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Chapter 1

Introduction






Over the recent years, research on thin films, motivated by both the need for developing
materials for new applications as well as for a fundamental understanding of the properties
has greatly advanced thin film science and technology. Some of the main questions concerns
the changes in the properties compared to the bulk, such as chain conformation, chain
density, and accompanying effects such as altered glass transition, diffusivity, segmental
relaxation etc. All these effects are far from well understood and investigations from various
corners of research are needed for a better understanding of dynamics in these systems.

Conventionally, polymer thin films are considered a homogenous layer of polymer melt
formed on a flat surface. Dynamics of such thin films are accessible by optical methods
such as light scattering |1], diffuse neutron scattering [2], and mechanical techniques such as
AFM [3] , scanning force microscopy [4], tribology [5] etc. Further methods include X-ray
and neutron reflectivity [6] [7], dielectric relaxation [§] and many more.

For dynamical investigations, NMR has earned a special place not only due to the obvious
advantages such as site-specificity, non-invasiveness but the ability to probe a certain feature
by manipulating the spin system. With a clever choice of the method, or by choosing a
combinations of methods, one can obtain information about dynamical processes occurring in
a particular time range. For instance, with techniques ranging from conventional relaxometry
to spectral analysis to diffusometry, processes such as small-scale reorientation motion(in the
range of 100’s of MHz) or chemical exchange (up to a MHz), or very slow translation motion
of chains (a few kHz) can be precisely studied. Although, no question remains about its
potential, its application to thin films, particularly to nano-level thin film, is limited due to
a simple, but a non-trivial reason: the inherent poor sensitivity of NMR.

Interesting NMR investigations on thin films on flat substrates have been by Zeghal et
al. |9) and Rivillon et al. [10]. Their investigations showed many interesting features regarding
the surface-induced chain orientation, segmental ordering and dynamic heterogeneity in these
films. The above studies were done on films above 6 nm in thickness but could not be
extended to monolayer level films due to the above mentioned problem of sensitivity. Mann
et al. [11] proposed the idea of using porous hosts serving as substrates for forming thin films,
and were successful in demonstrating that several populations coexist even in sub-monolayer
thin films, and more importantly that monolayer thin films can be studied using NMR.

The studies cited above and many others address distinct dynamic and structural features
of thin films on flat /porous substrates, however relaxation dynamics of these thin films have
not been investigated thoroughly. Dynamics information using conventional relaxometry
and diffusometry is very efficient in probing motion, but is limited in its range. Especially

motional information from a few 100’s of kHz to a few 10’s of MHz of *H Larmor frequency
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is difficult to obtain using conventional techniques. Fast field cycling (FFC) |12] [13] is the
preferred technique in these cases. By being able to switch the relaxation field (By), in
principle to any field , it enables one to record relaxation times as a function of the applied
field, where the relaxation times are strongly correlated to motion at the corresponding
frequency of the field.

FFC has been extensively used in the past to study relaxation dynamics of bulk poly-
mers, elastomers, polymer solutions among other systems. The relaxation dispersion, or the
spin-lattice relaxation time as a function of frequency, is a reflection of the spectral density
function of the system. Hence, the key to understanding the results lies in the effective pre-
diction/modelling of the spectral density function of the system under study. Such spectral
density functions for polymers, and their manifestations in the relaxation dispersion have
already been described for model polymer systems.

Dynamics of polymer melts, unlike small molecules, differ qualitatively depending on
the molecular weight and can be categorized into two regimes based on their molecular
weight [14]. Molecules with molecular weight below the entanglement critical molecular
weight, M, <M., do not overlap sufficiently and the topological constraints are unimportant.
In order to feel entanglements, the chains must be several monomers long (typically from
a few 10’s to up to a few 100’s). This regime is further categorized depending on whether
long-range hydrodynamic interactions are important for the drag on the chains. Rouse [15]
modeled the dynamics by considering only the local dissipation due to frictional forces as the
chains slide past one another, a situation corresponding to low molecular melts. Zimm [16]
devised a model for dynamics in solutions by considering the hydrodynamic interactions that
dominate in solutions.

In the regime of high molecular weight M,, >M,, the polymer chains are no longer short,
the chain motion is severely restricted by topological constraints, and the chains cannot
cross each other. This situation arises in melts as well as in concentrated solutions. Any
mathematical model should account for the topological constraints involved. De Gennes
[17] proposed the idea of reptating chains in a matrix of fixed constraints, which was later
developed by Doi and Edwards [18], which has come to be known as the tube/reptation
model. The chains are considered to be reptating in a tube made of neighbouring chains. In
the tube/reptation model or simply the tube model, the notion of entanglements in melt was
taken into account as fixed constraints. Schweizer |[19] proposed a formalism for taking the
entanglement effects into account by a generalized Langevin equation applying a so-called
memory function formalism.

FFC relaxometry has been successfully used to study polymers melts above and below



the critical molecular weight and demonstrate many features of the above mentioned mod-
els. Clearly, the relaxation dynamics of linear polymer melts bear distinct signature of the
dynamics as in the frequency dependence of the relaxation time, as predicted by the models.
While a low molecular weight polymer follows the Rouse model, a high molecular weight
polymer follows Renormalized Rouse formalism. The tube model, was not observed in bulk
polymer melts, however, only in polymer melts completely confined inside impenetrable
porous walls, irrespective of the molecular weight; the solid pore walls are more representa-
tive of the fixed constraints as required by the tube model, than the mobile neighbouring
chains. A review by Kimmich [20] summarizes most of the studies made in this field.

These studies clearly demonstrate the power of FFC as a relaxometry technique in study-
ing the underlying dynamics of polymer melts chains in different states. In this thesis, the
interesting condition of confined polymer melt chains forming a thin film on a surface is
undertaken. The aim of the thesis is on the one hand, to demonstrate how field cycling
relaxometry can be used successfully to study thin films in the nano-level, and on the other
to improve our understanding of dynamics and order of chains in these thin polymer films, in
ways that can uniquely be studied by NMR alone. For this purpose, polybutadiene and poly-
dimethyl siloxane thin films formed on a porous substrates are studied using FFC, transverse
relaxometry and Double quantum NMR has been used. Porous ~-alumina membranes and
porous silica rods were used as adsorbates in the study. The polymers have different degrees
of surface interactions with alumina and silica. y-alumina pores were cylindrical channels of
a porous membrane, and the study was conducted on two different pore diameters to see the
effect of surface curvature. Additionally to obtain further insight on the surface conforma-
tions of sub-monolayer thin films, paramagnetic relaxation agents were used to distinguish
between surface and loose chains.

The structure of the thesis is as follows: In chapter 1, a brief introduction to NMR,
followed by relaxometry is given. The chapter then proceeds to address the relation be-
tween motion and relaxation. In the next chapter, the background of NMR relaxometry
is presented. FC relaxometry as well as technical requirements for this technique and for
performing experiments are reviewed in chapter 3. The use of FC relaxometry for the study
of polymer dynamics is described in chapter 4. In chapter 5 and 6, the results from investi-
gations of thin films of PB and PDMS on alumina and silica surfaces are discussed. Later in
chapter 7, the results of investigations of surface conformations of chains in sub-monolayer
films is discussed. The summary of the study and the future outlook of the work are painted
in the last chapter of this work. Hereby, the author wishes the reader good reading and

hopes the reader gains useful knowledge for his/her work.
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The group of techniques collectively known as Nuclear Magnetic Resonance (NMR) has
long been one of the most prominent methods for the investigation of structure and dynamics
in material science. Techniques ranging from spectroscopy to diffusion have enabled us to se-
lectively study the dynamics in a wide range of time scales, among which NMR relaxometry
has played a pivotal role. This chapter deals with the a brief introduction to NMR relaxom-
etry including the relaxation functions, mechanisms and strategies to determine relaxation
time based on the system. More detail on the topics covered below including basics of
NMR, NMR relaxometry can be found in the books of Ernst [21], Levitt [22], Kimmich [23],
Fukushima [24] McBrierty [25] and many others.

2.1 Basics of NMR

2.1.1 Spin energies

Many atomic nuclei have a spin angular momentum, I, and an associated magnetic moment,

4 given by the relation

p=nI (2.1)

where 7 is the gyromagnetic ratio of the spin. Being a quantum mechanical quantity, I is
quantized, hence the orientation of the associated magnetic momentum is also quantized.
Another associated quantum number is the magnetic quantum number 'm’ that defines the
state of the spin. It can take values from +1I to -1, thus for a given nucleus, can have 2741

states.

The z component of the angular momentum vector I, is given by:
I, =mh (2.2)

Here h=h /27, h being the Planck’s constant.
When the spins are subjected to an externally applied static magnetic field By, they

interact with this external field splitting the energy levels that are degenerate at thermal
equilibrium. This interaction is called Zeeman splitting. The energy of a magnetic moment

is then given by:
E = —/JJBO

E = —m~vhB, (2.3)
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As a result, the different spin states that are degenerate in thermal equilibrium have
different energies in a non-zero magnetic field. For an I=1/2 spin (e.g. 'H), m can be +1/2

or -1/2, thus their energies differ by :

1 1

where wy is the larmor frequency of the spins that precess around By. In this case, for protons,
m=1/2 denotes a spin state with orientation parallel to the magnetic field (also denoted "up’,
or " or ), and m=-1/2 denotes an anti-parallel orientation to the field (denoted ’down’ or
'} or ’pY).

The population distribution of these spin states are given by the Boltzmann distribution:

N_
N,

—hB 0] (2.5)

= exp { i

where N_ and N, are the population of the components parallel and anti-parallel to
the magnetic field By respectively. The net macroscopic magnetization M, is the sum of all
individual magnetic moments associated with the nuclei aligned parallel and antiparallel to

the magnetic field.

2.2 Relaxation in NMR

A static By field acting on a spin long enough, brings the spin to equilibrium, which is
defined by a state in which the populations follow Boltzmann’s distribution and there are
no coherences (M, = M,,, the Curie magnetization; M, = M, = 0). Application of an on-
resonant radio frequency (rf ) field perturbs the equilibrium by changing both the conditions
in most cases (however, a population inversion disturbs the equilibrium without creating
any coherences). The spins then undergo two different relaxation processes to return to
equilibrium. One, called the spin-lattice or longitudinal relaxation, results in reverting the
population of spins to equilibrium by dissipating excess energy to the environment called
the lattice and hence the name. The time constant for this relaxation process is denoted by
Ti. The other process called spin-spin or transverse relaxation involves the fading out of
coherences in the transverse plane due to energy exchange resulting from dipolar coupling

with other spins in the system. Both the relaxation processes are closely related to motion,
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thereby making relaxometry a very valuable NMR tool to study dynamics.

2.2.1 The Bloch Equations

The spin equilibrium can be perturbed with an rf pulse oscillating orthogonal to the static
field direction. The response of a spin system to an rf field can be conveniently calculated
with the Bloch equations [26]. Especially the transformation into a frame rotating with
the applied radio frequency, simplifies the expressions and pave the path for a detailed
understanding.

Firstly, in the lab frame, Bloch equations in vector form read as:
M(t) = yM(t) x B(t) — R(M(t) — M) (2.6)

where M(t) is the first time derivative of the magnetization M. At equilibrium, M=M_,;

and R is the relaxation matrix:

/Ty, 0 0
0o 0 17

Upon irradiation, the external field can be defined as:
B(t) = By + B, (?) (2.7)

If the rf wave is a linearly oscillating field of the form:
B, (t) = 2Bjcos(w,f + d)e, (2.8)

then it can be decomposed into two counter-rotating components, of which only the compo-

nent rotating in the same sense as that of the spins has any significant effect on M
B, (1) = Bulcos(wrs + d)e, + sin(wys + 0)e,] (2.9)

Transformation of the Bloch coefficients e,,e,, and e, into a frame rotating with the

frequency w,; gives

(eg,€y,e,) = (e, e . e)xT(t) (2.10)

T Ty Tz

where the transformation matrix T(t) is defined as:
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coswyrt  stnwygt 0
T(t) = | —sinw, st cosw.pt 0
0 0 1

The magnetization vector in the rotating frame becomes

and one obtains the following differential equation:

r

M (t) = yM"(t) x B" — R(M"(t) — M)

where the effective fields By, , are
B! =Bcos¢
B, =B;sin¢
B =By +wp/v=—=Q/y

Here € is the effective precession frequency

Q= —’}/BO — wrf

(2.11)

(2.12)

(2.13)

(2.14)

where w, ;=—vB, ;. Again, the rffield is defined by amplitude B; and phase ¢ (the excursion

from the x-axis towards the y-axis). The Bloch equations in this transformed rotating frame

becomes

- MT
NE(t) =M B — MIB}] - o

» M
M, (t) =y[M.B; — M;B’] —

T
v T DT T DT M;_M

(2.15)

In an actual experiment, the above equations are to be solved to get the various time con-

stants for relaxation.
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2.3 Relaxation and Motion

Relaxation occurs in the presence of randomly fluctuating fields at the Larmor frequency
of the precessing spins and other frequencies occuring in the BPP formalism [27]. Thermal
motion of the spin-bearing nuclei causes these randomly fluctuating local magnetic fields,
which cause relaxation. While molecular motion is not the only cause for relaxation, re-
laxation caused by molecular motion is an efficient tool to study dynamics. In the case of
molecular motion causing relaxation, several mechanisms are responsible for the relaxation,
and the apparent relaxation time is determined by the most efficient mechanism. Some of
the mechanisms that are responsible are briefly discussed below.
T, relaxation can be due to several possible mechanisms and can be defined as:

11 1 1 1
?1 - Tldipolar + quuadrupolar + Tlc’SA + Tlsp'inrotation"'

(2.16)

Dipolar coupling provides an efficient mechanism for relaxation and is most relevant in
systems containing protons. For instance, the magnitude and the direction of the dipolar
coupling between nuclear spins in the same molecule change as the molecule tumbles, causing
fluctuation in the local field exerted by one spin on the other, resulting in relaxation. These
stochastic fluctuation of coupling effects can be intermolecular or intramolecular, the strength
of which depends on the time scale of motion.

Nuclei with I>1/2 possess an electric quadrupole moment that interact with the electric
field gradient generated by the surrounding nuclei. Such coupling effects dominate relaxation,
if present. The magnitude of interaction is dependent on the quadrupole moment of the nuclei
and the electron field gradient present.

Another significant contribution to relaxation is the chemical shift anisotropy (CSA).
In liquids, this is averaged out due to fast motion. However, in solids and soft matters,
the CSAs are not completely averaged out. The contribution of this effect to relaxation is
however limited in 'H containing molecules, owing to the small chemical shifts of 'H and the
usually more efficient dipolar coupling, but becomes important in other nuclei with a strong
chemical shift dispersion.

Rotation of molecules can also cause relaxation, for e.g., rotation of methyl groups,
however, by a mechanism different in nature. Molecular rotations cause circulation of charges
which correspond to an electric current. This current generates local magnetic fields, which
may interact with the magnetic moments of the nuclei causing relaxation.

For the spins, the order of efficiency of the different mechanisms is as follows:
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Quadrupolar > Dipolar > (CSA > spin rotations

coupling coupling

All of the above mechanisms except spin-rotation mechanism, depend on the fact that
a molecular reorientation or translational motion modulates the field due to that particular
interaction, creating a randomly varying field at the nucleus. These randomly varying fields
can be characterized by an autocorrelation function. In the following section, the autocorre-
lation function and its fourier transform, the spectral density function, are discussed along

with its relevance to relaxation.

