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During the past ten years neutron scattering has become a much more widely used technique. The
use of neutron scattering to study the conformation and dynamics of polymer chains in the bulk
amorphous state and in solution is reviewed here. The basic theory of neutron scattering is intro-
duced. The types of instruments which are currently used and the factors affecting neutron scatter-
ing experiments are discussed. The following sections are each concerned with a different type of
scattering experiment and the information which has been obtained. At the beginning of each of
these sections the theory relating to the particular topic under discussion is introduced. The three
topics covered by this review are: conformation studies of polymers; dynamics of polymer chains and

studies of side group motion in polymers.

INTRODUCTION

Neutron scattering has been used extensively to investigate
the physics of the solid state'. During the past ten years
the technique has been applied increasingly to chemical
problems, a phenomenon due in part to the development of
suitable spectrometers. Reviews® of such applications have
recently been published and include studies of hydrogen
bonding, covalency, liquid structure and molecular spectro-
scopy. This review is solely concerned with thermal neutron
scattering studies of polymers in the amorphous solid state
and in solution.

Thermal neutrons have wavelengths in the range of 2 to
20 A and energies of between 400 and 0.4 J/mol (20--0.2
meV). It is this combination of properties which makes neu-
trons so useful in the study of the structure and the dyna-
mic properties of a system. Neutron wavelengths have a
magnitude approximately equal to that of interatomic
separations whilst neutron energies are of the same order
as molecular vibrational energies. The general theory of
neutron scattering is set out in the following section and
forms the basis for the more detailed treatments in later
sections. Examples of the instruments available are dis-
cussed in the second section. Also included here are factors
which influence the choice of experimental conditions.

Elastic scattering of neutrons measures correlations be-
tween scattering centres and for polymers this enables the
conformation to be determined. The theory of such small-
angle neutron scattering (SANS) is developed in the section
on conformation studies and experimental results from a
variety of systems are discussed.

When a neutron is scattered by an atom or group under-
going some type of motion then energy can be exchanged
between the two interacting species. If the moving atom
undergoes diffusive motion then the neutron energy is
Doppler-shifted. Since the energy change is small this type
of scattering is called quasi-elastic scattering. Neutron
quasi-elastic scattering (NQES) studies of polymers in the
bulk and in solution have given much new information on
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the Rouse—Zimm modes of a polymer chain. The detailed
theory of this type of scattering and experimental results
obtained are set out in the section entitled ‘Dynamics of
polymer chains’.

If the atom is undergoing quantized motion such as vib-
rational or rotational transitions then the energy exchange
gives rise to discrete peaks in the energy spectrum. Using
such neutron incoherent inelastic scattering (NIIS) the vib-
rational behaviour of side groups on the polymer chain can
be studied. A review of the experimental results and their
correlation with other studies of side group motion is given
in the final Applications section.

THEORY

Introduction

It is not intended to give any detailed derivation of the
theory of thermal neutron scattering but rather to intro-
duce the basic equations and concepts which will be used
throughout this review. A number of excellent books and
review articles already exist which describe the theory in
more detail; see, for example, Marshall and Lovesey*, Tur-
chin® and Allen and Higgins®.

Neutrons can interact with the sample under investiga-
tion in two ways. The main interaction is that between the
neutron and the nucleus via purely nuclear forces and is
called nuclear scattering. The second interaction can occur
if there are unpaired electrons present; in this case the mag-
netic moment of the neutron interacts with the magnetic
moment of the unpaired electrons. This type of scattering
is called magnetic scattering. The theory described below
is concerned solely with nuclear scattering of low energy
neutrons (thermal neutron scattering).

The magnitude of the interaction between a neutron and
an atom does not follow any simple rule as, for example, in
X-ray scattering where the interaction is proportional to the
number of electrons in the target. In neutron scattering the
magnitude of the interaction is essentially the same for all
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Figure 1 Relationship between the incident wave vector kg and
the scattered wave vector k where @ is the scattering angle

atoms. Because the neutron interacts with the nucleus, the
interaction is different for each isotope as well as each ele-
ment. The variation in interaction gives rise to incoherent
scattering whereas the mean value of the interaction for a
particular atom gives rise to coherent scattering.

Momentum and energy transfer

In a scattering experiment the intensity of the scattered
beam is measured as a function of energy and/or scattering
angle. The vector diagram for a scattering event is shown
in Figure 1, where kg is the incident wave vector, Kk is the
scattered wave vector and Q =k — ko.

If the incident energy is Fp and the energy of the scatter-
ed neutron is E then the energy transfer is

E—-Ey=AFE
=hw
=Ym(v? - v(z))
12
=— (k- k3) 1)
m

If the scattering is elastic then no energy change takes place
and thus AF =0 and k = kg. In an inelastic scattering event
AE # 0, it can be < or >0 depending upon whether the
neutron has gained or lost energy during the scattering event
and this depends on the incident energy of the neutron.

The momentum transfer is hQ which can be written as:

hQ = h(k? + kg — 2kk cos§)1/2 )

and if k = kg, i.e. the event is elastic then equation (2) be-
comes the familiar expression

47 0 2
Q=iQ|=rSin'§ since |k0|=7 (3)

A third form of scattering is called quasi-elastic and this
refers to the situation where AE — 0, so that only very
small values of AE are measured.

Scattering length
The interaction between neutron and nucleus is exceed-
ingly short range, ~10~15 m, and therefore is very small
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compared with the wavelength of the neutron, ~1 A
(1010 m). The amplitude of the scattered wave, f, which
is isotropic, is equal to —b where b is called the scattering
length. b is complex, the real part can be positive or nega-
tive and the imaginary part is a measure of the neutron
absorption which can occur.

The way in which a neutron interacts with a nucleus
depends on their relative spins. If the nucleus has a spin /
then the neutron can interact with the nucleus with spin up
or down, i.e. in total spin states, T, of ] + % and [ — 1. Asso-
ciated with these total spin states are scattering lengths b*
and b—. The degeneracy of these total spin states is 2T+ 1;
therefore there are 2(J + £) + 1 = 2({ + 1) states associated
with b* and 2(1 — %) + 1 = 2/ states associated with b—.
The total number of states is 2(2/ + 1) and since the prob-
abilities of each state occurring are identical, then the mean
scattering length is:

~ I+1 . 1
b= b+ b— 4)
27+ 1 27+ 1
and
I+1 I
bZ= p*i2 + b~ 12 (5)
2+1 +1

Equations (4) and (5) hold for an array of nuclei where
there is only one isotope with spin /. If there are 2 number
of isotopes each with a different spin then b for a particular
atom is written as:

Ip+1 In

b= cn—— bl +e
Z "21,,+1 " "21,,+

where cp, is the concentration of the nth isotope which has
scattering lengths by, and b;; associated with it and spin
state /.

[ b (6)

Double differential cross-section

The quantity which will be derived is d20/dQ2dE, the
double differential cross-section, which is the probability
that neutrons will be scattered by an array of N atoms with
cross-section o into solid angle d2 with energy change dE.
To calculate d20/dQ2dE it is necessary to include various
transition probabilities which are brought about by the
interaction between the neutron and nucleus. The final
form for d2¢/dQdE includes the following components:

(a) the probability that a neutron with wave vector kg
will be scattered with wave vector k where V is the inter-
action potential which causes the transition;

(b) the probability that the nucleus will go from initial
state  to final state X' when it undergoes an inelastic colli-
sion with the neutron, in which case

(c) energy must be conserved, i.e.:

Energy gained by the nuclei = E)r — E

= Energy lost by the neutrons
=Eg—E
=hw

which is expressed in the cross-section by means of a §
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function, and

(d) the probability that if the 1mt1a1 spin state of the
neutron is s the final state will be s'..

The final expression becomes:

2
(21rh2) z PP\ Z Khes'N 1 1kgsh) |2 x
SA SA

Ey) (N

which is called the Born approximation to the cross-section.
In order to give the correct form of scattering the Fermi
pseudo-potential is used for

d%e &
dQdE ko

S(hw + Ey —

27h2
P@= "= 2 brexpiQR) ®
I

where Ry is the position vector of the Ith nucleus which has
a scattering length b1. So equation (7) becomes:

z PP, z s\ |Zb1 exp(i Q.R})1sW[2

X 8(hw + Ey —

dQdE k

Ey) ©)

Equation (9) is the equation on which neutron scattering
theory is based. If the scattering is elastic, equation (9)
reduces to:

d
*; = Z PPy Z exp [iQ.(R;—R/)] (sAlbi*bylsh
1’ (10)

where R;and Ry are the position vectors of two nuclei with
scattering lengths b; and b; ', respectively. 1f b¥'b; is aver-
aged over all random spin orientations and random isotope
distributions then equation (10) becomes:

do R —
o= 2, expliQ R~ RN b0y (a1
oK
where
b1*b;" = Z I XUTON (12)
A
Now b *b;’ can be written as:
b1*by' =b2+ 8y, (b2 -b2) (13)

which means that if there is no correlation between thg
scattering lengths of the / th and ' th nuclei,i.e. I #1' then:

by =

butif 1 =1' then b;*b ;" = b2.
Substituting equation (13) into equation (11) gives:

d—0= d_U + d_o (14)
42 \dQ/)en  \d22/i

where the coherent cross-section:

2

do —

(—) = p? Z exp(iQ.R)) (15)
as2 coh I

and the incoherent cross-section:

do - —
— =N[b2-b2] =N[b-b]2 (16)
422/ ine

The incoherent cross-section is isotropic and does not de-
pend on a phase term, therefore no information can be ob-
tained about the relative positions of the nuclei in the array.
Information about the relative positions of the nuclei can
only be obtained if coherent scattering is measured. The
coherent cross-section depends on the mean value of the
scattering length and on interference effects between waves
scattered from different nuclei.

Incoherent scattering will only occur if there are varia-
tions in scattering length away from the mean value. Using
equations (4) and (5) it can be seen that if 7 = 0 and there
is only one isotope, then no incoherent scattering will occur
since:

b2=ph2

and therefore

do
ds inc

The total cross-section o is made up of two parts

Ocoh = 4mb?2 (17)
and
Oine = 41(b2 — b2) (18)

Values of these cross-sections plus the absorption cross-
section o4 are shown in Table I for typical nuclei found

in polymers. Also included in Table I are cadmium and
boron which are used as neutron absorbers, vanadium which
is used as a standard and aluminium and silicon which are
often used in sample containers. Note that the values of b

Table 1 Cross-section data for common elements

b x 1012 o1 Gcoh oA

Element / {cm) (barns) (barns) (barns)
14 1/2 -0.374 815 1.76 0.19
2H 1 0.667 7.6 5.59 0.0005
12¢ 0 0.665 5.51 5.56 0.003
14N 1 0.94 14 1.1 1.1
160 0 0.580 4.24 4.23 0.0001
*Cl 3/2 0.96 15 11.58 19.5

Vv 7/2 —0.05 5.1 0.03 28
*B 0.54 + 0.021/ 44 3.66 430
*Cd 0.37 +0.16/ - 2.04 2650
27A1 5/2 0.35 1.5 1.54 0.13
28g; 0 0.42 2.2 2,22 0.06

*Naturally occurring elements which have more than one isotope

POLYMER, 1978, Vol 19, July 741



Neutron scattering and amorphous polymers: Ann Maconnachie and Randal W. Richards

are different for !H and 2H and the incoherent cross-section
for H is almost an order of magnitude greater than that

for any other nucleus. Therefore the scattering from any
sample containing hydrogen will be dominated by the
hydrogen incoherent scattering.

