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PREFACE

Currently ID the United States there are five synchrotron radiation fa-
cilities available for conducting a wide variety of structural and chemical
studies. These facilities have been operational for some time, and the sub-
ject has been reviewed by several authors (1-5), but the utilization of these
intense, versatile sources in polymer science has been limited for various
reasons. In order to perform experiments at these facilities, a significant
expenditure of time and Loney was necessary. Consequently, most research at
synchrotron sources has been limited to those who were able to utilize them
in a major portion of their overall research effort. This aspect, however,
is changing as these sources become more accessible to the infrequent user.
It was also evident from a recent survey that the polymer community lacks
knowledge of precisely what instrumentation is available and what types of
experiments are possible at such facilities.

For these reasons, and because of the very favorable response from the
polymer community, this symposium on the application of synchrotron radiation
in polymer science was organized. It is the express purpose of the symposium
to increase the awareness in the polymer community of the different types of
polymer research that are currently being performed at these sources. It is
clear from the papers presented that certain research addressing important
fundamental questions can be realized only by the utilization of synchrotron
radiation sources. In addition, without these sources, certain technological
developments would not have been feasible. However, only the surface has
been scratched in tapping the capabilities of these unique facilities. It is
hoped that this symposium will serve as a catalyst for stimulating new ideas
and research in polymer science.
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Characteristics of Synchrotron Radiation*

W. Thomlinson
National Synchrotron Light Source, Brookhaven National Laboratory

Upton, New York 11973

INTRODUCTION

Synchrotron radiation is having a very significant impact on the many
disciplines that make use of the radiation in the x-ray, vacuum ultra-
violet, and infra-red regions of the spectrum. The rapidly increasing
demand for beam time at existing facilities, the construction and commis-
sioning of new facilities, and the worldwide planning for future sources is
clear testimony to the unique, interdisciplinary nature of the research
applications. The nature of synchrotron radiation research continues to
change and expand. This conference on the application of synchrotron
radiation (SR) to polymer research illustrates that point. In this intro-
ductory paper it will be impossible to cover in depth any of the applica-
tions. The intent, instead, is to give a brief, condensed summary of the
properties of SR which have brought it to the fore as a research tool. No
single source can provide the proper radiation for all applications. This
paper should provide enough information and references to allow anyone
contemplating a particular experiment to understand the widely varying
parameters from different facilities, and thereby make some initial
decisions concerning feasibility, and proper source. The NSLS will, in
general, be used for illustration purposes since the conference is being
held at Brookhaven where the attendees can get first-hand familiarity with
the facility.

Perhaps most important to scientists contemplating applying SR
techniques to polymer studies will be a listing of some recent compre-
hensive reviews of synchrotron radiation and experimental techniques. The
accompanying references, in particular references 1-5, will be more than
sufficient. Although reference 5 by G.K. Green is not a review article, it
is a superbly organized collection of the equations necessary for the
calculation of SR spectra and properties. Much of the material is
presented in very easy to use graphical form.

PROPERTIES OF THE RADIATION

A charged particle constrained to move in a curved path experiences
acceleration, and this radiates electromagnetic energy. A nonrelativistic
electron emits radiation at its frequency of revolution, and in a pattern
which is known as the Larmor pattern. The Case I of Fig. 1 illustrates
this pattern. When the same particle approaches the speed of light, which
is true for electrons in SR storage rings, the Larmor pattern as seen in
the laboratory frame of reference is distorted by relativistic effects.

"Work performed under the auspices of the U.S. Department of Energy.
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Fig. 1. Radiation emission pattern of electrons in circular motion:

Case I, nonrelativistic electrons. Case II, relativistic
electrons.

As shown in Fig. 1, the relativistic transformation causes the radiation to
be emitted in an extremely narrow cone along the instantaneous velocity
vector, tangent to the circle. For an electron with energy E = y moc
the frequency spectrum in the radiation extends from the revolution
frequency u to harmonics on the order of y 3" • For large values of y the
opening angle of the radiation cone is given by

where 6y is the angle transverse to the orbit plane. The peak intensity
is in the plane of the orbit at 8y = 0. The radiation is thus
concentrated in a very small opening angle giving rise to the extremely
high photon flux intensities, high brightness, and high power densities
from SR sources.

In principle the spectrum should be a series of sharp lines at the
harmonics of the orbit frequency. However, the orbit frequency is not
exact because the electrons continuously oscillate in position and energy
about the equilibrium orbit, smearing the spectrum into a continuum.
There are many ways of presenting the spectrum, one of which is shown in
Fig. 2, where the photon flux is given in units of (photons/sec/unit of
electron current/1% bandwidth) for various numbers of horizontal
mi 11iradians. The spectrum is integrated over all vertical angles and
presented as a function of photon energy or wavelength. For certain uses
other representations, i.e. flux/eV, may be more useful. Formulas
presented by Green can be used for these purposes. For synchrotron
radiation a handy relation between photon energy Ep and wavelength, A, is

Ep(keV) * 12.396/A( A).
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Fig. 2. Synchrotron radiation spectra for the NSLS VUV storage ring
operating at 750 MeV, and for the x-ray ring operating at 2.5
GeV. Also shown are curves for the superconducting high field
wiggler and the VUV undulator. All curves are for the spectra
integrated over all vertical angles.

The calculated spectra for the NSLS storage ring bending magnets at
1.2 T are shown in Fig. 2. The calculations are based on the design limits
of the rings which are Electron = 2.5 GeV, I = 500 mA for the x-ray
ring, and Eeiectron = 750 MeV, I = 1 A for the VUV ring. Also shown is
the calculated spectrum for the 6 T superconducting wiggler, a device which
will be discussed later. These curves illustrate two of the most
significant properties of SR from storage rings - the very high flux and
the continuous spectrum. The flux makes possible such experiments as small
samples, dilute samples, rapid data acquisition (real-time spectroscopy and
diffraction) techniques, and complex structure analysis. The continuous
spectrum allows complete monochromatization of the radiation, allowing the
experimenter to finely tune the energy to an absorption edge or to scan
wavelength in EXAFS or anomalous diffraction experiments. The latter two
techniques will prove very important in polymer structural work. These
properties of SR are listed in summary form in Table 1.

The curves in Fig. 2 are parameterized by a very useful quantity \.
(or Ec) which is the critical wavelength (energy) for the source. In
useful units,

= 5.59 = 186.4/BE
where p is the radius of curvature of the bending magnet in meters, B is
the f ie ld in kG, and E is the electron energy in GeV. Half the total power
is radiated above the c r i t i ca l energy and half below. The c r i t i ca l
wavelengths, electron source dimensions, and beam time structures are given
in Table 2 for the NSLS.



Table 1. Properties of Synchrotron Radiation

Characteristic Advantage

High Intensity

Continuous Spectrum

High Brightness

Time Structure
Polarized
Collimation

Dilute samples, small samples,
rapid data acquisition
Tunability - EXAFS, anomalous
scattering
High flux on small samples, low
aberrations, high Q and E
resolution
Time resolved experiments
Polarization dependent analysis
High brightness, high resolution

Table 2. NSLS Storage Ring Parameters

Wavelength
L*.(A);e.(keV)]

Source Dimensions
2 c F X 2ax(mmz)

Vertical Angle 2o*(mrad)

Time Structure
Number of Bunches
Orbital Time (nsec)
Bunch Length (nsec)

VUV (Arc)

(25.3: 0.49)

0.2 xo.55

1.4

9
170
1.1

X-Ray (Arc)

(2.5; 5.0)

0.2 x0.5

0.4

30
568
1.7

X-Ray
(Wiggler)

(0.5; 25.0)

0.035 x 0.65

0.3

30
568
1.7

Along with the high intensity of the radiation goes a corresponding
high power dissipation for the bending magnet sources and wigglers. Even
for undulators, which will be discussed later, where the total power
radiated may be low, the power densities can reach levels of 3-10 kW/cm .
One of the most significant problems facing instrumentation designers,
experimentalists, and machine designers (6 GeV ring, for example) is the
thermal dissipation. In practical units (E in GeV, P in meters, B in
kilogauss, I in amperes) the total power radiated by highly relativistic
electrons in a storage ring is

P(kW) = 88.47 2.654BE3!.



For electrons trayersing a length L(m) of a aagnetic field with average
field <B^, the total power radiated is

P(kW) = 1.267 *io-2E2(GeV) < B2(kG) > I(A)L(m).

This equation can be used for a constant field or for a field that varies
along the trajectory such as in a wiggler or undulator.

Electrons in storage rings are grouped in bunches whose length is
determined by the rf system. The orbital period, of course, is determined
by the geometry of the ring and must be an integral multiple of the rf
period. Using the NSLS x-ray ring as an example (see Table 2), the rf
frequency is 52.88 MHz and the orbital time is 568 nsec. When operated in
a single-bunch mode (one bunch only circulating in the machine), a pulse of
light will be seen down a beam line once each 568 nsec, with a duration of
1.7 nsec. The x-ray ring can be run with up to 30 bunches, decreasing the
bunch-bunch time to 18.9 nsec. Such a time structure and constant pulse
amplitude make the SR source ideal for a variety of lifetime studies in
both material and life sciences (see reference 1, chapter 10). Examples
are time resolved spectroscopy and fluorescence lifetime measurements of
organic molecules.

The storage ring radiation is inherently highly coliimated into the
Y" opening angle, and is also predominantly polarized, with the electric
vector parallel to the acceleration vector. Elliptical polarization is
present off the median plane. Figure 3 shows the intensities of parallel
and perpendicular polarization as a function of emission angle, Y*, for
different wavelengths. The inherent polarization of the SR is used in
programs such as circular dichroism analysis. It is also the reason that
most synchrotron radiation scattering experiments are arranged to have the
scattering vector in the vertical plane. The scattered intensity vanishes
when the scattering angle 2 9 is such that it is parallel to the
polarization vector of the incident radiation. For scattering in the
vertical plane, the scattered radiation is always normal to the
polarization vector and the polarization factor is unity (see Ref. 1,
Chapter 14).

Fig. 3. Vertical angular distribution
of parallel and perpendicular
polarization components. Units
of Y * are radians.



Finally, there is a property of the radiation from the storage rings
which is perhaps the most significant, since it ties together the high flux
and intrinsic collimation of the beam and the storage ring electron beam
parameters. It is called the brightness or spectral brilliance. The
definition used here is that brightness is the flux emitted by the source
per unit source area and per unit solid angle. It thus has units of
photons/(sec mm mrad 0.1% bandwidth). The fundamental importance of the
brightness is that it is the real measure of how many photons/sec can be
imaged on a small sample with a small angular divergence. The brightness
of a given source is related to the size and angular spread of the electron
beam source (the electron beam emittance) and to the intrinsic opening
angle or" the synchrotron radiation. If the source size and angular spread
of the electron beam are small, the machine is said to be a low emittance,
high brightness source. Optical systems can then image the source onto the
sample without sacrificing flux, without increasing angular divergence
(thus optimizing momentum and energy resolution), and with minimum optical
aberrations.

The emittance of a storage ring is the phase space area of the
horizontal and vertical emittance ellipses, effectively the product of the
source size and the solid angle of divergence. It is a conserved quantity
around a ring for a given magnetic lattice. No matter what devices are
placed on beam lines, or even what undulators or wiggler magnets are
installed on a ring, the limit on brightness is the emittance of the
storage ring.

The NSLS rings are two of the first storage rings to be built with a
high brightness lattice. Figure 4 shows a comparison of the brightness of
several rings.6 The fluxes for the NSLS and SRS are comparable, but the
figure shows a large difference in the brightness. The differences in the
brightness come from the differences in the electron beam emittances. New
machines which are being proposed, such as the ALS at Berkeley and the ESRF
in Europe, are all designed to be very high brightness electron storage
rings in order to maximize the flux on the samples with minimum aberrations
and maximum spatial and angular resolution. They are also being designed to
have many straight sections, in order to accommodate as many special
insertion devices as possible. These devices maximize and enhance the
brightness of the source and will now be discussed.

INSERTION DEVICES - HIGGLERS AND UNDULATORS

In the preceeding discussions the properties of the radiation emitted
from the storage ring dipole bending magnets have been considered. The
overwhelming response of the scientific community to instrumenting
experiments on these beam lines proves the value of the sources. However,
it is possible to design magnetic structures, which can be inserted into
the straight sections of storage rings, and which are more effective than
the bending magnets at producing radiation. These devices, called wiggiers
and undulators, are periodic magnetic structures that have no net effect on
the electron beam but can produce synchrotron radiation with brightness
much greater than the bending magnets, or extend the spectral range to much
higher energies. Because of the improvements in spectral range and
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brightness, many wigglers and undulators are being installed in present
machines. All new storage rings are being designed to maximize the number
and type of insertion devices that they can accept.

Wiggler and undulator magnets deflect the electrons periodically in
alternate directions, producing an angular excursion of the photon beam.
The primary differences in the spectra arise out of the extent to which the
electron beam is deflected. A wiggler has a relatively small number of
periods in which the angular excursion of the beam is much greater than
Y" . The horizontal extent of the beam is many milliradians. Wigglers
have a continuous photon spectrum identical to that of a bending magnet,
but, since they have 2N magnetic poles, their brightness is 2N times that
of the bending magnets. The wigglers can be constructed to have very high
magnetic fields and extend the photon spectrum to very high energies. An
example is the superconducting wiggler at the NSLS x-ray ring. It has a
magnetic field of 6 T, 6 poles, and an angular excursion of 38 mrad. The
spectrum is shown in Fig. 2, with the shift of the critical energy from 5
to 25 keV. Wigglers and undulators can also be constructed from permanent
magnets, the material of choice being the rare-earth cobalt, S111C05. A
schematic of the arrangement of the alternating blocks of permanent
magnetic material is shown in Fig. 5. Such a device can be designed to
give very high flux at energies up to about 10 keV on the 2.5 GeV x-ray
ring. The NSLS is planning a magnet with 30 poles and a critical energy of
8.3 keV. Recently, SSRL has started operating a 54 pole wiggler.

Wiggler magnets produce beams with very high total power and very
high power densities. For example, the NSLS superconducting wiggler
radiates about 40 kW of power, a power density of about 3.2 kW/mradz.
Comparable power is radiated by the other devices discussed. It is the
extremely high power density of these devices which makes optical thermal
problems so severe.

An undulator is a magnetic structure with many periods in which the
horizontal angular excursion of the electron beam is less than or of the



Fig. 5. Schematic cross section of a permanent magnet undulator.
order of the synchrotron opening angle, Y* 1. Interference effects in the
undulator radiation result in peaks at a fundamental wavelength and the
harmonics of the fundamental. Such a spectrum is shown in Fig. 6 for the
permanent magnet undulator on the NSLS VUV ring. This magnet has 76 poles
with a magnetic period of 6.5 cm. The horizontal extent of the beam is
only 3.5 mrad. The difference in the spectrum between Fig. 6 and Fig. 2 is
due to different vertical gaps for the device*

In general, undulators greatly enhance the brightness of the source
compared to the bending magnets. It can be shown that the enhancement is
between ZN and N , where N is the number of magnetic periods. Extremely
high peak fluxes per mrad are produced. A significant feature is the con-
centration of the radiation into one or a few peaks and a corresponding
reduction in waste power incident on the beam line optics. In some cases
the peaks may be narrow enough in energy to eliminate the need for mono-
chromators, which greatly decrease the flux due to their narrow bandwidth.

Fig. 6. Spectrum for the NSLS
Free Electron Laser
Undulator.