2.4 Autocorrelation and Spectral density functions

As was just discussed, spin-lattice relaxation is mainly caused by random fluctuations of
space dependent spin-interactions, specially dipole couplings of like spins 1/2 in polymers,
although, quadrupolar interactions dominate if present. The time scales of these random
fluctuations and their influence on relaxation can be characterized by the autocorrelation
function of the fluctuations. Suppose the random fluctuating fields b(t) have a zero average,
but a non-zero magnitude (whose value depends on the fluctuations), i.e., (b(t)) = 0; (b*(t)) #

0 the autocorrelation function G(7) can be defined as:
G(7) = (b(t)b(t + 7)) (2.17)

The function describes how, for an ensemble average, the values of this local field b’ at one
time t, is correlated with its values after an interval 7, independent of the instants in time
over which it is observed. The correlation time 7’ examines how long it takes for a spin to
lose its correlation with the previous orientation in space. The autocorrelation function at

7=0 is by definition equal to the mean square field.
G(0) = (b*(1)) (2.18)

According to time dependent perturbation theory, the Intensity or the Spectral density
function (I(w)) defines the transition probability per unit time, and is related to the spin-
lattice relaxation rates. The intensity function is on the other hand the fourier transform of

the autocorrelation function:
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I(w) = h G(7)exp(—iwT)dt = 2 h G(7)cos(wT)) (2.19)

—00 0

For isotropic motions, a reduced autocorrelation function can be defined as:

_ 00)b0)
e = o) (220

The reduced intensity function is then defined as:
I(w) = 2(b*) [ (w) (2.21)

When defining the normalized autocorrelation and intensity functions the isotropic system
is also assumed to be ergodic. That is, the average of a single spin over a long time or several
spins at a single time covers all possible orientations. This also implies, that although the
individual fields fluctuate depending on the exact environment and show a wide range of
behavioral differences, the ergodic approach adopted here, results in the average local field
showing some characteristic memory before it changes in magnitude or direction. Thus the
correlation function G(7) will have the general characteristic that it eventually decays to 0.
For the purposes of describing spin-lattice relaxation, assuming it decay exponentially, the

normalized autocorrelation and its fourier transform, the Intensity function, are given as:

G(r) =exp(—=(|7| /7)) (2:22)
T(w) Z% (2.23)

The different relaxation rates (T; !, T, ' and Tfpl) are generally expressed as a sum of individ-
ual contributions of the spectral density functions at different frequencies to the concerned
relaxation rate. For a dipolar coupled two like spin-1/2 systems, expressions for the spin-
lattice relaxation rates in the laboratory and rotating frames, and transverse relaxation rate

(assuming an exponential decay of the autocorrelation function) are given by:

1 3

T ZE’C [M(wo) + 41(2wp)] (2.24)
1 3,

T =55/ BL(0) + 5l(wo) + 20(2wp)] (2.25)
1 3,

o =5 /C*wn) + 51(w) + 21(2wo)] (2.26)

where the wq is the larmor frequency of the precessing spins, w; is the frequency of the rf

irradiation, and constant I is:
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fio hy?
K=—-———/ 2.27
47 73 ( )
Here again, ~ is the gyromagnetic ratio of the spin, and r is the internuclear distance between
the interacting spin-pair. In case of r representing different spin pairs, the different r for each
spin pair should be taken into account, and the final equation for 1/T; carries an ensemble

average < r~% > rather than (r®)? as above.

The above expressions are known as the BPP formulae [27]. It can be clearly seen that
the motivation behind studying relaxation dispersion, i.e. relaxation time as a function of
frequency(T(w)) is to get information about the spectral density function and hence the

dynamics. This is explained pictorially represented in fig2.1]

1(0)
I(®,)

J( (030)

12w,)

1000 500 0 500 1000
®/2n [MHz]

Figure 2.1 : Spectral density function of a (mono)exponentially decaying process represented by a
Lorentzian curve indicating the various components related to the relaxation terms. wg and wy are
the frequency of the probing static magnetic field and the rf irradiation respectively.

While the above mentioned case of exponentially decaying autocorrelation function is
only a model, it is rarely encountered in systems like polymers that are far more complex.
The precise form of the spectral density function in such cases is generally very difficult to
calculate, however, under certain assumptions can be calculated for complex model scenario.
Such functions that have been calculated for certain models of linear polymer melts are

discussed later.
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2.5 Strategies to determine relaxation time

In order to determine, the longitudinal and transverse relaxation times, Ty and Ty, several
approaches can be adopted depending on the system. Some of the most common approaches
and also the ones that were used in this study are outlined in this section. A review of

several methods, and a large annotated bibliography of the methods can be seen in [2§].

2.5.1 Spin-lattice relaxation

Apart from its importance in reasearch, for most experiments the Ty basically determines
how fast can an experiment be repeated if one needs to have a good signal at the start. Thus
it becomes an indispensable parameter to be considered for most NMR experiments. A T,
relaxation experiment involves tracking the spins coming back to equilibrium conditions from
a predefined non-equilibrium established prior to relaxation. In conventional NMR, this can
be achieved by either making the population difference between the states to zero i.e., M,=0
called saturation or by inverting the population difference, i.e. M, = —M,, called inversion.
This can be done by bringing all the longitudinal (equilibrium) magnetization(M¢?) into
transverse plane with a 90° pulse or by inverting M¢? into -M¢? with a 180° pulse respectively.
In both the cases, by sampling the magnetization that recovers after a relaxation interval
‘77, the T4 times can be estimated. The following expressions can be used to estimate T in

these cases.
M, (1) =My(1 — 2exp(—7/T1)) (Inversion recovery) (2.28)
My(1 — exp(—7/T1)) (Saturation recovery) (2.29)

=
S
]

The advantage of inversion over saturation recovery is that inversion offers a larger dynamic
range(-M, to +M,), compared to saturation (0 to M.), hence is more accurate. However,
the requirement that an inversion recovery experiment has to begin at -M, which requires a
complete return of magnetization to the static field orientation Z-axis, (i.e M,=Megq) before
every transient consumes time. Saturation can be achieved readily by a train of 90° pulses
whose phases are cycled which costs only a few ms at most, where the waiting time between
transient is the Ty of the system. A judicious choice of the method can be made based on
the application of the result.

In contrast to conventional NMR methods, in Field Cycling NMR, the spins are al-
lowed to equilibrate to a predefined high field (called the polarization field) B, where the
z-magnetization can be defined as M,=M(B:?). The field is then switched to relaxation field
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of interest for a certain relaxation interval 7. The resulting magnetization is observed by
switching quickly to a high field and applying a read pulse. Thus by observing the magneti-
zation after various relaxation intervals(7,), the relaxation time T; can be described by the

following expression:
M. (1,) =Mo(B;) + [Mo(By) — Mo(B,))exp{~7/T{"} (2.30)

This is dealt with in more detail in

2.5.2 Spin-spin relaxation

Other than molecular motion, a potential contribution to transverse relaxation (loss of co-
herences) is the static field inhomogeneities in the sample. In cases where the field inhomo-
geneities are high compared to the line width due to spin-interactions, the observed decay

constant, T% is shorter, and is given as:

1 1
_— = — AB, 2.31
T + YADbg ( )

(2.32)

Among the methods used for determining T5, the most common ones include observing the
decay of Hahn-echo(or spin echo), CPMG echo and solid echo. Hahn established [29] a pulse
sequence of the form 90° - 7 - 90° - 7 that resulted in the formation of an echo centered at
27 resulting from the reversal of the time evolution of the FID. It was also observed that the
echo amplitude decreases with increasing 7 delay.The echo amplitude M(27) for different 7

can then be used to extract the Ty relaxation times using the following equation:
M(27) = Myexp(—27/T3) (2.33)

When liquids are measured, the high diffusion coefficient should be taken into account in
determining the Ty for such systems. The Carr-Purcell-Meiboom-Gill (CPMG) pulse se-
quence [30, |31] which consists of a series of 180° pulses instead of just one 180° pulse,
applied regularly at a time interval of 27 results in the formation of an echo in the middle

of each pulse separation. The echo amplitude can be analysed with the following expression



2.5. Strategies to determine relaxation time 23

to determine Th:
M (2n7) = Myexp(—2nT1/Ty)exp(—2/37*g* Dnt?) (2.34)

Where D is the diffusion coefficient, g is the field gradients, 7 is the gyromagnetic ratio of
the nucleus. By repeating the experiment for different 7, the diffusion coeffiecient can also
be computed.

The other basic pulse sequence that is useful for the studies in dipolar solids is the solid
echo [32]. The pulse sequence is similar to that of spin-echo except the pulse phases are
orthogonal. The sequence is of the form 903 - 7 - 90g, - 7, where the subscript denotes the
phase in which the pulse is applied. This sequence is effective in refocussing any bilinear
terms in the interaction hamiltonian. Direct and indirect dipole couplings terms between
two spins appear as bilinear terms in the total spin hamiltonian, therefore this sequence is
effective in refocussing such two-spin dipolar couplings. It is of importance in systems such

as polymers where more often than not dipolar coupling influences relaxation.
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Field cycling has been mainly used to obtain spin lattice relaxation dispersions, i.e. re-
laxation times as a function of the probing frequency, T;(w). A conventional longitudinal
relaxation measurement probes the spectral density of the fluctuations in motion, J(w), typ-
ically at the Larmor frequency (w). The spectral densities in turn are the Fourier transforms
of the correlation functions G(t). A relaxation dispersion thus provides information about
the spectral density function over a broad range of frequencies, which is important to have
a comprehensive understanding of soft matter dynamics. Information from this method has
been applied successfully in several fields including porous media, liquid crystals, polymers,
and many more to learn more about molecular dynamics, order and other intersegmental
interaction.

In order to understand the relaxation dispersions, dynamics-specific spectral density func-
tion or alternatively autocorrelation function has to be predicted describing the spin inter-
actions. For instance, relaxation dispersions of linear low molecular weight polymers are
described by the Rouse model, that takes into account the dynamics of the chain segment
in a viscous medium without hydrodynamic backflow or excluded volume effects. Thus a
case-dependent model is important to successfully describe the relaxation dispersion.

In this work, FC has been used to probe dynamics of linear polymers confined inside
porous substrates. Pertaining to distinct categories of dynamics, three different models have
been described. For the case of short linear polymers, that do not form entanglements, Rouse
model predictions exist. As the chain forms entanglements, or encounters other obstacles
in terms of confinements, their dynamics typically slow down and complicate. For such
cases, more complex formalisms such as the Renormalized-Rouse or the Reptation/tube
model exists. Interestingly, the relaxation dispersion in such cases shows distinct and clearly
distinguishable features.

In this work, the theoretical aspects of field cycling relaxometry and a brief description of
the spectral density functions of different scenarios that was briefly mentioned above along
with its manifestations in the relaxation dispersions are described. The contents of this

chapter are mainly based on the works of R. Kimmich and N. Fatkullin |20} |13].

3.1 Correlation functions for Dipolar and Quadrupolar
couplings

The relaxation formalisms of 'H and 2H nuclei are considered in this section although in this

work, the relaxation data mainly refers to 'H nuclei. The T; relaxation times as measured
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from the field cycling technique in this work refers exclusively to proton relaxation from
like spins, i.e. the case of homonuclear spins. Although the relaxation mechanism of the
two nuclei is different - the mechanism of 'H relaxation is based on fluctuating dipole-dipole
coupling of spins while in the case of ?H relaxation, the electric quadrupole moment that the
spins possess is subject to quadrupole coupling with local molecular electric field gradients-
the relaxation formalisms of the two mechanisms have so much in common that the analytical
expressions that it lead to are largely similar. The reason behind this is that the spatial part
of the dipolar interaction can be commonly expressed by second-order spherical harmonics
Yo (0, ¢) with m=0, £1,£2 as,

5
Yoo(T) =/ — o [3cos®0(7) — 1],

You(r —sme YeosO(T)explio(T)],

Yoo(T) =4/ 327Tsm 20(7)exp[2igp(T)). (3.1)

Here, Yo _1(7)=Y3,(7) and Yy _5(7)=Y35,(7) also holds. The only terms in the interaction

Hamiltonians relevant for spin-lattice relaxation in homonuclear spin systems (as in this

—_
ﬁ

case), in the laboratory frame are those for m==+1 and m=42 selected by spin operator
terms inducing single-quantum and double quantum transitions, respectively. The term
m=0 is important only in the case of "unlike’ spins that undergo zero-quantum transitions
as a result of energy exchange between Zeeman spin energy states and lattice energy, and in

the case of rotating-frame relaxation.

With the spherical harmonics expressed in polar coordinates, the azimuthal and polar
angles, 0(7) and ¢(7) respectively, describe the instantaneous orientation of the coupling
tensor (related to the internuclear vector in the case of dipolar couplings and to the ori-
entation of principal field gradient in the case of quadrupolar interaction) relative to the
magnetic field direction By. Molecular motions in the sense of reorientations render the rela-
tive orientation of the corresponding coupling tensor (dipolar/quadrupolar) time dependent.
Consequentially, the dipolar or the quadrupolar Hamiltonians become time dependent and
induce spin transitions as predicted by time dependent perturbation theory. In the case of
dipolar couplings, the internuclear distance (r) fluctuates as a result of motions, however this
is significant only in the case of intermolecular interactions, whereas all intrasegment cou-
plings are associated with constant r values. In fact, the comparison of relaxation behavior

of proton and deuteron relaxation, where dipolar and quadrupolar interactions respectively
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dominate paves an important way of distinguishing inter and intra molecular contributions

to overall relaxation.

In the frame of the Bloch/Wangsness/Redfield (BWR) relaxation theory [33} 23], the fluc-
tuations of the spin Hamiltonians are represented with the aid of normalized autocorrelation

functions of the type:

Ya.m (0o, ¢0)Y2,—m (b7, ¢-)
G (1) = < > (

ror dipolar coupling)
<|Y2,m(90, </50)|2> g
B
Gm(T) = (Yam (6o, ¢0) Yo —m (07, ¢-)) (quadrupolar coupling) (3.2)

The subscripts 0" and ’7’ stand for the instants when the autocorrelations are taken
and the brackets for an ensemble average over all spins systems in the sample. As earlier
discussed, dipoles fluctuating due to motion induce spin transitions and according to the
time dependent perturbation theory, the transition probability per unit time is proportional
to the spectral density function or the intensity function of the fluctuating dipole. The

spectral density function is in turn the fourier transform of the autocorrelation function:

It should be noted that the spectral density function defined thereby is independent of the

'm’ for isotropic systems since it is based on normalized auto-correlation functions (eqn. |3.2)).

In(w) = /_ " G (r)eTdr

o0

_ /0 " Gon(7)coswrdr (3.3)

The spin lattice relaxation rate directly reflects the spin transition probabilities per unit
time for single and double-quantum transitions and is proportional to a linear combination

of spectral densities of the form:

7 = Compl () + 1(20) (3.4)

where w is the resonant Larmor frequency of the nuclei. The analytical form of the above

equation is valid for systems of homonuclear dipolar coupled spins.
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3.2 The three components of polymer dynamics

The three most popular models describing dynamics of linear polymer melts are the Rouse
model [15], the renormalised Rouse model [19] and the tube/reptation model |17, [18]. While
the Rouse model describes the dynamics of unentangled polymer melts (M,, < M.) by not
considering intermolecular interactions due to entanglements, the other two models con-
sider entangled polymer dynamics (M,, > M.). Whereas in the tube model the entangling
(surrounding/confining) chains are modelled as stationary, the renormalized Rouse model
assumes the entangling chains as both confining as well as mobile. (As will be seen, this
model accounts for the non-observance of reptation characteristics in entangling melts, while
the reptation/tube model originally predicted for entangled dynamics predicts the charac-
teristics of polymer melts confined inside hard impenetrable pores).

Polymer dynamics cover a wide range in time scales. However, the shortest time scale
describing polymer dynamics is the segment fluctuation time (75) defined as the time constant
of motion occurring inside the so-called Kuhn segment, which in turn is defined as the
shortest segment length above which no orientation correlations with the neighbouring Kuhn
segment exists. At the same time, the length of the kuhn segment is large enough to permit
the neglect of any stereochemical restriction of the orientation of the Kuhn segments relative
to each other. Thereby, the chemical structure, bonding and interactions at the molecular
level are neglected and accounted only indirectly by parameters such as friction coefficient 7.
However far fletched, this assumption of independence of chain dynamics (and other related
physical phenomena in the field of polymer dynamics) from the local small-scale details holds
true in almost all cases (known as the concept of universality).

Based on the times scales of different processes, the polymer dynamics are broadly
categorized into three components relevant for NMR relaxometry. The experimental fre-
quency /temperature window accessible by NMR relaxometry is schematically shown along
with the three components of polymer dynamics in fig. [13].

3.2.1 Component A

Component A comprises of motion at very short length scales. It represents fluctuations
occurring within the Kuhn segment up to the time scale 7 = 7. In addition, the monomer
side group rotations contribute, if such groups exist. All reorientations, corresponding to
component A, cover only a solid angle range of the interdipole vector (in case of 'H) or the

electric field gradient axis (in case of ?H). A consequence of this restricted motion is that
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Chain modes
(component B)

102 viHz 100

Figure 3.1 : The experimental window of field cycling relaxometry in combination with high field
techniques . As can be seen, FFC predominantly probes the chain mode regime while the other
components can be probed only for restricted molecular weights and temperature ranges.

the correlation functions of dipolar and quadrupolar correlation functions do not completely
decay to zero leaving a residual correlation that is decayed further only by chain modes. The

correlation function specific for component A can be written as:

Ga(t) = ga(t) + Ga(o0) (3.5)

where ga(7 > 7,) = 0. With Ga(00)/Ga(t) = 1073...1072, it can be seen that most of the
orientation correlation function decays already due to component A. The slower components
B and C can therefore correspond to only a small residual value. This strong correlation
decay due to component A consequentially determines the T; minima related to the value
of 7, via the minimum condition w7y ~1. The values determined by T; minima corroborate
that the frequency range of FFC largely corresponds to the time limit ¢ > 75, i.e. the

technique majorly probes the chain mode regime beyond the local segmental fluctuations.

3.2.2 Component B

Chain motions longer than 7, and shorter than the terminal relaxation time 7, (7, < t <
7;) corresponds to component B. This regime is independent of molecular mass and refers
to the hydrodynamic chain mode regime which is of particular interest in the context of

chain dynamics models. The spin lattice relaxation dispersions measured by field cycling
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relaxometry technique are largely governed by this component.

