solvent effects4a have been studied.
The properties of chlorine—-contained PC/PMMAIO and PC-PMMA block

copolymers11 have been also examined.

In this chapter, we describe firstly the high-resolution NMR
study on the inter—-polymer interaction of PC/PMMA blend in
solution. We describe next the miscibility and phase-separation

of PC/PMMA blend in solid.
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In-séction 331 lH NOE and 13C-—Tl experiments in solution
are described. It is true that the structure of blend in solution
may not be 1identical to that in solids. Nevertheless, the
interacting region 1is probably identical in both solution and
solids. 'In fact, Crowther, et al.lz and Mirau, et al.13 carried
out the 1IH NOE experiment to study PS/PVME blend. They showed
that PS and PVME are in close contact in toluene, but not 1in

a1.14 investigated the hydrogen-bonding

chloroform. Zhang, et
interaction of polymer blends in solution by examining NOE.
Evidence of the n-r interaction between the phenyl ring of
PC and the methoxy group of PMMA is given. If such interaction
exists, we expect that blending may alter molecular motion, which
reflects 13C—Tl. The temperature dependence of 13C—T1 is

examined, and mixing effects on molecular motion of PC and PMMA

are discussed.

In section 3.3.2, the 1H spin—-lattice relaxation behavior in
both the laboratory (TlH) and the rotating (TlpH) frames are
examined to study domain size and miscibility. We adopt the
indirect method for obtaining TlH and TlpH by observing the
well-resolved 13C signal, which can provide T{yg and TlpH for each
polymer. The effect of magic—-angle spinning to Tiy and YlpH is
negligible in our experiments.15

We also investigate the thermally induced phase-separation
behavior of PC/PMMA blend. The phase diagram of PC/PMMA blend is
determined. Furthermore, the change of composition in the PC/PMMA

blends during the phase-separation is determined, and the

kinetics of phase-separation is discussed.
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3.2 Experimental

A Materials

PC and PMMA were obtained from ALDRICH Chemical Co. Inc. The
weight averaged molecular weight/number averaged molecular weight
(Mw/Mn) is 33,800/13,400 for PC and 93,300/46,400 for PMMA.
Atactic PMMA is used. The triad tacticity was determined from the
intensity of signals of the a-methyl proton, and the ratio of
mm:mr:rr is 13:40:47. PC and PMMA were dissolved in anhydrous THF
at concentrations of 2-4wt/v%, and mixed at weight ratios of 3:7,
9:5, and 7:3. Very thin and optically transparent films were
obtained by casting the solutions on a glass plate at 58°C.6 The
films were dried further under vacuum at 110°C for 5-6 days.

The transparent 5:5 film was dissolved again in deuterated
THF(THF—dS) at 5wt/v% for the lH NOE and 13C—T1 experiments.

The phase—-separation was promoted for various time intervals
in a furnace controlled at various temperatures. After heating,

the films were quickly cooled in water at about 5°C to quench the

phase—separation.
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B NMR measurement

All NMR spectra were obtained on a JEOL JNM-GX270
spectrometer operating at 67.5MHz for 13C and 270MHz for 1H.

The 13C—Tl experiments in THF—d8 solution at various
temperatures were conducted Dby the conventional inversion
recovery method. The free induction decays(FIDs) were stored 1in
8K data points. The number of accumulated FIDs was 48. The length
o f 13C 90° pulse was 8us, and acquisition time + pulse delay time
was 40s. 1H NOE difference spectra were obtained at -20°C by the
truncated driven NOE technique.3 The 1H radio frequency intensity
for irradiation was 15Hz. The FIDs were stored in 4K data points
using lH 45° pulse of 8us, and acquisition time + pulse delay
time was 8s. The number of accumulated FIDs was 256.