Scattering law and correlation functions

In order to be able to use equation (9) it is necessary to
reduce it to a more manageable form so that it can be re-
lated to the measured neutron spectrum. The é function
in equation (9) can be written in the form:

S(hwt+E\— Ey)=

1
e f dt exp{—it(hw + E) — Ey)/h] (19

—o0

substituting this expression into equation (9) and assuming
that the neutrons are unpolarized so that the average over
the final and initial spin states can be dropped, the thermal

average becomes:
»

5 1l

M’
§(hw + Ex — Ey)

2

X

2 b; exp(iQ.R)
!

1
=— dr exp(—iwt P, x
— [ arenst wn) 2, By

als >
<

exp(itEy [h) Z by’ exp(iQ.R;) x
exp(—itE)\h) >\>

Z by exp(—iQ.R))
I

!

oo

1
=_ dr exp(—iwt Py x
— f p(iwr) > Py

—oo VY
& X

X Q\' z b’ exp(itH/h) exp(iQ.Ry) X

1
exp(—itH[h) 7\> (20)

where H is the Hamiltonian of the array of nuclei which
has eigenvalues £, and Ey'.
Equation (20) can now be written in terms of Heisenberg

Z b;* exp(—iQ.Ry)
!
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time-dependent correlation functions since:
exp(itH/h) exp(iQ.R;) exp(—itH/h)
= exp(iQ.R; (1)) Q1)

where f{| (¢) is a time-dependent Heisenberg operator. The
final form of equation (9) is then:

oo

d2e k 1
= dr exp(—iwt bi*by' x
dQdE ko 2nh f p( )12;, Po

—00

exp[—iQR; (0)]) exp(Q.R/'(H) (22)

If the scattering system consists of V identical nuclei, which
is a reasonable assumption if hydrogen is present as the
scattering will be dominated by that from the hydrogen,
then equation (22) can be written as:

’ =—N ( ) ( )
b2S Quw 23
dQdE ko

where S(Q, w) is called the scattering law’. S(Q, w) can be
divided into a coherent and an incoherent part, thus:

g _k NbB2S__ (Q 24
dQudE coh ;C; coh ,&J) ( )
and
d2o ko
= — N(b?2 — b2)Si(Q, 25
(deE)mc 0 ( Winc(Q,w) (25)
where

1
Scoh(Q,w)"‘m f dt exp(—iwt) X

Z (exp[—iQ.R ; (0)1x exp(iQ.R ;(£))) (26)
1,0

and

1
S; ,W) = ——— dt exp(—iwt) x
(@)= 5 f p(—icor)

Z (exp[—iQ.R (0)] exp[iQR; (O] 27
l

From equations (26) and (27) it can be seen that incoherent
scattering looks at correlations between the same nuclei at
time zero and ¢ whereas coherent scattering measures corre-
lations between different nuclei.

In order to be able to relate S{(Q, w) to the real world, it
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can be written in terms of a space--time correlation function
G(r, 1), thus:

1
S(Q,w)= Y [f exp(—i(wt — Q.e))G(r, H)drdr  (28)

S(Q, w) is the double Fourier transform of G(r, ) where
G(r, t) is called the pair correlation function. In the classi-
cal limit G(r, ¢) is the probability that if a particle is at the
origin at time zero, then any particle (including the same
one) will be at r at time 7. There is an equivalent expression

for Sinc(Q, w) involving G(r, t), the self correlation function.

1
Sinc(Q w) = oo I exp(—i(wt — Qr))G(r, t)drdt(29)

where G(r, t) is the probability that if a particle is at the
origin at time zero the same particle will be at r at time ¢.

Ideally in any neutron experiment it is necessary to
measure S(Q, w) over all values of hQand hw in order to
obtain the form of the correlation function. In practice
S(Q, w) can only be measured over a limited range of hQ
and hw. Normally a model correlation function is predict-
ed and a theoretical S(Q, w) fitted to the experimental data.

One of the consequences of the correlation function for-
mulation is that:

S(Q, w) = exp(hw/kpT)S(—Q, w) (30)

The significance of this expression is that the probability

of a neutron gaining energy hew is equal to exp(hw/kpT)
times the probability that it loses energy hw. Equation
(30) is called the condition of detailed balance. Using equa-
tion (30) a symmetrical scattering law can be defined:

8(Q, w) = exp(—hw/2kgT)S(Q, w) (31

such that S(Q, w) is an even function in both Q and w. It
is $(Q, w) which is calculated in the inelastic experiments
described below.

The scattering law separates not only into coherent and
incoherent components but these are again subdivided into
elastic and inelastic scattering (which includes quasi-elastic
scattering). 7Table 2 lists the kind of information which
can be gained from these scattering experiments.

INSTRUMENTATION AND EXPERIMENTAL
TECHNIQUES

Introduction

The experimental study of scattering phenomena in-
volves the same principles irrespective of the radiation being
scattered. The nature of the scattering sample influences
the design of the experiment and the analysis of the data.

A basic scattering experiment requires a source of radiation,
some way of selecting the required energy or wavelength
(monochromation) and a method of detecting the scattered
radiation. Detection involves measuring the intensity as a
function of momentum transfer and/or energy transfer.

One can therefore divide scattering instruments into two
categories, those used to measure (a) elastically and (b) in-
elastically scattered radiation. Instruments in category

(a) are used to investigate the structural or conformational
properties of a system whereas those in (b) are used to study

its dynamical properties. For the purposes of this review
we shall confine our remarks to instruments which have
been used to study amorphous polymers.

Three basic machines will be described: in category (a)
a small-angle scattering instrument which has been used
very successfully to measure the conformation of polymers
in the bulk and in concentrated solution; in category (b)
two machines, a time of flight spectrometer which can be
used to measure both quasi-elastic and inelastic spectra and
a high resolution back scattering spectrometer which has
been used mainly to measure quasi-elastic spectra at small
values of hQ, the momentum transfer.

General considerations

Neutron source. The source of neutrons is either a
nuclear reactor for a continuous beam or for a pulsed beam
a LINAC or pulsed reactor; consequently, neutron scatter-
ing is an expensive research tool. If the information which
is sought about a system can be obtained in any other way
then using the alternative is highly recommended.

All the instruments described below use a reactor as the
neutron source. In a typical reactor fission neutrons are
produced in the core of the reactor. The energies of the
neutrons are reduced by surrounding the core with D20
which moderates the energies of the neutrons to thermal
energies. A typical moderator temperature of 40°C will
produce a Maxwellian distribution of neutron wavelengths
peaking at about 1 A with a long wavelength tail (Figure 2).
The neutrons pass out of the reactor through beam tubes,
the ends of which are placed near the reactor core where
the peak of the thermal flux occurs.

By using a ‘cold’ source or a ‘hot’ source, it is possible
to shift the wavelength distribution to produce a greater
proportion of long or short wavelength neutrons, respec-
tivegy. Although the peak flux near the core will be about
10141015 neutrons/cm?/sec only about 105—106 neutron/
cm?/sec will reach the sample depending on the strictness
of the collimation and monochromation required for a
particular experiment. Another important reason for the
large drop in flux at the sample is the small amount of
neutrons with a particular wavelength. It is clear from
Figure 2 that relative to the peak A there are very few
neutrons with a long wavelength. Using a ‘cold’ source can
increase the flux at longer wavelengths by up to a factor of
8 but this still means the flux is very low.

Monochromation. Monochromation of a neutron beam
can be achieved in a number of ways. Two basic methods
are used. The first method involves the use of a crystal
which will scatter particular wavelength neutrons if placed
at the correct angle to the incoming beam in accordance

Table 2

Type of scattering Information obtained from polymers

Coherent:
Elastic Crystal structure, conformation of
chains in the bultk and in solution
Inelastic Phonon dispersion curves
Quasi-elastic Dynamics of polymer chains
Incoherent:
Elastic
Inelastic Molecular spectroscopy, vibrational
spectra of polymer side chains
Quasi-elastic Dynamics of polymer chains
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Neutron flux —

Typica! A

o] 20 40
Wavelength, )

Figure 2 The distribution of neutron flux as a function of wave-
length for a moderator temperature of 40°C. Apax = 1.1 A

with Bragg’s Law. Crystals can also be used as filters which
only allow neutrons with wavelengths greater than the
Bragg cut-off to pass through, €.g. Be has a Bragg cut-off
of 3.96 A so that only long wavelength neutrons can pass
through the crystal, all others being reflected.

The second method of monochromation involves the
use of mechanical velocity selectors which come in two
main types. A continuous beam of neutrons with a par-
ticular wavelength distribution can be produced by using a
helical velocity selector. Figure 3a shows a diagrammatic
representation of a helical velocity selector. This type of
selector has helical slots cut along the length of the cylinder
parallel to the axis of rotation. The wavelength of the
neutrons selected can be varied by varying the speed of
rotation of the selector. The width of the wavelength dis-
tribution can be altered by changing the number and size of
the slots and also by changing the length of the selector.

The second type of mechanical selector produces pulses
of neutrons. Figure 3b shows a typical rotor or chopper.
The rotor consists of a Mg—Cd alloy block into which a
number of curved slots have been cut. When rotated with
the axis of rotation perpendicular to the incoming beam
the rotor will only allow through pulses of neutrons with
energies within a narrow distribution. This distribution is
determined by the speed of rotation of the rotor and the
number and width of the slots. To obtain better energy
resolution it is common practice to use two such rotors
which are phased relative to one another to produce a
narrow pulse. The factors affecting the resolution of these
rotors have been discussed by Harriman and Hayter®. An
important point to remember is that, normally associated
with any improvement in energy resolution is a decrease in
flux.

Neutron detection. Thermal neutrons are counted by
detecting the recoil products of their reaction with certain
nuclei, in particular 10B, 3He or 6Li. The products of these
reactions can then be detected either by ionization of a gas,
or by light emission (in scintillation counters). Detectors
commonly contain 19BF3 or 3He gas at a pressure of a few
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atmospheres in a cylindrical tube about 2 to 5 cm in dia-
meter and up to 50 cm long. Depending upon whether
spatial or time resolution is required, these detectors can
be used end-on or side-on.

The detection efficiency of a gas counter approaches
100% although the efficiency of the detector varies with
the energy of the incident neutrons, Corrections therefore
have to be made for this effect on any neutron spectra.

Recently position-sensitive BF3 detectors have been
developed which consist of grids of horizontal and vertical
electrodes making a number of cells. A neutron is detected
by a signal from one vertical and one horizontal electrode
thus giving its position on the detector. One such detector
is in use on the small-angle instrument at Grenoble and has
a grid of 64 x 64 electrodes giving 4096 cells, each 1 cm2.

On most instruments it is necessary to monitor the inten-
sity of the incident beam and for this process uranium fission
counters are used. This type of counter has a low cross-
section, so that most of the beam is transmitted, but has
very high counting efficiencies. Another advantage is that
they are very thin so that their spatial resolution is very
much better than the normal gas counters.

Sample considerations

The size and thickness of the sample to be studied as
well as the material used for containment depends on the
scattering experiment. The thickness of the sample is re-
lated to the cross-section, o, by the Beer—Lambert law:

I =1Iyexp(—nal) 32)

where /( is the incident flux, ] is the transmitted flux, » is
the number of atoms per unit area and L is the thickness
of the sample. For an inelastic or quasi-elastic experiment
the thickness of the sample is chosen so that it will scatter
about 10% of the beam. The figure of 10% is chosen in
order to minimize multiple scattering effects. In a small-
angle experiment samples are normally much thicker and
up to 50% of the beam is scattered.

Values of L for hydrogenous and deuterated polystyrene
are listed in Table 3 for both a 10 and 50% scatterer.