10' io2 io3

WM/ELENGTH (A)



Designs exist for undulators with the fundamental wavelength between 3
and 50 A for use at the NSLS. One of these devices will be a 37 period
soft x-ray undulator in the range 19-72 A to be used on an x-ray Imaging
beam line. The coherence length of the synchrotron radiation sources Is
about 0.1% of the total emission angle of 0.4 mrad.

Due to the N central brightness of the photon beam, a pinhole
collimator subtending that angle will be effectively a coherent source for
holography and microscopy and still allow total flux on a sample 10 3 times
greater than from a bending magnet. Even though the total power radiated
by this device is a few watts, the power density is still on the order of 3
kW/mrad .

These two undulator examples illustrate the direction being taken in
the development of new, high brightness sources. The new designs for
storage rings are being considered to maximize the effectiveness and total
number of both wigglers and undulators. In fact, based on the scientific
goals of the synchrotron radiation community, the desired insertion devices
are being planned, and that in turn will help to determine the new machines
to be built.

USER VERSUS MACHINE

Anyone who has done experiments at a synchrotron radiation facility is
well aware of the often frustrating and irritating interruptions and delays
which occur due to unscheduled down time of the storage rings. Such
interruptions are inevitable simply because of the incredible complexity of
the operation. In spite of the difficulties, many facilities have achieved
greater than 90% of planned operating time. Users must plan on a certain
level of down time or delays. Judging by the rapidly increasing number of
users of synchrotron radiation, the scientific advantages outweigh these
problems.

Even if the source is operating normally, the user must plan the
experiments to be compatible with the regular refilling of the storage
ring, which interrupts the experiment, and the regular exponential decline
of the photon flux as a function of time. Figure 7 shows a 12-hour period
of operation of the NSLS VUV ring. Long beam lifetimes are certainly
dasirable in order to reduce the number of refills, to avoid rapid
variations in heat load on beam line optical elements, and to eliminate
rapid changes in data rates.

Throughout this paper the NSLS has been used as an example of a U.S.
facility. The user must decide, based on the experimental equipment
available and ring parameters, where a given program can be carried out. A
complete survey of U.S. and worldwide facilities has recently been compiled
by H. Winick and R.E. Watson. l Details of beam lines and experimental
stations are available from each of the facilities. As a reference, Table
3 lists the presently operating U.S. facilities.



see-

300-

K

51 I

VUV CURRENT CMHJ
I

Sis-

NOON
Fig. 7. Stored beam current as a function of time for the NSLS VUV ring on

September 21, 1984.

Table 3. Storage Ring Synchrotron Radiation Sources in the United States

Location Ring (Lab)
Electron Energy

(GeV)

Gaithersberg, MD
Ithaca, NY
Stanford, CA
Stoughton, WI
Upton, NY

SURF (NBS)
CESR (CHESS)
SPEAR (SSRL)
TANTALUS (SRC)
NSLS (BNL)
NSLS (BNL)

0.28
5.5 - 8
2.5 - 4.0

0.24
0.75
2.5
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THE BIOLOGY SMALL-ANGLE X-RAY SCATTERING BEAM LINE

The National Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory is a new dedicated synchrotron facility specifically designed for
high source brightness. The source is well suited for a point-focusing, high-
resolution SAXS spectrometer. The parameters of the biology SAXS beam line
were determined largely by the characteristics of the synchrotron source and
the different types of biological samples to be studied (Fig. 1). The
resulting design evolved from the following criteria and constraints:

1. Real space resolution >5000 £. The purpose of the SAXS instrument is
to make small momentum transfer measurements on samples with large
radii of gyration or large unit cell sizes (e.g., viruses, ribosomes,
muscle).

2. Angular resulutiou <0.2 mrad, so that adjacent orders of large unit
cell structures may be resolved and to obviate or minimize
deconvolution procedures.

3. Wavelength/energy range 0.6 to 3 8/20 to 4 k.eV. This range extends
from the K-edge of molybdenum to the optimum wavelength for an -0.1
mm thick protein sample*

4. Wavelength resolution AX/X < 2.0 . This is the minimum precision
required for anomalous scattering measurements'

5. Beam size at sample ~ 2 x 9 mm (maximum). Biological samples are
typically small.

6. Focused spot size ~ 0.3 x 0.3 mm (minimum), to match the detector
resolution. The focused spot size may be increased up to the size of
the source with concomitant decrease in resolution.
Source size 2cr
the X-12 beam.

0.5 mm, 2a « 0.2 mm, nominal source parameters for

PHOTON ENERGY (eV)
I04 1000 100 10

X-RAY DIFFRACTION
AND SPECTROSCOPE SOFT X-RAY

' ' MICROSCOPY
Fig. 1. NSLS photon

spectrum

O.I
WAVELENGTH

1000
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OPTICS

The optical layout of the SAXS beam line is shown in plan view (Fig* 2)
and schematically (Fig. 3). The first mirror images the source to a focus
7120 m downstream of the tangent point. Because this mirror sees "white"
radiation and is located behind the x-ray ring shield wall, which makes it
inaccessible during operation of the synchrotron, we have chosen to use a
toroidal figured mirror fabricated from silicon carbide. SiC offers the
advantages of high radiation resistance due to its high bond strength and good
thermal stability of the mirror figure due to its small thermal expansion
coefficient. Further, the hard ceramic can be polished to a super smooth
finish, which minimizes scattering away from the specularly reflected beam
caused by surface defects. [1].

-BARK ROOM HUTCH

-ROTATION CAMERA MIRROR •CHOCK ASSY

MONOCHROMATOR
PROTEN CRYSTALLOGRAPHY
HUTCH

MIRROR KNOCft ASSY

SMALL ANGLE HUTCH
(WITH I tXMCNStOH

DETECTOR)

I . TARGET
• — 25120

FM. SOURCE

Fig. 2. Plan view of Biology beam lines.

MIRROR I

(TOROID)

MONOCHROMATOR

MIRROR Z

(BENT CYLINDER)

Layout of beam line optical components.
FOCUS
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Adjustable, beam-defining slits are positioned at the focal point of the
first mirror. A second mirror images these slits to a focus 25 120 *.*
downstream of the tangent point. Since the ultimate focused spot size Is an
image of the slits, not of the actual source, this size can be adjusted to fit
the resolution requirements of an experiment* The second mirror is a
cylinder, bent to approximate an ellipsoid, and fabricated from electroless
nickel coated aluminum.

Table 1 summarizes the geometrical parameters of the two beam line
mirrors. Both mirrors image 1:1; both are coated with rhodium, a high Z metal
without important absorption transitions in the 0.6 to 3 & wavelength range.
The mirrors are installed in ultra-high vacuum (UHV) sections of the beam
line. As indicated in Fig. 3, the second mirror is inverted (about the x-ray
beam axis) relative to the first to obtain a horizontal output beam. Full
kinematic control of the position of each mirror is achieved with three
remotely controllable stepping motors which define a surface plane for each
mirror. The mirrors are being fabricated by Astron Developments, Ltd.,
Hounslow, U.K.

Table 1. Beam Line Mirrors

Mirror l:Toroid Mirror 2:Cylinder

Focal length (mm) 1780 4500
Meridional radius (m) 1187 3000
Sagittal radius (mm) 10.7 27.0
Length (mm) 480 680
Width (mm) 10 30
Nominal incident angle (mrad) 3 3

The monochromator used on the SAXS beam line incorporates two crystals
mounted in a non-dispersive configuration to produce an output beam whose
position and angle, with respect to the input beam, are fixed as the wave-
length is tuned. The device is UHV-compatible. It employs a right-angle
"boomerang" linkage to maintain the Bragg planes of the two crystals parallel
while keeping a fixed offset between them [2]. A single stepping motor drive
controls the Bragg angle of the two crystals.

The monochromator can be operated in either one of two angular ranges: a
short wavelength configuration which encompasses Bragg angles between 8° and
15° and a long wavelength configuration, spanning angles between 13.5° and
70°. With Si (111) crystals, for example, wavelengths between 0.9 & and 5.9 £
are selectable. The monochromator design has the additional advantage that
the crystal holders can be reproducibly mounted. Crystals can therefore be
pre-aligned in holders before insertion in the monochromator, to allow rapid
interchangeabili ty.

13



SPECTROMETER

As defined here, the SAXS spectrometer is a device for supporting and
positioning the sample and the detector. The Biology/NSLS SAXS spectrometer
(Fig. 4) has been designed to incorporate a high degree of versatility
consistent with the variety of biological samples to be studied. In order to
provide maxlrau access to the sample position and ancillary sample apparatus,
the detector arm is cantilevered from an offset 26 axis. This allows the
space below and to one side of the spectrometer, from the sample to the
detector, to be unobstructed.

The spectrometer incorporates motions for beam tracking in the horizontal
and vertical, and faster scan calibration of the detector, in addition to
movements for positioning the sample relative to the beam, and the detector
relative to the sample (see Fig. 4 and Table 2). A number of different
sample-containing devices can be mounted at the sample position. At present,
a three-circle goniometer and multiple-sample sample changer (Rigaku
Corporation 2455 V5X) are available; additional sample-containing devices
including a stopped-flow cell and a T-jump cell are planned.

All of the spectrometer motions are automated. The control system
consist1? of a stepping motor and position encoder for each axis. A general
purpose stepping motor control unit (MCU) [3], logically situated between the
experiment control computer and the motor power supplies, converts computer

DETECTOR
HOUSING

-DETECTOR ACTIVE AREA
10cm x 10cm (2 DIM)

BEAM STOP

ANGLE ENCODER

COUNTER-/-COUNTE
S WEIGHT

'.' E "
LOWER CARRIAGE
300 cm TRAVEL (MAX)

Fig. 4. Schematic drawing
of SAXS spectrometer.
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generated commands into the transistor-transistor logic pulse trains, which
causes the selected motor power supply to step its motor. A video display
that is an integral part of the HCU provides information on the a dtbis of each
motion as well ss the MCU itself. '

Prudent radiation safety requires that the spectroB*»^*£ tie within a
radiation-tight enclosure (hutch). The hutch, which ii 8 i 2 it 3.6 tir (Fig.
2), encloses the spectrometer and provides space for personnel entry. Under
normal beam-on operating conditions, access to the hutch is prohibited;
conversely, hutch entry can be gained only by first closing the photon
shutter, which releases a Kirk-key interlock. The hutch is entered through
either of a pair of sliding doors, one of which can be opened up to the sample
at any sample position.

Table 2. Spectrometer Motions

Motion Description Range

± 50 mm
± 50 mm

500-3000 mm
± 62.5 mm
0-3C00 mm

± 12.5 mm
± 50 mm
± 50 mm

-5° - +45°
0-360°
0-360°
0-360°

N o . 1 - 4 3
N o . 1 - 1 0

8° - 70°

Resolution

12 urn
12 pin

300 urn
15 pin

400 ym

6 urn
6 ym
6 yin

0.01°
0.01°
0.01°
0.01°

1
1

<5xl0~5

A Beam follower, horizontal direction
B Beam follower, vertical direction
C Sample to detector distance
D Detector horizontal travel
E Spectrometer carriage travel (Moves sample

and detector lalative to beam focus'*
F Sample position, vertical
G Beam stop, horizontal
H Beam stop, vertical
26 Detector rotation about horizontal pivot axis
to Sample rotation about horizontal axis
<f> Sample rotation about axis j, to ID
X Sample rotation about axis j. to <f>
SC Sample changer indexer
AT Linear translation of attenuators
A Monochromator, wavelength selection

DETECTORS

Three different position-sensitive detectors will be used for photon
counting with the SAXS spectrometer: a high-resolution, high-rate linear
detector, a very-high-rate linear detector, and an area detector. Several
detectors are necessary because no single device has the ideal characteristics
for all types of experiments. Both the detector mounting hardware and the
data acquisition software have been designed to permit rapid Interchange of
the detectors. All three detectors have been designed and built by the staff
of the BNL Instrumentation Division. The detectors are briefly described
here.

The first linear detector is a multi-anode, gas-filled proportional
counter with an active area of 10 x 2 cm [4J. This detector achieves high
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ounting rates (2 x 105/sec) and excellent spatial resolution (~100 pm).
Position encoding is accomplished by usin«> a delay line to read out the
induced charge on cathode strips arising from an avalanche at an anode wire.
Reasonable detector efficiency is obtained with argon or xenon gas flow at
near atmospheric pressure.

We have measured the resolution and linearity of this detector using a
Ni-filtered Cu-K a source collimated to 32 pm. With an Ar + CO, (20%) gas
mixture, the limiting resolution was 250 um at an avalanche charge of 3 x 10
e. The integral nonlinearity was less than 0.02%. The lower resolution we see
in comparison with xenon [4] probably arises from the greater photoelectron
range in argon.

This first linear detector will be employed in small-angle scattering
experiments requiring high position resolution and moderately high counting
rates. The analysis of phase related broadening or splitting of llpid bilayer
diffraction peak profiles would be one example [5].

The high flux from the synchrotron source opens the possibility of doing
time-resolved diffraction experiments on a millisecond or even sub-millisecond
time bcale: for example, the kinetic analysis of ligand-induced conforma-
tional changes in enzymes or receptors using stopped-flow rapid mixing
techniques or the correlation of muscle contractile events, following
stimulation, with diffraction intensities [6]. These dynamic diffraction
experiments require a detector capable of counting at very high rates. The
second linear detector for the SAXS station is a multiple element proportional
chamber comprised of 100 individual anode wires within an active area 10 x 2
cm . Each anode is connected to an amplifier, discriminator, and sealer so
that each anode constitutes an independent detector element* This
configuration minimizes counting processing dead-time since the processing
time for a given element is independent of the other elements [7]; hence, a
very high overall counting rate is achieved. The amplifier per wire detector
is designed to attain a counting rate of ~106/sec/element or ~10 /sec over the
entire detector surface.

The third detector to be used on the SAXS spectrometer is a position-
sensitive area detector with an active surface 10 x 10 cm • This detector is
now under development. It will have 512 resolution elements parallel to the
anode wires (high resolution axis). In order to achieve a high counting rate
and high resolution, the detector will use the centroid findinĝ  method [8] of
position sensing. The design goal is a counting rate of ~10 /sec over the
entire detector area with a position resolution of ~0.3 x 0.6 mm . This
detector will be used in experiments requiring simultaneous recording of a
large portion of the diffraction pattern: for example, dynamical measurement
of meridional and off-meridional layer-line reflections from muscle during
contractions.

Parameters of the three detectors are summarized in Table 3.

DATA ACQUISITION SYSTEM

Data acquisition and experiment control functions for experiments
conducted on the SAXS beam line are managed by a multi-processor system which
we summarize here. A more complete description of the system can be found in
the papers by Alberi and Stubblefield [9,10].
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Table 3. Detector Parameters

Type

Dimension (mm)
Elements
Fos. resolution (ym-FWHM)
Pos. accuracy (pm)
Counting rate (c/s)
Anodes
Readout
Photon energy
Energy discrimination

Linear
High Rate

High Resolution

100 x 20
1024
100
±25
2 x 105

7
delay line

18

Linear
Very High Rate

100 x 20
100
1000
±500
10b/chan
100
direct

keV > E > 3 keV
X/2, 2X, 3X

Area

100 x 100
512 x 256

300 (x); 600 (y)
±100 (x):±400 (y)

106

30
centroid finding

The data acquisition system is comprised of five processors, configured
in a hierarchical arrangement (Fig. 5). Information is passed between
processors via a shared memory module termed the "multiport memory subsystem"
[11,12]; a shared memory access port installed on each processor's bus
provides access to the shared memory region [9].