3.2.3 Component C

Being the cut-off process for component B, this relates to the terminal chain relaxation
time 7;, after which all memory of the initial conformation is lost. This manifests into an
‘extreme narrowing’ plateau at the low field in the relaxation dispersion. Since this cross-over
is connected with 73, it is strongly dependent on the molecular mass. This effect therefore
shows up in the experimentally accessible frequency window of NMR relaxometry only for

relatively low molecular masses.

3.3 Correlation functions on the basis of time scale of

motion

A total expression for the correlation function for polymer dynamics relating three partial

correlation functions based on the three components can be expressed as:

G(t) = GA(t) * GB(t) * Gc(t). (36)

The subscripts denote the partial correlation functions corresponding to the three compo-
nents. These functions are interpreted as probabilities that the respective fluctuations have
not yet taken place at time t. Applying the different time limits for each of the normalized

partial correlation functions, i.e.

Go(t <m) = Ge(0)=1 (3.7)

and applying the above relations into eqn|3.6] we have
G(t) = ga(t) + Ga(oo) x Gp(t) * Go(t) (3.8)

where G4(00) is the residual correlation remaining after decay due to component A and is
a constant. G¢ becomes relevant only for molecular weights close to M,.. For higher M,,
(M,, > M.), the fluctuation rates due to component C appear only in the lower frequency
end of the relaxation dispersion, in which case G¢(0) ~ 1.

In the experimental window of FFC (typically 10® < v < 10%), and for molecular weights
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M,, > M., the most relevant component that is probed is the component B. That is, as was
mentioned earlier, the correlation function that corresponds to the relaxation dispersions

can be primarily identified with the component B according to:
G(rs <7 <m) = Ga(0) *x G (0) x Gp(t) = const Gp(t) (3.9)

The component B is also of great interest for testing the model polymer dynamic theories
since it describes the chain mode regime. Thus NMR relaxation data from FFC can be

directly used to compare predictions of the theories [15, (19} |17} [18].

3.4 Rouse Dynamics for unentangled polymers (M<K
M.,)

The Rouse theory of polymer dynamics applies to low molecular weight polymers with
M, < M, and dilute solutions where entanglements do not form yet. It considers the dy-
namics of an isolated Kuhn segment chain in its bead and spring form in a viscous medium
without hydrodynamic backflow or excluded volume effects. The effective intramolecular
interactions between the segments are approximated by entropic harmonic interactions, re-
flecting the Gaussian character of the large-scale chain conformation while the intermolecular
interactions (with the surrounding viscous medium) are taken into account by friction and
stochastic forces acting on the segments. The T, relaxation dispersion predicted [34] based

on the Rouse theory is:

-1 —Tdn(wr,) for TR' <w <!
wWwrglnN  for w <L TR

Experimental confirmation of these predictions have been observed for different polymers
M < M, including Polydimethylsiloxane [34] [35], Polyethylene [36] etc.

3.5 Dynamics of Entangled polymers (M>>M,)

As the molecular weight (i.e. the chain length) of the polymer melt increases above the crit-
ical value, the neighbouring chains constrain the dynamics of the studied chain, a concept
known as entanglements. Rouse model is based on single chain dynamics and neglects the

effect of entanglements and does not account for the entangled polymer dynamics. Basically
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two theories have been successful in explaining the relaxation behavior of chains that expe-
rience topological constraints. The tube/reptation model |17 |18] was proposed to explain
the effect of entanglements by modelling the dynamics of the studied tagged chain moving
inside fictitious tubes made of surrounding chains. However, the assumption of the fictitious
tube that is static, results in predicting exponents that are not experimentally observed for
entangling polymers but rather for polymers confined inside hard pore walls.

The so called renormalized Rouse model, a model developed by Kimmich et al. [37, 20]
following the suggestion by Schweizer [19] has been able to describe the power law behavior
on a time scale 7, > 7 > 7, indicative of component B, predominantly probed by the Field
cycling technique.

Under this condition, the following power laws have been predicted:

MP2WOSE005  (region I : highmode — number limit)
Ty o< ¢ MOWOBE003 (region IT : low mode — number limit)

MPOWOA5E005  (region I11 - inter — segment interaction limit)

It should also be clearly mentioned that the renormalised Rouse model is far different
from the tube model in several ways including the frequency limits of different processes as
well as the exponents observed.

These power laws given above, have all been observed for different polymers at different
conditions of temperature due to the limited experimental window thereby making it the
most appropriate model thus far for describing entangled polymer dynamics.

The limits I and II, known as the high and low mode number limits, observed in several
polymers cannot still be considered as a decisive backup to the theory. These theoretical
exponents are slightly affected by the renormalisation ansatz [19] and cannot be tracked back
to elementary principles, hence are subject to some ambiguity. However the basic features
such as the two experimentally observable limits and predicted crossover between the limits
is an important result in explaining the dynamics of unentangled polymer melts.

Fluctuation of internuclear vector of dipoles from different segments occur as a conse-
quence of displacements of the dipole hosting segments by self-diffusion relative to each
other. Self-diffusion is a slower process hence these (intersegmental) fluctuations take much
longer when compared to the fluctuations of dipolar interactions of dipoles in the same seg-
ment. Recently it has been shown that apart from the effect of slow self-diffusion motion,
the averaging of several spin-interactions results in a slower fluctuation of the position of
the average than that of an individual spins [38]. Consequently, spin-lattice relaxation af-

fected by intermolecular dipolar fluctuation show at much lower frequencies. The region III
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(low mode number -long time limit), occurring at low frequencies is dominated by contri-
butions due to such inter-segmental interactions. This can be tested by comparing proton
with deuteron spin lattice relaxation dispersion of the same polymer species at low frequen-
cies. Deuteron relaxation is dominated by (intra-segmental) quadrupole coupling with the
local electric field gradient, whereas proton relaxation is subject to intra- as well as inter-
segmental interactions. Relaxation dispersion studies of protonated and deuterated PB and
PEO melts [37] showed that the region III is absent in the deuterated samples due to the

absence of intersegmental interactions.

3.6 Dynamics of confined polymers

Polymers confined inside impenetrable pores undergo anisotropic motions along the axis of
the pore. De Gennes developed the reptation theory to explain the dynamics of polymers
moving between fixed obstacle. Doi and Edwards extended this theory to the theory now
known as tube/reptation or simply tube theory. Reptation behavior has been observed with
fast field cycling when polymers are confined in nanoscopic pores [39], when the confinement
size is of the same order of the molecular size, namely the gyration radius, R,. Based on the
theory, four different four different characteristic times, viz. the segment fluctuation time
Ts, the entanglement time 7., the Rouse relaxation time 7z, and the tube disengagement
time, 74 were proposed for polymer dynamics. The theory proposes different dependencies
of molecular weight and frequency in different regimes. Two of the experimentally observable

dependencies are given below |20, |40].

. MOWO™  for R <w < Tt (limit [pg)
1 M=950% for 7' <w< Tt (limit [pg)

Although reptation characteristics have not been observed in larger confinements, mo-
tional restrictions were observed even in (non-interacting) micrometer level confinements [41].
In such cases, the effective tube (tube as defined in the tube/reptation model) is formed by
the neighbouring chains, whose low incompressibility restricts lateral motions perpendicular

to pore axis, an effect that has come to be known as corset effect [39).
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The power of NMR spectroscopy to probe motions in soft matter and complex systems
is rather well known with its large number of complex techniques developed in the last few
decades that have answered several questions and discovered new phenomena. When applied
to investigate systems such as polymers, liquid crystals, proteins, etc. where motions span
several decades in frequency, information about reorientations, translational diffusion etc.,
can be studied at both high field as well as low fields. However, there are several processes
in these systems such as Rouse modes and back-bone fluctuations in polymers that occur at
intermediate frequencies that cannot be probed by conventional relaxometry/spectroscopy,
the main drawback arriving from technical difficulties in the intermediate fields and from the
weak signal strength. A preferred method in such cases is the NMR field cycling technique
which can be used to study the relaxation times as a function of the applied field, arriving
at what is known as the NMR dispersion or relaxometry profile, which is a signature of the

auto-correlation function of motion. This method can be applied to systems where complex

w/Hz
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Figure 4.1 : The time scales(t) and angular frequency scales(w) covered by different NMR methods.
The ranges indicated refer to proton resonance.

distributions in motions that span a broad range of time scales exist. The method involves
subjecting the sample to a high polarizing field, subsequently subjecting it for a known time
to a relaxation field where the relaxation time is to be found, then recording the remaining
magnetization at a high field. This cycle is repeated for different durations of the relaxation
field to arrive at the relaxation time at that field. A relaxation dispersion can then be arrived
at by studying the relaxation times at various relaxation fields. Switching between different
fields or cycling the field can be carried out both mechanically as well as electronically.

Mechanically, this is done by shuttling the sample between different magnets (fields) using
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pneumatic systems. Earliest studies were done this way. However this method involves long
switching times and hence is only limited to relaxation times above 100’s of ms. For faster
field cycling, an electromagnet has been used, where the field is directly cycled without
shuttling the sample within a few ms, a method that has come to be known as Fust field
cycling(FFC). This method enables to record very short relaxation times thus permitting
measurements of long scale motions in the order of a few ms. In this chapter the principle
of Fast field cycling relaxometry, its technical requirements, and the fabrication details of a

modern Fast field cycling relaxometer are discussed.

4.1 General Concepts

The primary and the most widely applied function of a field cycling relaxometer is to
measure longitudinal relaxation times (T;) at various applied fields. In general, commercially
available relaxometers employ fields between 1 T to about 10~ T. The general principle of
a field cycling relaxometry experiment involves switching the applied field between different
values, the magnitude and duration of which is carefully preselected. Depending on the
relaxation field at which the relaxation time is to be determined two types of sequences
are used. In the case when the relaxation field is low, a sequence involving prepolarizing
the spins at high field then switching down to relaxation field and detecting the resultant
magnetization at another high field is used. As the relaxation field approaches high values,
the polarizing field can be omitted since there is no obvious advantage in pre-polarization
of spins as well as a low dynamic range between the polarization and relaxation fields for
relaxation. The two schemes are represented in fig. [13].

In more detail, for the prepolarizing sequence, the sample is first placed in a high field
known as the polarizing field B, for a time 7,, in order to pre-polarize the spins before
the actual relaxation experiment. In order to ensure maximum polarization, the field B,
is chosen to be high and 7, is chosen to be at least as long as 5*T; of the system under
study at B,. The attained Curie equilibrium magnetization then is My o< B,,. Next, the field
is switched from B, to the preselected relaxation field B, at a rate fast enough to prevent
excessive relaxation losses, yet slow enough to allow for adiabatic field changes (see.
Ignoring any relaxation losses during switching, the initial magnetization at the relaxation
field M(0)=Mg(B,) will relax to the new Curie equilibrium magnetization of the relaxation

field Mo(B,) with a relaxation time T? ", so that the magnetization evolves according to the
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Aty <> At,s
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Figure 4.2 : The two basic field cycling sequences for measuring NMR dispersions. (Top) For cases
where B, <B,, a pre-polarization sequence is used, with the application of the polarization field.
As the relazation field increases and approaches polarization field (B, > B,), a non-polarization
sequence is applied (Bottom). Shown are the magnetic fluz density (By), radio frequency amplitude
(B1) and the magnetization (M) with the approzimate relazation curves. t,- polarization time, -
relazation interval, Aty q- upward/downward switching time including the settling interval.
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following solution of Bloch’s equation:
M.(r) = Mo(B,) + [Mo(B,) — My(B,)lexp{~7/T{"} (4.1)

The magnetization given above is the remaining magnetization after the relaxation
interval 7, which can be detected with a suitable 90° pulse after switching to a detection
field B, normally kept high for technical reasons ( see ). Then the whole experiment
is repeated by changing 7,.. In the above, the switching intervals were not considered. Upon
consideration of the finite switching intervals (At,) and (At,) for the downward and upward

switching respectively, the magnetization at the detection field becomes:
M.(r+ Ay + A7) = [(Mo(Atg) — M)e ™™ 4 Mle™ + ¢ (4.2)

where ¢} and c§ are switching constants related to the instantaneous spin-lattice relaxation

time. The relaxation behavior to be evaluated is of the form:
Meteted(T) = M+ AMH e/ (4.3)

where M, AM¢/T and T are fitting parameters. M, AM&// are implicitly defined in the
equation (.2

The relation shows that the relaxation is a function of 7", and that there are no sys-
tematic errors occurring due to relaxation losses during switching intervals and the dynamic
range of the measurement is important for the accuracy of the measurement. In the other
case, when the relaxation field B, approaches the polarization field B, the dynamic range
becomes small for accurate measurements for evaluating TY". Hence it is more favorable
to omit the polarizing field where the spins relax to the relaxation field from zero field, or
use a negative polarization (prepared with an inversion pulse at the end of the polarization
field), where the prepared non-equilibrium is negative before relaxing to the new field. The

relaxation curve for evaluation then becomes:
Mdetected(T) — M>®— AMeffe_T/Tl (4 4)
z z z N

Measurements made from fast field cycling relaxometry can be supplemented with measure-

ments made at high frequencies in the order of 100’s of MHz with conventional relaxometry.
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4.2 General Considerations

In order to perform efficient and accurate field cycling experiments, different requirements
have to be met and various factors have to be considered regarding the accuracy of the field,

the settling times, the switching rates etc. Some of these will be discussed below.

4.2.1 Contributions to the Magnetic field

At high fields, typically above 10 kHz, the influence of additional fields like stray field,
Earth magnetic field, and internal local fields from the sample are negligible. As the relax-
ation field becomes low, it becomes important to consider the contributions due to additional
fields in the surrounding and effectively compensate them. Utilizing compensation coils sur-
rounding the magnet then becomes necessary to reach relaxation fields less than 104 T
(about 4 kHz in 'H frequency). Even smaller fields can be probed in such cases, provided
that the field is reached and settled in a short enough time for accurate measurements of
relaxation times.

Another important external influence is the field distortion due to increasing temperature
of the magnet. During the application of high currents for long periods, the strong current
passing through the magnet produces heat which in turn produces a mechanical stress that
shifts the magnetic field value during the current pulse. This effect is usually present during
the whole passage of the current and becomes more important during high current and long
pulses. With a temperature compensation system, this can be compensated by adding a
time dependent signal to the current control reference that offsets the field shift. This is
especially suitable when dealing with long T relaxation times because of the long duration

of the applied magnet current.

4.2.2 Specifications of the field cycle

Whether reaching a low relaxation field from a high polarization field or a high detection
field from a low relaxation field, the field switching has to occur such that reaching, settling
and stabilizing at the desired field all occur within a time in the order of the relaxation
time at the relaxation field with a reasonable accuracy of at least 10%. At the detection
field, the accuracy and reproducibility of the field should correspond to the bandwidth of
the RF system. For effective measurements, the magnetic flux density needed for magnetic
resonance should be reproduced with a relative homogeneity between 10~° and 10~*, which

is another limiting factor in the measurements. Such relative field homogeneities are feasible



44 Chapter 4. The Fast Field Cycling Relaxometer

with special coil design and current density distributions. [42, |43]. Being sufficient for most
applications, the switching times for the detection field is defined by the time needed until
the final field is stabilzed with an accuracy of between 10~° and 104,

4.2.3 The adiabatic condition and the optimal switching rate

The switching rates especially at low field where the relaxation times of most systems
are very short, have to be high in order to prevent any relaxation losses during transition.
Modern field-cycling relaxometers reach switching rates as high as 1000 T /s ensuring minimal
losses during transition between different fields. For effective transfer of magnetization at
the end of polarization field to the relaxation field and from the relaxation to the detection
field, the the switching time 7,,; has to be shorter than the relaxation time at the relaxation
field, i.e. the condition 7y, < T; 1BT, has to be met. Longer switching times reduce the
signal variation range and hence the experimental accuracy, although systematic errors do
not occur due to long switching times (see eq.

The switching rate can be as high as possible as long as the adiabatic condition [44] is
fulfilled. The adiabatic characteristic of a process is when no transitions occur: the spin
system always resides in eigenstates of instantaneous Hamiltonian, and the populations at
different levels are preserved. This is given by:

1 ?x%‘ << 7B (4.5)

where § = ES + By, is the total flux density felt by the nuclei. B, is the local field caused
by secular spin interactions. That is, the local magnetization should always remain aligned
along the quantizing field ?: the directions of the local fields are more or less randomly
distributed and do not coincide with that of the external magnetic flux density Eg. At
high external flux densities, B>>B,. the local fields can be neglected and the quantization
direction coincides with the direction of Eg. Under such conditions, there is no upper limit
of the field variation rate. It remains always adiabatic. In essence, the switching times must

be shorter compared to the relaxation times, but longer compared to the Larmor frequency.

4.2.4 Signal-to-Noise ratio

Signal-to-noise ratio is one of the crucial limitations of this technique. Like in conventional

NMR spectrometers, for signal accumulation with phase sensitive detection, the detection
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field has to be reproduced accurately enough in subsequent transients. However averaging
may be restricted due to the intrinsic limited stability of the field cycling systems.