The size of the sample depends on the beam area. For
a typical inelastic experiment the sample will be 25 cm?
whereas for a small-angle experiment it will be 1 cm2.

a Neutron — —
beam -~

-

§
\
_— “\\J

Figure 3 Diagram of two types of mechanical monochromators:
{a) a helical slot velocity selector and (b) a 6 slot Harwell rotor
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Table 3
orT n Ly (cm} Ly {em)
Polymer {barns) x 10723 (//1p=0.9) (/15 = 0.5)
Polystyrene 696.08 0.058 0.025 0.17
Deuterated
polystyrene 104.88 0.054 0.18 1.2
© Dll I 1l T H
1] ] t D
ovjce—cToei | 0
I 40 m 40 m !

Figure 4 Diagram of the small-angle diffractometer D11 at the
{LL, Grenobie

The material used to contain the sample also depends
on the experiment. In an inelastic experiment aluminium
or aluminium—magnesium alloy containers are normally
used. But aluminium is not normally used for small-angle
experiments as it gives a small angle signal at low Q thus
making background subtraction difficult, instead, silica cells
are used.

It is also necessary to ensure that the neutron beam only
scatters off the sample, to do this cadmium or gadolinium
masks are used to absorb any stray neutrons.

NEUTRON SCATTERING INSTRUMENTS

Elastic scattering

Small-angle scattering diffractometer, instrument des-
cription. In small-angle neutron scattering (SANS) the
intensity of the scattered beam is measured as a function
of the angle of scatter in the range 8 = 50° to 0.15°; no
energy analysis is carried out. Figure 4 shows a schematic
diagram of D119 at the Institut Laue—Langevin (ILL),
Grenoble. A liquid 2H; ‘cold’ source, C, produces long
wavelength neutrons which then pass through a curved
guide, G. The guide reduces the amount of v rays and fast
neutrons in the beam. The required wavelength, in the
range 5 to 12 A, and wavelength distribution are determined
by a helical slot velocity selector, V. Two velocity selectors
are available with different resolutions.

After the selector, the beam is collimated using dia-
phragms, Di, and neutron guides, Co, which can be moved
out of the beam so as to produce the apparent neutron
source at different distances from the sample. The apparent
source can be placed at 5 positions between 2 and 40 m
from the sample.

On the other side of the sample, S, there is a large evacu-
ated tube into which the position sensitive detector, D, can
be placed at 5 points from 2 to 40 m from the sample. In
this way it is possible to change the range of Q which can
be covered by varying the distance between the sample and
the detector. Figure 5 shows the range of Q which can be
covered at each detector position using wavelengths of 5
and 12 A,

The detector consists of a matrix of 64 x 64 1 cm? cells
(4096 cells). The data from the detector is collected by a
PDP11 computer and is displayed on a visual display unit.

Experimental considerations. The size of the sample
required and sample containment, where necessary, have

been described above. If single particle behaviour is to be
measured then the concentration of tagged molecules must
be low so that no interparticle interference effects occur,

The length of a measurement can vary from 5 min to 8 h
or longer, depending on a number of factors. As the detec-
tor is moved further away from the sample then the solid
angle it subtends decreases and therefore so does the num-
ber of detected scattered neutrons. As the apparent source
is moved further from the sample the incident flux de-
creases so that the time for a measurement increases. The
time for a measurement is also affectcd by the number of
scattering centres and the contrast factor (see below).

Another important factor affecting the length of the
experiment is whether or not the scattering from the sample
is isotropic. Measurement of a normal isotropic pattern
will take between 5 min and 1 h. In this case the data is
analysed by averaging the counts in the detector as a func-
tion of r, the distance from the centre (Figure 6a).

If the sample is anisotropic, e.g. a stretched or oriented
polymer then it is necessary to analyse the scattering in
different directions and thus not all the data are used.
Usually only small segments of the detector are analysed.
This is illustrated in Figure 6b where segments in different
directions are indicated The number of counts per cell
has therefore to be much greater than for an isotropic
experiment in which the intensity as f(r) is averaged over
many cells; hence the experiment takes longer.

Although the contrast factor is the same, if one uses a
hydrogenous matrix with a small amount of deuterated
polymer or vice versa, there are problems due to void
scattering which can be minimized if a hydrogenous matrix
is used. On the other hand a hydrogenous matrix gives rise
to a highly incoherent background.

The detector response for different cells is not always
uniform. To measure this it is necessary to measure the

A
B
C
D
E
0? 5xI0? 02 5x102 1O Q (&™)
1000 100 10 a'R)

Figure 5 The Q ranges covered on D11 at different distances of
the detector from the sample. A,40m;B,20m;C, 10 m; D, 5m;
E,.2Zm

S -n

Figure 6 Analysis of SANS data. (a) In an isotropic experiment
the intensity / as f{r) is averaged over the whole detector whereas
(b) for anisotropic scattering, segments of the detector are analysed.
Q= 2nr/\D
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Figure 7 Diagram of the time of flight spectrometer 4H5 at
AERE, Harwel!

scattering from a standard which has a flat signal over the
Q range being used. Any variation in the signal is a measure
of the detector response.

The length of time required to carry out a series of ex-
periments must take into account the amount of time to
change a sample (usually minimal) and to change the posi-
tion of the detector (~4 h) if a different Q range is re-
quired. If temperature variation is to be carried out this
will also take time (~% h) for each interval.

Data analysis. Measurements of the radius of gyration,
Rg, of a polymer are made on a solution of a few percent
of tagged polymer in a matrix (solid or otherwise) and on
a background sample which will be the polymer matrix
(solid solution) or solvent (normal solution). The back-
ground sample must also take account of the excess in-
coherent scattering from the tagged polymer so that if the
tagged polymer is hydrogenous then an equal amount of
hydrogen in the form of small molecules must be dispersed
in the deuterated background. The same holds for a deute-
rated sample but in this case the amount of incoherent
scattering from a small amount of deuterium in a large
amount of hydrogen is usually negligible.

Account must also be taken of differences in the run
times or monitor counts, the efficiency of the detector,
differences in the transmissions of the sample and back-
ground and if molecular weights are to be measured then a
standard scatterer must be used to normalize the data. Data
analysis is essentially the same as that used for conventional
light scattering.

The data is first of all averaged over different values of 7,
the radius from the centre of the detector, to give the in-
tensity 1 as f(r). Usable values of r are from 7 to 32 ¢cm.
The background scattering is then subtracted and any
corrections made to the data. Q is calculated knowing the
distance of the sample from the detector D, and the inci-
dent wavclength, A, using the expression

=35 9

The data in the form [ as f(Q) can then be manipulated in
the appropriate way.

Inelastic scattering

Time of flight spectrometer, instrument description.
The basic principle of a time-of-flight (TOF') spectrometer
is that by measuring the time a neutron takes to travel a
known distance one can calculate its velocity and hence its
energy. TOF spectrometers are used to measure inelastic
and quasi-elastic spectra. Figyre 7 shows a diagrammatic
representation of a typical TOF spectrometer 4H510 at
AERE, Harwell, UK.

Neutrons pass through a liguid Hj ‘cold’ source, C,
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followed by Be and Bi crystals, F, which reduce the vy ray
and fast neutron components. The Be crystal also acts as
a filter. The beam is then monochromated using twin rotors,
R1 and R2, which also pulse the beam. Pulses arriving at
the sample, S, are scattered and the scattered neutrons are
detected by banks of BF3 detectors, D, at 13 fixed angles
of scatter between 13° and 90° to the incident beam.
Monitors M1, M2 and M3 are fission counters at known
distances from the sample position which are used to cal-
culate the energy of the incident neutrons and also the
transmission of the samples. The flight path between the
sample and detectors varies from 1.2 to 1.9 m.

Neutrons arriving at different times at a particular detec-
tor or monitor are sorted into time channels, normally 6
or 8 us wide, the total number depending on the rotor
period and the channel width; a maximum number of 512
channels is available. A typical spectrum from a polymer
is shown in Figure 8 for the 72° detector. The data are
collected on a PDP-8 eon-line computer.

Experimental considerations. It is usually necessary
either to evacuate the sample chamber or fill it with helium
to eliminate air scattering close to the sample. On 4HS, the
sample changer has three positions which are placed in the
beam in rotation. The three positions usually hold a
sample, empty container and vanadium. The vanadium is
used to measure the resolution of the machine and to cor-
rect for the efficiencies of the different detectors. A nor-
mal experiment on a polymer (10% scatterer), container
and vanadium will take 24 h but it is often necessary to
use much longer times to obtain good inelastic spectra.

The resolution of the machine and the incident flux
should be optimized for each experiment. On 4H5, using
two 6 slot rotors an incident energy of 3.5 meV will have a
resolution (full width at half maximum, FWHM, of the
vanadium elastic peak) which varies with angle of scatter
from 0.35 to 0.43 meV. If two 12 slot rotors are used the
resolution then becomes 0.15 to 0.25 meV, but the flux
drops by a factor of 3.

Higher resolution and increased flux have been achieved
on the multichopper TOF spectrometer IN5'! at the ILL,
Grenoble. For an incident energy of 0.8 meV the resolu-
tion is about 25 ueV.

The Q range on 4HS is between 0.5 and 2 A—1. Smaller
Q values can be achieved on INS down to 0.1 A—L.

Intensity (arbitrary units) —

s
fa T

' 1

o 600 1200
Time of tlight (psec/m)

L i L

Figure 8 A typical TOF spectrum from an amorphous polymer.
The spectrum was obtained using 4H5 with two 6 stot rotors at a
scattering angle of 72° from poly (dimethyl sitoxane) at 20°C
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Figure 9 Diagram of the back-scattering spectrometer INIO at
ILL, Grenoble

Because of the low incident energies of both 4HS and
INS only neutron energy gain spectra can be measured.

Data analysis. TOF spectrometers measure the intensity
of the scattered beam as a function of time of flight and
angle of scatter. The scattering from the container is first
subtracted from the sample plus container scattering and
corrections are made for: (1) differences in the length of
time that the sample and background were in the beam;
(2) the efficiency of the detectors, and (3) differences in
path length of the sample and vanadium as the angle of
scatter changes. Other corrections can also be made, e.g. if
there is a flat background due to radiation from another
source this must be subtracted.

The count rate, C, from the sample is related to the
double differential cross-section d20/dQ2dr’ by the expres-
sion:

d20
AQATe, (34)

’

C=nN
dQdr

where N is the number of incident neutrons, # is the num-
ber of atoms/cm? in the sample, AQ is the solid angle sub-
tended by the detector at the sample, A7 is the channel
width and €, is the efficiency of the detector to neutrons
of time of flight 7'.

The double differential cross-section is then related to
the scattering law by the expression:

S(Q,w)=—»—~0—— (35)

Because of the factor 7'4/7q the TOF spectra are consider-
ably altered when the final S(Q, w) is calculated.

Having calculated S(Q, w) further analysis can then be
carried out on the spectra to obtain, e.g. the torsional fre-
quency of a CH3 group from the inelastic spectrum or in-
formation about the diffusional motions of the polymer
chain from the quasi-elastic scattering.

High resolution back-scattering spectrometer, instrument
description

A diagrammatic picture of the back-scattering spectro-
meter'?, INIO, at the ILL, Grenoble is shown in Figure 9.