At the highest level of experiment control is the experiment control
processor. We have chosen to use a commercial minicomputer (Digital Equipment
Corporation LSI-11/23) running a standard operating system (DEC RSX-11M) for
this device. Among the benefits of adopting a commercial system are the
availability of many peripheral components which interface directly with the
LSI-11 Q-bus and the manufacturer's support of system software. Peripheral
devices on the experiment control proessor's Q-bus include: (1) a terminal
for entering data acquisition parameters and commands, and for monitoring the
status of data collection, (2) a 40 M-byte Winchester disk which Is the RSX-
11M system device, (3) a 9-track tape drive and (4) a 350 M-byte Winchester
disk for data storage, (5) a dual floppy disk drive used for program transfer
to the system disk, (6) an RS-232 serial interface to the motor control unit
(described above), and (7) a shared memory access port.

Through the experiment control processor software, the user generates
parameter files. One of these, the scan parameter file, specifies the motor
step sequence, counting mode (time or count-based gating of the detector), and
data storage medium (disk or tape) to be used. Another file, the time-slice
parameter file, contains the starting times and durations of each time-slice;
excitation voltage output times, durations, and amplitudes; and pulse output
times. These files together with a parameter file containing data describing
the experimental configuration (e.g., detector array size, histogramming
memory size, etc.) define the experiment. An experiment is comprised of one
or more passes through the time-slice and scan sequences.

The experiment control processor software includes routines for the
management of data storage to disk or tape from histogramming memory following
a data collection run* (Experiment parameter and data files belonging to one
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user are protected from others by the RSX-11M file protection services.) The
processor also executes software which plots the acquired data.

Two "subfunction" processors (DEC LS1-11/2) are at the next level of the
data acquisition system hierarchy. These are individually devoted to the
control of (1) time-slicing and (2) display processing. The processors run
the RSX-11S operating system, a memory-based subset of RSX-11M lacking file
management capabilities.

EXPERIMENTAL CONTROL NODE Q-SUS
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Fig. 5. Diagram of data acquisition and experiment control system.
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The function of the time-slice processor and its associated hardware is
to interpret the tine ordered list of time-slice paramaters. At the beginning
of each time-slice, the processor sets a map register defining the base
address in histogramming memory where data for the current time-slice will be
stored. The hardware then controls the gating of the detector and twelve
auxiliary sealers* The processor is also responsible for generating timed-
output from eight 1-usec pulse lines and eight excitation voltage
(programmable voltage and duration) outputs in accordance with the time-slice
parameter list.

The software which runs in the display processor generates the ASCII
character terminal control sequences which are output to the display
terminal. At present, plotting software routines which run on the experiment
control processor call FLOT-10 (Tektronix) compatible subroutines. These, in
turn, call function requests directed to the display processor via shared
memory. Ultimately, it is planned to have the high-level plotting routines
resident on the display processor. A simple call to a display subfunction
would then initiate execution of the plotting task.

The fourth processor (DEC LSI-11/73) in the system hierarchy Is dedicated
to data communication. A high-speed (1 Mb/eec), full-duplex interface
connects this node to a DEC VAX-11/780 computer located in the Structural
Biology building 1000 m from the NSLS. The data communication processor runs
the RSX-11M operating system and DECnet (DEC) network software. Data files
can be transmitted over the network to the VAX for reduction and storage.
Processed data can also be returned to the data acquisition system, providing
one means of evaluating the course of an experiment. An 80 M-byte Winchester
disk on the data communication processor's Q-bus is available for temporary
file storage during network communication.

At the lowest level of the system hierarchy is the input/output
operations management processor. It is a DEC LSI-11/2 running the RSX-11S
operating system. The primary function of the input/output management
processor i.s to supply, as required, executable program images to the other
subfunction processors in the data acquisition system. (Recall that the
subfunction processors, except for the data communications processor, are
without file management services). A 7.8 M-byte Winchester disk connected to
this processor's Q-bus stores the executable code.

The final important element of the data acquisition system is the
histogramming memory. Histogramming memory consists of a large dual-ported
MOS memory array of up to 64 M-bytes (at present 2 M-bytes). The memory can
be accessed either by a read/increment/write processor [9] through which data
from the detector are incremented into memory or by a shared memory access
port which provides a data path from histogramming memory to any of the system
processors.
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ABSTRACT

Morphologies of multiphase polymers are often strongly affected by
their thermal history. The phase structure of crystalline polymers, for
example,depends upon both the melt history and crystallization conditions.
While the thermal response of a polymer can be monitored dynamically by
calorimetric techniques to study these phenomena, structural analyses by X-
ray scattering methods are generally limited to the study of static behav-
ior. In the present report, a novel technique is described by which
structural analysis may be performed simultaneously during a thermal analy-
sis experiment. To accomplish this, a small differential scanning calori-
meter (DSC) cell is mounted directly in a Synchrotron X-ray beam. The
intensity of the beam is sufficient to allow accumulation of either small or
wide-angle X-ray profiles in a period of seconds, thus enabling structural
characterization during the actual DSC experiment. We report on initial
studies of melting and crystallization of polyethylene, and multiple melting
of polyurethanes.

INTRODUCTION

The simultaneous measurement of thermal properties and microscopic
structural information can provide important insight into understanding the
morphology of a specimen. In particular, combining a measurement of the
heat uptake as in differential scanning calorimetry (DSC) with small-angle
X-ray scattering (SAXS) and/or wide-angle X-ray diffraction (WAXD) would
significantly aid in the characterization of various phase transitions and
thermal treatments of semi-crystalline and glassy homopolymers, polymer mix-
tures, block copolymers,and liquid crystalline polymers. In the past, such
measurements were not possible due to the time required for accumulation of
accurate scattering or diffraction data, and to the absence of a scattering
cell that would permit the passage of radiation while recording the desired
thermal data. Such studies are now possible through utilization of a
synchrotron light source coupled with a fast X-ray detection system and a
DSC cell developed for optical microscopy. In this communication, the
simultaneous determination of SAXS intensities and DSC thermograms is
described. In order to illustrate the application of this technique to a
real system, the melting and recrystallization of a polyethylene specimen is
examined.
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EXPERIMENTAL

A detailed decription of the SAXS facility has been given by
Stephenson (1). In brief. X-rays from the storage ring are monochromated by
an asymmetrically cut Si(111) crystal and focused by a 1.2M float glass
mirror to a 1 mm x 0.3 mm elliptical spot several centimeters in front of
the detector. Two sets of guard slits positioned between the specimen and
the silicon crystal eliminate unwanted parasitic scattering. Scintillation
counters monitoring the beam before and after passage through the specimen
provide a measure of the incident beam flux on the specimen and the atte-
nuation factor. The detector is a self-scanning photodiode array containing
1024 pixels or picture elements arranged linearly with each pixel having
dimensions of 1 mm x 25 pm. The duration of the counting time on the detec-
tor can be varied with a realistic minimum of approximately 1 sec being
easily achieved. Within this time period, the data is decoded, transferred
and stored on a hard disk for later use.

The DSC scattering cell used is a commercially available unit (Mettler
FP84) which was developed for use in optical microscopy. The unit has a 2.5
mm hole through which a beam of light (in this case X-rays) can pass unhin-
dered. The glass windows on the original unit are removed in order to mini-
mize beam attenuation. Specimens are mounted in standard aluminum DSC
crucibles with covers. The attenuation factor of the crucible and cover is
ca. 08. Parasitic scattering from the empty crucible is insignificant and
does not interfere with the scattering from the specimen. An empty crucible
and cover serves as the thermal reference.

The scattering geometry requires mounting the DSC cell vertically.
Consequently, modification of the stage is necessary to support the specimen
in the beam. This involves alteration of the base of one of the crucibles
to provide a press fit into the 2.5 mm hole through which the X-rays enter.
In this fashion good thermal contact with the DSC sensor points is also pre-
served.

The analog output from the thermal cell is plotted on a Bascom-Turner
Model 4120 Recorder, which can simultaneously digitize and store the ther-
mogram on floppy disk.

The specimen examined is a 1.5 mm thick polyethylene disk (ca. 5 mm in
diameter). The sample was melt crystallized at 70°C for a period of 24
hours, and then cooled to room temperature. Scattering profiles are
collected and stored every 5.12 seconds corresponding to a 0.853°C change in
temperature.

RESULTS AND DISCUSSION

The SAXS profiles recorded during the heating cycle from 70°C to 110°C
are shown in Figs. 1a and 1b for a heating rate of 10°C/minute. The increase
in temperature is accompanied by a dramatic increase in SAXS intensity at
smaller scattering vectors and a diminution of intensity at higher scat-
tering vectors. Complete melting, as evidenced by the apparent disap-
pearance of any SAXS intensity,occurs by 105°C. The observed melting point
is low in comparison to that found by Sakurai, Miyasaka, and Ishikawa (2)
and Nukushina, Itoh, and Fischer (3). This discrepancy may be due to dif-
ferences in the temperature of crystallization, the heating rate,and the
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specimen used in this study.
The thermogram obtained upon heating (Fig. 2) at 10°C/min displays two

apparent melting endotherms. This type of behavior has been observed pre-
viously, and can be attributed to the occurrence of recrystallization during
melting, as has been described recently by Harrison (4).

This interpretation may be examined through analysis of the SAXS data.
The SAXS invariant, Q, is given by

Q = / I(h)g=h
o

(1)

and is also shown in Fig. 2 as a function of temperature. Here, I(h) is the
scattered intensity measured at the scattering vector h = <4n/A) sin e/2,
where e is the scattering angle, and A is the wavelength of the radiation.
The invariant for a semi-crystalline homopolymer reflects the degree of
crystallinity since

Q ~ ^ij)c'^ "* ̂ c^Pc - Pa)^ (2)

where <j>c is the volume fraction of crystalline phase; p c - p a is the electron
density difference between crystalline and amorphous; and the constant K is
dependent only on the geometry of the scattering instrument.
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The thermogram indicates an initial melting of the crystals beginning
at ca. ?2°C. Concurrent with the melting is a recrystallization of the
polyethylene as indicated by the return of the thermogram to the baseline.
This is followed by the final melting endotherm. During the
melting/recrystallization process, Q decreases,reflecting a decrease in the
product <j>c(1-pc). This can be understood if the initial degree of
crystallinity is approximately 50% and there is a melting of smaller
crystals formed during secondary crystallization.

Changes in the shapes of the scattering curves (Fig. 1) provide addi-
tional support for this explanation. A plot of the long period, determined
from the Bragg spacing corresponding to the peak maximum, is shown in Fig. 3
as a function of temperature. The long period remains relatively constant
up to 80°C, ca. 10°C above the crystallization temperature. Above this tem-
perature, the long period increases first gradually and then more dramati-
cally as the melting point is approached. This is consistent with earlier
studies cited by Wunderlich (5,6) on the heating of polyethylene
crystallized in the bulk or from solution.

The initial gradual increase in the long period is accompanied by a
narrowing of the scattering maxima, indicating that the initially broad
distribution of lamellar thicknesses is effectively sharpened by the melting
of the smaller crystals, as well as the perfecting and thickening of other
crystals.

The onset of the final melting of the polyethylene begins at ca. 90°C
at which point the SAXS Q decreases dramatically. The reduction in Q con-
tinues until ca. 105°C after which it remains constant as the temperature is
increased. At the same time the long period increases rapidly as the
melting endotherm reaches i maximum. An important feature to note, however,
is that the SAXS and thermal data do not precisely correspond to one
another. There is still evidence of significant melting in the thermal data
above 105°C where the SAXS intensity has vanished. The origin of this
discrepancy may arise from several sources. First, it is possible that
there are large isolated crystals still present in the sample, too large to
be resolved by SAXS. It is also possible that a certain amount of heat is
required to fully randomize the chains in the melt. Similar discrepancies
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were observed by Sakurai et al. (2) and Fischer (7) but were not discussed.
Incorporation of WAXD measurements with the SAXS and thermal measurements
should aid in differentiating between these possibilities.

The SAXS obtained while cooling the specimen from 130*C at 1O°C/minute
is shown in Fig. 4. The first traces of crystallisation are found at ca.
93°C as evidenced by the slight increase in the scattering at very low scat-
tering vectors. This corresponds to the nucleation phase of crystalliza-
tion, i.e., the formation of isolated crystals of polyethylene, as discussed
by Schultz et al. (8,9). As the temperature is further decreased, the SAXS
intensity increases rapidly and is accompanied by the appearance of a scat-
tering maximum characteristic of the average center-to-center distance of
the growing lamellae. This long period remains constant throughout the rest
of the cooling period with the breadth of the reflection increasing
slightly.

71.1*C

D.O00.02 0.040.060.080.10

h (Z'1)
Fig. 4

The thermogram obtained on cooling the polyethylene specimen from
130°C at 10°C/minute is shown in Fig. 5 along with the SAXS invariant. Both
the integrated scattering and the crystallization exotherm begin to increase
at ca. 93°C as crystal nucleation begins. Further decrease in temperature
results in rapid crystallization as indicated by the primary crystallization
exotherm. This is followed by a secondary exothermic process attributable
to secondary crystallization. This is also supported by the broadening of
the scattering maxima apparent in the scattering profiles in Fig. 4.
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CONCLUSION

We have described a method by which small-angle X-ray scattering and
differential scanning calorimetry measurements may be carried out simulta-
neously. Hie experiment is made possible through a combination of the high
X-ray flux afforded by a synchrotron storage ring, a rapid X-ray detection
system, and a thermal analysis hot stage that passes the light beam while
recording the thermal response of a specimen. Initial application of the
technique to the problem of multiple melting and recrystallization of
polyethylene is presented* This brief example demonstrates clearly the
great potential of this new experimental capability, particularly for the
examination of the complex phase transition behavior inherent to many impor-
tant polymeric systems.
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The Role of Melting-Recrystallization Mechanism
in Deformation of Crystalline Polymers
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The small-angle x-ray scattering pattern of oriented polyethylene and
nylons 6 changes from a four-point diagram to a two-point one if tension is
applied to the polymer1*2). A melting-recrystallization mechanism at the
crystalline-amorphous interface in polymers has been
suggested to be an important mechanism of the
deformation process. The time scale over which the transition occurs is
an essential parameter for distinguishing various deformation mechanisms.
For a melting-crystallization mechanism, the process is expected to be
temperature sensitive, and the rate of transition will be retarded if not
stopped when the test temperature is well below the glass transition
temperature of the polymer studied; Whereas for simple mechanical
processes, such as interchain slip and interfibillar slip, the rate is
expected to be temperature insensitive.

In order to determine the rate of change in the small-angle
scattering, investigations by using synchrotron radiation were performed.
Polyethylene terephthalate was chosen because its glass transition
temperature lies at 70 °C so that investigations can be performed easily
below and above the glass transition temperature. The test temperatures
used were 23 °C and 160 °C.

Fully drawn PET yarns were stretched to - 1056 tensile strain within
milliseconds and the 3train was maintained thereafter. The transitions in
SAXS patterns were recorded by using a linear position sensitive detector.
An example of the test results is shown in Figures 1a and 1b. Tg, the
recording time per frame,was 0.5 seconds. The detector window was placed
perpendicular to the fiber axis and positioned 2.3 cm off the incident
beam to cover one of the SAXS layer lines from the PET fibers. The
specimen was stretched at 23 °C. The merger of two SAXS maxima to a
central one upon stretching, which means the transition of a four-point to
a two-point diagram, is evident between frames 3 and 5 of Figure la. This
transition of SAXS was found to be reversible upon releasing the force, as
shown in frames 5 and 6 of Figure 1b. Identical SAXS results were also
observed for specimens deformed at 160 °C. The test results can be
summarized as follows:



1) The transition of the SAXS patterns of PET fibers is instantaneous
regardless of the test temperature.