The single-transient signal-noise ratio [33] can be written as:

v,
SIN o Byt ZgT (%) (4.6)

where 7 is the filling factor of the coil, Q) is the quality factor of the coil, V, is the sample
volume, kg is the Boltzmann constant, T is the absolute temperature, 1 is the Larmor
frequency, Av is the bandwidth of the receiving filter and amplification system, and e<1
represents the reciprocal noise level of the receiver electronics. It can be seen that the S/N
ratio increases with B§ , while the use of high polarization and detection flux densities, large
samples, high Q coils, low-noise receivers and narrow RF filters also help increase the S/N
ratio.

Since in the case of field cycling relaxometry, the polarization field and the detection field
are different, the eqn. has to be modified as:

v,
SIN o Byt ZiT (%) (4.7)

where Bp is the polarization flux density, and vy is the Larmor frequency of the detection
field related to the flux density at that field (By) by vy = vBy/27. Thus it is advantageous to
use high polarization and detection fields. However, long periods of polarizations (typically
5*Tfp) at high field induces thermal stresses on the magnet due to Joule heating which
leads to other difficulties (see , therefore practically it is favorable to use a moderate

polarization field.

4.3 Hardware concepts

The earliest form of field cycling relaxometry involved shuttling the sample between different
static magnetic fields (see |45, |46] and several references in [12]). Due to the finite time
involved (in the order of 100’s of ms) in mechanically shuttling the sample, this methodology
was limited to measuring only longer relaxation times. The first electronically switched
field-cycling instruments facilitating measurements of relaxation times smaller than 100 ms
were built in the 60’s by Redfield and co-workers at the IBM Watson Research Laboratory
[47] and by Kimmich and Noack at the University of Stuttgart [48]. Since then numerous
developments have been made in this field. Currently, the Stelar FFC 2000 spectrometer,
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commercially manufactured by Stelar S.r.l. has been widely accepted among research groups
interested in Field cycling relaxometry.

The fig. shows the general architecture of a typical modern field cycling relaxometer
(the architecture is based on the Stelar FFC 2000 relaxometer). The core components of
the field cycling relaxometer includes the magnet with an efficient design that is compact
for efficient cooling but with a large enough bore for the desired sample size and good field
homogeneity, a switchable power supply so that the field reaches desired power in a short
time and maintains stability once reached, and an efficient cooling system that maintains
the magnet temperature inside a permissible limit. Other important components includes
the spectrometer and the temperature control unit among other things. In this work, the
relaxometer manufactured by Stelar S.r.l has been used for investigations. The following
discussion is focussed on components used in one such relaxometer although other models,

materials and approaches also exist. For a latest review on field cycling, see .

Cooling Magnet
enclosure
i/ Power Supply
Cooling -
system il
Probe
Preamp
| || Temp control
unit (VTC)
*4| RF unit

Workstation Control unit

Software Acquisition
unit

Operator

Spinmaster
Console

Figure 4.3 : Architecture of a modern fast field cycling relaxometer based on the model of Stelar

FFC 2000 [13].

4.3.1 The Magnet

A prime requirement of a field cycling magnet is that the energy stored in the magnet is cycled
in and out fast and the associated field remain homogenous in the order of 107° relatively
in the region of the sample to have magnetic resonance phenomena during detection as
discussed in §4.2.2] An additional requirement of the magnet is that it should withstand the

strong mechanical impulses during field switching. Considering the above requirements along
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with the cost and efficiency, the optimum design involves a two-layered air-core magnet. In
Stelar FFC 2000 equipment, a silver air-core magnet is employed providing a maximum field

of upto 1 T and a homogeneity of 200 ppm over a volume of 1 cm?.

4.3.2 The Power supply

The magnet power supply facilitating fast switching, fast settling and high relative stability
makes it the second most important unit in the system. The crucial element of this set up
is the switching between the high and low current states. In a typical cycle, currents of
several hundred Amperes and peak voltages of several kV are encountered. For this purpose
electronic switches involving semi-conductor devices such as metal oxide semiconductor field
effect transistors (MOSFETSs), gate turn-off (GTO) thyristors, and insulated gate bipolar
transistors (IGBTs) are used. In Stelar FFC-2000, the fast switching is facilitated by a
collective set of MOSFETSs arranged in parallel. Although MOSFETS are sensitive to over-
charges when parallel arrangements deviate from symmetry, this arrangement allows the
reliable completion of the experiment even when a few MOSFETSs are broken. Yet, IGBTSs
combining the advantages of Bipolar transistors and MOSFETSs are considered the most

favorable switches for field cycling purposes.

4.3.3 The cooling system

High currents induces high mechanical and thermal strains on the magnet which in turn
distort and shift the desired set field. While such aspects are taken care of partially during
the designing stage of the magnet, an efficient cooling system to dissipate the Joule heating
produced during passage of high currents is paramount to reduce these strains. While liquid
nitrogen as a cooling agent is ideal for several reasons, handling inconveniences and costs due
to high consumption prevent it from being used for practical purposes unlike in high field.
As a consequence, the field-cycling relaxometers currently in use are non-cryogenic systems.

The use of water, which is most economic, is unfavorable because of its electrolytic
properties, hence low-viscosity oils such as liquid freon or perfluoroheptane (PFPE) are the
most favoured solution. As a primary coolant in Stelar FFC 2000, commercially available
PFPE (Galden D80 from Ausimont) known to be chemically inert with a high thermal
capacity is used. Using flourinated liquid allows to prevent any ’spurious’ proton signal from
the coolant present all around the magnet during measurements. This primary coolant runs

in a closed loop which is further cooled by a secondary cold water circuit thereby maintaining
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Galden at an optimal temperature of 14-16 °C. Further cooling is avoided to prevent water

vapour condensation problems.

4.3.4 The temperature controller for the sample

It is well known that the relaxation times depend strongly on the sample temperature,
hence it becomes paramount to control the temperature and maintain it constant during the
measurement. Temperature dependent measurements also give additional information about
the system like during transitions. Because of the limited space available and other reasons,
generally the temperature control system incorporates flowing air preheated to the desired
temperature. This also reduces unnecessary design considerations if the sample volume is
unobstructed.

In Stelar FFC 2000 equipment, the temperature is controlled by a standard gas-flow
system. This is monitored by the VT'C or the Variable temperature unit using a feedback
control mechanism with input from a thermocouple mounted in the pathway of the air.
The temperature range specified by the manufacturer is from -100°C upto + 100 °C with
a precision of 0.1 °C restricted by the probe. While dry air, heated prior to entering the
sample volume is used during high temperature measurements, cold nitrogen gas is used for

low temperature measurements.

4.3.5 The NMR console

The NMR console is the heart of the Field cycling relaxometer and incorporates various
systems for the functioning and monitoring of measurements. It includes the radio frequency
unit, the pulse programmer and the signal acquisition unit, and specific to Stelar FFC
2000 (known by the commercial name Spinmaster Console, the variable temperature unit
described in the earlier section (see §4.3.4). The RF broadband unit of the Spinmaster
console of the Stelar FFC 2000, operates in the range from 2.5 MHz to 80 MHz allowing
to investigate different nuclei and is equipped with a two channel receiver with quadrature

detection.
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5.1 Materials and Equipment

Polybutadiene (PB) and Poly(dimethylsiloxane) (PDMS) melts were used in the study as
purchased from Polymer Standards Service GmbH, Mainz, Germany. As confining sub-
strates, porous alumina membrane discs were obtained from Whatman Int’l Itd., UK, and
porous silica rods were obtained from Corning Litd. were used. The solvents chloroform and

toluene were obtained from Fischer scientific and used without further distillation.

For PDMS, melts with molecular weights 200200, 33300 and 10300 g/mol were used
(denoted PDMS200k, PDMS30k and PDMS10k respectively). With the critical molecular
weight for PDMS being M,.=25000 g/mol [49, [50],the molecular weights of the melts lie be-
low (PDMS10k), above (PDMS30k) and well above (PDMS200k) the M, respectively. The
polydispersity indices for all of the samples were less than 1.1 as specified by the manufac-

turer.

For PB, a melt with molecular weight 2020 g/mol (denoted as PB2k) was used. The
polydispersity index for the melt was 1.01. With the critical molecular weight (about 4000

g/mol [49])of PB, the melt lies below M, and hence molecules do not form entanglements.

M available as discs

Porous membranes of y-alumina, commercially known as Anopore
of 60 pum thickness and variable disc diameter were used. The pores are regular cylindrical
channels of diameter 20 nm and 200 nm (A20 and A200 resp.) running parallel through
the thickness of the membrane disc. However recent studies show that the pore structure is
complex, and the membranes may possess asymmetric as well as multiple pores [51]. The

porosity of the discs is between 25-50% as specified by the manufacturer.

Commercially available porous silica rods , Vycor®(glass 10:7930), has a composition of
96% Si0O,, about 3-4 % the B,O3 and less than 1% of oxides of Na, Al and Zr . The nominal
pore size is 4 nm (96% of the pores are 4+0.6 nm) and porosity 28% as specified by the
manufacturer. The specific surface area is 250 m?/g, and the apparent dry density is 1500
kg/m3. The solvents used for preparing polymer solutions viz. toluene, and chloroform were

at least 99% pure and were used without further distillation.

Field cycling measurements were all carried out with a commercial Stelar FFC-2000 1T
relaxometer from Stelar s.r.l., Mede, [taly in the range from 10 kHz to 25 MHz. Transverse
relaxation and DQ measurements were made at high field 4.7 T superconducting magnet

supported by a Bruker DSX-200 spectrometer.


http://www.polymer.de/products/polymer-standards/overview-reference-materials-organic-solvents/?L=pegcnmsooneine
http://www.whatman.com/PRODAnoporeInorganicMembranes.aspx
http://www.corning.com/docs/specialtymaterials/pisheets/Vycor 7930.pdf
http://www.stelar.it
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5.2 Methods

In the following section, the preparation of the polymer melt thin films in porous anopore
membranes and in vycor is described along with the sample characterization. Then the
experimental technique and methodology used for performing the field cycling experiments,
the transverse transverse relaxation measurements and the double quantum measurements

are discussed.

5.2.1 Preparation of Polymer thin films in porous Alumina

To prepare thin films of polymers (PS and PDMS), solvent evaporation technique was
adopted. For PDMS, chloroform was used as the solvent and for PB, toluene was used,
both being good solvents for the respective polymers. The polymer melt was dissolved in
their respective solvents and was used at least after 6 hours of preparation. Prior to this,
the Anopore membranes were rinsed in chloroform and then ultrasonicated in a new batch
of solvent for 5 minutes. This was followed by air-drying for about 5 minutes and then
evaporating the traces of solvent in high vacuum at elevated temperatures (100-110 °C) for
about 12 hours. The high temperature and vacuum ensures any small traces of solvent and
most of the moisture to be removed before the pore surfaces are coated with polymer. The
clean membranes were then immersed in the polymer solution for about 5-15 mins. This
last step was carried out in an inert atmosphere of argon in order to avoid contact with air.
The weight increase for longer periods of adsorption was negligible, as has been observed
by other authors [11, [52]. Thus the polymer adsorption reaches equilibrium in this short
duration due to the low viscosity and high mobility of chains in solution.

After the adsorption process, the membrane discs are removed, and evacuated overnight
at 50-60 ° C to the solvent. From the difference in weights before and after adsorption, the
amount of polymer adsorbed can be determined. The total deposited polymer weight can
be controlled by varying the concentration of the solution. For the study, each membrane
contained typically between 0.5 mg and 6 mg. To increase the signal-to-noise ratio, up to
4 membranes were used in some samples. Although the unloaded weight of each membrane
slightly varied, the weight differences arise from the dimensions of the membranes, and
the pore wall thickness and also from the weight differences in the polypropylene ring that
supports the membrane.

For the calculation of layer thickness the following conditions were assumed. (i) the

amount of polymer is a constant inside each individual pore; (ii) the polymer forms layer
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whose thickness is uniform inside each pore; and (iii) any layer thickness or molecular weight
dependence of the density of the layer is neglected. The above approach serves well the
estimation of the layer thickness, however by no means it is argued that this represents the
real physical dimensions in the pore matrix.

Using these assumptions, in a pore of diameter 2R and height H, the polymer forms a
film of thickness tp. X is defined as the ratio between the volume of the polymer film to the

volume of the pores in the membranes. i.e.

VPDMS

‘/pores

Wppms/pproms
V/ll)luiiﬁ@ma - (Wm@m/pAIQO:a) 7

X =

where Wppars and W, are the weight of the polymer and the dry membrane, respectively,
and V%F - corresponds to the volume of a solid alumina disk of the same dimensions as

the membrane.

X can also be expressed by the ratios of cross-section areas

Apory - H
X — poly

Apores’H

R?> — (R —tp)?
X (Fery

Simplifying, one derives
tp = R-(1—-+y/(1-X)).

As seen t, represents a consistent way to characterize the samples, however this estimate
is not claimed to be a physical quantity of the thickness of the layer. The average nominal

thicknesses are arrived at from the densities of the polymer and alumina from literature.

5.2.2 Preparation of partially filled Porous Silica

Vycor tends to adsorb organic vapors from the atmosphere. In order to remove such impu-
rities following the recommendations of the manufacturer, the samples were boiled in 30%
H50; for 30 min and subsequently dried in high vacuum at about 110 °C. Normally, such

clean rods look transparent and is an indication of purity.



54 Chapter 5. Experimental methods

The cleaned rods were submerged into the polymer solution for at least up to 24 hours
with minimal exposure to air. After removal of the rods from the solution, the outside
of the rods were wiped clean to remove polymer from the outer surface and subsequently,
the rods were taken to the vacuum chamber and evacuated at high vacuum at 50 °C for
about 8 hours.The level of polymer saturation in the pores was controlled by varying the

concentration of the polymer solution.The evacuated samples were then sealed in glass tubes.

5.2.3 Fast field cycling relaxation measurements

Frequency dependent longitudinal relaxation times T} (w) were recorded in the range of 'H
Larmor frequencies between 10 kHz and 25 MHz in typically 23 equally spaced logarithmic
steps. Although data at even lower frequencies can technically be recorded, since the equip-
ment did not include external coils for compensation of Earth and stray field contributions,
the low field measurements were generally not performed or not included. For polarizing the
spins, specially for measurements at low field, a field of 0.45 T (corresponding to a frequency
of 20 MHz) was used. A threshold frequency of 9 MHz was set, above which no polarization
field was applied prior to relaxation field. The switching rate between the different fields was
set at 11 MHz/ms. The field settling time , that is the time allowed for the field to switch
from one value to the other and stabilize at that value was set to 2.3 ms. For the measure-
ments, up to 48 accumulations were acquired for each signal to increase the signal to noise
ratio and 20 values of the delay time at the relaxation field were used. No deviation from
an exponential relaxation behavior was observed, but owing to the low amount of polymer
in some samples, the fitting error - assuming a mono-exponential function - was as high as
8% for the smallest amounts of polymers; individual measurements with larger fitting errors
were discarded. The temperature of the measurements was controlled with a variable tem-
perature control unit from the same manufacturers. The temperature was controlled within

a deviation of £+ 0.1 K from the set temperature.

5.2.4 Transverse relaxation measurements

All Transverse relaxation measurements in this work were done at 200 MHz using a 4.7
T superconduction magnet supported by a Bruker DSX spectrometer. The samples were
loaded onto a 5 mm sample tube and measured on a 7mm high-power solid state probe. A

90° pulse length was 2.7 ms long.
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For accessing mobile uncoupled spin fractions in the sample, a Carr-Purcell-Meiboom-
Gill pulse sequence (7/2(®) — 7 — [x(#F9°) — 7 — qcq — 7],,) was used. The pulse spacing (2*7)
was kept to 2 ms with n (number of echoes) up to 2048. The envelope of every even echo
was then fitted with a bi-exponential function. Therefore, the observable limits of transverse
relaxation become a few ms and 2 s, respectively.

To obtain information about rigid coupled spins which have relaxation times far shorter
than probed by CPMG, solid echo pulse sequence was used. Phenomenologically, solid echo
perfectly refocusses spin-1/2 nuclei that interact in pairs, while higher order interactions are
only partially refocussed [53]. The solid echo experiment (7/2(®) — 7 — 7/2+9°) _ 7+ _ gcq)
was performed by varying the delay 7’ in the range between 2.5 us to 1 ms between the
pulses. The second half of the echo was recorded and the integral intensity was used for

analysis.

5.2.5 Double Quantum NMR

Dipolar couplings are averaged out in liquids due to fast isotropic motions. However, in solids
and other motionally hindered systems, anisotropy and slowing down of motions render the
dipolar couplings to be only partially averaged. The residual dipolar coupling carry valuable
information about order and dynamics and is a very useful tool for investigation. One of the
common methods to investigate the strength of the dipolar coupling constant is to measure
double quantum build-up curves [54], where the build-up depends on the strength of the
coupling and the orientation of the spin pairs with respect to the applied static field. In case
of a powder sample, information about the strength of coupling which is directly related to
the mobility can be accessed.