The neutron beam is Bragg-reflected at 90° by the mono-

chromator, M, it is then reflected by the crystal, R, onto
the sample, S. The scattered neutrons are again Bragg re-

flected at 90° by the analyser crystals, A, into the detectors,
D. Up to 5 sets of analysers and detectors can be used to
cover scattering angles between —10° and 160°. The box
containing the sample and detectors is filled with He. In
order to be able to investigate inelastic events, the energy
of the incident neutrons is varied by Doppler motion of
the monochromator crystal in the direction of the beam.
By changing the monochromator crystal or the Doppler
velocity different energy windows can be produced. The
resolution of INIO is very good (~1ueV) with a @ range
depending on the crystals used of 0.1 to 4 A—1. The energy
window produced by Doppler shifting the monochromator
varies from %6 to 12 ueV using the Si(111) plane. INIO
is therefore used for low Q measurements where the energy
changes are very small. Quasi-elastic scattering and tunnell-
ing phenomena have been measured using INIO. The data
is collected by a PDP-11 ondine computer.

Experimental considerations. The beam size on INIO is
3 x 3 cm? so that the maximum sample size is smaller than
that of the TOF spectrometers. Because of the geometry
of the machine it is necessary to have sample containers
which are as thin as possible. Measurements are made on a
sample, container and vanadium as in a TOF experiment.

Data analysis. The raw data which is collected as counts
as a function of energy transfer for the different detectors
is first of all normalized by the monitors. The analysis of
the data essentially proceeds then as for the TOF analysis
except that d20/dQ2dE is measured not d20/d2dr. There-
fore:

d20 k 4n
dQdEky o

S(Q,w) = (36)

where k and kg are the final and initial scattering vectors.

CONFORMATION STUDIES OF POLYMERS BY
NEUTRON SCATTERING

Introduction

In this section we discuss the theory of small-angle
neutron scattering (SANS) with respect to the determina-
tion of structural parameters. Amorphous systems only are
considered but studies of crystalline polymers are reported
in the literature.

Even with this limitation the applications of SANS are
manifold and new regions of application are still being ex-
ploited. We review the major advances made by the tech-
nique and discuss some of the latest results.

Theory

For a system of N nuclei, the intensity of neutrons scatter-
ed through an angle dS2 with an energy change dF is, from
equations (24) and (25):

deU k b 2ot Scoh(Q, @) + b Sinc(Q, w)! 37)
- = , A : R
dQdE ko Coh®coh ihc+inc

where bgoh = b2 (see discussion on scattering length);
b = b2 — b2, an experimentally undeterminable quantity
[but oine = 4m(b2 — b2)] ; b2, is used here as an expedient
to simplify the equations appearance.

For small-angle neutron scattering we are only interested
in elastic scattering processes, i.e. d£' = 0 and & = k.

Furthermore only the coherent scattering retains the inter-
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ference effects characteristic of the structure of the scattering
materials. The incoherent scattering is isotropic and pro-
vides a background on which the coherent scattering is
superimposed. If the scattering substance is a mixture of
N1 molecules of substance 1 dissolved in N3 molecules of
substance 2, then we may rewrite equation (37) as®:

do

KZ = (blcoh - bZCohvl/V2)2Slcoh (Q) + Nlb%inc

+Nyb3ie (38)

where bjcop is the sum of the nuclear coherent scattering
lengths in the molecule and bjjn is the sum of the nuclear
‘incoherent scattering lengths’ in the molecule. ¥V and ¥,
are the partial molar volumes of substances 1 and 2,
respectively.

[f we are able to subtract from equation (38) the inco-
herent background scattering, then the excess scattering
(do/d2)Ex contains all the information about the structure
of the scattering material since:

( d_o) = (Breon - brean 717D S1ecn(@) (39
dQ [ Ex

S1con(Q) is the Fourier transform of the density fluctua-
tion correlation function of the scattering centres, and'*:

S1con(Q) = ZQCXP iQ.r; — ;)12

i

where r; and tj are the centres of mass of the scattering
points i and j. For a polymer molecule the scattering
points are the chain segments. In terms of polymer chain
dimensions the coherent scattering law can be written as:

S1con(Q@) = N32/(QXs2)? x
[exp(—Q2(62)) — 1 + Q2%s2)]

where N is the number of segments in a chain whose
mean square radius of gyration is (s2).
Thus replacing in equation (39):

do -
(—) = (b1coh — b2coh V1/V2)2N1 2/(Q%(s2)?
dQ/ gx

x [exp(—Q%s2)) — 1 + QX(s2)]
(B1coh — P2coh V1/V2)? is the contrast factor K, and clearly
the larger this value, the more intense the scattering.

For a polymer of molecular weight M and concentration
c(wtfvol) then the intensity of scattering per unit volume,

I(Q)is: :
do c
Q)= e M Ny
= % N4N?2/(Q%s2)2 x

[exp(—02(s2) — 1 + Q%(s2)]
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with N4 = Avogadro’s number.
Since N1 =M/m, where m is the molecular weight of a
segment unit, then:

KeNy 5 KeNg M2

I, Ni= W m—2=K*cM
with

K*=KN4/m?
giving:

1(Q) = K*eM2/(Q%(s2)2 [exp(—Q%s2) — 1 + QXs2)]
Therefore:
K*c/I(Q) = M~1{2/(QXs2)? x
lexp (—Q%s2) — 1 + QXsH)]} —1 (40)

Depending on the value of Q vis-g-vis the molecular para-
meters of the polymer chain, we can discern four regions
of distinct scattering behaviour from equation (40)?,

(A) Q <(s2)~1/2 the Guinier range; equation (39) reduces
to:

K*c/I(Q) = M~1(1 + QXs52)/3) 41)

From which the molecular weight and radius of gyration
are easily obtainable.

(B) (s2)~1/2< 0 <4~ where a is the persistence length
of the polymer chain. Scattered intensity approaches an
asymptotic value described by:

K*c/1(Q) =M~10X(s2)/2 42)

(C) a=1 < Q <I-1 where I = statistical step length of
the polymer. The scattered intensity is characteristic of a
rod of length nl where n is the number of statistical units
in the chain:

K*/I(Q) = M—'niQ/n (43)

(D) I-1 < @, has a scattered intensity governed by the
structure of the segments forming the chain. No asymp-
totic expression is yet available for this region.

In principle these regions can be distinguished from each
other by using the well known Kratky plot, an idealized
form of which is shown in Figure 10.

The similarity of equation (41) to the light scattering
equation will have been noted. As in light scattering,
thermodynamically non-ideal environments can be encom-
passed by rewriting equation (41) in the familiar Zimm
form!$:

K*c[I(Q) =M~Y(1 + Q%(s2)/3) + 249c + 343¢2  (44)

By extrapolating a series of measurements at different ¢
and Q (= angle in light scattering) toc=0and Q=0 we
can obtain (s2) and M. For polydisperse polymers the
values are {(s2), and M,,, respectively.
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Figure 10  An idealized Kratky plot showing regions A to C ex-
plained in the text

Table 4 Contrast factors for neutron {K} and X-ray scattering (Kx)
for polymer—diluent systems

Polymer Solvent 1028K (m?) 1028K
Hydrogenous
polystyrene Benzene, CgHg 0.13 6.3
Benzene, C¢Dg 73.70 2.3
Cyclohexane, CgH12 8.1 11.756
Deuterated
polystyrene 70.2 0
D—PMMA H—PMMA 70.2 0
Contrast factor

The equations developed above are equally applicable
to X-ray and light scattering. Neutrons are particularly
powerful in examining the structure and dynamics (see
below) because the scattering vector is reasonably large and
neutron energy is reasonably low. For neutrons @ ~ 1 A-1
energy ~0.1 kJ/mol whilst for visible light @ ~ 10—3 A~1,
energy ~200 kJ/mol. The extremely small Q of visible light
confines light scattering to the Guinier range, and modern
instrument developments using laser sources produce even
smaller values of Q¢

Small-angle X-ray scattering on the other hand has the
same range in scattering vector as neutron scattering. The
extremely rapid development of SANS in preference to
small-angle X-ray scattering is due to the much larger con-
trasts available in neutron scattering. Due to the difference
in coherent scattering lengths (see Table I) between hydro-
gen and deuterium, a sizeable contrast (and hence measur-
able scattering) can be generated by dispersing a small con-
centration of fully deuterated polymer in a hydrogenous
matrix or vice versa.

Contrast factors for some typical polymer—diluent sys-
tems are given in Tuble 4 together with X-ray contrasts
calculated from the formula of Kirste and Wunderlich'”.
Clearly deuteration offers much greater scope in neutron
scattering, especially where one polymer is dissolved in
another, enabling dimensions in the bulk state to be ob-
tained. Although improvements in X-ray scattering can be
obtained by heavy atom labelling, this drastically alters the
chemical integrity of the polymer molecule thus introduc-
ing other problems. (We note that recent publications in

small-angle X-ray scattering seem to have overcome this and
other problems!®'®). In contrast deuteration does not
markedly influence the thermodynamic properties of the
polymer, though there are detectable differences in some
polymer systems.

Experimental results

An exhaustive review of all the results so far published
would be far too large for our present purposes. Such re-
views are available elsewhere?®?!. Results which have had
a major impact on polymer science will be reviewed here,
although plentiful references will be given to similar experi-
ments on different systems.

Bulk polymers. Undoubtedly the most dramatic proof
of the power of SANS came in this field. On semiempirical
grounds, Flory?? proposed some thirty years ago that amor-
phous polymers in their bulk state should have unperturbed
dimensions and an interpenetrable Gaussian coil structure.

Cotton et al.?3 carried out a thorough investigation of
bulk amorphous polystyrene although similar types of re-
sults had been published a little earlier®~?’. The type of
scattering pattern obtained by Cotton et al. from a bulk
polystyrene (PSH) ‘doped’ with deuterated polystyrene
(PSD) is shown in Figure 11. Results were also obtained
for solutions of the polymer in carbon disulphide and in a
0 solvent. These results are given in Table 5, together with
values expected from the more usual (e.g. light scattering)
dilute 8 solution studies.

For the bulk polymers, Zimm diagrams showed that
As = 0indicating that the interaction between deuterated
and hydrogenated polymer is undetectably different from
the interaction between hydrogenated polymer chains.
Furthermore the results followed the form of the Debye
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Figure 11 Small-angle scattering obtained from: ®, PSH and O,

PSH plus 2% PSD (M, = 1.4 x 105}

Table 5 Weight-average root mean square radii of gyration for
polystyrene in differing environments determined by SANS21

Literature

1075M, CS, CgH12(36°%) Butk value

0.21 5.0 4.2 3.8 3.96

0.57 8.4 7.0 5.9 6.53

0.90 116 8.8 7.8 8.2

1.12 - - 8.7 9.16

1.60 16.8 1.7 10.7 109

3.25 20.4 15.0 14.3 15.6

5.00 - 19.1 213 19.3
11.00 56.8 29.3 29.7 28.7
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Figure 12 Plot of (R2,)/(R2pgp) against Y, the contrast between
btock 1 (PSD), block 2 @SH) and the solvent {a mixture of C¢D),
and CgHy,). The curve is calculated from theory [Reproduced
from Duval, M., Duplessix, R., Picot, C., Decker, D., Rempp, P.,
Benoit, H., Cotton, J. P., Jannink, G., Farnoux, B. and Ober, R.

J. Polym. Sci (Polym. Lett. Edn) 1976, 14, 5685 by permission of
John Wiley and Sons, Inc. ©)

equation for a Gaussian coil. Strictly speaking, the condi-
tion of 43 = 0is only true for cases where solute (deuterated
polymer) and solvent (hydrogenated polymer) have infinite
molecular weight and are chemically identical. The influence
of the molecular weight of the solvent on 47 has been
admirably demonstrated by the work of Kirste e al. on
solutions of PDMS in oligomeric deuterated siloxanes?®.