2) This transition is a reversible process.

From the above evidence, it is concluded that the deformation mechanism
accounting.for the transition in SAXS patterns is not by melting and
recrystallization. Another athermal process, more likely a simple
mechanical one, is responsible for the transition in SAXS pattern.
Serious doubt is therefore raised regarding the validity of
melting-recrystallization as an important deformation mechanism in
crystalline polymers.

1.

2.
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REAL-TIME STUDIES OF CRAZING PROCESSES IN POLYMERS
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ABSTRACT

Real-time small-angle X-ray scattering (SAXS) from polystyrene (PS) crazed in 3-point
bending was investigated using intense X-ray radiation from the Cornell High Energy
Synchrotron Source, CHESS. The SAXS patterns are recorded using a 2-D image
intensifier/TV camera/ video recorder system, operating at 30 frames/sec.
Experiments were done using both monotonic and cyclic loading. In the latter case at
the maximum of the load cycle the SAXS pattern has a well defined streak normal to
the craze fibrils. During the unloading portion of the cycle however, the streak
decreases in intensity and is spread into a diffuse fan. The loss of intensity is due to the
decrease in volume of craze matter in the beam as the craze closes,while the spreading
of the diffraction pattern is due to the disorientation of the craze fibrils as they buckle
in response to compression by the surrounding polymer matrix. Whilst reloading of the
sample causes a relatively narrow SAXS streak to reappear, at the maximum load
irreversible changes occur in the pattern from one cycle to the next. These changes are
due both to an increase in craze fibril volume in the beam (craze growth) and to fibril
breakdown and permanent disorientation. When the sample was loaded monotonically
to failure it was observed that initially the pattern just increased in intensity with no
change in shape, showing craze growth occurred at constant fibril structure. Later, as
crack propagation started, the diffraction pattern fanned out, suggesting that the fibrils
were compressed and disoriented on fracture induced unloading.

INTRODUCTION

Brittle failure and fatigue in glassy polymers has been shown to occur by the
formation and breakdown of crazes [1,2]. Improvements in understanding of this area
will therefore be obtained from studies of the processes of craze formation,
deformation, widening, and breakdown. One powerful technique tor the study of these
processes is small-angle X-ray scattering [3-5]. The strength of this technique is that it
is capable of examining crazes in bulk materials without causing significant radiation
damage. Using conventional X-ray sources, however, large bundles of crazes are
required to give a significant scattering pattern in counting times which are themselves
sufficiently long to preclude any study of dynamic fatigue, craze growth, or breakdown.
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The high X-ray intensity available from a synchrotron source removes these
limitations, permitting studies of craze growth and fatigue processes. This paper will
discuss work in both these areas.

The aim of the fatigue experiments was to examine the short- and long-term fibril
deformations that occurred as the crazes were loaded and unloaded during the fatigue
process with a view to increasing our understanding of the processes of fibril
deformation and breakdown.

In the scattering geometry employed, shown in Fig. 1, the SAXS pattern from
crazes consists of a cross through the origin. An intense streak is observed parallel to
the axis of the craze fibrils and normal to the craze surfaces (horizontal in Fig. 1). A
less intense streak is seen normal to the fibrils (vertical). The former streak is caused
by reflection from the craze surfaces, while the latter streak is the small-angle
diffraction of the fibrils from which their diameter, spacing, and orientation can be
obtained.

Crazes Screen

Stress

Figure 1. The geometry of the experiment.

EXPERIMENTAL

The experiments were done in the Al cave at CHESS, the Cornell Synchrotron
Radiation Laboratory, which runs in parasitic mode from the 8-GEV storage ring
CESR. The Al cave receives a monochromatic focused beam which comes from a
wiggler to a cooled, bent (111) germanium crystal for monochromatization and
horizontal focusing and then to a bent mirror for harmonic rejection and vertical
focusing. At the beginning of a run the flux into the cave is typically
4X1011 photons/sec at A=0.154 nm focused into an area of around 1 mmx2 mm.
Over a typical run time of ~2 hours this flux decayed to about half its original value.

For the SAXS experiments the primary beam was reduced in size to about
200 nmx200 nm at the specimen thereby reducing the flux to ~101 0 photons/sec. This
was done using an old style Kratky collimator with a 200 nm entrance slit and width
slits also at 200 nm. The advantage of this system is that it is relatively easy to align
and gives a half of the pattern free of parasitic radiation.

Specimens were mounted in a stepping motor controlled three-point bending jig
into which was built a load cell so that the bending force could be recorded
simultaneously with the diffraction pattern. Beyond the specimen came a vacuum pipe,
the beam stop, and then the detector.
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Most of the work has used the video based detector built by Caffrey and
Bilderbeck [6]. This consists of a ZnS(Ag) fluorescent screen placed on the front, fiber
optic, face plate of a 3-stage, 40 mm, first generation Varo image intensifier. The
visible images on the back face of the intensifier were then lens coupled to a video
camera, originally a Sony videcon camera and more recently a Cohu 4300 camera with
a heterojunction tube. The output from the camera was recorded on 1/2 inch or 3/4
inch video recorders and later analyzed using mainly a Grinell image analyzing system
model GMR-274. This system is capable of digitizing the 480x512 airay in real time.
The digitized array can be manipulated to average frames, enlarge certain areas, and
produce pseudo color mapping. Line scans of various geometries may also be
performed.

Compression molded sheets of of Dow Styron 685 approximately 2 mm thick were
cut into 60x10 mm strips. The specimens were crazed by three-point bending and, in
the case of the single craze, were held at the constant crazing strain while being
examined by SAXS. The fatigue samples experienced a triangular displacement
waveform between surface strains of 0.3% (minimum) and 3% (maximum) at
frequencies between 0.2 and 0.6 Hz. The output from the load transducer incorporated
in the loading frame was directly recorded on the video tape by the use of a video
character generator.

RESULTS AND DISCUSSION

Fatigue of Crazes

Initially the polystyrene bar was loaded monotonically to the maximum load, then
the whole load frame translated horizontally and vertically to put the craze bundle in
the beam. Unloading of the sample dramatically altered the fibril scattering, as can be
seen in Fig. 2. As the strain and hence the load is reduced there is a decrease of the
intensity of the fibril scattering and a splaying and broadening of the streak. The
decrease in intensity during unloading can be interpreted as a decrease in the toU.1 craze
volume, V, in the beam as a result of reduced separation of the craze-bulk interfaces
[7,8]. Changes relative to the loaded state may be interpreted quantitatively since there
must be a corresponding increase in the volume fraction vf of fibrils in the craze,
because the volume, vfV, of polymer in the craze remains constant during the unloading.
This means that changes in the scattering invariant Q can be related to changes in vf so

Q°/Q = d-v?)/(l-vf) ,

where the superscript o denotes the loaded craze. From TEM measurements [9,10]
vp=0.25 so that the measurements of Q allow us to measure vf at each strain. These
measurements show that Vj abruptly increases below a surface strain of ~1.3%. Above
and below this strain no changes could be resolved. The results, shown in Table 1,
indicate that vf increases from 0.25 above this strain to 0.40 below it.

The splaying and broadening of the scattering streak must be caused by
disorientation and hence buckling of the fibrils. The fibril buckling and misorientation
is confirmed by Fig. 3, which shows circumferential scans performed at a fixed
scattering angle of 10 mrad at several strains during the unloading. Although during
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Figure 2. Contour plots of the scattering patterns as the load is decreased, showing the
change in the fibril scattering.

Table 1.

Surface Strain

0.25
0.40

6.3n
7.7n

the unloading a progressive increase in the misorientation of the fibrils is observed,
there is also an abrupt increase in misorientation below a strain of ~1.3%. It is likely
that the initial buckling is associated with smaller diameter fibrils present, while below
a strain of 1.3% the fibril structure has collapsed, due to the onset of compressive
forces produced by the elastically deformed polymer glass surrounding the crazes.

Figure 4 displays a longitudinal scan illustrating the appreciable increase in fibril
scattering after a 10-cycle loading and unloading sequence at 0.6 Hz. It seems unlikely
that the corresponding increase in Q is due to an increase in vf. If anything, vf should
increase as fibrils break and retract in the craze. The only logical reason for the
increase in Q and i(s) is an increase in vfV, the volume of polymer material in the craze.
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scattering from a loaded sample before and after 100 cycles of fatigue.
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This volume would increase if more polymer were drawn into the craze each cycle, or if
new crazes nucleate. Drawing of more polymer into crazes is known to be the
mechanism of air craze widening during unidirectional loading [9,10].

Clearly irreversible changes in the shape of the pattern also occur. The increased
intensity in Fig. 4 occurs disproportionately at the smaller angles, which implies either
that the new fibrils which are drawn are larger than the old ones or that some of the
smaller fibrils in the craze break. That the latter is a strong possibility is demonstrated
by the results of circumferential scans at the maximum load before and after the same
10-cycIe fatigue sequence. The broadening of the fibril diffraction streak after the
sequence implies increased misorientation of the fibrils. Such misorientation is expected
if a certain number of fibrils break during the fatigue sequence and therefore adopt a
more nearly random orientation. This result also holds out the possibility that
real-time SAXS may be useful in detecting early signs of damage in crazes during either
fatigue or unidirectional loading.

Craze Growth

The growth of crazes during a ramp loading process was studied by placing the
X-ray beam close to the surface where crazes would be initiated when loading the
sample. In one case a small hole was drilled in the specimen and then sawn through to
the tensile surface to act as a stress concentrator. The crazes nucleated from the hole
and, by placing the beam just under it, observations were made on the process of craze
initiation, growth, and breakdown during the loading process.

As the specimen was loaded, initially only the reflection streaks appeared,
presumably there was not sufficient craze volume in the beam to give significant
diffraction. On further loading the craze diffraction pattern appeared with intensity
increasing with time but no shape change. This showed that the crazes grew by crazing
more material, not by any change of the structure of already crazed material. This
observation is consistent with electron diffraction observations on thin films [10]. The
specimen with the hole was loaded to final failure so in this case the effects of craze
breakdown to form a crack could be followed. The results, given in Fig. 5, show that,
as the crack propagated through the bundle of crazes at the hole and the load decreased,
the fibril diffraction broadened considerably. Clearly the unloading of the craze bundle
due to the crack propagation produces the same sort of fibril deformations as observed
in fatigue. This is perhaps not too surprising as there is considerable uncrazed elastic
material between the crazes in the bundle and when this is unloaded it may act to
compress the crazes.

CONCLUSION

This work demonstrates that real-time SAXS using a synchrotron source is a
powerful technique for observing the changes in craze microstructure during monotonic
and cyclic loading. The deformation of the craze fibrils themselves can be followed
through measurements of mean fibril diameter and fibril misorientation. The relative
volume of craze matter can be measured and hence from it the closure of the craze
surface during fatigue. There is also the possibility of following the misorientation of
fibrils at the maximum load point in fatigue and hence detecting fibril failure before
crack propagation occurs.
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Figure 5. This figure shows the change in scattering as the crack propagates past the
position of the X-ray beam.
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The introduction of boundaries into an otherwise homogeneous system vio-
lates the translational invariance of such a system, and therefore imposes
auxiliary dimensions on the problem. In the simple case of a flat interface,
only one additional typical length - the distance from this interface - is
introduced to the problem. This phenomenon - the variation in structure along
the depth profile normal to the interface - manifests itself widely in nature.
To this class belong effects such as surface reconstruction of solid crystals
and the z variation of the pair correlation function of pure liquids.

The concentration profile of a dissolved polymer next to an interface is
another manifestation of the translational symmetry violation imposed by the
boundary. Theoretically this problem provides the opportunity to confront
different many-particle techniques*"** such as mean field approximations,
scaling cou<.gpts, and Monte Carlo calculations in a relatively simple system.
The relative simplicity of such a system originates with the small number of
parameters needed to obtain a satisfactory description of the macroscopic
quantities of a polymer system: such parameters are the number of monomers
N, the size of one monomer a, the Flory interaction parameter X, and the sur-
face interaction parameter Xg« When the number of segments (monomers) N is
very large, the configurations1 entropy of the system plays a major role (in
defining the state of the system) while the details of the microscopic struc-
ture of the monomer are not relevant. The theoretical considerations provide
specific predictions for the surface tension, adsorption or depletion excess,
and the concentration profile as a function of the above mentioned parameters.

Experimentally, the relation between the surface tension of the solution
and the bulk volume fraction of the polymer has been studied extensively for
a variety of polymers, solvents, and thermodynamic conditions.^»13,15,16 How-
ever, the concentration profile poses a difficult experiment because the typi-
cal length of the profile is somewhere between the size of one monomer and the
gyration radius of the polymer, i.e. several dozen to a couple of hundred
angstroms. Such a small distance for a system in thermodynamic equilibrium
(i.e. at ambient pressure) is difficult to probe. One common approach was to
use optical ellipsometry."-25 Such measurements allow one to extract, under
some assumptions, the film thickness tj, of an equivalent polymer film which is
uniformly spread at the interface. A concentration profile model is needed
to relate this value, t^, to the actual root-mean-square average of the
polymer concentration profile. It is only recently that Allain et al.

•Permanent Address: Physique de la Matiere Condensee,
College de France, F-75231, Paris Cedex 05, France.
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attempted to aeasure the depletion profile of a liquid-solid interface usiag
the optical total internal reflection effect. They detected a reduction in
the polymer concentration at the interface and were able to fit it to a con-
centration profile function, but their minimum surface depth sensitivity was
larger than 250 A, which precluded the observation of structure on a scale
smaller than the surface depth sensitivity.

We will describe here a new experimental method for studying polymer
interfaces which will allow for surface depth sensitivity an order of magni-
tude smaller. We will then demonstrate the effectiveness of this method for
a case study: the liquid-gas interface of monodiapersed polystyrene dissolved
in dimethyl sulfoxide.

This method, the Near Total External Fluorescence (NTEF) method, is
based on the long known fact that the real part of the index of refraction n
for matter is generally smaller then unity for electromagnetic radiation in
the x-ray regime.^ Defining n * 1 - 5 and expanding Snell's law for small
angles of incidence a, one obtains ot - o' • (25)^. Here ot and a1 are the
angles that an electromagnetic wave incident on an air-matter interface makes
with the plane of interface from the air side and the matter side respec-
tively. It is evident from the above equation that for angles of incidence ot
smaller than ctc «f (26)^, the electromagnetic wave will not propagate in the
material but will exponentially decay. If we assume for now that 6 is real
(an approximation valid only for a « Ctc; the imaginary part of 5 is respon-
sible for the regular attenuation which plays a major role for ot £ ac, where
the critical attenuation is nonexistent), then the intensity I of the beam at
a distance z from the interface is proportional to

Tf ^ « *
I(z,Ct) «

where k is the momentum of the incident beam. Atoms at the interface experi-
ence the electric field of the incident wave and also of the reflected one,
which at angles smaller then oic is equal in magnitude to the incident beam.
This causes the total intensity of the electric field at the interface to be
about 4 times aa large as that of the incident beam. For angles smaller then
ac a phase mismatch between the incident and the reflected beams causes the
intensity experienced by the interface atoms to decrease. The actual angular
dependence of the surface enhancement can be easily derived by using the known
equation for the transmissivity of an interface, in the limit of small angles
of incidence a,

m 2sina h 2a

a + n sinct' a*0 a + (a2 - a,.2)1* '

The substitution of ot • ac yields the expected factor of 2.
Combining the two equations (and assuming 6 to be real) we obtain an ex-

pression for the intensity of the electric field experienced by an atom at a
distance z from an interface illuminated by a plane wave of intensity Io at a
subcritical angle a < a,.:
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The angle otc * (2$)* is of the order of a few tenths of a degree for moat or-
ganic Materials since 5 is of the order of 2xlO~° ^ 3xlO~° for such materials
and for an incident wavelength of 1.5 A (*» Cu K^ x-ray line). We will be
interested only in angles a around ac, and this justifies our expansions for
••all angles a in the preceding derivation.