High-resolution CP/MAS solid-state 13C NMR experiment316
were performed under conditions of a spinning rate of 6kHz and an
rf intensity of 55kHz for both 13C and 1H; the magic—angle was
set up by the KBr method.17 The TlH value was indirectly obtained
by observing well-resolved 13C resonances. After applying the
sequence of 180°-z-=90° pulse to 1H nucleus, the cross-
polarization transfer from lH to 130 was undertaken (pulse
sequence 3 in Figure 2—3).18 For the YﬂpH experiment the 90°-t
(spin-locking time) pulse sequence was applied before cross-—
polarization transfer (pulse sequence 2 in Figure 2—3).19 The
free induction decays(FIDs) were stored in 1k data points using

13C 90° pulse of 4.5us, cross—polarization contact time of 2ms,

and repetition time of 4s. The number of accumulated FIDs was

640. All Ti{y and TlpH experiments were done at 38°C.

840 Results and Discussion
3.8.1 Solution Study

A 1H Nuclear Overhauser Effect

Figure 3—-1 shows the lH NOE difference spectra at -20°C. The
methoxy(OCHS) protons of PMMA at 3.4ppm were irradiated. The
irradiation time 1is indicated on the right-hand side in the
figure. Both the intramolecular(y% ) and inter—-polymer( % ) NOE are
observed, which are all negative NOEs. Observation of the inter-
polymer NOE indicates that the closest distance between PC and
PMMA is less than 5A.

The relative intensity of NOE was estimated by the
Lorentzian curve fitting. The NOE intensity is plotted against
irradiation time in Figure 3-2. It is worthy of noting that the
build-up rate is much faster for the phenyl protons than for the
methyl protons of PC.

From the initial build-up rate of NOE (eq 2-1 in chapter 2),
(Gij/aik)l/6 is equal to (rik/rij), if we assume that the
spectral density 1is the same for all proton pairs. We can
estimate the ratio of the distance between the methoxy group of
PMMA (i-spin) and phenyl group of PC (k-spin) and the distance
between the methoxy group of PMMA and methyl group of PC (j-
spin). The initial rate of the phenyl ring protons of PC is four
times greater than that of the methyl protons of PC. Thus, the
distance between the methoxy group of PMMA and the phenyl ring of
PC is about 20% shorter than the distance between the methoxy

group and the methyl group. This provides evidence of intimate

39




closeness between the methoxy group of PMMA and the phenyl group

of PC.
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Figure 3-1. ly NOE difference spectra of PC/PMMA=5:5 mixture in THF-dg at
-20°C. The methoxy protons of PMMA are irradiated for the period shown in each

spectrum. A symbol A denotes the residual water peak in THF—d8 solution.
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Figure 3-2. Irradiation time dependence of the inter-polymer 1H NOE at '=20°C
when the methoxy protons of PMMA are irradiated. Relative NOE is plotted: the
phenyl ring protons at carbon side ( @) and oxygen side (& ), and the methyl
protons of PC ([0 ). The solid lines show the initial slope from which relative

distances are deduced. The ordinate is in arbitrary units.

The NOE difference spectra of the phenyl protons of PC
irradiated were also examined. The irradiation time dependence of
the relative intensity of the inter—-polymer NOE 1is shown 1in
Figure 3-3. The build-up rate of NOE is larger for the methoxy
peak of PMMA than for the mr triad and rr triad a—-methyl peaks of
PMMA. NOE is not remarkable for the mm triad a-methyl and the
methylene peaks (not shown in the figure). Accurate estimation
for the former peak may not be possible because of the small peak

intensity. This NOE result also gives proof of the proximity of
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the methoxy group of PMMA and the phenyl ring group of PC. To
conclude, the phenyl group of PC and the methoxy group of PMMA

interact with each other in THF solution.
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Figure 3-3. Irradiation time dependence of the inter-polymer 1H NOE at -20°C
when the phenyl ring protons of PC are irradiated: the protons of methoxy
protons (8 ), rr (© ), and mr ( A) triad a-methyl protons of PMMA. The solid

lines show the initial slope from which relative distances are deduced. The

ordinate is in arbitrary units.

It was found that the inter-polymer NOE can be observed only
below —-20°C. At higher temperatures above -20°C, the correlation
time 1is presumably in a region where NOE is inefffective.zO A

sharp peak showing negative NOE near 2.7ppm in Figure 3-1 is due

to residual water in THF—dB. NOE was not observed for the water
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peak, when the phenyl protons of PC were irradiated. The
interaction between the methoxy group and the water molecule may

give rise to the negative NOE.

B 13C Spin-Lattice Relaxation

Figure 3-4 shows the observed temperature dependence of
13C—Tl of the methoxy carbon of PMMA in pure and mixed states.
The results of the phenyl carbons of PC are shown in Figure 3-5.
13C—T1 values of other carbons of the mixtures are almost
identical to those of the pure polymers (not shown in the
figures). The solid lines through the data points in Figures 3-4
and 3<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>