In this study, an eight-pulse sequence was used to excite double quantum coherences [55,
56] with an appropriate phase cycling. The basic scheme consists of exciting DQ coherences,
letting them evolve over the proton spin pairs in the sample, then reconverting them to
single quantum coherences to be detected at the end. The pulse sequence used in this study
is shown in fig/5.1| Here, however, in the middle of each period, a 180° pulse is applied to
refocus any inhomogeneities as well as chemical shift evolution and other linear interactions,
and the DQ coherences are reconverted to z-polarization which are detected with a read
pulse after a short ”z-filter”. The DQ build-up curve is obtained by plotting the intensity of
the DQ-filtered signal normalized with the single quantum signal intensity as a function of
the square of the excitation/reconversion time (7).

For identical spin pairs, the build-up is a known function of the coupling strength wy,
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Figure 5.1 : (a)General scheme for the excitation of multiple quantum coherences. (b)The pulse
sequence used in the study to excite double quantum coherences. The excitation/reconversion,
evolution , z-filter and detection periods are denoted by T, Te, Ty and tueq respectively.

expressed in frequency units. In the presence of more than one non-identical spin-pair, the
coupling strength can still be expressed in terms of an average parameter, wy which can be

estimated from the initial slope of the build-up curve according to:
Spo(r) = @i (5.1)

where Spg(7) is the DQ) signal intensity for an excitation time of 7.
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Introduction

Understanding dynamics of polymers in confined state is important since in many applica-
tions they exist in confined non-bulk states. From the research point of view, the crossover
from bulk to confined state (conditions under which a particular property begins to deviate
appreciably from bulk) is important to understand in order to predict the performance and
enhance the applicability of the polymer.

Field cycling (FC-NMR) investigations of polymer melts dynamics show characteristic
signatures of different models, depending on the molecular weight of the polymer. Poly-
mers with molecular weight below the entanglement critical molecular weight follow Rouse
dynamics ( and those above follow Renormalized Rouse formulation (§3.5). Non-bulk
states such as confinements on the other hand, induce deviations in dynamics from the
bulk; for instance, when polymers are confined in impenetrable nanoscopic pores, the size of
which approaches the molecular size, the dynamics are observed to follow the tube/reptation
model(§3.6). The observation of deviation from bulk dynamics even in confinements that
are in the pm range [41] is due to the so called corset effect [39]. This effect suggests that
the confining tube, as defined in the tube model is formed by the neighbouring chains, whose
low incompressibility restricts lateral motions perpendicular to the pore axis.

In this work, linear polybutadiene melt has been studied using FC-NMR in bulk and in
confined state. Earlier PB investigations with FC-NMR have focussed on melts [57] [37], PB
elastomers and copolymers [58]. Studies on melt have clearly shown that PB follows Rouse
and renormalized Rouse depending on molecular weight, as predicted. FC-NMR studies
on motionally restricted PB due to cross-linking, filler-addition, copolymerization, uniaxial
deformation [58], have shown slowing down of motion and additionally in the latter two cases,
a change in the motional statistics that can be traced back to a different time dependence
of the autocorrelation of segmental orientations. Although several other studies exist on PB
copolymers and elastomers especially, not much has been investigated about confined PB
systems although such studies exist for several other polymers |41} 59, 60, |39]. Here, PB thin
films formed inside porous media of different sizes are investigated; the partial saturation
leading to the formation of thin films on the pore walls. Thereby this study aims at throwing
light on dynamics of PB thin films formed layers inside confined pores.

To this effect, Polybutadiene was partially loaded in two types of pores differing in size
and surface interactions. Porous alumina with high surface/volume ratio with pore size 20
nm and 200 nm, and porous silica(96%) with pore dimension approaching the bulk radius

of gyration of the polymer was used. While both substrates are hydrophilic in nature, silica
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is known to have a high density of surface hydroxyl groups participating in adsorption [61].

In porous alumina, the size of the pore, hence the surface curvature is expected to play
a role. As the pore curvature increases (or as the pore size decreases), the low energy of
cohesion of the melt may discourage the spreading of the melt resulting in the formation
of non-uniformly spread bulk-like regions. As the layer thickness of the films approaches
molecular dimensions, size effects may become relevant for the observed dynamics. Addi-
tionally the presence of free air-polymer interface will enhance mobility. In porous silica, the
confinement size which is of the same order as the polymer radius of gyration, will induce
strong restrictions as has already been shown [62, 63]. The partial filling of the matrix may
induce additional degrees of freedom owing to the free air-polymer interface inside the pores,

however motions transversal to the pore axis are still hindered.

6.1 Experimental

Polybutadiene melt (M,,=2020 g/mol; PDI:1.07, denoted PB2k) films of varying thicknesses
were prepared inside porous Anopore membranes as explained in §5.2.1 The molecular
weight of the PB melt used in the study is less than the critical molecular weight of about
2000 g/mol |64} 65]. The bulk radius of gyration (R,) for this molecular weight is 2.2 nm [66].

The specifications of the various samples are given below in table

Table 6.1 : Polybutadiene thin films in alumina pores

Pore polymer Nominal layer
specification loading[mg] thickness [nm]

A200 8.0 6.81

A200 1.7 1.80

A20 10.0 1.05

A20 1.77 0.18

Table 6.2 : Polybutadiene melt in partially filled porous silica
Sample solution conc. polymer loading

[mg,/ml] [mg]
V1 40 2.4
V2 20 15

V3 10 1.2
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6.2 Results and Discussion

6.2.1 PB thin films in large Alumina pores

The relaxation dispersion of PB2k bulk polymer is shown in figure [6.1] along with a master
curve constructed by shifting the data relative to a reference temperature(296 K) to view
the whole spectrum as is commonly done in other broadband spectroscopic techniques like
Dielectric spectroscopy. The validity of the concept arrives from the direct dependence of re-
laxation rates on the spectral density functions as has been demonstrated earlier [67], barring
any change in the shape of the spectral density function, for e.g., during phase transitions.
The shape of the master curve corresponds to Rouse behavior as expected for melts with
molecular weight less than the critical molecular weight [15, [20] with a logarithmic depen-

dence at high frequencies and tending towards a plateau towards lower frequency.

Figure 6.2 shows the relaxation dispersion of PB2k thin films in A20 and A200 along with
the bulk melt at 298 K. The nominal layer thickness of the films investigated here approach
monolayer thicknesses while the thickest films are only a few monolayers in size, assuming
uniform thickness of the film. If the above assumption was true, a deviation from 3D bulk

state should be observed at least for films that have sub-monolayer dimensions.
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Figure 6.1 : (a)Relazation dispersion of a polybutadiene melt(PB2k) at different temperatures.
(b)A master curve constructed by shifting individual measurements with reference to 296 K. The
master curve demonstrates the features of the Rouse model. (see section3.4].)

The relaxation dispersion of the thin films in porous alumina show several distinct fea-
tures: the shape of the relaxation curve is similar to that of the bulk; the relaxation times

are close to the bulk at high frequencies and reduced at lower frequencies; the reduction in
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Figure 6.2 : Relazation dispersion of PB2k thin films in (a)20 nm pores and in (b)200 nm pores
at 303 K. The relazation dispersion of the melt is also given.

T, at low frequencies is dependent on the layer thickness of the film inside pores of the same
size (20 nm and 200 nm); thinner films inside smaller pores show comparatively smaller
reduction in 77 compared to films in larger pores.

The shape of the relaxation curve is qualitatively similar to that of the bulk [15]. This
is an indication of the dynamics in these thin films being similar to that in the bulk. For
instance, completely confined polymers amongst fixed barriers have been known to show a
stronger dispersion [63] as per the predictions of the tube theory [18]. The mobility induced
by the air-polymer interface in the case of the films in this study is a clear violation of the
conditions required for the observation for reptation [17].

The short scale segmental reorientation motion probed at high frequencies in the MHz
region are only slightly affected, if at all, as seen from the converging 77 values at higher
frequencies(>10 MHz). These motions appear to be still fast enough in the confinements
similar to the bulk to be motionally averaged. It is the chain modes represented by the
reduced relaxation times at lower frequencies that show motional restrictions experienced
by motion in times scales of us, typically corresponding to Rouse modes and eventually
translational diffusion at even longer times.

The relaxation dispersion of the films (ﬁg. shows a trend of decreasing relaxation
times with decreasing layer thickness, or in other words, increasing motional restriction
(within A200 or A20) due to the effect of the decreasing finite size of the molecular layer.
Progressively increasing restriction of lateral motions with thinner layers, specially in the
direction normal to the surface due to the confinement of chains inside the layer could be
the reason for this. However, effects such as disruption of 3D topology appear unrealistic

in the system, given that the relaxation dispersion shape of the films remains bulk like and
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that the polymer is poorly wetting (see below).

Apart from the pore diameter (confinement size), the curvature of the pore surface is
an important factor determining the chain dynamics in these films. As the pore curvature
approaches the coil dimensions, the radius of gyration R,, coupled with the high entropic
penalty and the enthalpic disadvantage (especially, if polymer is poorly wetting) imposed
on the chains to spread onto the surface, may result in favoring the chains to actually form
thicker layers in contrast to the anticipated layer thickness. This in turn results in a more
bulk like state for the chains. One important factor to consider here is the interactions of
the polymer with the surface. If the wettability of the polymer with the surface is low, the
layer formation process is retarded due to high enthalpic disadvantage of spreading resulting

in both the size effects as well as the adsorption effects becoming weak.

Figure 6.3 : A Polybutadiene droplet on the surface of v-alumina. The droplet shows poor wetting
characteristics thereby not spreading evenly on the surface as expected for a polymer with good
wetting characteristics like PDMS.

In order to examine the wettability, a polybutadiene droplet, spreading on a flat alumina
surface was observed under an optical microscope. The droplet is shown in fig[6.3] Clearly
seen is the non-spreading behavior of the melt with a high contact angle showing poor
wetting characteristics of PB melt on alumina. The droplet did not evolve into a flat profile
for over 12 h. Such a behavior is in contrast to PDMS which forms a macroscopically uniform
thin layer (data not shown) almost instantaneously. The high hydrophobicity and the non-
existence of interacting species (like -Si-O- groups in PDMS) renders the polymer poorly
wetting on the hydrophilic alumina surface.

Such non-wetting properties preventing spreading of the molecular layer results in non-
uniform distribution of the layer. This in turn renders the actual dimension of the layer
much larger than that expected from a uniformly distributed layer. This explains the non-
observation of deviation from bulk and rather only a reduction of relaxation times from the

bulk even at very low expected coverages.
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In the 20 nm pores (cf.fig6.2b), decreasing surface area available in a smaller pore results
in smaller area for adsorption. Additionally when the surface curvature approaches the bulk
polymer size (Ry), the tendency of the melt film to form blobs or in other words the energy
penalty involved in spreading is enhanced resulting in a thicker bulk-like layer than expected.
In such bulk-like layers, the motions are obviously much less restricted. This explains the
observation of bulk-like behavior in films whose layers are far more thinner than the ones in
200 nm pores. In such smaller pores, the larger curvature aids the non-spreading of the melt

resulting in a thicker layer than expected, even for sub-nm layers.

6.2.2 PB in Nanoporous Silica

Commercially available porous silica (96%) substrates known as Vycor with a mean pore
diameter of 4 nm was used to confine PB2k melts. The average pore diameter as specified
by the manufacturer is only slightly larger than the radius of gyration of the polymer used
(Ry=2.2 nm) [66]. Thus the effects of confinements is expected to be stronger compared to
films in alumina substrates (A200 and A20) discussed in the previous section. As discussed
above, the relaxation dispersion of the bulk melt with molecular weight being below the
critical molecular weight M. (4000 g/mol) [49], follows Rouse dynamics [15]. The relaxation
dispersion of the samples formed by partial loading of PB melt in the pores is shown in
fig]6.4l Alongside, dispersion of PB2k bulk as well as another sample where the substrate is
completely filled with the melt is also shown. The dispersions clearly show deviation from

05 'While the power law

bulk for all the samples with an increased power law of about v
remains deviant from the bulk and the same for all the samples, the absolute relaxation
times are slightly reduced for samples with decreasing polymer loading.

Similar to several of the above mentioned studies [60] |63], |68, with a slope of 0.5, the
dispersion shape corresponds to limit I1I of the Doi-Edwards theory (see . However, the
predominant relaxation mechanism as shown by Kimmich et al. is not ordinary reptation as
proposed by the tube model [18] but the reptating polymer moving in a correlated manner.
Such a mechanism has been shown not to violate the governing thermodynamic principles,
while maintaining the signatures predicted by the limit III of the Doi-Edwards Model in the
time regime t>>7x [68]. The contributions in this region are therefore mainly intersegmental
in nature. The surface interactions play a major role in this system as shown by the strict
observance of the predicted slope of 0.5, unlike in other systems [60, (63|, where either weak or

no interaction with the substrates results in the reduction of the characteristic time constants

diluting the observed slope.
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Figure 6.4 : Polybutadiene melt films in partially filled vycor substrates along with the relazation
dispersion of the bulk for comparison.

Another interesting phenomenon is the reduction of relaxation times at low frequencies
depending on the amount of polymer loading. With decreasing polymer loading, the degrees
of freedom for the chain motion increases resulting in an increasing relaxation times, although
the relaxation mechanism remains the same. This is similar to the relaxation dispersion
study of varying amounts of perfluoropolyether in Vycor [59], where the loaded amount was
controlled by varying the immersion time of the substrate in the melt, while in this study,
the same was controlled by varying the solution concentration. Additionally, with increasing
polymer loading, the number of adsorbed chain segments may increase, thereby reducing

mobility.

6.3 Conclusions

Polybutadiene, a highly hydrophobic polymer was studied inside pores of alumina and silica
of various sizes. In alumina, the relaxation dispersion showed a layer thickness dependent
reduction in relaxation times, specially at lower frequencies corresponding to motional re-
strictions of slower motions, while motion at high frequencies remain less affected. The
qualitative behavior did not change for any of the samples. The polymer showed extremely
poor wetting properties, which could have resulted in formation of blobs, specially when the
radius of curvature increases like in smaller pores. This explains the non-deviation from bulk

of even nominal sub-nm films.

In Vycor, the porous silica substrate, the chain motion followed a special kind of rep-

tation, that is correlated motion of segments, as has been observed in systems which show
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good interaction between polymer and the substrate. With decreasing polymer loading, the
number of degrees of freedom for motion increases resulting in increasing mobility in the

range studied.
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7.1 Introduction

Polymers at interface are a subject of intense research over the years for both its industrial
application as well as scientific research potential. Interfacial chains have been known to
affect properties especially when the length scale of the system approaches molecular di-
mensions, like in the case of thin films [11, 69, [70, 71]. It has previously been discussed
that interfacial forces affect the dynamics of polymer chains in a wide range of time scales,
for instance, from long-time scale processes such as diffusion |72, [73] to medium time-scale
processes such as Rouse modes. With dynamics of polymers in thin films as well as in other
confined systems spanning many orders of magnitude in frequency, it becomes important to

investigate the motions of polymer chains on time scales as wide as possible.

The polymer film system that was chosen for investigation was polydimethylsiloxane
(PDMS) adsorbed on porous alumina. PDMS is considered a model polymer in many cases
for its linearity and uncomplicated structure, molten state at room temperature. Investi-
gations on PDMS is also advantageous considering its industrial applications ranging from
tyre industry to cosmetics to microelectronics. The substrate, porous alumina membrane
discs, is formed by Anodization of aluminium. It is hydrophilic in nature with the pores as
cylindrical channels of defined size and structure running parallel throughout the membrane
thickness. The hydrophilic nature of alumina and the hydrophobicity of PDMS results in
a weakly adsorbing polymer system. Such systems are characterized by weak adsorption
strengths, anomalous equilibrium kinetics, low surface residence time, and fast exchange
between adsorbed and non-adsorbed chain segments [74]. Thus the motional heterogeneity
normally expected in thin films, might be more pronounced in this case.

Some earlier studies on PDMS thin films have confirmed that PDMS can form flattened
configurations in a monolayer, whose thickness on different substrates [75] |76] is 0.7 nm.
In ultrathin films [11], surface induced ordering takes place up to at least 2 monolayers,
where 3 distinct dynamic environments were observed, while surprisingly in thicker films

(> 8 nm) [10], such heterogeneities disappear. Multiple quantum (MQ) NMR [77] was
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used earlier in the same system and it is claimed that the observed multiple peaks of the
MQ build-up arrives from heterogeneous dynamic environments of individual monolayers.
Another useful study on PDMS includes one by Litvinov et al. [78] who have modelled
PDMS chains grafted onto silica particles into 3 distinct regions accounting for the observed

dynamics using transverse relaxometry.