Although Pechhold® has derived scattering laws from
the meander model which also follows the Debye curve,
the weight of evidence (see below) supports Flory’s theory.
Results from poly(ethylene oxide)*®, poly(dimethyl silo-
xane)?*, poly(vinyl chloride)® and polyethylene®? all show
the same behaviour (in the amorphous state) as polystyrene,
i.e. unperturbed dimensions and Debye-type scattering
curves. Polyethylene presented some initial practical diffi-
culties due to clustering of deuterated species in the matrix,
but these were subsequently overcome by use of a different
solvent in the preparation of the mixtures.

Preliminary results of compatibility studies in bulk poly-
mers have been published by Kirste ef al.** and Ballard and
coworkers®®. Allen and colleagues®® have examined the
change in polystyrene dimensions in a polystyrene—poly-
butadiene mixture as the mixtures were cooled through
the phase separation curve. Preliminary analysis of the
results shows that the polystyrene has smaller dimensions
at temperatures below the phase transition temperature.

Studies on poly(methyl methacrylate) by Kirste and
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coworkers* duplicated earlier small-angle X-ray scattering
in 0 solvents. The dimensions of the molecules were un-
perturbed, but the scattering pattern showed no plateau

in the intermediate Q region ((s2)~1/2 <@ <g¢~), a marked
decrease in intensity being observed. Flory and Yoon3"®
reproduced this scattering curve almost exactly using rota-
tional isomeric state theory for a random coil structure.
SANS has thus provided a good example of the power of
rotational isomeric state theory as well as proving the exis-
tence of unperturbed random coils in solution.

Dilute solution studies. There is little advantage of
SANS over that of light scattering for classical dilute solu-
tion studies. However Ballard and coworkers® used the
wider range of scattering vector available to measure dimen-
sions of very low molecular weight polystyrenes (4 x 103 to
6 x 102). In this region of molecular weight the Kratky—
Porod worm-like chain fitted the results best. Persistence
lengths of cellulose tricarbanilate*® and polyelectrolytes*!
have been obtained by the technique. Furthermore, neu-
tron scattering from semi-dilute polyelectrolyte solutions
revealed a Bragg-like peak indicative of some form of order-
ing in the solution®?. This ordering is predicted by the cell
theory of Katchalsky® and the recent correlation length
theory of De Gennes et al.**.

[t has been known for a number of years that copoly-
mer dimensions are grossly affected by the solvent in which
they are measured*®. This effect of course is due, in part,
to thermodynamic influences, but more particularly it
arises from the arrangement of the chemically different
units in the copolymer influencing the angular distribution
of the scattered radiation and the contrast factors. Together
these lead to apparent values for the dimensions being ob-
tained. True values can be obtained only from a series of
measurements in solvents with different contrasts. Unfor-
tunately, changing solvents changes the polymer dimensions
via thermodynamic effects, and consistent results in this
field are rare. However, Duval et al.*® have used mixtures
of deuterated and hydrogenated cyclohexane to obtain
solvents of differing contrast but similar thermodynamic
properties. By this means the change in dimensions of a
PSD--PSH block copolymer with contrast were almost
exactly as predicted by theory (see Figure 12). SANS was
used in conjunction with classical light scattering to deter-
mine the structure of a polystyrene—poly(methyl metha-
crylate) copolymer by Han and Mozer*”. Finally in this
section we mention some results of experiments made on
linear and cyclic poly(dimethyl siloxanes)*®. Theoretical
treatments*” for infinite molecular weight polymers sug-
gest that, for the same molecular weight, linear chain dimen-
sions should be twice that of the cyclic chains. Addition-
ally, S(@)~! for cyclic polymers should curve upwards.
Experimental S(Q)~1 were indeed this shape; however,
linear chains were only 1.5 times as large as rings of the
same molecular weight. This discrepancy may be attribut-
able to either chain expansions due to working in good
solvents or the difficulty in determining the limiting slope
at @ = 0 from the scattering envelope of the cyclic polymers.

Stretched polymers. Clearly SANS will be of great
value in testing the assumptions on which the molecular theory
of rubber elasticity is based. Chief amongst these is the
principle of affine deformation. Benoit et al.* have pro-
posed an ‘end-to-end pulling’ mechanism for chain exten-
sion whereby the middle of the chain is less extended than
the ends. Neutron scattering experiments on quenched,
hot stretched uncrosslinked polystyrenes did not support
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Figure 13 The temperature — concentration diagram derived from
renormalization group theory of polymer solutions. The different
regions are explained in the text A, C*; B, C**;C, -C**

this model®'. However, neither did they support the affine

deformation principle, the dimensions being somewhat less
than calculated by this model. This disagreement could
possibly be due to relaxation of the chains during quench-
ing. Additionally results presented by Boué*? support the
‘end-to-end pulling’ model. Chain dimensions of stretched
polystyrenes determined at low Q behaved affinely. From
scattering at intermediate Q((sH~12< 9 < g7y, dimen-
sions within (s2) showed no such affine behaviour.

The process of stress relaxation at elevated temperatures
in a stretched polystyrene has been examined by SANS®3,
Preliminary results agree qualitatively with mechanical
measurements by showing a rapid decrease of dimensions
in the early stages of relaxation with a long ‘tail’ at longer
relaxation times. SANS results have also been obtained
for stretched polybutadiene containing deuterated poly-
butadiene™. The tesults were somewhat inconclusive, un-
doubtedly the low signal intensity from the system (K =
39 x 10~28 m2) is an important factor in this uncertainty.

Concentrated solutions. The advent of small-angle
neutron scattering has been of great impetus to the study
of solutions with concentrations outside the usual dilute
maximum of 1% wt/vol. By doping the solute with a low
concentration of deuterated polymer, the scattering centres
themselves are still in the dilute regime, being well separated
from each other, but are subject to all the thermodynamic
influences present in a concentrated solution.

Theory of such solutions has been developed via an
analytical mean field approach and a renormalization
group-scaling law approach. To review the two approaches
is beyond the scope of the present article and the interested
reader can consult the original papers in conjunction with
an introduction to renormalization group theory®*~%1. A
brief summary of the underlying philosophy common to
both approaches is all that is given here.

In a dilute polymer solution, intramolecular excluded
volume interactions lead to an expansion of the chain
dimensions and a 6/5 power dependence of these dimen-
sions on the number of segments in the chain. At moderate
concentrations these interactions become screened from
each other due to intermolecular interactions between seg-
ments on different chains. Diagrammatically we could rep-
resent two such interactions between three chains as:

A

The distance along the chain was defined by Edwards®® as
the screening length, £. Effectively the portions of chain,
C, on either side of the two interaction points have ‘for-
gotten’ the presence of that portion between the points,
hence leading to an absence of excluded volume interaction.
Within the length, &, excluded volume still plays a role but
we shall see that as polymer concentration increases ¢ de-
creases giving a qualitative explanation of the absence of
excluded volume effects on bulk polymers.

Renormalization group theory of polymer solutions has
provided a diagram in a temperature—concentration plane
wherein specific regions of distinct polymer solution beha-
viour should be apparent®. Figure 13 shows such a diagram
and before proceeding further a brief description of the
regions is given.

Region I is a region where theta behaviour should pre-
vail, i.e. unperturbed dimensions and no influence of tem-
perature on chain dimensions. For a polymer of infinite
molecular weight this region reduces to the origin. Thus:
Region I, good solvent dilute regime, two parameter
theories prevail here; Region 11, semidilute solutions where
chains overlap somewhat; Region lII, concentrated solutions,
with strong overlap of chains; Region [V, two phase region
of the phase separation curve, the asymptotes of which are
the lines cM1/2= 0 and —c**.

Equations for (r2),,, the end-to-end distance of the
polymer chain, and £, for each of regions I', I, If and III
obtained by renormalization group theory scaling laws®®
and the analytical theories of EdwardsS**¢ are given in
Table 6.

Table 6 N.B.6,=T—¢

Scaling laws Analytical formulae

Region <(r2) £2 r?y g2
I N
| N6/592/5 N6/592/5
7
" NO.}-/40_1/4 C_3/20.,1./2 Coonl2[1 +

—1g—-1
i1 N 2 Kc—1129}/2) Y° 67
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Figure 14 Log—log piot of R92/MW against ¢ for PSD in PSH:
® M, =1.14x 105 and &, M, = 5 x 105. [Reproduced from
Daoud, M., Cotton, J. P., Farnoux, B., Jannink, G., Sarma, G.,
Benoit, H., Duplessix, R., Picot, C. and de Gennes, P. G. Macro-
molecules 1975, 8, 804 by permission of the American Chemical
Society ©]
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Figure 15 Log—log plot of £ against c. PSH in deuterated benzene:
® My =2.1x 106and 4 M, = 6.5x 105, PSD in carbon disul-
phide: O, M, = 5 x 105 and &, M, = 1.1 x 106, [Reproduced from
Daoud, M., Cotton, J. P,, Farnoux, B., Jannink, G,, Sarma, G.,
Benoit, H., Duplessix, R., Picot, C. and de Gennes, P. G.
Macromolecules 1975, 8, 804 by permission of the American
Chemical Society ©]

The concentration dependence of chain dimensions in
the semidilute region (II) has been studied by Cotton er al.®?
using polystyrene dissolved in carbon disulphide. Results
for {r¢),, and £ are shown in Figures 14 and 15 and the
slopes from these log—log plots are in excellent agreement
with the scaling law predictions of Table 6. Investigations®®
of the temperature dependence of chain dimensions have
been made using polystyrene in cyclohexane solutions at
temperatures between the 0 point (30°C for PSD in CgHp9)
and ~70°C. Semidilute solutions (~15—20% PS wt/vol)
again conform to scaling law behaviour as Figure 16 for
(s2),, shows. The initial 8 region is clearly discernible and
the slope of the temperature dependent portion of these
results is ~0.26. For the same region of temperature and
concentration £2 was linear with 61/2 as expected from
scaling laws.
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Increasing the concentration to ~50% completely
changes the behaviour and not in accordance with scaling
laws (Region 111-Region Il of Figure 13). Results®® for
(rd),, (Figure 17) follow the behaviour described by
Edwards’ equation both above and down to 20° below the
6 temperature. Furthermore, C., the characteristic ratio,
from the intercept in Figure 17 is 9.7 £ 0.5 which compares
well with values of 10.0 for polystyrene obtained by dilute
solution viscometric studies. Additionally®®, £=2in this
region was linear in 0, as originally proposed by Edwards®.

To some extent the breakdown of scaling laws in con-
centrated solutions is expected”. However, this must not
detract from the undoubted power of scaling law techniques
in their ability to predict a priori the different behaviour
regions. Further theoretical developments will come with
the publication of an extrapolation theory of polymer
dimensions in solution at present being developed by
Edwards and Jeffers®®.
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Figure 16 Plot of (s2) against log 8, for a semidilute solution of
polystyrene in cyclohexane. ¢ = 19% w/v and M, = 7.6 x 104.
Slope —0.72 * 0.06 [Reproduced from Richards, R. W., Macon-
nachie, A. and Allen, G. Polymer 1978, 19, 266 ©]
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Figure 17 Plot of (r2) against |6.,.1/2 | for polystyrene in cycio-
hexane. ¢ = 47% wiv; My, = 7.6 x 104, [Reproduced from
Richards, R. W., Maconnachie, A. and Allen, G. Polymer 1978, 19,
266 ©)
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DYNAMICS OF POLYMER CHAINS

Introduction

During the past few years two new scattering techniques —
neutron quasielastic scattering (NQES) and photon correla-
tion spectroscopy (PCS) — have been used to obtain infor-
mation about the dynamics of polymer chains. These new
experimental techniques have been complemented by a new
outlook on the theory of chain dynamics. Separately,
neither NQES or PCS can cover the whole momentum trans-
fer range necessary to check these theories. PCS is used
mainly to measure the overall translational motion of poly-
mer chains since QRg < 1, where Ry is the root mean square
radius of gyration (s§)1/2. On the other hand, NQES with
QRg > 1 observes motions which are related to segmental
motion and the internal modes of the chain. Together these
two techniques cover almost the whole of the relevant Q
range.