If the interface contains atoms with one of their absorption edges
slightly lower in energy than the incident beam energy, then these atoms are
likely to be photoelectrically excited by that beam and will emit their spe-
cific x-ray fluorescence electromagnetic beam when de-excited. The fluores-
cence intensity will be proportional to the intensity of the primary electric
field experienced by the atom, I(z,ot). When such atoms are distributed with
a concentration profile $f(z) where z is the distance from the interface, the
fluorescence intensity will be proportional to

If(a) « / <|>f(z) • I(z,a)dz . (2)
o

In principle, if If(a) is measured with sufficient angular resolution,
the concentration profile <ff(z) can be deconvoluted from If(ot). Alternative-
ly, if a model for such a concentration profile exists, it can be substituted
into the last equation, and a fit may be used to establish the validity of
such a predicted model and to yield the experimental parameters.

In practice, the assumption that 5 is real introduces an error in the
expression for l(z,(T) for angles <* •**&.• At these angles the expression for
the penetration depth l/(2k(<Xc

2 - a2r*z) diverges but the depth is actually
restricted by the normal absorption 2k6B/ot where 8 " 6^ + i5g. The expression
for the intensity of the beam in the material at a distance z from the
interface for complex 6 can be derived directly by applying the requirement
for the continuity of the tangential electric and magnetic fields across the
interface.*° To a good approximation, for small glancing angles (X the evanes-
cent wave intensity is given by

I(z,a) * I y2(a) exp(-Bz) (3)
o

where B * 2kIm(U) is the absorption coefficient for the evanescent beam,
k is the incident wave vector, y 2 - 4a2/{(ct + Re(U))2 + Im(U)2} and U *
(a2 - 25A + 2iSBr*.

The first measurement of the electric field inside the material using
x-ray fluorescence was reported by Becker, Golovchenko and Patel.2" They
showed that the integrated intensity of the fluorescence from the surface of
a flat bulk Ge crystal, illuminated at different grazing incidence angles, is
proportional to the intensity given by Eq. (3) and integrated over the dis-
tance z. However, the depth dependence of the intensity inside the matter was
not studied earlier in the x-ray regime, and we confirmed the dependence given
by Eq. (3) in a preliminary study on a solid multilayer sample where fluores-
cent monolayers were embedded at different known depths from a solid-air
interface.28

Figure 1 gives the penetration depth of the beam for 5 « 3x10 "6 + i*10"7

(solid line) and 6 " 3x10~° (no normal absorption) (dotted line) as a func-
tion of the angle a. Figure 2 gives the surface enhancement y2 for the same
values of 6.
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Fig. 1. Penetration depth of the
beam &s a function of
angle of incidence a of
the beam.

(MRADJ

Fig. 2. The surface enhancement
as a function of the
angle of incidence a of
the beam.

(MRADJ
Note in particular that the penetration depth at a = ac does not diverge when
the normal absorption is included. Under these conditions the minimum pene-
tration depth is about 40 A (for a = 0) and at ct =• ac is about 400 A in
this example. These values are within the range of a typical polymer profile.
Such a profile can be deconvoluted from the fluorescence data collected within
the range of angles a around 01 provided that the angular resolution of such
an experiment is a small fraction of the critical angle otc.

We designed the experiment to have an angular resolution better than
1/20 ac around ctc vT 2 mrad. The specifications of the beam at the Stanford
Synchrotron Radiation Laboratory (SSRL) on Station IV1 are compatible with
this requirement within any one electron fill. The stability of the source
height is within 0.1 mm, its vertical height is CTy </* 0.2 mm, and the stirring
split ion chamber has a resolution of 0.1 mm. The above introduces an error
of about 40 ]jrad in the angular definition of the incident beam (the 0.1-mrad
natural spread of the beam is not relevant here). Our instrument consisted of
an x-ray mirror which tilts the horizontal synchrotron beam towards the sur-
face of the liquid, and of a liquid trough. The platinum-coated mirror was
defined for its slope flatness to be better than 50 yrad over its whole length
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and could be rotated in 50-prad steps. The beam illuminated a spot of 50 x 20
mm2 of the liquid surface sampTe at any desirable angle a. The trough height
was adjusted for each tilting angle in order for the deflected beam to hit the
center of the trough. The accuracy of this height was designed to be better
than £ x 5x10 rad » 0.2 mm where & («** 400 ran) is the minimum distance be-
tween the mirror and the trough. These adjustments and four other alignment
movements for the mirror and trough were stepper-motor controlled. A full ac-
count of the design and construction of this instrument will be given else-
where. The fluorescence radiation emitted from the excited ions in the liquid
was collected with a Si-Li energy dispersive detector which was placed di-
rectly above the trough. The illuminated spot overwhelmed the acceptance
angle of the detector. The conceptual design of the instrument used in this
experiment is shown in Fig. 3.

LEVELING MOTORS

MON0CHR0MATEI
_ BEAM

Fig. 3.
Schematic drawing
of the instrument.

MIRROR

MIRROR MOTOR-y / I. DETECTOR

TROUGH

For the purpose of testing the method we studied monodispersed polysty-
rene (PS) (molecular weight 115,000) dissolved in dimethyl sulfoxide (DMSO).
On an average every tenth monomer of the FS was sulfonated and neutralized by
a manganese ion. The fluorescence from two types of atoms was monitored: the
sulfur KQ line from the solvent (DM30) and the K Q line of the Mn ion attached
to the sulfonated polystyrene. In Fig. 4 the intensity of the fluorescence
from sulfur is given against the angle of incidence of the incoming beam. The
fit for this experiment was done with a uniform profile substituted in Eq. (3)
broadened by a spread Act in the angle a. The value of Aot was estimated from
this fit to be 0.5 ± 0.1 rarad, due primarily to ripple on the surface of the
liquid. In Fig. 5 the intensity of the fluorescence from the manganese ion
(collected simultaneously with the sulfur signal) is depicted. Compared to
the sulfur signal (Figure 4), the intensity below 0tc is higher, indicating an
enhanced manganese concentration in the interface region. This can also be
demonstrated directly by observing the ratio of the intensities from the sul-
fur and the manganese (Figure 6). If the polymer chains were uniformly spread
around the interface, then this ratio would have been constant for different
angles Ot. Obviously this is not the case, and the sharp drop in this ratio
around the critical angle ctc is a clear indication of the dramatically
enhanced concentration of the polymer at the interface. For comparison, the
ratio between ganese dichloride (MnC^) dissolved in DMSO. Here the intensity
ratio remains approximately constant as expected for two homogeneously
dispersed ions.
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Fig. 4. The Ka fluorescence inten- Fig. 5, The K3 fluorescence inten-
sity from the manganese ion
in sulfonated polystyreme
(M.W. - 115,000) as a function
of the angle of incidence of
the exciting beam. The fit
was done employing the pro-
file of Eq. (3) substituted
into (2). (See details in
text.)

a

sity from the sulfur in a
manganese neutralized sul-
fonated polystyrene (10
moleZ) - dimethylsulfoxide
solution sample, against the
angle of incidence of the
incoming beam. The fit was
done with Eq. (2) and a uni-
form profile, with no free
parameters, and convoluted
with an error in the angular
definition of 0.0 mrad ( ),
0.5 mrad ( — ) , 1 mrad (-.-.-).

Mean field"»'»** and scaling theories^>10,20 provide specific predic-
tions for the concentration profile of the adsorption and/or depletion layer.
For polyelectrolytes, i.e. charged polymers, in polar solvents the theory is
much less developed, but scaling concepts give qualitative guidance to the
expected profiles. For dilute neutral polymer solutions, the mean field the-
ory gives the concentration profile"

coth2f(z/R) + a) (4)

where 4^ is the bulk polymer volume fraction, R is the dilute solution polymer
radius of gyration, O is a dimensionless constant, and (.^/Oz) (for O « 1) is
the surface volume fraction. Scaling results for the profile dependence in
the power law region, 1 » z/R » a, give (z/R)~T with T • 4/3 in good sol-
vents. Scaling arguments2*'" for polyelectrolytes based on Debye screening
give T • 2 which coincidentally agrees with the mean field result, Eq. (4).
A detailed analysis of the data, utilizing the mean field expression (4) and
including angular divergence due mainly to liquid ripple (established from the
normalization fits with the sulfur % ) as well as normal absorption of the
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Fig. 6. The intensity ratio of the fluorescence from the sulfur atom in the
solvent to the manganese ion attached to the polymer. The sharp de-
crease of this ratio at about the critical angle indicates that the
polymer is strongly attracted to the interface. In the insert, the
same intensity ratio is given when a dilute manganese dichloride
(MnClo) is evenly distributed in the solvent dimethylsulfoxide
(DMSO). Here the ratio is about constant, as expected.

fluorescent beam exiting the golution, yields a good fit to the data with
a " 0.1±0.02 and R = 3001100 A (solid lines in Figs. 5 and 6).

This result clearly implies a strong attraction of the polymer to the
interface with a concentration enhancement factor of about I/a «/* 100 over the
bulk concentration value.

Attempts to fit the polymer profile with functional dependence other
than in Eq. (4) (i.e., T • 2) confirmed that a slower decay T <f 1+0.2 is in-
consistent with the data, but a more rapid fall-off T ^ 3 cannot be excluded.
If we were to adopt the calculations for a neutral polyraer1^ with the surface
tension values measured for our sample, we would obtain a surface enhance-
ment factor 1/cr j. 100 ± 20, in good agreement with our result.

The ionomer conformational structure in a moderately polar solvent like
DJ60 (e - 40) is not yet completely characterized. That is, at higher levels
of substitution (>/*10Z), as in our samples, viscosity data*' obey typical
polyelectrolyte behavior with the reduced viscosity diverging at low polymer
concentration. This may be caused by a finite dissociation constant (for the
Mn ion) leading to charge fluctuations on the ionomers. For example, at a 102
sulfonation level, there are approximately 10 groups per chain. If all 10 are
diaasaociated. this would lead^*>" to an extended chain of length comnarabledisassociated, thia would lead to an extended chain of length comparable
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to R derived from our experimental profiles. The profile if then consistent
with that expected for polyelectrolyte behavior. Further experiments are nec-
essary to clarify the detailed mechanisms at work.

We have described here a method for studying, nondestructively, concen-
tration profiles at interfaces. It can be applied at ambient pressures and in
liquids, and thereby it is particularly tailored for the study of the concen-
tration profile of a polymer at the liquid-gas interface. A test case
employing this method demonstrated its capability to provide detailed struc-
tural information on a polymer conformation at the solution-air interface.
The method can be extended to the study of the interfacial properties of a
solution of two different polymers competing for the interface by labeling
each with two different metals. The sensitivity of the method can be tuned to
different scales of the profile by changing the wavelength, in particular to a
region close to the absorption edge of the metals.
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Fluorescence Measurements with a Synchrotron Source

Richard S. Hoog and Steven G. Boxer
Stanford University, Stanford, CA 94305

INTRODUCTION

Synchrotron radiation is a unique light source for use in the
measurement of fluorescence phenomena. The light pulses generated by the
electron storage ring cover all wavelengths of interest, have a high repetition
rate, and are immune to shot-to-shot fluctuations in intensity. While mode-
locked lasers can produce shorter pulses with greater pulse powers, they do
not have the ease of tunability of a synchrotron source. If photon counting
techniques are used, the low pulse power of synchrotron sources is not an im-
portant consideration. Visible light from the synchrotron had been used rou-
tinely by operators at the Stanford Synchrotron Radiation Laboratory (SSRL)
for luminosity measurements and position adjustments. The notion of inter-
cepting a fraction of this beam for fluorescence measurements was conceived
by Drs. Ian Munro and Andrew Sabersky (1).

The fluorescence lifetimes port at SSRL utilizes light pulses generated by
electrons stored in the Stanford Positron Electron Asymmetric Ring (SPEAR).
Although similar capabilities are available at other synchrotron sources, the
authors' experience is limited to SSRL. The reader interested in other synch-
rotron sources should consult the abstracts of the 1983 Meeting of the
American Society for Photobiology where these sources are compared (2). As
the characteristics, advantages, and problems associated with the fluorescence
measurements at SSRL are typical, only this facility will be discussed.

Under typical operating conditions of Spear, the electron bunch and there-
fore the light pulse has a full width at half maximum of about 200 ps, although
pulses as short as 55 ps are possible (1). The pulse is roughly Gaussian,in
temppral profile, but is not perfectly so. Typically, there are about 10
photons per pulse in a 4 nm band width. Sabersky has studied the details of
the pulse substructure using a streak camera (3). Depending on the precise
SPEAR operating conditions irregular pulse shapes and shape changes have been
observed. These irregularities could affect the accuracy of measurements of
very short fluorescence lifetimes; no systematic study has yet been undertaken.

The lifetimes port is located in a large freight container on top of the
radiation shielding of the storage ring. The light is generated in one of the
SPEAR bending magnets; it is reflected from a Be mirror and passes out of the
beam vacuum chamber through a 1 cm Suprasil window. A front surface aluminized
beam splitter (50-90%) reflects the light beam upward to the lifetimes port
where an adjustable mirror directs the beam horizontally. The dimensions of
the beam after reflecting from the mirror in the lifetimes port are about 1 cm
by 5 cm (roughly rectangular). The optical components and ambient atmosphere
determine the wavelength range in the port (longer than 200 nm). With standard
monochromators, narrow bandwidth excitation can be obtained over the entire
ultraviolet, visible, and infrared range. The beam is significantly linearly
polarized in the vertical direction, so that polarization dependent measurements
can be performed.
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TIME CORRELATED SINGLE PHOTON COUNTING

The theory of time correlated single photon counting has been discussed in
many places and the interested reader is referred to the article by Yguerabide
(4); only a brief description of the important points will be given here. A
fluorescent sample is irradiated with a short pulse of light; the amount of
time which elapses between excitation and the detection of the first fluoresc-
ent photon is recorded. The data is a histogram of the number of fluorescent
events which occurred at a given time after excitation and corresponds to the
fluorescence decay. Because of the recovery time and design of the electronics,
one photon or less per light pulse is detected. This means that any fluoresc-
ent photons which strike the photocathode of the photomultiplier tube after
the first photon will not be detected. If the accumulated data is to accurately
represent the true fluorescence decay, it is necessary to avoid the situation
where two or more fluorescent photons strike the photocathode per excitation
pulse. Because only the first photon is detected, this would weight the decay
toward shorter times. The simple solution is to count events with a low effi-
ciency in terms of the number of fluorescent events detected compared to the
number of light pulses which impinge on the sample. It has been shown that a
detection rate of less than 2% of the sample excitation rate will lead to a
measured decay which has less than 1% distortion relative to the true decay
(4). Therefore, although the repetition rate for the light pulses is 1.28 MHz,
counting rates at SSRL are maintained lower than 25 kHz to avoid distortion
of the data.