Taking into account these findings, some of the objectives of the study are as follows: to
extend the above mentioned findings for the case of a weakly adsorbed polymer thin film
system; to see the effect on dynamics owing to the confinement of chains in thin layers; to
study the influence of the curved interfaces in comparison to the flat substrates; to study the
influence of surface chains on the properties such as entanglements; to study the transition
from bulk to confined dynamics and to finally come up with a model explaining the dynamical
behavior in these thin films. To this effect, PDMS thin films of various molecular weights
below and above the entanglement threshold, formed in porous alumina as a function of film
thickness in two different pores sizes were examined. The results are complemented by other
methods viz. transverse relaxometry and DQ NMR. Finally, in an effort to explain all of the

observed properties, a tentative model on this system is arrived.

7.2 Experimental

PDMS with three different molecular weights (10k, 30k and 200k) were used in the study
to prepare thin films in porous alumina of pore sizes 20 nm and 200 nm. The samples were
prepared and characterized as explained in §5.2.1 The average nominal film thicknesses
obtained from tabulated densities and sample weights are given in table for the PDMS

samples of this study.
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Table 7.1 : PDMS thin films of wvarious nominal layer thicknesses confined inside Anopore
membranes. The constants used in the calculations are as follows: p(PDMS)=0.97 g/cm?,
p(Alumina)=3.423 g/cm®, monolayer thickness=0.7 nm.

Sample Pore Average weight of Average weight of Nominal film
Diameter membranes poly/mem thickness

(nm) (mg) (mg) (nm)

200 82.20 0.56 0.45

200 87.20 0.70 0.57

200 83.40 1.80 1.20

PDMS10k 200 78.60 2.20 1.70
200 85.10 3.05 2.56

200 75.50 3.97 3.00

20 130.40 1.56 0.16

20 122.50 2.40 0.20

200 84.70 1.56 1.26

200 81.80 2.70 2.10

200 79.10 5.56 4.50

PDMS30k 200 76.50 6.41 7.10
20 127.60 1.26 0.13

20 124.20 1.53 0.15

20 126.10 4.90 0.50

200 63.25 4.43 3.30

PDMS200k 200 85.78 1.40 1.13
200 82.23 2.03 1.50

7.3 Results

In the following sections, results of the relaxation dynamics of PDMS thin films in 20 nm
and 200 nm pores investigated using FFC at different temperatures are presented. Results
from additional investigations viz. transverse relaxometry and proton double quantum NMR

for the quantification of residual dipolar couplings are also presented.

7.3.1 Relaxation dispersion of PDMS thin films

The relaxation dispersion of the thin films of PDMS10k with different nominal layer
thicknesses are given in fig. along with the dispersion of the bulk for comparison. The
bulk, with molecular weight below the critical molecular weight (M,,<M,; M. PM5=25000

g/mol [49,50]) follows Rouse behavior like other melts [15,35]. The nominal thickness of the
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samples used in this study, in terms of number of monomeric layers, corresponds to a range
between several monolayers to sub-monolayers, given that the monolayer thickness of PDMS
films formed on solids |76] and liquids [75] with flattened chain configuration is about 0.7
nm. In the limit approaching sub-monolayer thickness, strong deviations might be expected
from bulk behavior owing to a crossover from 3D to 2D topology.

As seen from the figs. and [7.2], the relaxation times of the thin films are smaller
than the bulk for all the studied samples. As the layer thickness becomes smaller, this effect

becomes more pronounced and at sub-monolayer coverages, the dispersion shape is no more

bulk-like.
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Figure 7.1 : 'H Ty relazation dispersion profiles of PDMS10k samples of different nominal layer
thicknesses, confined in (a) 20 nm pores and (b) 200 nm pores along with the bulk for comparison.

In detail, for the PDMS10k thin films in 20 nm pores (fig. [7.1(a)), the relaxation times
shows a reduction by a factor of 3 and 8 respectively for the 0.2 nm and 0.16 nm layers at a
frequency range of about 20 kHz. At high frequencies (>10 MHz), the relaxation times tend
to converge to that of the bulk. This shows that the slow molecular reorientations probed
in the kHz frequency range are more restricted, yet no qualitative deviation from the bulk
dispersion shape is observed even for samples with nominal thickness ranging between 0.2
and 0.3 monolayers in these small pores (A20).

The relaxation dispersions of a wider range of PDMS10k thin films in A200 (fig[7.1](b))

studied here show different effects due to confinement. The relaxation times for the films
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at a frequency of about 20 kHz is reduced by 1-2 orders in magnitude depending on the
film thickness. A factor of 1-2 in reduction at the highest frequencies is also seen, which is
more pronounced compared to the films in A20. Most importantly, while the thicker films
retain bulk-like dispersion shape, the relaxation dispersion of the 0.57 and 0.45 nm films, the
thinnest films in the series, show a deviation from the bulk behavior. Rather than tending
towards a plateau at frequency below 10 MHz, the relaxation dispersion for these films shows
an increase in the slope. Deviations of confined melts from bulk behavior have been observed
previously [59, |60, 39] when they are fully confined in solid impenetrable walls in the range
of the molecular size (radius of gyration, Ry) and are explained by the tube/reptation [17, 18]
model. The difference here is that neither the confinement is of the molecular size, nor is

the polymer completely filling the void pore but forming a thin film.

The relaxation dispersion of PDMS30k thin films are shown in fig. along with the
bulk melt. With the molecular weight of the bulk melt exceeding the critical molecular
weight (M,,>M,), the relaxation dispersion for PDMS bulk melt in the probed frequency
range corresponds to limit IT of renormalized Rouse formalism [36], according to which, a
power law of 0.25 is predicted and is reflected in the measured profile of the bulk. With
stronger intermolecular interactions (entanglements) in this sample, the effect of confinement
might be of a different nature, especially in ultrathin films, where isolated chain segments

may show weaker entanglement effects.

The relaxation dispersion of the PDMS30k thin films at first look appears qualitatively
similar to the bulk with a mere reduction in relaxation times, apart from the transition region
above several MHz in frequency, being shifted towards smaller T4. This is the case for films
in both larger (A200) as well as smaller (A20) pores, where sub-monolayer coverages have
been investigated only in A20. However, a more detailed analysis shows that the relaxation
dispersion of the thinnest films in A200 deviate from the bulk with an increased slope. The

0.35

1.25 nm film and the 2.1 nm films in A200 show a somewhat increased power law 77 o< w”°,

indicating a deviation from bulk behavior, while such a change is not observed for the thicker
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Figure 7.2 : 'H Ty relazation dispersion profiles of PDMS30k samples of different nominal layer

thicknesses, confined in (a) 20 nm pores and (b) 200 nm pores respectively. The relaxation disper-
sion of the bulk is given for comparison.

films. More information on the behavior of these chains using field cycling relaxometry can

be obtained by studying the temperature dependence of relaxation profiles.
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Figure 7.3 : 'H T\ relaxation dispersion profiles of PDMS30k thin films in A200 at different

temperatures. The symbols correspond to the temperature as follows: (e,0):333 K,(A,A):318 K
and (V,V):298 K.

In fig. the temperature dependent profiles for PDMS30k thin films in A200 are
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presented. The samples correspond to a range from about 10 (7.1 nm layer) to about 2
monolayers (1.25 nm layer), considering the monolayer thickness of PDMS being 0.7 nm

76, [75).

The temperature dependence of relaxation profiles of the 7.1 nm and 4.5 nm layer corre-
sponding to 10.1 monolayers and 6.5 monolayers nominally, shown in fig[7.3|(a),(b) is similar
to that of the bulk. At the same time, the dispersion shape remains essentially unchanged,

following a power-law behavior similar to that of the bulk (77 oc w®?%) below 10 MHz.

Temperature dependent relaxation profiles for the thinner films however, resulted in a
different scenario. Shown in fig[7.3(c),(d) are the temperature-dependent profiles of the
sample with a nominal layer thickness of 2.10 and 1.25 nm, respectively corresponding to 3
and 1.8 monolayers respectively. The 2.1 nm layer shows a deviation from the bulk behavior

0-35£0.06) at 298 K but with increase in temperature approaches

with an increased slope (ox w
bulk behavior, and at 313 K shows a slope of about (o< w®29%£0-04) helow 3 MHz. The 1.25 nm
layer shows a weaker temperature dependence compared to the other layers and an increased

slope (OC w0.37:|:0.08>

in the whole temperature range unlike the 2.1 nm layer. The reason for
the different behavior between the samples in the range from about 10 to 2 monolayer
nominal thickness is probably related to the more pronounced geometrical restriction of the

thinner samples and to the reduced mobility of adsorbed segments.

Field cycling profiles were also measured for a high molecular weight PDMS200k to inves-
tigate the effect of confinements on the entanglements. The figure[7.4]shows the temperature
dependent relaxation dispersions for two of the PDMS200k thin films formed in A200 along
with the dispersion of PDMS30k bulk as reference. It is theoretically known [36] as well
as experimentally observed [35] that for polymers with M,, >M,, the slope of the region
observed in this frequency regime for the bulk polymer is independent of the molecular
weight.

The profiles for the 1.13 nm layer shows a significant deviation from bulk with an increased

0.45:|:0.1)

power law (o< w , but a tendency towards a weaker frequency dependence at increasing
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temperatures is seen. For this higher molecular weight, even the 3.3 nm layer shows a slight
change in the slope, which is less pronounced at lower temperatures. Thus deviation is seen

for all the samples, even for this high molecular weight.
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Figure 7.4 : Temperature dependent relaxometry profiles of PDMS 200k thin layers (open symbols)
in A200 (a)3.3 nm layer and (b)1.13 nm layer, along with the PDMS 30k bulk (closed symbols) at
298 K(V,V), 313 K(A,A) and 333 K(e,0).

The above results are discussed in detail later. In the next section, complemetary results

from transverse relaxatometry and double quantum (DQ) NMR are presented.

7.3.2 Transverse relaxation and 'H Double Quantum build-up of

PDMS thin films

While T, dispersion investigates chain reorientation motion in the frequency scale of the ap-
plied magnetic field (Larmor frequency), transverse relaxation (T5) gives information about
integrated slow motion components. Ty relaxation of all thin films investigated using Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence, that mainly probes uncoupled spin pairs,
showed multi-exponential relaxation behavior, irrespective of the molecular weight and layer
thickness. These curves were best fitted with a bi-exponential fit, while higher order expo-
nential fits did not reduce the residuals significantly. The description of relaxation curves
using two exponentials may symbolize the existence of at least two components of distinct

mobility, however a continuous distribution of relaxation components as well as other shorter
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relaxation components cannot be ruled out.

(@) Pous 10 ] (b)
”””””””””””””””””””””””””””””””” Thin layers in 20 nm pores Thin layers in 200 nm pores
Thin layers in 20 nm pores Thin layers in 200 nm pores ® T,long A T,long
® T,long A T,long O T, sShort A T, Short
= 1004 O T, Short A T, Short & 100
£ . E .
A
2 ° 055 R A 2 ° 050 N 051
) ® 045 0.47 0,67 5 90,59 0.72 0,66
o ’ ~ A
= 104%% 0,45 9 = 104%% 050 0:49
0,55 o) o5y 038 0,41 o 028 0,34 A
065 © N & 0440 . A
o O
1 T 1 T
0.1 1 0.1 1

Layer thickness [nm] Layer thickness [nm]

Figure 7.5 : Analysis of transverse relaxation data for different samples of (a) PDMS10k and (b)
PDMS30k. The long component and the short components along with its weight fractions (numbers
above and below) from a bi-exponential fit to the relaxation decays are given. The dashed horizontal
line corresponds to the bulk value in the respective figures. All measurements were carried out at a
LH Larmor frequency of 200MHz and at 298 K.

The analyzed results including the relative weight of each fraction (numbers below data
points) of the transverse relaxation experiments on PDMS thin films performed at 298 K are
presented in fig[7.5] The transversal decay of the PDMS10k bulk showed mono-exponential
behavior while PDMS30k bulk, whose molecular weight is only slightly higher than the
critical molecular weight, showed only a slight deviation from mono-exponential behavior;
the horizontal lines in the figure denotes these bulk values, given here for comparison.

The Ty values for all the thin films show a marked decrease in comparison to the bulk
values (325 ms for PDMS10k bulk; 109 ms for PDMS30K bulk). The shortest values are
obtained for the thinnest films and are reduced by up to two orders of magnitude. However,
the long component values are comparable to highly mobile chain segments of dangling ends
or long loops observed in grafted PDMS chains upon swelling by a solvent [78].

On a closer look, results from PDMS10k thin films show a trend of decreasing Ty (both
long and short) with decreasing coverage. However, Ty from equivalent thin layers in pores
of different sizes cannot be compared, since a distinct dependence on the pore size becomes
evident. The above mentioned observations of dependence of relaxation times with layer

thickness and with pore size follow the same trend as the relaxation dispersion data. With
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respect to the weight fractions, the short component (A*"*"*) that corresponds to less mobile
chain fractions, increases with decreasing layer thickness. A simple attribution of each value
to two fractions, one bound to the surface and another mobile and free, is not possible
though, considering the relationship between the weight fraction and layer thickness (no

inverse proportionality).

For the PDMS30k thin films, the results are similar to those of the PDMS10k thin films.
Although the bulk relaxation values of the two molecular weights differ by a factor of 3, the
values of relaxation times of thin films of the two molecular weights, appear to be similar.
Similar to PDMS10k films, with decreasing layer thickness, the relaxation times of the shorter
component increases and the weight fraction of the shorter component decreases, indicating
higher fraction of restricted segments in thinner layers. In both the relaxation dispersion
results as well as the transverse relaxation results, clearly, a dependence of pore size appears,
preventing the comparison of these results from similar layers in the two different pores.
Additional results from solid echo decay curves for PDMS30k samples confined in A200 were

also recorded and are presented in the last part of this section.
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Figure 7.6 : Temperature-dependent plots of (a) Transverse relaxation times (T2, cpma) and (b)
weight fractions(Acpya) obtained from fits of CPMG decay curves for PDMSS30k thin layers;(e)-
4.5 nm layer, (¥)-2.1 nm layer and (A)-1.25 nm layer. The closed and open symbols correspond
to long and short components, respectively. The errors for the relaxation times/amplitudes were
smaller than the symbols themselves.
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The temperature dependence of transverse relaxation was measured using CPMG as well
as solid echo (SE) pulse sequences. The transverse relaxation times of PDMS30k samples
measured at various temperatures with CPMG pulse sequence is given in fig[7.6] In general,
in the range of the temperature studied, the relaxation times are not affected drastically,
increasing by only a factor up to 2. The most significant dependence on temperature on
a relative scale is observed for the sample with the smallest polymer amount, while the
remaining samples show only a very weak temperature dependence at most. At the same
time, the relative weight fraction of the short component (Agi ) steadily increases for all
the samples. The absolute values even at higher temperatures are still lower than the bulk
value at 298 K.

Segments adsorbed on pore walls have reduced mobility due to surface interactions,
thereby rendering intermolecular dipolar interactions to be only partially averaged. In order
to obtain information about such partially averaged dipolar couplings, the study of solid echo
(SE) decay is known to be a very useful method [78] since strong incomplete bilinear dipolar
interactions are effectively refocused by the SE. The transverse relaxation components of

such systems are characterized by times in the range from a few microseconds up to a few

milliseconds.
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Figure 7.7 : Transverse relazation times (a) and weight fractions(b) obtained from fits of Solid-
echo decay curves for PDMS30k thin films. As in fid7.6, the symbols (o, A, V) correspond to 4.5
nm, 2.1 nm and 1.25 nm layers. The open and close equivalents correspond to short and long
components respectively.
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The analysis of solid echo decay results are given in fig. The shortest relaxation
component is observed for the thinnest layer (Ts=102 us). Compared to a Ty of 70-90 s
relaxation times observed for PDMS chains grafted on silica, the chains in the system, at
least in the thinnest layers are not so much more mobile. However, a Gaussian component

as expected for a solid with unaveraged dipolar interactions, could not be identified.

The short and the long components are almost an order of magnitude different. The
relaxation times in general, show a strong dependence on the layer thickness, specially the
long component while the short component amplitude also increases with decreasing polymer

loading, corresponding to an increased fraction of restricted segments.

With increasing temperature however, there is only a weak change in the long compo-
nent, while the short component increases notably, specially for the thicker film. The most

significant change is for the change in amplitude of short component.

On the whole, as a general feature, one finds that a temperature dependence in the range
298 to 333 K is almost absent for the thinnest layer but gradually becomes stronger with
increasing polymer amount. This is similar to the trend found in the results from field-cycling

relaxometry.

To get information on the motionally restricted strongly coupled spins, double quantum
NMR that effectively accesses the residual dipolar couplings, prevalent in partially dipolar
averaged systems such as thin films, is used. The double quantum intensity build-up for two

representative PDMS30k thin films in A200 and A20 pores each are shown in fig/7.8|

From the build-up curves, the first order maxima for the samples from the D(Q build up
curves occured at approximately the same excitation interval. The intensity for the thinner
layers though was much higher than that of the thicker layers. The peak intensity is related
to the strength of the dipolar coupling while the position of the maxima is an interplay
between the DQ buildup intensity and the single quantum transverse relaxation decay of the
spins [79]. The build-up curves showed well-resolved multiple peaks as obtained by Jagadeesh

et al. [77] on the same system. As interpreted by them, these peaks are manifestations of
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DQ coherence build-up from different layers in a multi-layered film.