In the first part of this section the theoretical predictions
for NQES and PCS are briefly described. The theoretical
treatments for NQES predict either the scattering law
S(Q, w) or the behaviour of the full width at half maximum
(FWHM) Aw as a function of momentum transfer. To
simplify the discussion the behaviour of Aw as f(Q) is used
to compare experiment with theory. In the second and
third parts the experimental results obtained using NQES
are reviewed and comparisons made with theoretical
predictions.

Theory

The scattering law S(Q, w) can be written as the Fourier
transform of I(Q, t), the intermediate scattering law. X(Q, 1)
is essentially a time correlation function and is the Fourier
transform of the pair correlation function G(r, f) or the
self-correlation function Gg(r, ). Thus:

IQ, 1) = [ exp(iQ.r) G(r, t)dr 45)
and
S(Q, w) = [ expliwd)I(Q, £)dt (46)

In order to calculate S(Q,w) it is necessary to first of all
calculate I(Q, #) (in PCS I(Q, 1) is measured directly). For
a simple liquid the centre of mass motion can be described
in terms of a self-diffusion coefficient, D, which is related
to I(Q, £) by the expression (see Marshall and Lovesey*):

H(Q, 1) = exp(—Q2D1) “7)
The scattering law calculated using equation (47) is
therefore:

r  DQ?
S(Q,w) = (48)

2 w2+ (D22

At constant Q, S(Q, w) will have a Lorentzian shape and a
half-width Aw « DQ2. Although equations (47) and (48)
were calculated for simple liquids they are also applicable
to the centre of mass motion or translational diffusion of
large molecules (especially in dilute solution) if QR, < 1.
To describe the motions of a polymer other than overall
translational diffusion it is necessary to incorporate into
any theory the special feature of the polymer chain, namely
the connectivity of the monomer units. Using the bead-

spring model of Rouse®” and Zimm®, de Gennes and
Dubois-Violette®>™ have calculated /(Q, ¢) for a dilute
solution of a very long polymer in a 0 solvent, i.e. under
the constraint of random flight statistics. Another condi-
tion was imposed on /(Q, ?) that it held only for long time
behaviour. This is equivalent to small energy and momen-
tum transfers in neutron scattering, i.e. QRg > 1 > (d,
where d is the interatomic distance. The expressions calcu-
lated for I(Q, ¢) are:

2
I(Q,t)=exp [—QZI_ (E’m) 1/2]
3 \m

for the Rouse limit (no hydrodynamic interactions) and:

(49)

2
IQ, t) =exp [—Q2 “r (l) th|2/3] (50)
6w 3

for Zimm type behaviour with hydrodynamic interactions.
Equations (49) and (50) are for incoherent scattering. Simi-
lar expressions were calculated for coherent scattering. !is
the step-length of the polymer, W = 3kgT/mmod!3 and W =
3k T/mmgl3, where ng is supposed to be the solvent vis-
cosity. W—1and W—1 are correlation times of the order of
1010 t0 1014 sec.

The peculiar time dependences #1/2 and £2/3 in the ex-
pressions for /(Q, ) give rise to a quite different depen-
dence of Aw on Q for S(Q, w). In the Rouse limit:

Awine =~ 0.01 W4 Q4 5D
for incoherent scattering, and:

Aweon ~ 0.066WI404 (52)
for coherent scattering, whereas in the Zimm limit:

Awine = 0.075WI3Q3 (53)
and

Aweon = 0.055WI3Q3 (54)

Dubois-Violette and de Gennes™ also considered the range
of validity of the Rouse and Zimm limits. If

QI <h?
equations (53) and (54) apply and if
1> Q> n?

where h2 = 6/n(d2/12) equations (51) and (52) apply.
Another interesting point to note is that if the expres-
sion for W is substituted into equation (50) then /(Q, t)
will depend only on g, the solvent viscosity, and not the
step-length. According to this statement the scattering law
should be independent of chain chemistry, i.e. the same for
all polymers. Akcasu and Gurol™ using a bead-spring
model and the projection operator technique have calcu-
lated S¢oh(Q, w) for dilute polymer solutions. The expres-
sions arrived at are qualitatively the same as those of
de Gennes® ™ in the range of Q where equations (51) to
(54) apply. For small Q(QRg < 1) they predict
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kT
nol (V)12

where NI2 = (r2) the end-to-end distance of the chain and
forlarge Q. (QI> 1),

Aw=0.195 (55)

kgT
Aw= Fi 02 (56)

At large Q values the width is mainly governed by the fric-
tion coefficient of the segment, F, and at small Q by the
solvent viscosity 7g. At intermediate values of Q Akcasu

and Gurol™ obtained:
12%kpT
Aw=—2- (57)
12F

in the Rouse limit, and:

kpT
Aw=0.55"2" @3 (58)
n

when hydrodynamic effects are included. Equations (5;/0)
and (58) agree with de Gennes’ and Dubois-Violettes™>
calculations. Using a different model, that of a freely
jointed chain, Akcasu and Higginss72 recalculated the beha-
viour of Aw as a function of Q. The expression obtained
was:

dw =22 g2Rz, X, M) 59)

where Z = f/ngp, f is the friction coefficient per segment,
p is the bond length of a freely jointed chain of N bonds in
length and X = Qp. In the limits of high and low Q the
form of F(Z, X, N) is such that equation (59) reduces to
equations (55) and (58), respectively. Equation (59) also
describes the transition region between Q3 and Q2 behaviour
at intermediate values of Q. Jannink and Saint-J ames™
have also calculated Aw. Using the Rouse model, but un-
like de Gennes who used the diffusion equation approach
of Zimm, they have used the coupled Langevin equations
used by Bueche™. The result essentially agrees with that
obtained by de Gennes giving a ¢* dependence for Aw.

The theoretical calculations described so far all assume
that the polymer chain is completely flexible. Jannink and
Summerfield” introduced the notion of hindered motion
in the chain into their calculations of the incoherent
scattering law. In the long # limit for a completely flexible
chain they obtained the expression of de Gennes, i.e.
IQ,n)« exp(—At1/2). Assuming the chain is not com-
pletely flexible an expression was obtained which included
u, the average of the cosine of the angle between adjacent
segments. The introduction of finite values of u has the
effect of smoothing out the transition from ¢ behaviour at
small time to #1/2 at long time and also shifts the crossover
region to longer values of ¢. This is equivalent to saying
that the changeover from Q4 to Q2 behaviour will occur
at lower values of Q if the chain is stiff.

Jannink and Summerfield”® also calculated the half
width dependence when /> 0 and # > 1, the Kratky—
Porod limit, and in this case:

Aw « (Qa)83 (60)
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where a is the persistence length.

All the above mentioned calculations refer to single
chain behaviour. Jannink and de Gennes™ have calculated
the coherent scattering law for a semidilute solution of
polymer chains where the radius of gyration of each coil
is considered to be much larger than the distance between
neighbouring coils. An expression for Aw was calculated
of the form:

Aw = Awg [1 + (£0?)] (61)

where Awp is the half width computed by de Gennes®
which is proportional to Q4 and £~1 is the static screening
length. If Q <£~! then equation (61) becomes Aw « @2,
therefore at low Q, Aw « Q2 and at Q > §—1, Aw x Q4.
Recently, de Gennes”” has used scaling arguments to
look at the dynamics of long, flexible chains in good sol-
vents where entanglements are present. Two regimes are
identified: (i) when Q < £~ a cooperative diffusion coeffi-
cient D, can be measured and (ii) when Q > £~ single
chain behaviour should be observed with Aw =« Q3.
For polymer chains in a 8 solvent Brochard and
de Gennes ™ considered the dynamics of a single chain,
which was strongly self-entangled, and semidilute chains.
In the Q range QR, > 1 then Aw « Q3 but if
Rrl<Q< g~ !, where g is the distance between entangle-
ments, then Aw « Q, a most unusual functional dependence.
Some attention has been paid to the effects of stretching
a polymer chain on its dynamics by de Gennes®® and
Pincus™. De Gennes® calculated the effect of stretching
on S¢on(Q, w) and concluded that the width Aw would
increase and that it would be proportional to Q2 instead
of Q% in the Rouse limit. Pincus™ using scaling arguments
derived the Q dependence of Aw for incoherent scatterin%
and in the regime £71 > Q > R;! predicted that Aw o« Q1053,
£y is the tensile screening length.

Experimental results

Although the theories described above refer to dilute
polymer solutions, historically the first NQES measure-
ments were made on bulk polymers. NQES has been used
for many years to study simple molecule dynamics but it
is only during the last five years that measurements have
been published of NQES from bulk polymers and polymer
solutions.

Bulk polymers. The first measurements of NQES from
bulk amorphous polymers were made by Allen and co-
workers®. Measurements were made of the incoherent
NQES using a medium resolution TOF machine. A num-
ber of linear dimethyl siloxanes were studied, oligomers
and polymers, with the degree of polymerization, #, vary-
ing from 3 to 2000. Five cyclic dimethyl siloxanes were
also studied, the number of silicons in the rings varying
from 3 to 18. The scattering was analysed in terms of the
model for a simple liquid (Equation 48) and values of the
‘effective’ diffusion coefficient, Degr, were calculated from
the data. The values of Degr were of the order of 10~5 cm?/
sec, similar to small molecule diffusion coefficients.

It was found that as n increased the value of Degr de-
creased until it reached an asymptotic value at about n=20.
Similar values of Degr were measured for the larger cyclic
siloxanes. It was also found that a small amount of cross-
linking did not affect the value of Degr. A value of n=70
for the asymptotic behaviour has been found for poly
(ethylene oxide) and attributed to the increased stiffness
of the chain®.
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Figure 18 Neutron scattering profile for {a) a 4 unit; and (b) a
2000 unit linear poly (dimethy! siloxane) chain at 90° of scatter.

. Best fit Voigt function; ®, experimental data. [Reproduced
from Allen, G., Brier, P. N., Goodyear, G. and Higgins, J. S
Faraday Symp. Chem. Soc. 1972, 6, 169 by permission of the
Chemical Society ©]

Table 7 Effective diffusion coefficients and activation energies

Deggg x 105

at 20°C Ea
Polymer {cm?/sec) (kJ/mol)
Poly(dimethyl siloxane) 2.09 7.5
Poly{methyl pheny! siloxane) 0.62 11.4
Polyisobutylene 0.04* 22.0
Poly{propylene oxide) 0.27* 19.0
Poly{ethylene oxide) 0.20* 22.0

* Extrapolated values

Assuming a simple Arrhenius dependence for Degr of
the form Degr = 4 exp(—FE4/RT), activation energies were
calculated of the order of 2 kcal/mol for both the short
and long chain siloxanes. The authors concluded that the
motion measured by NQES was probably segmental motion
of the polymer chains. The Lorentzian signal shape, in
equation (48), was found to underestimate the intensity of
the signal from the polymer in the wings of the NQES.

This is illustrated in Figure 18. At high Q there was evi-
dence of a non-linear dependence of Aw on Q2.