INSTRUMENTATION

The light from the horizontal mirror is focussed onto the entrance slit
of a monochromator which allows the selection of narrowband excitation. A
number of grating sets are available for the monochromator (e.g., 300, 750,
and 1000 nm blaze) and the gratings are easily interchangeable (SPEX Double-
mate) . The slit width can also be adjusted. Upon exiting the monochromator
the light beam is directed onto the fluorescence sample, and fluorescence is
detected at 90° to the direction of the excitation beam. Polarizers can be
inserted on both the excitation and emission sides of the sample for studies
involving polarization effects. Several photomultiplier tubes (PMTs) have
been used, including Hamamatsu R1333 and RCA 8850 and 8852. The fluorescence
is typically filtered with colored glass or interference filters to eliminate
scattered light, or it can pass through a monochromator. The spread in the
bunch of photoelectrons as it moves from the photocathode down the dynode
chain (transit time jitter) typically broadens the observed pulse width from
about 200 ps to about 700 ps.

A block diagram of the electronics is shown in Figure 1; this is typical
of photon counting systems (5). The heart of the system is the titne-to-
amplitude converter (TAC). The TAC accepts a start and stop pulse and produces
an output voltage which is proportional to the time which elapses between these
two pulses. At SSRL the start signal is initiated by a photon impinging on the
photocathode of the PMT. The PMT tube output then goes to a constant fraction
discriminator (CFD), and the CFD output is the start pulse for the TAC. It is
necessary to use a constant fraction discriminator rather than a leading edge
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Fig. 1. Block diagram of electronics
for photon counting at the
lifetimes port at SSRL.

discriminator for this application because of the amplitude fluctuations of
the PMT output pulse. The timing characteristics of the CFD are not dependent
on pulse amplitude. The stop pulse originates in a signal from an rf electrode
placed in the beam chamber which generates a signal as the electron bunch
passes. The rf electrode signal is input to the Three Flavor Beam Trigger
(TFBT). The TFBT is a discriminator which was built at the Stanford Linear
Accelerator Center for use in timing applications on another storage ring.
It is designed to respond to the fast, bipolar rf electrode pulse with little
time walk as the pulse amplitude decays in time (due to inevitable degradation
of the electron beam current). The output from the TFBT is input to a 100 MHz
leading edge discriminator which produces the stop pulse.

Because there may be more than a single electron bunch in the storage ring
(for example, four groups of four bunches plus an extra single bunch), it is
necessary to reject data which is not due to the single bunch. This is accom-
plished by gating the TFBT; it only produces an output pulse when the gate is
activated. A 90 ns gate pulse is produced by a gate and delay generator and
supplied to the TFBT. A 1.28 MHz signal from the SPEAR master oscillator is
used as the input to the gate and delay generator. The delay of the gate and
delay generator can be adjusted so that the TFBT is active for any 90 ns with-
in the 781 ns cycle period of SPEAR. By adjusting this delay, the stop signal
can be derived from the single bunch of electrons or any other of the electron
bunches. The TAC only produces an output voltage pulse when it receives both
a start and a stop signal. By gating the stopsignal, fluorescent events which
are detected by the PMT, but were caused by other than the desired electron
bunch, can be ignored.

The TAC produces an output voltage which is proportional to the time inter-
val between the start and stop pulses, and this is input to a Multi-Channel
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Analyzer (MCA), run in pulse height analysis mode. The MCA records the number
of times that the TAC produced a given voltage by placing a count in channel
n which corresponds to the voltage nV. V is the voltage interval per channel
of the MCA. The voltage is proportional to a time interval, and therefore the
channel corresponds to an elapsed time between detection of a fluorescent
photon (start) and the timing signal (stop). Because the timing signal is
fixed in time with respect to the excitation pulse (both are derived from the
circulating electron bunch), each channel of the MCA data contains the record
of the number of fluorescent events detected at time nt (t = kV) after excit-
ation. This is the fluorescence decay.

Although the pulse to pulse stability with a synchrotron source is
extraordinary, the circulating electron current slowly decays over a period of
hours. A seperate photomultiplier has been provided which measures the excit-
ing beam intensity as a function of time for data scaling during very long term
averaging.

In normal operation both a scattered light pulse profile and a fluorescence
decay are collected for each sample. Because the time response of the PMT is
dependent upon the wavelength of incident light, it is important to collect
the pulse profile data at the wavelength that the sample emits. This is easily
done by setting the excitation monochromator at that wavelength. This calibra-
tion is easy to perform given the tunability of the light; this can be a source
of considerable experimental difficulty with dye laser excitation.- The tempor-
al profile of synchrotron radiation is invariant with respect to wavelength,
an important advantage of this light source. The arrival time of each wave-
length will vary slightly because of the intervening optics.

If the MCA is operated in multi-channel scaling mode (MCS), time resolved
fluorescence excitation spectra can be obtained. This is possible because
synchrotron radiation acts as a white light source, and the excitation can be
scanned with a monochromator. In MCS mode the MCA records the frequency of
occurence of events versus elapsed time. By using the upper and lower level
discriminators to set the limits of a voltage range (and therefore time range)
on the MCA, the MCA will record the number of events occurring as a function
of time which have a voltage greater than the lower level setting and lower
than the upper level setting. If the upper and lower level discriminators are
set while the MCA is in pulse height analysis mode, one can see that a region
of the decay can be selected which corresponds to events which occur at a given
time with respect to excitation. If the MCA (in MCS mode) and excitation
monochromator are scanned simultaneously, the MCA records an excitation
spectrum of events which occur during the selected time interval of the decay.
The convenience of doing this type of experiment with a readily tunable
source cannot be overstated.

PERFORMANCE

The major timing limitations in the experimental set-up are the response
time and timing jitter of the PMT and time walk of the timing signal (stop
pulse). The time jitter of the electronics is small (less than 50ps) and this
adds little to the observed pulse width, while the jitter in the PMT response
broadens the measured pulse profile from the actual about 200 ps to about 700
ps. The TFBT removes the timing pulse walk problem, as the TFBT is insensitive
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to changes in signal amplitude as the beam decays, and produces a very stable
timing signal.

The fluorescence lifetimes of several compounds with known lifetimes were
used to test the capabilities of the facility, the measured fluorescence
lifetimes of a chlorophyllide dimer in CH-Cl- (100 + 30 ps) (6), Rose Bengal
in methanol (520 + 50 ps) (5), and Rhodamfne 6G in ethanol (3.8 + 0.2 ns) (7)
all agree with the reported lifetimes within the quoted experimental error.
There is evidence that the longitudinal structure of the electron bunch
changes with time under certain operating conditions (3), and this will inter-
fere with the measurement of fluorescence lifetimes which are comparable to
the pulse width.

The high repetition rate of the excitation pulse at SPEAR allows the rapid
accumulation of fluorescence decays with good signal to noise. Accumulation
times of five minutes were typical for samples which had a fluorescence quan-
tum yield of 0.3, absorption at the excitation wavelength of 0.05, and an ex-
citation bandpass of 5 nm. Low sample optical densities are required to pre-
vent artificial lengthening of the fluorescence lifetime to emission of
reabsorbed fluorescence.

FLUORESCENCE STUDIES OF A SYNTHETIC CHLOROPHYLLIDE SUBSTITUTED HEMOGLOBIN

The transport of singlet excitation has been observed and studied in many
polychromophoric systems. Random solutions, micelles, monolayers, polymers,
and naturally occurring proteins have all been subject to such investigations.
In general these systems exhibit interchromophore distances and relative orient-
ations which are either random, fluctuating, or unknown. Proteins are the ex-
ception, as they possess specific binding sites for their chromophores. The
reconstitution of human semihemoglobins with two chlorophyHides takes advan-
tage of this aspect of protein structure, providing a system of two chromophores
separated by a sufficient distance so that exchange and excitonic interactions
are absent (8). The well-defined tertiary and quaternary structure of the
hemoglobin (Hb) molecule ensures that the relative orientation of each inter-
acting pair of chlorophyllides is constant. This synthetic molecular system
was selected to allow the determination of the orientation of the transition
dipole moment for the lowest singlet excited state relative to the chlorophyll
molecular frame and to investigate the effect of the protein environment on
the excitation transfer process.

Previous work had shown that various chlorophyllides could be reconstituted
into the heme pocket of apomyoglobin (apoMb) and that the binding was specific.
Zinc pyrochlorophyllide «i (ZnPChla) also inserts specifically into the four
pockets of human apohemoglobin (apoHb) and into the two empty heme pockets of
semihemoglobin prepared with either a or 3 pockets retaining the native heme
group. The resulting hybrid protein containing deoxy hemes in the a chains
and ZnPChla in the B chains, <x2(deoxy)$2 is tightly associated as an a-g2 tet-
ramer (8). The tertiary and quaternary structure of this protein was shown
by a variety of tests to be very similar to that of the native deoxy Hb, whose
crystal structure is known. The hybrid protein possesses an interfluorophore
center-to-center separation of 40.2 A. At this distance the interaction energy
of the two chlorophyll transition dipoles is such that excitation transfer
occurs with a characteristic time in the neighborhood of 1.5 ns (9). Although
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the time resolution available from the lifetimes port was not sufficient to
obtain satisfactory polarized fluorescence decays to accurately determine this
value, the dependence of the fluorescence lifetime of the chlorophyll on the
state of the hemes in the complex was studied.

This dependence's illustrated in Table 1. The lifetime of the fully sub-
stituted tetramer <*„ &„ is equal to that for the equivalently substituted
monomeric myoglobin derivative, ZnPChlaMb (3.9 + 0.2 ns). The lifetimes of
the heme-containing complexes, on the other hand, change as the state of the
heme is altered, in concert with changes in the R for chlorophyllide-to-heme
excitation transfer as calculated from spectral overlap (9). In order to in-
vestigate the possibility of heme-rtorchlorophyllide excitation transfer, fluor-
escence excitation spectra of a« |3_ and a-Cdeoxy)^ were measured. The
two spectra were essentially identical, confirming that there could be no ex-
citation transfer to the chlorophyllides from the hemes.

Table 1. Dependence of the Chlorophyllide Fluorescence Lifetime on the State
of the Heme and Chlorophyll to Heme Transfer Rate Constants and RQ

o0(cyanomet)^

h, , .oChla2(carbonmonoxy)g~

Chl^Chl

Tf

1

3

3

3

(ns)

.42

.19

.75

.73

4

4

k t

.4

.5

(s"1) a

x 108

x 1O7

RO

25

20

•\/15

( A ) b

.0

.2

aChlorophyllide to heme excitation transfer rate constant calculated from the
shortening of the lifetime relative to the fully substituted tetramer.

Forster excitation transfer parameter calculated by using the fluorescence
quantum yield in the absence of the heme excitation transfer pathway (.166).

The fluorescence lifetimes of the «„$„ complex is markedly dependent on
the state of oxidation and ligation of the heme iron. Evidently, the hemes in
the a-chains 25A from the chlorophyllides in the 3-chains are not spectators
but instead provide a pathway for deactivation of the chlorophyllide singlet
excited state. We propose that the lifetime shortening is due to excitation
transfer from the ZnPChla to low-lying excited states of the heme followed by
rapid (<<1 ps) (10) dissipation by internal conversion in the heme. The over-
all kinetic scheme for this system is then given in Figure 2. Thie interpret-
ation is the only one consistent, with all of the lifetime data. The fluor-
escence lifetimes of ZnPChla, a_ B, , and the methyl ester of ZnPChla in
methanol are all in the range 3.7-4.0 ns. These are very typical values for
zinc chlorins, and the polypeptide environment per se is-evidently not a major
perturbation. The fluorescence lifetime of ci^deoxy)^ , on the P£heFh1?anci'
is 1.42 + 0.05 ns. As the tertiary and quaternary structures of a« &„ and
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VERY
RAPID
INTERNAL

CONVERSION

Fig. 2. Kinetic scheme for the pro-
cesses following excitation
into the S state of a sin-
gle chlorophyll in^the
hybrid complex. kf is the
observed fluorescence decay
rate for the monomeric
ZnPChlaMb (2.6x10 s )...

a«(deoxy)6_ appear to be very similar (8), it is the presence of the heme in
tfie ferrous deoxy stat£..that is implicated.

The a2(cyanomet)e^ hybrid exhibits a smaller though significant lifetime
shortening, and this nexacoordinate ferric state may differ in tertiary and
quaternary structure from the deoxy version. On the other hand, the hexaco-
ordinate (and ferrous) a_(carbonmonoxy)32 hybrid exhibits a normal 3.75 ns
lifetime. The distinguishing feature of the carbon monoxide ligated heme ap-
pears to be neither its hexacoordination nor its ferrous state but rather its
lack of very low intensity and low energy absorption features present in the
deoxy and cyanomet forms.

Though the heme group has no strong absorption bands at longer wavelengths
than 600 nm, lower energy excited states consisting of excitations of the iron
d electrons or charge transfer states nevertheless do exist. Some of these
states in the deoxy heme possess the quintuplet character of the ground state
and are coupled to the ground state by weak transition dipoles as evidenced
by the series of absorption bands (e < 1000 M cm ) extending from 600 to
910 nm (11). These low energy states can accept the excitation of the ZnPChla
through a dipole-dipole resonant excitation transfer mechanism. Excitation
transfer by an exchange mechanism is conceivable, as the edge-to-edge inter-
chromophore separation is less than 25 A. However, the Forster IL. parameter
for the ZnPChla_ to deoxy heme energy transfer is 25.0 +_ 0.6 A, as calculated
by spectral overlap; thus, the dipole-dipole mechanism alone is quite suff-
icient to explain the observed lifetime abbreviation.

We note that the substantial impact that the state of a heme group 25 A
away has on the chlorophyllide excited state lifetime may have many naturally
occurring analogues. Excitation transfer from antenna pigments to low lying,
weakly absorbing states of cytochromes occurring naturally in photosynthetic
membranes may well limit the lifetime of the excited state within the antenna
complex. Because these low lying features depend strongly on redox potential
and ligation, changes in fluorescence lifetimes observed during titrations may
be the consequence of changes in the rate of this excitation trapping. Another
potential excitation trap is provided by the broad, low lying absorbance asso-
ciated with chlorophyll anion and cation radicals in vitro and the radicals of
various chlorophyll electron donors or acceptors in vivo. The extinction
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coefficients of these features in the relevant wavelength region are typically
considerably larger than those for heme. Furthermore, the likely proximity
of such anions and cations to the chromophore(s) whose lifetime is (are) being
measured may allow very efficient excitation trapping. It is possible that
such excitation trapping may explain the very short excited state lifetimes of
the primary electron donors in several species when the primary electron acc-
eptor is reduced.

OTHER APPLICATIONS

Studies have been performed with a variety of chlorophyll derivatives and
photosynthetic reaction centers (12). In the case of synthetic aggregates of
chlorophyll-type chromophores, multiple exponential decays are quite common.
It is very important to distinguish decays due to impurities which may have a
very high fluorescence quantum yield from real components of interest. The
ability to record time resolved excitation spectra is most useful in discrim-
inating impurity fluorescence from the desired decay components. It is
straightforward to scan the excitation monochrometer from 300 to 700 nm and
compare the spectra giving rise to the fastest and slower decaying components.
Although such an experiment is possible in principal with a synchronously
pumped dye laser system, it is a major undertaking, involving many different
laser dyes and enormous variations in intensity over such a wide spectral
range.