The residual dipolar coupling (RDC) constants obtained from the slope between signal
intensity and excitation/reconversion times are presented in table 7.2} The residual dipolar
coupling constants are a measure of coupling strength between spatially correlated spins, the
correlation induced by motional restrictions, and have been successfully used to characterize

systems like elastomers [79].
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Figure 7.8 : Double quantum build-up curves as a function of the excitation time, obtained using
the 5 pulse experiment.

The RDC constants for the bulk melt are almost negligible, since the dipolar couplings are
almost completely averaged owing to high flexibility and low viscosity of the melt as in the
case of simple isotropic liquids. Thus the RDC observed for the thin films directly probe the
molecular order induced by the interactions of the pore wall and the pore confinement effect.
For both PDMS10k as well as PDMS30k thin films, the highest RDC constant is observed for
the thinnest films. In general, the RDC constant decreases with increasing layer thickness
indicating decreasing molecular ordering and dynamic restrictions. Along with the pore size
dependence, these results show the same trend as the findings from relaxometry.

In all of the above investigations, although sub-monolayer thin films can be easily inves-
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Table 7.2 : Residual Dipolar Coupling (RDC) constants of various confined samples of both
PDMS10k and PDMS30k polymers, calculated from the slope of the initial linear part of the build
up curve.

Pore diameter Layer thickness RDC constant

(nm) (nm) (Hz)
PDMS bulk 0.25
10k 200 0.45 793
200 0.60 575

200 2.50 312

PDMS bulk 30
30k 200 1.26 667
200 2.10 436

200 4.50 278

20 0.13 590

20 0.15 436

20 0.50 305

tigated only inside smaller pores, since the larger curvature of the 20 nm pores was in the
same order as that of the polymer radius of gyration(R,) which happens to be 3 nm, 5 nm
and 12.5 nm for PDMS 10k, 30k and 200k respectively, it was suspected that the melt may
really not form a film of thickness as expected. This can be clearly seen from the bulk-like
behavior of even sub-monolayer films (a 0.5 nm’ thick PDMS30k films in A20, nominally
a sub-monolayer film behaves bulk-like). Hence the films formed inside 200 nm pores were

more likely to be flat.

7.4 Discussion

The broad aim of this study is to investigate the highly intriguing dynamic processes in thin
films using the rich and developed set of NMR methods. Classically, polymer thin films are
considered to be a microscopically smooth layer forming on a flat planar substrate, however
the limited sensitivity of NMR (especially at low field) requires the use of porous substrates
with high surface/volume ratio, which when partially loaded, allow one to investigate thin

films using methods like low field NMR. Though polymers have been investigated previously
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in pores using field cycling NMR, most of the studies have concerned pore-filling scenario
i.e. polymers completely saturating the void space of porous matrices |68, |80} 62| or being
contained between sheets of impenetrable foils [41]. In all cases, confinement was found to
affect the reorientational dynamics, even when confining dimensions are in the order of ym
which far exceeds the characteristic chain dimensions. Interactions were interpreted in terms

of coherent effects mediated by the compressibility of the polymer melt [81].

The studied system of the polymer forming a layer inside pores might include effects such
as enhanced mobility due to the free air-polymer interface, restriction due to confinement in
pores as well as other effects due to pore curvature. A number of questions have to be asked
at this stage: at what length scales do the chains deviate from bulk behavior and what are
the underlying reasons? How important is the pore curvature and at what length scale can
one expect chains not to 'feel’ the curvature? How mobile are the surface molecules: are they
rigidly bound or are they mobile and diffuse freely or does this feature have a dependence on
other parameters such as layer thickness? How are conformations and dynamics affected for

polymer concentrations which are insufficient to provide a complete coverage of the surface?

From the results, a common observation is that T; at frequencies above 10 MHz is
only slightly reduced, specially for thicker films. This frequency range corresponds to the
(semi-local) fast anisotropic segmental reorientation motion. The results show that these
fast motions are essentially unaffected by pore geometry as well as by the surface interac-
tions. Relaxation times in the range 10° to 107 Hz are most affected for all samples, in
general; in bulk, this range corresponds to chain mode regime comprising a major but not
the whole part of the chain as well as majorly intra-segmental interactions. Entanglements
and other intermolecular interaction effects are expected only for polymers with molecular
weight higher than the critical molecular weight, and even in that case, are expected only
to appear in the spectrum at much lower frequency. Thus a straight forward interpretation
for the relaxation data should be the slowing down of motions accompanied with a change

in the relative weights of the motional modes.
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At a closer look, the profiles of PDMS30k thicker layers in A200, the 7.1 nm and 4.5

PDMS

mmonolayer=0-T nm), show

nm layers corresponding to 10.1 and 6.5 monolayers respectively (d
bulk-like behavior from the dispersion slope with reduced relaxation times, while the thinner
layers show a change in the slope with a tentative deviation from bulk. A similar behavior
is also seen for PDMS10k films in A200, where the thicker films behave bulk like while the
thinner films show a deviation from the bulk with an increased slope. This effect will be

discussed with profiles measured at different temperatures along with transverse relaxometry

measurements shortly.

CPMG pulse sequence provides information on uncoupled mobile spin pairs. The re-
laxation decays are best fitted with a second-order exponential function. From transverse
relaxation times measured with CPMG, chain mobility shows a tendency to decrease with
decreasing layer thickness due to the increase in motional restrictions. It is however inter-
esting to note that the longest relaxation times are in the same range for thin films of both
the molecular weights, while their bulk values differ by a factor of about 3, implying that
the mobility restrictions in these films could be molecular weight independent, although the
underlying processes could be different, for instance, a change in the effect of entanglements
can take place only in PDMS30k films. Regarding the weight fractions, the short component
weight fraction is also seen to be decreasing with increasing layer thickness signifying higher
fraction of mobile chain segments with increasing layer thickness due to the obvious decrease

in surface space available for the chain segments to adsorb.

SE relaxation curves were also best described by second order exponential function.
Relaxation times from SE provide information about mobility of strongly restricted segments.
The shortest relaxation time observed for any sample is about 100 ps for PDMS30k 1.25
nm layer, which is only slightly higher compared to grafted PDMS segments on silica (60-
80 ws) [78]. Thus the adsorbed chain segments in the thinnest films do not appear to be
extremely mobile, however, a Gaussian component is not observed here, which is expected

for unaveraged dipolar interactions [78§].
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The relaxation decays are best fitted with a second-order exponential function. The
two components however cannot be simply decomposed and assigned to adsorbed and non-
adsorbed segments for the following reason: the system of PDMS adsorbed on alumina
represents a weakly adsorbed polymer system [82]. Such systems are characterized by weak
bonding forces such as van der Waals forces, different equilibrium kinetics, low surface res-
idence time, and fast exchange between adsorbed and non-adsorbed chain segments [74].
These factors render the fraction of adsorbed chain segment per chain, a variable with a
large distribution [83, 84], making the assignment doubtful. However, the two transverse
relaxation components may refer to two populations with a broad distributions of mobility
each, one more restricted -close to the surface and the other less restricted -far from the

surface.

The residual dipolar coupling constants give an idea of the anisotropy in mobility and
order in the system. However, with the samples being unoriented, the RDC constants give
information about the immobility itself. The RDC constants found from the DQ build
up curves decrease with increasing layer thickness. These results complement the results
from other measurements that due to a higher fraction of adsorbed chains and stronger

confinement effects the mobility decreases with decreasing film thickness.

In all of the above measurements viz. longitudinal, transverse relaxometry and DQ
NMR, a distinct dependence of dynamics on pore size is evident. While films that are 1-2
monolayers thick in 200 nm pores show stronger dynamical effects in comparison to films
that are even sub-monolayer thick in 20 nm pores. The difference is the pore curvature
and the related energy of the molecules to spread on to a film. For the bulk size of the
molecules used in the study (PDMS R.**:3 nm, R3*":5 nm, R2*°%:12.5 nm), the 200 nm
surface appears more flat compared to the 20 nm pore surface. The stronger curvature of the
smaller pores results in higher energy required for the molecules to spread on the surface,
preventing chains from forming a flat film in 20 nm pores. This results in the bulk-like

behavior of even the nominally sub-monolayer films in 20 nm pores.
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The temperature dependence of relaxometry profiles provide interesting information on
the dynamics of these systems. From the relaxation dispersion results of PDMS30k films
(see ﬁgs, the bulk melt shows a dispersion slope of 0.25 in accordance with limit
IT of the renormalized Rouse theory [36](see §3.5). The chains in the 7.1 and 4.5 nm thick
layers do not undergo a qualitative change in behavior relative to the bulk over the studied
temperature range, obeying the same power law as the bulk. However, in the case of the
thinner films, the 2.1 nm layer shows a deviation from bulk in the form of a slight change
in the slope of the relaxation dispersion at lower temperatures, while showing a tendency
toward bulk behavior at higher temperature. In the case of the 1.25 nm layer, the dispersion
shows deviation from bulk at all temperatures studied. The temperature dependence of the
profiles of the different samples decreases with decreasing layer thickness, as can be seen from
fig. The profiles for the 7.1 and 4.5 nm layers show similar temperature dependence
as compared to the bulk, while the 2.1 and 1.25 nm samples, the thinner samples in the
series, show a slightly weaker temperature dependence. Reptation dynamics observed for
strongly confined chains however, is not observed even for the thinnest films; the free-air
interface being a region of enhanced mobility is a clear violation of the conditions required

for reptation.

In adsorbed chain systems such as in thin films, a part or the whole of the chain exists in
the adsorbed state, while the rest of the chain exists as free non-adsorbed chains. However,
the non-adsorbed chains are still motionally restricted due to the connectivity with the part
that is adsorbed. The difference between the two parts is the degree of motional restrictions
and the ensuing effects. While the segments of the chain that are adsorbed might not only be
severely restricted but due to the accompanying structural changes might show non-bulk-like
properties. Concepts such as dead layer |72} 85|, reduced mobility layer [86] etc are now well
known dynamic features observed in thin films. This is related to chains close to the surface
that are severely restricted in motion, affecting chain properties like diffusion [73], local

segmental mobility [87], glass transition [88] etc. The width and the nature of this mobility
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restricted region along with the ensuing effects is a field of ongoing research. The extent to
which each property is affected depends on the perturbation length of the restricted layer
and the property itself, and the intrinsic properties of the system like the polymer flexibility,
surface interactions, temperature etc. Any measured parameter of these chains is then a

convolution of the properties of these two kinds of chains.

The longitudinal relaxation times (T;) of a chain are an unresolved weighted average
of the two components due to chain connectivity, i.e., the same chain where one part is
adsorbed and the other is non-adsorbed, as seen from a single exponential longitudinal
relaxation curve. The effective observed T of the system thus depends on the contributions
from the two regions: a region close to the surface, whose dynamics are influenced by the
adsorption of the chains, henceforth mentioned as adsorption restricted layer or ARL and
a region far from the surface, whose dynamics are restricted due to chain connectivity and
henceforth mentioned as connectivity restricted layer or CRL. The chains in ARL follow
non-bulk like dynamics due to a tentative change in chain conformations. The thickness of
this ARL should be of the same order as the length scale at which deviation in relaxation

dispersion occur.

The change of slope from the theoretically predicted value of 0.25 itself indicates a devi-
ation from the conditions of the renormalized Rouse model which have been shown experi-
mentally to be fulfilled for isotropic melts [35]. Deviations from the bulk behavior can occur
due to several factors such as changes in the chain topology, chain conformations, relative
weight of long chain modes etc. Some of these factors are discussed below. However, it
should be noted that either of these factors or even all of them can be responsible for the

change in relaxation dispersion behavior.

The bulk behavior of entangled polymer melts, i.e. renormalised Rouse behavior is pre-
dicted for three-dimensional entangled polymers, but obviously, adsorbed polymer thin films
cannot be treated as 3D melts in general. In fact, this study gives hints as to when this

deviation becomes noticeable. One possible explanation can be sought in the relative im-
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portance of entanglements: while PDMS30k is only marginally above the critical molecular
weight (M.=25 000) for the onset of entanglements, i.e., the crossover from Rouse to renor-
malized Rouse dynamics, PDMS200k has a much larger number of entanglements per chain.
The lower molecular weight might thus more likely be affected by a change in topology,
and entanglement effects could become inefficient near the surface. This would not be the
case for PDMS200k. However, the behavior of relaxation dispersion of all molecular weight
batches of PDMS under study show a similar dependence on polymer amount, with the
thinnest layers being significantly affected. Apart from this, the fact that deviations from
bulk behavior are also seen for PDMS10k thin films clearly shows that this is not a simple
consequence of entanglement effects alone. Such a behavior can then be expected when the
contributions from chain modes to the relaxation dispersion, mainly chain modes are affected

due to a change in topology, which in turn results in a change in the dispersion slope.

Secondly, it can be observed that deviations in films occur when the layer thickness is
smaller than R,. Additionally these deviations depend only weakly on the molecular weight.
For instance, PDMS 10k and 30k films show deviant relaxation dispersions when the film
thickness obeys d<0.2*R, and d<0.5*R, respectively (such an observation was not possible
for the highest molecular weight 200k, since films of higher thicknesses were technically
difficult to prepare, due to the high solution viscosity). Chain conformations have been
known to deviate from the bulk (Gaussian) in thin films of similar dimensions [69], where
the changes affect the chain density and the excluded volume effects. This results in a
change in inter-, intra-segmental and inter-molecular interactions. As was discussed above,
the frequency regime being probed corresponding to limit IT of renormalized Rouse model, the
contributions are dominated by intra-segmental interactions. The above mentioned changes
results in a different contribution to the relaxation dispersions resulting in a change in the
dispersion shape. Additionally, this threshold thickness at which chains show deviation from

bulk relaxation behavior may also directly relate to the thickness of the ARL.

The third possibility of this deviation could be due to a lesser weight of contributions
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of long chain modes to the relaxation dispersion. The weaker contribution can stem from
either or both of the above mentioned contributions, but this is the most straightforward
explanation. If these contributions are less compared to bulk, then the dispersion shape is
altered, and a deviation is observed. Given that even the thicker films of PDMS200k show
deviation from the bulk slope might be substantive proof of the changing relative weight of
chain modes specially at low frequencies.

The transverse relaxation times measured using solid echo give vital information support-
ing this model. While with increasing temperature, one sees an increase in the relaxation
times expected for thermal processes such as segmental motion and chain modes, the more
interesting information can be seen from the relative weight fraction of the components.
Although it cannot be shown to be directly connected, the deviations in relaxation disper-
sion are accompanied by the short component amplitude of the solid echo decay curve being
the major component(ASE =~ >0.5). For instance, deviations from bulk are observed at all

short

temperatures for the PDMS30k - 1.25 nm layer film while the ASE _ is the major component

shor

(A5, > Anr); for the 4.5 nm, relaxation dispersion is bulk like, and AS7 , <AP" . In
a similar way for the 2.1 nm layer, where the dispersion approaches bulk-like behavior at
higher temperature the A%F . also approaches being the minor component. Thus the ASE .
could be a parameter directly accessing the fraction of ARL, while the relaxation time ac-
cessing the mobility. It is however to be remembered that there are more components much

longer consisting of uncoupled mobile spins as studied by CPMG.

7.5 Conclusions

The dynamical behavior of PDMS thin films of varying molecular weight, both above and
below the critical molecular weights, inside porous alumina of two different pore sizes (20
and 200 nm diameter) were investigated using NMR field cycling relaxometry, transverse
relaxometry and 'H Double Quantum NMR. The system represents a flexible polymer weakly

adsorbed on a metal oxide surface leading to motional heterogeneities.
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Relaxation dispersion of the films show that while fast reorientation motions are only
weakly affected, slower motions appear to be more affected for all films. At thicknesses
approaching the molecular size (R,), the relaxation dispersion shows deviations from bulk,
however, in other cases shows only a reduction in T; times with no qualitative deviation
from bulk. The results show that the pore curvature to have a strong effect on the topology
and hence the dynamic properties of the chains, as seen from the results; while films of 1-2
monolayer thickness in 200 nm pores show deviation from bulk, even the sub-monolayer films
in 20 nm pores behave bulk-like. Due to the larger curvature in smaller pores considering
the molecule size, the low energy of cohesion and the high energy of spreading state favors
bulk-like layer. The curved surface of 200 nm pores however is large enough compared to
the size of the molecules, for the films to spread and behave like a flat film. The mobility
of the chains segments, in general, decreases with decreasing layer thickness as seen from
transverse relaxation measurements. However, the motional restrictions are low compared
to PDMS chains grafted to silica that are pinned to the surface, implying chains are not

rigidly bound but relatively mobile, as expected for a weakly adsorbed polymer.