In a subsequent paper, Allen and coworkers® studied a
number of different polymers, with and without side groups
above their glass transition temperatures. Using the simple
diffusion model measurements were made of Degr and the
activation energy calculated £ 4 for poly(methyl phenyl
siloxane), poly(propylene oxide), poly(ethylene oxide) and

polyisobutylene. Values of Degr and £ 4 are shown in
Table 7. 1n order to establish whether or not side group
motion contributed to the measured scattering poly(propy-
lene oxide) was studied with: (a) the CH3 group deuterated
and (b) the backbone deuterated as well as (c) the normal
hydrogenous polymer. All three sets of data could be
placed on the same curve indicating that it was the back-
bone motion which predominated. The activation energies
were compared with data from relaxation and viscosity
measurements. It was found that Evicogity > Erelaxation ~
Eneutron-

Further measurements have been made on poly(dimethyl
siloxane) (PDMS)®® using high resolution spectrometers
at low Q down to @ ~ 0.1 A~1. Larsson® had suggested
that the NQES from a polymer should have two compo-
nents due to translational and rotational motion as is the
case with liquid crystals. No evidence was found of this
type of behaviour.

Attempts have been made® to fit a model of the dyna-
mics of a polymer chain to the data for PDMS. Data collect-
ed from machines with different resolutions and covering
arange of Q of 0.15 to 2 A~ and 3 decades of Aw have
been fitted using de Gennes’ model for a single chain in the
Rouse limit (see equation 49). In Figure 19 the broadening
Aw, calculated using a Q% dependent model is shown as a
function of Q, the slope is equal to 4. Although the fit was
very much improved compared with that for simple diffu-
sion it was noted that the model still tended to underesti-
mate the intensity in the wings of the NQES peak. The
de Gennes model is valid for long time behaviour and no
short time contribution is included which could account
for the extra intensity.

High resolution measurements carried out on poly
(ethylene oxide)® (PEO) were also fitted to the de Gennes
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Figure 19 Log—iog plot of Aw against Q. Aw is the half width

of the best fit curves for the Q model. ® and +, IN5, 8 A incident
beam; 4, IN5, 10 A incident beam; ® IN10, 6.2 & incident beam.
A line with stope = 4 is indicated. [Reproduced from Higgins, J. S.,
Ghosh, R. E. and Howells, W. S. J. Chem. Soc. (Faraday Trans. 2)
1977, 73, 40 by permission of the Chemical Society ©]
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Figure 20 The shape of S(Q, w) for the three model correlation
functions: A, Lorentzian Aw « Q2; B, Zimm, Aw « Q3; Rouse,
Aw = @4, {Reproduced from Higgins, J. S., Ghosh, R. E., Alten,
G., Farnoux, B. and Weill, G. Chem. Phys. Lett. submitted for
publication, by permission of the North Holland Publishing Co. ©]

Q* model, but in this case the limiting slope was only 3.3.
As in the case of polymer solutions one would expect the
variation Aw with Q to change as Q increases or decreases.
It is probable that in the range of @ used, because of the
differences in segment length of PDMS and PEOQ, the PEO
chain has not yet reached the limiting flexibility which
generates Q4 behaviour.

Measurements have also been made on carbon black
filled natural rubber and polybutadiene®. Degr values
showed little or no variation as the filler loading increased
which was interpreted as meaning that no appreciable layer
of immobilized material was present.

Using stretched crosslinked cis-polybutadiene®® measure-
ments have been made of Degr parallel and perpendicular
to the stretch direction as a function of extension ratio but
no significant differences caused by strétching were found.

Polymer solutions. In order to test the validity of the
models proposed by de Gennes and Dubois-Violette®®™ it
is necessary to measure the NQES from dilute polymer solu-
tions. Using polytetrahydrofuran (PTHF) and its deuterated
analogue (PTDF) in CS3, Allen et al.%” were able to measure
both the incoherent and coherent NQES from a dilute
polymer solution. The scattering from PTHF in CS3 is
almost entirely incoherent and that from PTDF in CS)
almost entirely coherent. The NQES from each solution
was measured on two machines of very different resolution,
IN10 and INS at the ILL. IN10, the backscattering spectro-
meter, has a very limited energy window but very high
resolution and so it is particularly sensitive to the shape of
the central part of S(Q, w). On the other hand, IN5, a
TOF spectrometer, has an unlimited energy range but
coarser resolution so it is more sensitive to the shape of the
wings of S(Q, w). If the half widths measured in the same
Q range on the two machines agree then it points to the
fact that the right model has been chosen. A good iflustra-
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tion of this point can be found in ref 84 where the scatter-
ing from water and PDMS was fitted to a Lorentzian and
Aw plotted as a function of Q. Only in the case of water
can a line be drawn through the data from both machines.

The solution data were fitted to three models of the
scattering law, of the following type: (1) a Lorentzian
(Aw x 02);(2) a Zimm type (Aw « @3); (3) a Rouse type
(Aw o Q%). In Figure 20 the shapes of these three laws
are drawn for the same Aw. In order to estimate which
model best fitted the data a number of parameters were
calculated which should be sensitive to the form of S(Q, w):
(1) The half width of the scattering law should be propor-
tional to QF;(2) the peak height S(Q, 0) = 0%, and (3) the
area under the peak

£85(Q, w)dw x Q*#

where for incoherent scattering & = — and for coherent
scattering o = —(8 + 2). Using these criteria it was found
that although there was general disagreement with the
Rouse model it was not clear-cut which of the other two
models best fitted the data. A range of § values was
measured between 1.95 and 3.12. The data tended to
favour the 03-dependent Zimm model. Various reasons
were given to try to explain the discrepancies between the
theoretical and experimental scattering laws. The experi-
ments were not performed at the 6 temperature and the
molecular weight of the polymers was low ~15 x 103 al-
though strictly the theories of de Gennes hold for infinitely
long chains in a § solvent. Another point was that the
same law had been fitted over the entire Q range including
values of QI > 1. In the range QI > 1 it is quite possible
that a Q2 law will hold whereas Q3 will hold at lower Q
values.

In order to clarify a number of these points further
measurements were made by Higgins et /. on high and
low molecular weight PTHF and PTDF in CS; near the §
point. No molecular weight dependence of the NQES was
found. The NQES from polystyrene (PSH) and deuterated
polystyrene (PSD) in CSy was also measured at the 8 point.
According to Dubois-Violette and de Gennes™, Aw should
be independent of the chemical structure but this was not
found to be true for the two polymers. The difference in
chemical structure of the two polymers could manifest
itself in two ways: (a) the step lengths, /, of the two poly-
mers are different or (b) ng is really a microscopic viscosity
involving interactions between polymer and solvents.

The conclusions which were reached were that the in-
coherent scattering favoured the Zimm model whereas the
coherent scattering tended towards the Lorentzian form of
the law. The problem still remains that @/ =1 and this will
only be changed when new techniques are available to
achieve lower Q values in the range Ry 1 <Q <1-1.

The coherent NQES data from PTDF and PSD discussed
above®”® has also been used by Akcasu and Higgins™ in
order to test the validity of their theoretical calculation
using a freely jointed chain model. By using the fact that
the data seem to be in the transition region from Q3 to Q2
behaviour, an effective bond length, p, and the associated
friction coefficient per segment, f, were estimated. The
data for PTDF and PSD was fitted to the theory and the
best fit was achieved using for PTDF, p = 3.8 A, and for
PSD,p=63A.

All the measurements discussed so far have been made
on dilute polymer solutions. Maconnachie ez al.%! have
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Figure 21 lLog—log plots of Aw as a function of Q for (a) bulk
PEO, best fit model @4 slope = 3.3, and (b) PEO in D0, concen-
tration 3 mol D,0/monomer, best fit model @3, slope = 2.9. [Re-
produced from Maconnachie, A., Vasudevan, P, and Allen, G.
Polymer 1978, 19, 33 ©]

measured the effect of a small amount of water on the
dynamics of poly(ethylene oxide) (PEO). The most dilute
solution studied contained 30% golymer. Using the fitting
techniques described previously*®7#? the best fit to the
incoherent NQES was found to vary from Rouse (for the
bulk polymer) to the Zimm model as the amount of water
was increased. This point is illustrated in Figure 21. Low

resolution measurements were analysed using a simple
Lorentzian. A plot of Degr of PEO in PEO/D40 against
concentration was found to change shape when approxi-
mately 1 mol of D9O/monomer was present. Similar beha-
viour was observed for the water in the solution.

PEO behaved quite normally in toluene, Degr increasing
rapidly as soon as the solvent was added. The behaviour of
PEO in water and toluenc as measured by neutron scatter-
ing was mirrored in viscosity measurements made on the
same solutions. The conclusion was drawn that PEO and
water form a 1:1 hydration complex.

INELASTIC NEUTRON SCATTERING STUDIES OF SIDE
GROUP MOTION IN POLYMERS

Introduction

At temperatures below the glass transition, polymers no
longer exhibit the long range motion characteristic of rub-
bers. However, this does not mean that ¢/l molecular
motion has ceased. [t is the remaining motions which are
responsible for the various loss phenomena in polymers
which may be observed as minima in n.m.r. spin lattice
relaxation or maxima in mechanical and dielectric loss
measurements. For convenience the relaxations are classi-
fied according to the temperature or frequency region in
which they are observed®. The glass transition is generally
termed the « transition being the relaxation which occurs
at the highest temperature (or the lowest frequency). 8,y
and & relaxations take place at decreasing temperature (or
increasing frequency at a fixed temperature). Main chain
Brownian motion is thought to be responsible for the
relaxation which, for typical polymers, is generally between
200 and 300K. Between 80 and 200K are found the y
relaxations, which are attributed to long side chains with
coupled rotors such as propyl groups. We will not deal with
these relaxations here, but will be particularly concerned
with low temperature (<80K) 6 relaxations, which are due
to the torsions of methyl, ethyl or phenyl groups pendant
to the main chain. Detailed reviews of these and other
relaxation processes are available elsewhere® %2,

Although the torsional modes of groups involved in 6
relaxations are i.r. and Raman active, they are very weak.
We hope to show that neutron inelastic incoherent spectro-
scopy (NIIS) is a technique extremely well suited to study
such modes.

Theory

This section is restricted to torsional oscillations only.
Detailed derivations of the equations will not be presented
but are available in the publications of Marshall and
Lovesey®, Boutin and Yip®® and Allen and Higgins®. Equa-
tion (25) can be re-written as:

d%o k Oinc
——] =N — — Sinc(Qw)
dQdE [ inc ko 4n

since
Oinc = 4m(b2 — B2)

For one atom of mass m, whose frequency of a particular
normal mode of motion is wy, then,
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Figure 22 Time of flight spectrum obtained from PMMA at 90°
of scatter

QU,-) 2 exp(—hwj/kpT)

Sinc(Q, “)) = ( 1 — exp(—fle/kT)

2wjm
x exp(—2W)S(E * hwy) (61)

where kp is the Boltzmann constant, £ the energy, Q the
momentum transfer on scattering (see equation 2), Uj is
the displacement vector of the moving atom and exp(—2W)
is the Debye—Waller factor which contains both @ and U;.

Clearly from equation (45) provided the particular mode,
J, is not subject to dispersion by coupling with other nor-
mal modes, then the vibrational transitions are represented
by the delta function {§(F + hew;)}. The intensity of the
vibrational band is dependent on several factors: (i) the
momentum transfer, Q, and since Q is dependent on angle
the spectrum varies with angle of scattering; (ii) the dis-
placement vector, Uy, and hence the amplitude of normal
vibrational mode; (jii) the value of the incoherent scatter-
ing cross-section ojyc of the atom being observed (see
equation 18 above). Combination of (ii) and (iii) results in
the NS from common polymers being dominated by
hydrogen atom scattering, especially from those normal
modes in which the hydrogen atoms have large amplitudes
of motion. Since the vibrational bands are Q dependent,
they may not be coincident with those derived from
Raman spectra at Q = 0. Direct comparison with Raman
spectra is obtained by using the hydrogen amplitude weight-
ed density of vibrational states®***. This subject is discussed
by Kittel®.