Fluorescence quenching due to electron transfer has also been studied.
The fluorescence lifetimes of various chlorophyllide- and protoporphyrin -
substituted myoglobins were observed to decrease due to the presence of the
electron acceptor, hexaammineruthenium (III) in solution. Although the photo-
induced electron transfer process is quite exothermic in these systems (AG is
about -1 eV or greater), not much quenching is observed because the large
protein prevents the two electron transfer partners from approaching close to
each other. Still, at relatively high concentrations of the ruthenium compound,
shortening of the fluorescence lifetimes of the protein complexes was observed.
Figure 3 shows typical decays and results for the quenching of zinc protopor-
phyrin IX rayoglobin (ZnPPIXMb) complex (13).

Recently, several theoretical treatments have been presented which describe
the time dependence of the fluorescence depolarization caused by excitation
transport among chromophores on isolated polymer coils (14, 15). The measure-
ment of this depolarization can provide the determination of the root-mean-
square radius of gyration of one polymer dispersed in a matrix of another and
other quantities related to coil structure. Ediger and coworkers (16) have
recently performed such an experimental study of copolymers of vinylnaphthalene
and methyl methacrylate in poly(methylmethacrylate). They used the doubled
output of a synchronously pumped dye laser for excitation and a microchannel
plate coupled to a transient waveform recorder to detect the polarized fluore-
scence. Although the excitation pulse was about 35 ps FWHM, the detection
system lengthened the overall impulse response function of the apparatus to
about 1 ns. Thus, this experiment, and presumably others like it, could easily
have been performed at the lifetimes port at SSRL.
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TIME (ns) TIME (ns)

Fig. 3 Typical fluorescence decay curves and fits. Except for slight
deviations near the peak, very good fits to single exponential
decays are obtained.
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EXAFS Analysis of Ion Containing Polymers

Y.S. Ding and S.L. Cooper
Department of Chemical Engineering, University of Wisconsin

Madison, WI 53706

INTRODUCTION

The incorporation of a small amount of ionic functionality either as pen-
dant groups or in the main chain of a polymeric material exerts a profound
influence on the polymers' physical properties. Research on the microstruc-
ture of these polymers, termed ionomers, has been extensive over the past
decade(l>2). of the ionomers, Nafion membrane systems are among the most
important because of their role in energy conservation and toxicity control
in industrial scale electrochemical processes. The family of perfluorosulfo-
nated Nafion ionomers has revolutionized the chlor-alkali process by
reducing the electrical power consumption required for the electrolysis and the
thermal energy required for the concentration of the sodium hydroxide solution.
These membranes can replace mercury and asbestos based separators currently
used in the industry. Recently, perfluorocarboxylated Nafion ionomers have
been developed and have further increased the overall efficiency of the
membrane.

Studies on other ionomer systems containing hydrocarbon backbones also
describe rather unique physical properties for polymers containing different
types of backbones and Ionic groups. It is generally recognized that the
aggregation of the ionic species occurs in these polymers which gives rise to
their superior physical and unusual transport properties. A better
understanding of the microstructure of ionomers is therefore desirable and is
expected to lead to the development of high performance membranes and other
new materials. A variety of experimental techniques have been applied to the
study of the microstructure of ionomers. Among these, small-angle x-ray scat-
tering (SAXS) and extended x-ray absorption fine structure (EXAFS) have been
two of the most useful tools for this purpose.

During the last decade, there has been some dispute between the applica-
bility of interparticle or intraparticle interference models for the
interpretation of ionomer SAXS data. The most attractive models proposed for
each case are the liquid-like hard sphere interparticle interference model
proposed by Yarusso (3) and the depleted zone core-shell intraparticle inter-
ference model proposed by MacKnight(^) and used by Fujimura (5). SAXS data
of several ionomer systems have been analyzed using these models and it has
been shown that the liquid-like model provides a slightly better fit than the
core-shell model(3). Qur analysis of the SAXS data led to several conclu-
sions regarding the ionic aggregate morphology in those materials^) (6).
First, the dimensions and concentration of the aggregates are not strongly
dependent on the cation and anion type, even though physical properties are.
Secondly, the aggregate size is much smaller in the ethylene/methacrylic acid
ionomer than in the sulfonated polystyrenes (SPS). There are about 18 sulfo-
nate groups in the ionic aggregate in the latter but only about 3-4 carboxy-
late groups in the former. Analysis of SAXS data at elevated temperatures
for the zinc SPS ionomers indicates significant stability of the aggregate
structure up to 300°C.



Investigations using the combination of EXAFS and SAXS have been applied
In our research on the microscale structural features of ionomers. EXAFS has
the potential to provide Information about the local environment around the
ionomer cations. Examination of the local ionic aggregate structure bv EXAFS
has indicated a number of differences among ionomer systems. (7.8,9,10) ^ e

systems investigated included monovalent and divalent cation neutralized
ionomers, sulfonated and carboxylated ionomers, and perfluorinated and hydro-
carbon backbone ionomers.

EXPERIMENTAL

Samples

The Nafion^ perfluorosulfonic acid materials provided by the E.I. DuPont
Company have been studied, the structure of which is shown below:

-r CF2 - CF2 -tn-+ CF - CF2 tm

[ 0 - CF2 - CF ^ z 0 - CF2 - X

CF3

X = COOH or CF2S03H

Membranes of Nafion with equivalent weights of 1100, 1200, and 1500 were
neutralized with Zn2+f R D+ and Cs"*" ions by soaking the membranes in aqueous
solutions of the metal acetates or hydroxides. Measurements were made on
vacuum dried samples and on samples which were boiled in water.

Samples of partially sulfonated polystyrene (SPS) were obtained from
Dr. Robert Lundborg and the late Dr. Henry Makowski of the Exxon Research and
Engineering Company. The chemical structure of these materials is depicted
below:

+ CH2 - CH -fcrtCH2 - CH -f

SO3H

Four different SPS samples with mole fraction of sulfonated repeat units
of 1.7%, 3.4%, 5.6% and 6.9% were studied. These were neutralized in our
laboratory to various degrees using several different cations. The solvent
used for dissolving the acid SPS was tetrahydrofuran or toluene/DMSO mixture.
The neutralized polymer solution was poured into a glass petri dish lined
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with aluminum foil and the solvent was evaporated, first in a fume hood at
room temperature for about 48 hours and then in vacuum at 120°C for 24 hours.
The polymer was ground, milled, molded and then annealed under the same con-
ditions described previously (3,9).

Four samples of carboxylated polystyrenes (CPS) were investigated. The
chemical structure of CPS is identical to SPS except that the SO3" group is
replaced by CC>2~*The mole fraction of carboxylata groups for these samples
varied from 3% to 8%.

Samples of ethylene/methacrylic acid copolymers (trade name Surlyn^)
neutralized with zinc were obtained from E.I. DuPont de Nemours and Company.
The methacrylic acid content was at 4.3% and 5.5%,and the degree of neutrali-
zation varied from 20% to 60%.

EXAFS Analysis

The EXAFS data contain information about the number of near neighbors,
their atomic nature, their distances from x-ray absorbing atom, and the
degree of disorder in those distances.

EXAFS theory as presently developed (**) provides the following relations
between the observed oscillations in the atomic absorption coefficient above
the absorption edge, and the structure:

X(k) = Z-LJ. [sin(2kRj + •j(k))]e-2^aj^Yj (1)

J

where k is the ejected photoelectron wavevector magnitude defined by

2ir 1/2
k - [2m(E - E 0)] (2)

h

and h is Planck's constant, m is the electron rest mass, E is the incident
photon energy, and E o is the electron binding energy. N-s is the average
number of atoms of a particular element in shell j, which is at an average
radius Rj from the absorbing atom with a root mean square deviation from that
radius or Oj. fj is known as the inelastic loss factor, x is defined as
(u~Po)/iJo» where ]>Q is the smoothly varying background absorption coefficient
which would exist in the absence of photoelectron scattering by neighboring
atoms. The fj(k) and <|>j(k) are the backscattering amplitude and phase shift
functions, respectively, which are characteristic of the types of atoms in
shell j and the absorbing atom. These functions have been calculated theore-
tically by Teo and Lee (.^2) t

Analysis of the EXAFS data consists of the construction of models of the
cation environment, calculation of the predicted EXAFS spectrum for the model,
and comparison with the experimental curve. Using Fourier transform methods
to isolate frequency contributions, various fitting techniques, and com-
parison of the best obtainable fits for the different models, one can deter-
aine the types of atoms surrounding the absorbing atom and their distances
from that atom C11)
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X-ray Absorption Measurements

Both extended x-ray absorption fine structure and near edge structure
were determined above the k absorption edge of the metal cation using either
the Cl or the C2 station of the Cornell High Energy Synchrotron Source
(CHESS) at Cornell University, The radiation from the electron-positron
storage ring at CHESS was monochromatized using a Si(lll) or Si(220) crystal.

The incident and transmitted intensities were measured with ionization
counters. Most spectra were obtained at room temperature with the sample
stored in a polyethylene bag with a molded zipper seal. The raw data of
transmitted and incident counts, counting time, and photon energy were stored
on magnetic flexible disks and brought back to the University of Wisconsin
where the data analysis was performed using a PDP-11 computer system in the
Chemical Engineering Department.

RESULTS AND DISCUSSION

Model Compounds

To model the local structure of Zn^+ in the ionomers, several crystalline
reference materials were studied (10). Among these crystalline compounds,
2n(N03)*6HoO is six-fold coordinated by oxygen atoms from water of hydra-
tion. Zn (acetylacetonate)2.H20, and Wurzite ZnO possess five- and four-fold
oxygen coordination respectively. Zn2+ i o n s j_n o.2M Zn(NO3)2 aqueous solu-
tion are known to be six-fold coordinated. The theoretical oxygen
backscattering function fj(k) and phase shift <h(k) for the Zn-0 bond from ref-
erence 10 were used in calculating the spectrum of the model compounds. In
the fitting routine E o, Rj, â  and N ] ^ were allowed to vary in the neigh-
borhood of reasonable initial values until the agreement factor, Q, was mini-
mized. The same analysis procedure was applied to the EXAFS data of all the
other systems. The EXAFS-measured average Zn-0 distances in the reference
materials are given in Table 1. The agreement between the EXAFS and litera-
ture values of first-shell Zn-0 distances is quite good, allowing an error
estimate of about ±0.015 A for the measured zinc-oxygen distances. These

Table 1 Zinc-Oxygen

Compound 2n

Zn-0 (Wurzite)

Zn (Acac)2.H2O

Zn (NO3)2«6H2O

0.2 M Zn (NO3)2
Aqueous Solution

Distances of Zinc-Containing

EXAFS-Measured
- 0 Distance (A)

1.967

2.01

2.09

2.08

Zn -

Reference

Literature
- 0 Distance (A)

2.

1

2

.978

.02

.06 - 2.18

2..093

Compounds

Coordination
Number

4

5

6

6
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results also suggest that the theoretical phase shift $j(k) of the zinc-oxygen
pair is quite valid in predicting the Zn-0 distance. In this restricted set
of materials, the Zn-0 distances in the tetracoordinated species are
1.95-1.98 A, pentacoordinated species distances are 2.00-2.02 A, and the
hexacoordinated ones are above 2.06 A. This finding suggests that because of
the separation of distancesin tetra-, penta- and the hexacoordinated com-
pounds one may determine the nearest neighbor coordination number quite
accurately from the coordination distance.

Zinc Sulfonated Polystyrenes

The first important observation to be made about these data is that there
is no significant change in the local cation environment as observed by EXAFS
as a function of sulfonation level for the four samples. This is
demonstrated in Figure 1. The first coordination shell peak at a radius of
about 1.6 A is nearly identical for all the samples. A weak and skewed
second coordination shell peak at about 2.8 A is also observed. Its shape
changes very slightly from sample to sample.

The first shell contribution to the EXAFS could be modeled quite well by
attributing it to four oxygen atoms at a distance of 1.97 A with a root mean
square relative displacement, o, of 0.07 A. This is nearly identical to the
first coordination shell about zinc in the ZnO crystal structure. However,
it differs from the structure in zinc benzene sulfonate hexahydrate where the
zinc cation is coordinated by six oxygen atoms all of whichcome from water
molecules of hydratlon. Even though the determination of the coordination
number from EXAFS data is normally not very accurate, it is almost certain
that the cation is fourfold coordinated in this ionomer because of the
apparent zinc-oxygen distance.

Analysis of the second shell proved to be more complicated. Because of
the broad and asymmetric shape of this peak in the RSF, it seemed clear that
it was not due to a single type of atom at a single distance. Several
attempts were made to fit the data by attributing this shell to a single type
of atom without much success.

After considerable analysis, this contribution was assigned to four atoms
of sulfur and four oxygen atoms at nearly the same distance from the zinc
cation. The coordination distance is about 3.15 A with a a of about 0.05 A.

R I A )

Fig 1. Radial structural function for
Zn SPS 85* neutralized. From bottom
to top are samples of increasing
s'ulfonate content.

•:2n ®:S Q:0

Fig 2. Postulated local bonding struc-
ture for zinc sulfonate groups in sulfo-
nated polystyrene ionoraer.

58



Table 2 Structural Parameters for Zn-SPS Sample

Shell No.

1-1

2

or 2

Atom

oxygen

sulfur

oxygen
sulfur

Rj(

1.

3.

3.
3.

:A

96

14

15
15

4 0.066 0.03

1.5 0.080 0.19

4 0.070

4 0.040 0.08

*Q is the agreement factor defined as the square root of the ratio of the
sum of the squares of the residue to the sum of the squares of the data.

The model parameters are listed in Table 2. It turns out that sulfur and
oxygen have phase shifts which nearly cancel one another. Thus, the second
shell peak is relatively small even though the structural parameters imply a
well ordered second coordination shell.

The postulated structure which is consistent with the structural parame-
ters determined by the EXAFS analysis involves a bridging of two 2inc atoms
by each sulfonate group. Figure 2 shows part of a linear array of zinc atoms
bonded in this way. It can be shown using chemical bonding models that this
structure produces interatomic distances which are consistent with those
determined by the EXAFS analysis. The third oxygen atom from each sulfonate
group is located at nearly the same distance from the zinc atoms as the
sulfur atom. Such a coordination structure is similar to the cadmium methane
sulfonate dihydrate structure (10). In this case, however, the zinc cation
is fourfold coordinated and no water molecules of hydration are involved.
One can also imagine branched and network variations of this structure. In
such a way, various shapes and sizes of ionic aggregates could be constructed
while preserving the local structure apparent from the EXAFS.

Zinc Carboxylated Polystyrenes

In the series of carboxylated polystyrene samples neutralized with zinc,
again no change in the local environment was observed with ionic content.
The RSF for one of these samples is shown in Figure 3. In this case a
shoulder is observed on the low R side of the first peak. This may imply
that thtre are different environments with different first shell coordination
distances or that there is simply a wider distribution of interatomic distan-
ces for atoms in the first coordination sphere than previously seen in
ionomer systems. Once again the zinc appears to be predominantly fourfold
coordinated by oxygen atoms although there may be some contributions from
other structures. Thus it is difficult to tell anything detailed about the
environment of the cation in these materials except that there exists a con-
siderable degree of local order as indicated by the presence of two well
defined peaks in the radial structure function.
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Fig 3- Hadial structure functions of F18 «• Radial structure functions of
Zn CPS (_) and Zn ethylene/HAA (—). hydrated (--) and dehydrated (—)

zinc neutralized: (a) perfluorosulfo-
nated and (b) perfl uorocarboxyl ated
ionomers.

Ethylene/Methacrylic Acid Ionomers

For these materials neutralized with zinc, two coordination shells were
observable in the radial structure function (see Figure 3). The first is
attributed to oxygen with apparently fourfold coordination. The second peak
in this case can be fit equally well by attributing it to oxygen, carbon, or
zinc. None of these possibilities can be ruled out on the basis that the
corresponding structural parameters are physically unrealistic.