Most of the results can be interpreted on the basis of a two-component model. The
thickness of the layer is divided into two regions, one closest to the surface, where chain mo-
bility is affected by adsorption named adsorption restricted layer(ARL) and another region
farther from the surface where chain mobility is affected only by chain connectivity (named
connectivity affected layer or CRL). Chains in both the regions are dynamically hindered
but chains in ARL show non-bulk behavior. The thickness of the layer is of the order of the
minimum thickness below which deviations from bulk behavior appear in relaxation disper-
sion. The significance of this is that, the relaxation measurements made on this system are
a manifestation of the contributions from the two regions. The spin-lattice relaxation, for
instance, is an unresolved convolution of contributions from the regions; when the effects
from non-bulk chains from ARL dominate, the dispersion deviates from bulk (Rouse and

renormalised Rouse) behavior. Solid echo decay components appear to represent the frac-
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tional weight of each component as seen from the short component that is dominant when
deviation from bulk is seen in relaxometry profiles .

The deviations itself can be due to several factors that might be related, viz. (i) change
in the 3D-topology of the film as the layer thickness decreases, affecting the inter- and
intra-molecular interactions (ii) lower weightage of the long chain modes to the relaxation
dispersion when compared to the bulk resulting in a change in the shape and (iii) changes
in the chain conformation at very small thicknesses leading to a change in the interactions
between segments leading to a deviant behavior. However, it should be noted that, although
the latter has been observed in other systems, it could be far-fetched given that no direct
investigations for proof of non-bulk conformations have been undertaken. Of the above
factors, the first two seem to be the most plausible and direct explanations for the observed

deviations.
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8.1 Introduction

The structure and dynamics of surface molecules in confined systems is responsible for
many of the mechanical properties. For instance, normal and frictional forces oscillate with
the periodic dimensions of the chain, indicating layering in the films normal to the surface
plane. Additional to layering, depending upon surface-specific interactions, the molecules
may change their conformations to flat, extended shapes at the interfaces and orient partially
or completely adjacent to the substrates. On an attractive surface, for instance, unentangled
chains of a polymer melt are observed to orient parallel to the interface when sandwiched
between two parallel impenetrable walls [89], and higher molecular weight chains have shown
strong deviation from bulk conformations [90] at the interface. Conformational changes
have been observed close to an interface formed with an attractive surface [2], specially
when the length scale approaches the dimension of the bulk polymer gyration radius. [69)].
While the nature of the interaction is well known to determine the adsorption strength,
the dynamical aspects influencing the structure such as exchange, residential time, time-
dependent fluctuations are not explicitly discussed, since most of the studied methods involve

time averaging and are simply static in nature.

While PDMS chains have for long been speculated and observed to form flattened con-
formations [89, 75| even on non-interacting substrates [10], so far the discussions have not
included dynamical aspects for the reasons just mentioned above. For instance, in weakly
adsorbed systems, although flattened chains may exist, strong exchange between adsorbed
and non-adsorbed molecules may cause a dynamic equilibrium even in monolayer and sub-
monolayer thin films. Such information is either ignored or lost due to the intrinsic property
of the measuring technique, specially due to vast differences in correlation times in the two
states.

Using NMR relaxometry to investigate both the dynamics and structural aspects of
such systems is well known [78| 84]. In this study, a popular but a less applied property of

relaxation enhancement by paramagnetic spins is used to differentiate chains in the adsorbed
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and non-adsorbed chains. Paramagnetic species contain one or more unpaired electrons
possessing a positive magnetic susceptibility. These unpaired electron spins can strongly
interact with nuclear spins enhancing the relaxation rates of the nuclear spins. This effect is
called paramagnetic relaxation enhancement (PRE). This interaction is strongly dependent
on the distance between the interacting (electron-nuclei) spins and by localizing the electron
spins, distinction between spins that are close by and far away can be made.

Here, this property is used to distinguish between adsorbed and non-adsorbed chains
as follows: The surface of the confining substrate is coated with paramagnetic species and
ultrathin films are allowed to form on them. The relaxation rate of spins closest to the
paramagnetic species, that is close to the surface are enhanced strongly, while the relaxation
rate of spins that are far from the surface is either not enhanced or only slightly enhanced
due to the paramagnetic species. A similar idea has been used by Gao et al [91] to study
solubilizates in micellar systems by identifying solubilizates in the aqueous part where the
paramagnetic ions exist. Here, by studying the fraction of adsorbed segments in films with
thicknesses ranging from several monolayers to sub-monolayers, it is tried to verify if the
chains indeed exist in flattened conformations, and if not, the consequential underlying
reasons for such observations are explained. If flattened conformations do exist in this
system at sub-monolayer thickness, one expects a mono-exponential component with the

relaxation rate strongly enhanced.

8.2 Experiment

PDMS thin films of various thicknesses both in alumina (native) membranes and param-
agnetic spin doped alumina (doped) membranes were prepared by dipping respective mem-
branes in polymer solutions of various concentrations. More details of thin film preparation
and characterization is detailed in For preparing paramagnetic dopant coated alu-
mina membranes, Fey,O3.H20 solution with a concentration of 8 mg/ml was used. The

membranes after cleaning were left in the solution for not more than 3 minutes and imme-
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diately after, rinsed in clean water to remove excess ferric oxide. The membranes were then
evacuated overnight at around 100 °C, then the same procedure adopted for coating the

native membranes was followed to form thin films from solution.

Table 8.1 : PDMS30k thin films in alumina pores, precoated with paramagnetic ions. The nom-
inal layer thickness was calculated as explained in §5.2.1. The surface coverage of Fe3t ions was
estimated to be ca. 0.6 mg/m?.

Pore Avg. wt. of Avg. wt. of Nominal film
specification membranes  poly/mem thickness
(mg) (mg) (nm)
Fe200 77.90 6.40 5.2
Fe200 80.72 3.80 3.0
Fe200 84.33 2.14 1.7
Fe200 82.20 1.95 1.4
Fe200 78.44 0.90 0.5

8.3 Results and Discussion

The longitudinal relaxation curves obtained for some of the PDMS30k samples in native
A200 pores without any paramagnetic coating at 200 MHz are given in fig[8.1] As seen in
the previous chapter, the relaxation curves are best described by a single exponential decay
function, while higher order exponentials either resulted in unreasonable values and/or did
not reduce the residuals significantly. The single exponential behavior is a result of long
T, that allows better mixing as well as motional averaging due to fast segmental motion
probed at these high fields. The same curves for the thin films in alumina pores coated with
paramagnetic ions (doped pores) are shown in ﬁg.. The recovery curves obviously are non
mono-exponential as seen from the fits (dashed lines) but rather bi-exponential (solid lines).

In fig[8.3] the relaxation times of thin films formed both in native alumina pores as
well as doped pores, after analysis of the relaxation curves are shown. Alongside, the bulk
relaxation values of PDMS30k melt is given by the horizontal line. Of the two components,

the short component of thin films in doped alumina is not observed in native alumina pores
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Figure 8.1 : Longitudinal relaxation curves of PDMS30k thin film in un-doped porous alumina of
various layer thicknesses(a)1.25 nm, (b)2.1 nm layer and (c)4.5 nm layer. Best fits to the curve
using a mono-exponential decaying function are shown as solid lines in the figures.

while the long component is comparable yet slightly shorter than the only component of thin
films in native pores. Paramagnetic ions present only on the surface act as a relaxation sink
hence enhance the relaxation rate of the spins in close proximity. Thus, the short component
must arrive from chains that are in contact with the paramagnetic ions, which in turn are
situated on the surface. The longer component then corresponds to the fraction that is
not in contact or close to the surface. It is assumed that this component is not influenced
by the paramagnetic ions on the pore surface. However the slight reduction in the T; is
a result of the large sphere of influence of the paramagnetic effect of the ions [24]. Yet,

assuming that this has no influence is reasonable considering (i)the high absolute value of



8.3. Results and Discussion 99

(@ (b)

T T T T T T T T T T T T
10 b 10 b
208} . 208} .
7} 7}
c c
2 a
£ 06} E £ 06} E
o o
Q [}
2 04 . 2 04 .
[} [}
£ £
o L i s} L 4
zZ 02 PDMS 30k P 0.2 ° PDMS 30k
1.7 nm layer in Fe200 3.0 nm layer in Fe200
OO T T T T T T 00 T T T T T T
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time [ms] Time [ms]

(©)

o
o
T

o
i
T

Normalised Intensity

PDMS 30k
5.2 nm layer in Fe200

o
N
T

T T T T T T T
0 1000 2000 3000 4000 5000 6000
Time [ms]

Figure 8.2 : Longitudinal relazation curves of PDMS30k thin film in porous alumina coated with
paramagnetic ions of various layer thicknesses (a)1.7 nm layer, (b)3.0 nm layer and (c)5.2 nm
layer. Best fits of bi-exponential function (solid line) and mono-exponential function (dashed line)
are shown. Clearly the recovery is non-monoexponential.

this component, (ii)the natural affinity of the ions to the hydrophilic alumina surface and
hence a low probability that the ions dissolve in the polymer and (iii) the slow diffusion
expected for a heavy ion in a viscous medium. Additionally such an influence does not
interfere with the objective of the study, which is to distinguish between the two states.
The weight fraction of the short component constantly increases with decreasing layer
thickness indicating increasing surface chains. Additionally there is up to a 3 folds decrease
in the short component relaxation time with decreasing layer thickness. This has to be
related to decreasing mobility with increasing confinement effect and/or increasing spin-

paramagnetic species contacts. However, such a distinction is not clearly observed for the
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Figure 8.3 : Comparison of relaxation times at 200 MHz of doped and un-doped samples of
PDMS30k thin films. The horizontal line is the relaxzation time of the bulk.

longer component similar to relaxation in thin films inside native pores.

In summary, the shorter component arrives from surface adsorbed chains (and chains that
are close to the surface), while the other component arrives from non-surface chains. The
important aim of the study is to see how these surface chains are distributed at extremely
low thin films or more precisely, at mono and sub-mono layer level thin films.

The sample with layer thickness 0.5 nm is nominally a sub-monolayer thin film. However,
as observed on several other studies 76, 75| if the chains forms flattened conformations, the
decay curve should be mono-exponential, with only the short component being observable.

However the existence of two components, non-mono exponential behavior is in contrary
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to this claim, at first glance. While the results observed here, correspond to only a major
fraction of surface chains, not corresponding to flattened chains or chains located completely
on the surface, there may be a lot of factors influencing the results.

Under exchange conditions between surface and non-surface chains, with a short residen-
tial time, the longitudinal relaxation time in native pores becomes weight averaged, but the
fast relaxation due to paramagnetic ions at the surface renders only partial averaging leading
to two components. Additionally, the curved surface may increase the energy of flattened
conformations, thus the conformation observed on flat substrates may not be observed on

curved surfaces even at sub-mono layer thicknesses.

8.4 Conclusions

Flattened conformations of PDMS chains have either been observed or predicted on different
substrates using different methods. Here, a paramagnetic relaxation agent was used to
differentiate between chains adsorbed on surface and non-adsorbed, where the paramagnetic
species is present only on the surface. As per the other studies, at monolayer level or sub-
monolayer level films, the component that is not influenced by paramagnetic species should
be absent, however it is not the case. The intrinsic dynamic exchange between the chains
in adsorbed and non-adsorbed chains in weakly adsorbed systems and the effect of a curved
surface that induces additional energy for flat conformations are discussed as some of the

main reasons.
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Field cycling relaxometry was used to study polymer thin films formed inside porous
substrates of different sizes. The frequency dependence of proton longitudinal relaxation
times studied here, directly probe the spectral density function of motion in these thin films.
The thickness of the film was varied in the range from several monolayers to sub-monolayer.
In all cases, a slowing down of motion as reflected by lower relaxation times compared to bulk
was observed, and a qualitative deviation from bulk occurred in cases of strong confinements.

Two different polymers, viz. PDMS and PB were used in this study. Porous alumina
substrates and porous silica rods were used as confining substrates. The substrates differed in
the pore size as well as affinity towards the polymer. The relaxation dispersion of the nominal
thin layers formed in the pores were analyzed with reference to the relaxation dispersion of
the bulk that followed model theories of polymer dynamics. Other than relaxation dispersion,
transverse relaxometry and double quantum NMR was used in the study as a complementary
technique to support the findings.

PB melt thin films were studied in porous alumina membranes as well as in porous silica
rods. The molecular weight of PB used in the study was below the entanglement critical
molecular weight (M, < M,). In bulk, the relaxation dispersion of the melt followed Rouse
dynamics, as was evident from the master curve. The alumina pores certainly exceeded the
molecular size of the polymer, while the silica pores were slightly smaller than the molecular
size, hence the size effect is much different in the different pores as seen from the results.

The findings of the study of PB layers in different pores are summarized below:

e The relaxation dynamics of thin films formed in alumina pores showed progressively
increasing motional restrictions as the layer thickness decreased. Fast segmental re-
orientation motions probed at high frequencies were less affected compared to slower
motions probed at lower frequencies. Yet, a qualitative deviation from bulk was not
observed even for the thinnest (nominally sub-monolayer) films. It was shown that
the poor wetting properties of the melt with alumina plays a major role. This directly
affected the layer formation process, preventing the formation of a flat layer, with the
nominal thickness, but forming blob with bulk-properties. This effect was enhanced in

smaller pores, where the strong curvature inhibited the layer forming process further.

e The PB thin films formed in Vycor showed stronger motional restrictions. With the
molecular size being larger than the pore, strong size effects were seen. The chains
showed strong deviations from bulk, and showed a tendency to follow reptation behav-
ior. However, in order to ascertain this, more information is needed on the interactions

of the polymer with the surface.
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e Studies of effect of polymer loading in Vycor demonstrated that as the amount of
polymer loading decreased so did the motional restrictions owing to the increased

motional degrees of freedom.

PDMS melts with three different molecular weights were used in the study; the molecu-
lar weights corresponding to below, above, and highly above the critical molecular weight.
In bulk, the low molecular weight melt followed Rouse model and the other two molecular
weights forming entanglements, followed renormalized Rouse ansatz. Although, manifesta-
tions due to confinement effect could be similar, the underlying processes can be different
for the different molecular weights, especially on the lowest molecular weight that does not
form entanglements.

Thin films of varying thicknesses were formed inside alumina pores of two different diam-
eters. The nominal thickness of the films ranged from several monolayers to sub-monolayer
levels. However, sub-monolayer level films were investigated only inside smaller pores. Field
cycling relaxometry investigations were complemented with transverse relaxation and double

quantum measurements. The findings of the various investigations are summarized below:

e The mobility of the thin films of all thicknesses were considerably reduced depending
on the thickness. Like PB, fast segmental reorientation motions were less affected
compared to the slower motions at lower frequencies that correspond to chain modes
in bulk. The degree to which motions at high frequencies were affected showed a

tendency of pore size dependence, at least for the low molecular weight.

e Chains below a certain thickness, defined by the radius of gyration, showed deviation
from bulk behavior in terms of an increased power law behavior in the relaxation dis-
persion. These deviations are due to a different weight of the chain mode contributions
to the relaxation times than in the bulk. The different contributions can arrive from
either a change in the 3D-topology of the melt at such thicknesses or due to change in

the conformations of the change in the film or both.

e A model based on the different measurements characterizing the chains in the layer
is proposed. The layer thickness is divided into two layers, the adsorption restricted
layer and the connectivity restricted layer. All measurements derive contributions
from the two layers. The T; are an unresolved convolution of contributions from these
layers. Deviation from the bulk in relaxation dispersion are seen when contributions
from ARL dominate. Information about ARL can be arrived at from transverse relax-

ation measurements. The fraction of the ARL is given by the weight fractions of the
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two components from solid echo decay. The thickness of ARL is of the order of the
layer thickness below which deviations from bulk behavior are discerned in relaxation

dispersions.

PDMS monolayers are known to form flattened conformations on both solid and liquid
(non-curved) surfaces as studied by different static techniques. In the final study, surface
conformations at monolayer level thicknesses were investigated using paramagnetic relaxation

enhancement techniques to discriminate between surface and non-surface chains.

e The study did not conclusively prove that flattened chains exist in the system even at
sub-monolayer thicknesses. However different factor that could lead to such a scenario
are discussed including uneven distribution of paramagnetic species and weak adsorp-
tion strength of the polymer with the substrate leading to fast dynamic exchange

between adsorbed and non-adsorbed segments.

The above studies have led to a phenomenological understanding of the effect of motional
restrictions on polymer chains in thin films, due to film thickness and confinement (size
effects), curvature of the pore (interfacial effect) and adsorption (surface interactions). The
above mentioned effects on dynamics have been dealt with qualitatively in comparison to
the melt dynamics, but a quantitative approach based on molecular simulations can help
advance the understanding of these interesting and highly applied systems. It appears that
the surface interactions play a major role in the dynamics of the system. Thus polymers
with different affinity to the pores, as well as pores of different material can be used in
the investigation. Nevertheless, more information can be extracted based on the surface
interactions.

In addition to the techniques used above, other NMR techniques such as multi-nuclear
NMR, solid-state NMR techniques such as multiple-quantum NMR, MAS techniques can be

used to get important information.
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