For solids the distribution function, p(w), is:

Sinc (Q’ w)

hw,- hw
nh im
2kgT 00 Q2

si 62
kaT (62)

p(w) =

Data for Sinc(Q, w) must then be gathered over a number
of angles and extrapolated to zero Q. Generally, computa-
tional routines are available which carry out this extra-
polation on the primary data which also normalizes all the
data to a vanadium calibration. The application of deutera-
ted polymers in coherent scattering has been discussed
above in conjunction with SANS. Deuteration of polymers

also plays an important role in NIIS. By selectively deuterat-
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ing the polymer molecule it is possible to assign the various
peaks in the spectra to the group motions which characterize
particular normal modes. Since the incoherent scattering
cross-section of deuterium is much less than that of hydro-
gen, comparison of spectra of hydrogenated and deuterated
samples of the same polymer enables identification of

group motions.

Experimental results

NIIS studies of polymers have advantages and disadvan-
tages. A clear advantage is that the spectrum is dominated
by scattering from protons. Secondly, since scattering is
due to a neutron—nucleus interaction, the selection rules
differ from those prevailing in optical spectroscopy (see
above). There are, however disadvantages from the experi-
mental point of view which include: (1) poorer resolution
available in NIIS; (2) high cost of obtaining such spectra.

All of the NIIS data so far reported for polymers have
been concerned with methyl or phenyl groups, i.e. sym-
metric top molecules. To our knowledge no data on asym-
metric rotors has been published, the extraction of rota-
tional barrier heights from data on such rotors is a formid-
able problem®™®,

Methyl groups on polymer chains. Extensive NIIS in-
vestigations have been made on poly(methyl methacrylate)
(PMMA)*'®_ Figure 22 shows a time of flight spectrum
for PMMA at a scattering angle of 90° the frequency dis-
tribution function obtained is shown in Figure 23. Assign-
ment of the various peaks to particular methyl groups can
be made by comparing the spectra in Figure 23 for the
following polymethacrylates:

Ester deuterated PMMA

Poly {a-chloromethacrylate)

—CH;—C— PMMA

c=0
O—CH,

Swelling the samples slightly with CDCl3 produced no shift
in the band positions, good evidence for the absence of
strong dispersion.

From these spectra the following assignments were
made; the broad band centred at 100 cm—! was assigned
to the ester methyl torsion by comparing spectra A and C.
Comparison of spectra B and C, allowed assignment of the
band at ~250 cm~! to the & methyl group, this value being
subsequently refined to 300 cm—1.

The barrier to internal rotation of the methyl group
(V3) was calculated by using the Mathieu form of the
Schrédinger wave equation in the foilowing way. For hin-
dered internal rotation about a single bond, the potential
energy opposing rotation is a function of ¢, the angle of
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plw)

(] 200 400 600
Energy {cm™)

Figure 23 Frequency distribution p{w} as a function of energy
for: A, —-—-— , poly(methylmethacrylate — COOCD3) (1); B, ®,
poly(a-chloromethacrylate) (11} and C, , poly{methyl-
methacrylate) (I11). [Reproduced from Higgins, J. S., Allen, G.
and Brier, P. N. Polymer 1972, 13, 157 ©1]

rotation. We may write for a methyl group which has three
fold symmetry:

V(9) = (V3/2) (1 — cos 3¢) (63)

The Schrodinger wave equation in one dimension can now
be written as:

2
RIMOR

Epo — s (1 —cos30) | Qpe®=0 (64)
3¢2 2

F contains the reduced moment of inertia of the side group;
E, are the torsional energy levels of vibrational quantum
number » and index o (see below). The Mathieu equation
may be written as:

a2y
—~ +(b— Scos2x)y=0 (65)
ox2

Equations (64) and (65) can be transformed to each other
by noting that;

Ows(9) =y
3pg+tm=2x
Vy=(3%/4)Fs (66)
E,, = (3%/4)Fb
Considering only a transition of v = 0 ->v =1 and for the

moment disregarding o (in most cases this is justifiable for
transitions between lower energy levels) then

32
E1 - Eo= IF(bl — bo)

=hewo-1

where h = h/2m, ¢ = velocity of light in vacuo and wq_1 is
the wave number (in cm~1) of the vibration. Therefore:

by — b = 4hcwq—1/3%F (67)

Values of b are tabulated as a function of $'°!, and hence
the value of S corresponding to b1 — bg can be interpolated.
V'3 can then be calculated from equation (66).

NIIS torsional frequencies and the barrier heights cal-
culated from them for a number of methyl group contain-
ing polymers are given in Table 8, also included are activa-
tion energies from relaxation measurements where available.
Comparison of activation energies and V'3 values supports
the contention that methyl group rotation is responsible
for the low temperature relaxation processes {cf poly(pro-
pylene oxide), and poly(dimethy! siloxane)]. Discrepancies
are most apparent for PMMA, but these can be improved
when account is taken of quantum mechanical tunnel-
ling!0%1%%,

Where a particle passes through a region of potential
energy greater than its own kinetic energy, the phenomenon
of quantum mechanical tunnelling occurs. It arises where
the wave functions each side of a potential barrier have sig-
nificant amplitude across the barrier. For symmetric rotors
such as methyl groups, conditions for such tunnelling are
especially favourable since the energy levels are identical in
each potential well. Methyl group tunnelling in PMMA con-
tributes to viscoelastic relaxations'®»!'% and its participation
in other processes is summarized by Sauer®. Tunnelling re-
sults in activation energies obiained from a classical Arrhe-
nius equation of the bulk relaxation process being too low.
Corrections to such activation energies by the method of
Stejskal and Gutowsky'*? produces much closer agreement
with V73 values for PMMA from NIIS (Table 9). The index
o in the torsional wave equation, equation (64), character-
izes the symmetry of the wave function Qy,(¢). Full solu-
tion of equation (64) shows that the energy level v is split
into non-degenerate A and doubly degenerate E sub-levels,
each of which have slightly different energies. For high
barriers to rotation this splitting is negligible, as the barrier

Table 8
Vtor V3 EA
{em—1) kdmol—!  kJmol—1
Methyl methacrylate®7?
—OCH3; {all isomers) 100 4.2 Very low
a—CH3 isotactic 300 23 16
syndiotactic 360 33 23-35
Propyiene oxide®7 230 13 15.9
—methylstyrene%8
—heterotactic 380 37
head-to-head 300 13
Viny! ether98 100 2.5
Dimethyl siloxane®8 165 6.9 8—1089
—P(CH3), = N—98 240 15
4—methy! pentene?® 240 18 1.7100
?H, /N\98 ~300 ~23
o OO §
CH, NN
N/
i
Cl
Isobutene®8 305 24
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Table 9 Corrections to barrier heights from gquantum mechanical
tunnelling and barrier heights from NIIS for PMMA samples

EA(Tunnel) V3 neutrons
Group EA (kd/mol) {kJ/mol) {kJ/mol)
a—CHj syndiotactic 2325 29 33
a—CH3 isotactic 16 226 23
OCH; Low 8.4 4.2
00
o
OS5 W2 %
£ .
Lo “ .,
an o4+ :o °% . * .
3_ 7 °°° °* ® ° . * .
ols | & Tttt .
- O3} . Lo .
(7] o o o [ °
~—r .O [ ° 4 s o o *
(2] : ° o
O-2rs
H
O'lte
>
100 200 300

Frequency (cm™)

Figure 24 Z(S(Q, w)/Q?) as a function of energy for ®,
—CHI(CgH;5)CH,— and O, —CDI{CgH;5)CD,. [Reproduced from
Spells, S. J. Shepherd, 1. W. and Wright, C. J. Polymer 1977, 18,
905 ©]

height decreases it becomes more important. For the ester
methyl group of PMMA calculations show that for a three-
fold barrier this splitting should be about 2 ueV (=2 x 10—4
kJ/mol) for the lowest energy level. This range of energy
transfer can in principle be measured on the back-scattering
instrument discussed above. Attempts to do so using amor-
phous and crystalline isotactic PMMA have been unsuccess-
ful. This may be due to either imperfect crystallinity or

the barrier being of higher order than 3-fold (a six-fold
barrier would result in a splitting of ~200 ueV).

From Table 8 the influence of stereochemistry on
methyl group torsion can be discerned. Allen et al.'®
attribute the lower torsional frequency in head-to-head
poly(a-methylstyrene) to steric hindrance forcing the
main chain substituents into a #rans conformation.

Phenyl groups. Much work has been reported on the
n.m.r. mechanical and dielectric relaxations of polystyrene
and has been surveyed in recent publications'®®'®, Along-
side this experimental work, theoretical calculations of the
barrier to internal rotation of the phenyl group in polysty-
rene has also been reported''®. A variety of relaxations
below the glass transition temperature have been reported
and variously interpreted. Consequently the position is by
no means as clear cut as in the case of PMMA. Because of
this, a summary only of the scanty NIIS data (and asso-
ciated data from Raman work) is presented here.

The only published work on NIIS from polystyrene and
its homologues is that due to Spells, Shepherd and Wright!!!
and Wright and Allen''?.

Raman work by Kim and coworkers''® agrees with the
more recent work of Spells ef al. Both groups find a broad
intense Raman band at ~60 cm~!. By examining poly-
styrenes with substituted phenyl groups and noting the

760 POLYMER, 1978, Vol 19, July

decrease in intensity of this band with increasing side

group mass, Spells, Shepherd and Wright!!! attribute this
band to phenyl group torsion. The same band is also plainly
evident in the NIIS spectra of isotactic polystyrene shown
in Figure 24. Also evident here are bands at ~30 and

250 cm~L. Deuterating the main chain produces spectrum
B, which shows a marked reduction in intensity of the

250 cm~1 band which therefore seems to be due to main
chain vibrations. Attempts''* have been made to determine
the influence of steric crowding on 60 cm~! band by using
alternating copolymers of styrene—1,-1-diphenylethylene
(IV) and styrene—trans-stilbene: (V)

oL
{g_%_g_m}

¥

No measurable shift was observed.

Finally, in common with PMMA, polystyrene has a much
higher specific heat at low temperature than that predicted
by the Debye model. This has been attributed to phenyl
groups in voids present in the structure acting as Einstein
oscillators'*®. A high resolution NIIS investigation of poly-
styrene to detect such oscillators was however unfruitful'é,

FUTURE DEVELOPMENTS

This review covers a decade of pioneering studies of neutron
scattering from amorphous polymers. In the first five years
the work was done with low flux neutron beams and spec-
trometers of low resolution. A major advance occurred with
the commissioning of the high flux beam reactor at the ILL
in Grenoble and its new generation of instruments which
offered higher resolution and made accessible a wider range
of momentum transfer values. Within the next year the new
spin-echo spectrometer is expected to add a further two
orders of magnitude to the low values of @ available. This
machine will be of crucial importance in extending the quasi-
elastic scattering studies of polymer chain dynamics.

In the next decade the major event will be the commis-
sioning by SRC of the new spallation source at the Ruther-
ford Laboratory. This will provide an even more intense
beam of pulsed neutrons and will be associated with another
generation of new spectrometers. The prognosis is that it
will be particularly useful in time-resolved small-angle neu-
tron scattering studies of polymers and for studies of the
dynamics of polymer chains.

So far neutron scattering studies have been concentrated
on problems in polymer science. As facilities develop these
techniques will be applied to problems in polymer technology.
Preliminary experiments are under way but by their very
nature they are more protracted than pure science studies.
The first results on stress relaxation, mixing and extrusion
problems can be expected in the next two years.
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