This may be another indication that more than one environment is impor-
tant in determining the EXAFS pattern for this material.

Perhaps the most satisfying interpretation of the data for the car-
boxylated polystyrene and for the ethylene/methacrylic acid system is that
the second shell is composed of carbon atoms from the carboxylate groups and
the first shell is carboxylate oxygen atoms. The distances of both shells
would be consistent with this interpretation.

Zinc Neutralized Ferfluorinated Ionomers

The radial structural functions about Zn^+ ions in dry and hydrated
perfluorinated ionomers are plotted in Figure 4 (a) and (b). It is noted that
the radial structure function consists of one prominent peak at about 1.6 to
1.7 A in all cases. The dry ionomers differ from the hydrated ones in the
peak position and magnitude of the radial structure function. Figure 4 indi-
cates that coordination distances, number of atoms,and Debye-Waller factors
are different in the dry and hydrated samples. The first peak in the RSF was
isolated and then inverse Fourier transformed in each case to yield the
contribution to backscattering in this region.

A good fit of the nearest-neighbor contribution of the dry and hydrated
perfluorinated ionomers was achieved with the resulting structural parameters
and agreement factors listed in Table 3. The Zn-0 distance for the fully
hydrated sulfonated and carboxylated ionomers is characteristic of hexacoor-
dinated species and the nearest-neighbor oxygen atoms come most probably from
six water molecules. EXAFS and XANES results of these samples are
indistinguishable from those of 0.2M Zn(N03>2 solution. This provides evi-
dence that the chemical specier in these hydrated ionomer samples is
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Table 3 Structural parameters of perfluorosulfonated and
perfluorocarboxylated ionomers where Q is the agreement factor
between data and fit

Sample

Zinc
perfluoro-
sulfonated
ionomer

Zinc
perfluoro-

Water
Content
(wt%)

0.4

18

0.2
carboxylated
ionomer

10.2

**Agreement factor of

Shell
No.

1

2

1

1

2

1

Shell
Atom

Oxygen

Sulfur

Oxygen

Oxygen

Carbon

Oxygen

a two-shell fit.

Distance
(A)

1.98

3.5

2.07

1.95

2.83

2.06

0

0

0

0

0

0

a(A)

.09

.10

.08

.075

.07

.097

No. of
Atoms

4

1.5 ± 1

6

4

2.5 + 1.2

6

Q

0.05

0.10

0.08

0.08

0.15**

0.04

( 2 ) g The water molecules are so strongly associated with the Zrr+

cation that the diffusional species is Zn(H2O)g2+ in the hydrated ionoraer
membrane just as it is in dilute solution. It would appear however, that the
diffusion of Zn(H2O)g2+ £n hydrated ionomer membranes would also be affected
by resistances resulting from the surrounding perfluorocarbon matrix.

As .shown in Table 3, the Zn-0 distance of both the sulfonated and car-
boxylated ionomers of low water content ("0.5 wt%) are characteristic of
tetracoordinated species. At this water content, the samples contain about
0.7 H20/Zn, insufficient to provide a coordination number of four for each
zinc cation. Oxygen from the sulfonate or carboxylate groups is therefore
likely to coordinate to zinc in these "dry" ionomer membranes. Because of
their chemical similarity it might be expected that the cation environment of
perfluorinated ionomers would be similar to that in low-molecular-weight
sulfonate or carboxylate salts. Based on the structure studies of sulfonate
salts (10) such as Ca(CH3SO3)2, Fe(CF3SO3)2, and Cu(CH3S03)2*4H2O, it was found
that the sulfonate group was most likely to be a monodentate ligand. For
each oxygen atom which belongs to a sulfonate group coordinated to a cation,
a sulfur atom is located in the second shell. Each of the other two sulfo-
nate oxygen atoms can be either bridged to another cation or noncoordinating.
In fact, in addition to the prominent oxygen peak in the radial structure
function of the dry perfluorosulfonated ionomer, a weak broad peak,located at
about 3.1 A, can be seen in the dashed curve of Figure 4 (a). This peak can
be attributed to sulfur atoms, as suggested by the sulfonate salt structure
studies. This was verified by isolating this peak and taking its inverse
Fourier transform.

61



The model that best fits all the contributions seen in the RSF can be
postulated as a species similar to that shown in Figure 5(a). This structure
is different from the cation environment found in Cu(CH3SO3>2'AH2O in that
the first shell consists of only two water molecules instead of four.

For the dry carboxylated ionomer, two models of the cation environment
can be postulated (10), based on the structure of low-molecular-weight car-
boxylate salts such as zinc acetate dihydrate and zinc propionate. In one
model two carboxylate groups are symmetrically bound to the zinc cation to
give a first shell coordination number of four. One might expect that the
Zn-C distance in this model would be smaller than 2.63 A. However, the
EXAFS-measured Zn-C distance of the dry carboxylated ionomer, as tabulated in
Table 3, is 2.83±0.09 A. In the zinc propionate model, zinc is coordinated
by four oxygen atoms which belong to four different carboxylate groups. The
Zn-0 distance is 1.95 A and the average Zn-C distance is about 2.84 A in zinc
propionate (10). One may postulate a model in which the ion aggregation is
similar to that in zinc proprionate for dehydrated perfluorocarboxylated
ionomer, as shown in Figure 5(b). In this aggregate model, zinc atoms are
located in a plane and perfluoroalkyl ether side chains coordinate to zinc
cations through the carboxylated functionality on both sides of the zinc
plane. This model may also be applicable to the carboxylated polystyrene
ionomers and the ethylene/methacrylic acid ionomers.

Rb+ Neutralized Ionomers

The radial structure functions of fully hydrated perfluorosulfonated and
perfluorocarboxylated ionomers neutralized with rubidium are shown in Figure
6. The radial structure functions of the Zn neutralized sulfonated and car-
boxylated ionomers are plotted in the same Figure for comparison. It can
be seen from Figure 6 that there are no discernible peaks in the RSF's of
the Rb neutralized materials. A similar result is obtained from the
polystyrene based ionomers. This result suggests that although the zinc
cations tend to form a well ordered coordination sphere in the highly

(a) (b)

• Zinc
0 Carbon
8 Sulfur
O Oxygen
t? HjO

p Pendant Sidl Chain

• A
: / •

-

<0

30

IS

Fig 5. Structural models of ion associa- F i8 6. Radial structural function of
tion in the zinc neutralized dehydrated: hydrated rubidium (a) perfluorosulfonated
(a) perfluorosulfonated and (b) perfluo- a n d W perfluorocarboxylated ionotners
rocarboxylated ionomers. * >• The solid line is of

the hydrated zinc ionomers.
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hydrated state, the rubidium cation environment is highly disordered. A
measure of the affinity of a water molecule to a cation is the cation's
enthalpy of hydration.which is -293 kj/mole for Rb + and -2046 kJ/nole for
Zn2+.(10) The Rb+-H20 bonds are so weak that the cation has no neighbors
that specifically coordinate to it. Thus the larger alkali metal cations
behave more like bare ions in an aqueous environment. Analysis of L3 edge
EXAFS data obtained for Cs+neutralized ionomers showed a similar result to
that of the Rb + neutralized ionomers. One might then conclude that the
effective radius of Rb + and Cs + diffusing through a saturated perfluorinated
ionomer membrane might in fact be smaller than that of a Zn+2 ion even though
the Rb + and Cs + have a larger ionic radius. It would be interesting to test
this postulate in a transport experiment.

CONCLUSIONS

In this work, the Zn and Rb K-edge x-ray absorption fine structure of
these cations in various ionomer systems have been measured and interpreted.
A correlation between the nearest-neighbor Zn-0 distance and coordination
number was established from studies of reference compounds and was applied to
the ionomer systems. In the dehydrated zinc neutralized ionomers, the zinc
cation was found to be tetrahedrally coordinated to oxygen atoms. For iono-
mers with hydrocarbon backbones these oxygen atoms may originate from sulfo-
nate or carboxylate groups. For ionomers with perfluorinated backbones some
of the oxygen atoms may be ascribed to water coordination. The structural
model of ion association of the sulfonated "dry" ionomers is different for
the hydrocarbon and perfluorinated ionomers. The dry carboxylate ionomers
may be described by a zinc-propionate model with waters of hydration.

In the fluorinated backbone ionomers the fully hydrated Zn neutralized
ionomers contain the Zn (H2O)^2+ species. The diffusional species is Zn
(H20)g in the hydrated ionomer membranes just as it is in dilute aqueous
solution. For monovalent rubidium neutralized ionomers, the nearest-neighbor
cation environment is found to be highly disordered.

It is clear that a wide variety of local structures can exist in different
ionomers. However, all of these materials show evidence of ionic aggregation
by small angle x-ray scattering. Therefore, it seems that the existence of a
high degree of local structure in the environment of the cation is not vital
for the formation of ionic aggregates. It may, however, be important in
determining thermomechanical and electrochemical properties.
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Ordering in Ionic Polymers

Claudine E. Williams
LURE, CNRS, Universite Paris-Sud 91405, Orsay, France

Ionic polymers or ionomers are linear polymers containing a small propor-
tion, usually less than 10 mol. % of ionizable groups. Their unique mechanical
and physical properties are due to an aggregation of the ionic groups driven
by the attractive dipolar interaction between undissociated charges in a me-
dium of low dielectric constant i.e. in the bulk or in solution in a non-polar
solvent. Although substantial experimental evidence for this aggregation has
been obtained in the last 15 years, its detailed nature is still unclear. Ba-
sed on energetic calculations and on an apparent transition in the mechanical
and thermodynamic properties with increasing ion content, Eisenberg (1) postu-
lated the existence of two steps in the ion aggregation process : first,
muZtiptzti, containing not more than eight ion pairs and no organic monomers
are formed. Over a critical ionic concentration, these multiplets aggregate
into larger, ill-defined units called cZu&teAA which include both ionic and
nonionic material. This early description has been confirmed by a recent de-
tailed calculation (2) and a significant body of experimental data has been
rationalized by assuming the existence of these two types of aggregates.
Structural models have also been proposed based principally on the observation
of a single broad maximum by small-angle X-ray scattering (SAXS) from almost
all ionomers. All models consider the multiplet as the basic scattering unit
but attribute the origin of the characteristic "ionomer peak" to either an
interference between aggregates(3,4) or to the internal structure of nonin-
teracting particles (5,6). Spherical or lamellar aggregates have been assumed,
where the distribution in sizes or separation distances has been taken into
account to fit the data in each particular case. However, no clear picture of
the aggregates has emerged due to the number of parameters involved in the
structural models and the lack of characteristic features contained in the
SAXS data. In addition, the molecular properties of most of the ionomers stu-
died to date are usually not well defined.

In order to gain some insight into the parameters governing the morpholo-
gy of ion-containing polymers, we have studied halato-telechelic-polymers
(HTP), based on polybutadiene (PB) or polyisoprene (PIP) as model compounds
for the more complex ionomers (7). Of critical importance is the fact that the
ionic groups are located at the chain ends with a characteristic separation
distance, unlike most ionomers where the ionic groups are located on pendant
chains randomly spaced along the chain.

SAXS has been used to investigate the morphology and long-range organiza-
tion of the aggregates as a function of well-defined parameters such as nature
of the cation, length of the chain between ionic groups, degree of neutrali-
zation, effect of polar and non-polar solvent,temperature (8,9). The short-
range order within the ionic aggregates has been characterized by EXAFS
(Extended X-Ray Absorption Fine Structure) (10) for different cations. For
both techniques, we have used a Synchrotron Radiation Source, either LURE-
DCI, Orsay (France) or SPEAR, SSRL, Stanford.
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SMALL-ANGLE X-RAY SCATTERING

The following data were obtained at SSRL at beam line 1-4 (11) after pre-
liminary experiments at D—11 at LURE (12). Both facilities, of similar design,
utilize a bent crystal monochromator (silicon or germanium 111) to horizontal-
ly focus the beam ; at SSRL a float glass mirror also focusses vertically
so that the beam size at focus is ca. 150*400 u. Two detectors placed immedia-
tely before and after the specimen constantly monitor the beam decay and the
sample absorption. The scattering profiles were recorded on a .-ne-dimensional
self-scanning photodiode array with a time resolution on the order of 0.5 sec.
The data corrected for dark current, detector homogeneity, parasitic scattering,
and sample absorption are presented as normalized intensities vzsu>ub scatte-
ring vector q. (q = 4ir/A sin 6/2, where 6 is the observation angle and X is
the wavelength of 1.412 A). Smearing effects due to the dimensions of each
pixel in the detector are not corrected for.

Standard techniques have been used to analyze the SAXS profiles (13).
A Porod analysis of the asymptotic form of the scattered intensity for a two-
phase system yielded a measurement of the radius of the ionic aggregates, R~,
assuming spherical domains (14). Deviations from Porod's law gave a measure of
the diffuse phase boundary thickness Ep and of the electron density fluctua-
tions Ifi. These show the presence cf a random distribution of ions in the
non-ionic matrix. A Guinier analysis of the low q portion of the curves could
not be utilized since a plot of An I(q) against q2 was not linear in the q-
range investigated. In some cases, a Debye-Bueche analysis was attempted. The
heterogeneities are defined by a correlation function y(r) = exp(-r/a) where a
is a correlation distance, related to the size of the particles but whose
exact physical meaning is difficult to ascertain for concentrated systems.

In what follows the most important information about the structural pro-
perties of these model ionomers will be summarized.

1. Nature of the cation. Carboxy-telechelic polybutadiene, commercially
availably from B.F. Goodrich (Hycar CTB 2000X156) with molecular characteris-
tics of Mn = 4600, Mw/Mn = 1.8, functionality = 2.00 and cis/trans/vinyl ratio
of 20/65/15, were totally neutralized by various metals of different valency.
Monovalent cations produce short chains with ionic groups at both ends, diva-
lent cations form long chains with regularly spaced ionic groups whereas tri-
and tetravalent ones produce networks before any aggregation takes place. All
samples contained 2.4 % of ionic monomers. Except for the acid form, all
scattering profiles show the broad maximum, centered around q = 0.1 A"', cha-
racteristic of ionomers and usually taken as evidence for ionic aggregation.
This maximum is not seen in the acid form, however. Two other features of im-
portance are the shouldering on the high q side of the main peak, not usually
observed in other systems, and a scattering at very small angles often neglec-
ted in the interpretation of the data (Fig.l).

The data for che different cations are summarized in Table I, where
^ionic *s tne ionic radius of the metal, q its valency, d the distance between
domains obtained by applying Bragg's law to the position of the intensity ma-
ximum, RD the domain radius, and EQ the phase boundary between the ionic domain
and the hydrocarbon matrix. Of importance are the facts that the domains ap-
pear to be small, from 6 to 9 A, with a sharp phase boundary (the only excep-
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TABLE I : SAXS Data for PB with Different Cations

Cation

K

Rionic

1.33

q

+1

d (A)

71.6

RD

11

(1)
.1

ED

5

<*>

.8

Be
Mg
Cu
Ba

0.34
0.74
0.80
1.38

+2
+2
+2
+2

59.8
63.0
54.3
75.3

9.15
7.75
6.2
6.9

2.6
0.75
1.5
2.0

Fe

Ti

0.

0.
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+4

56.

57.

1

8
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7.
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tion to this is che K + salt, the only raonovalent studied so far) and also that
1/d increases with the charge density of the domains qp/tn (Fig.2) where q, p
and in are the charge, density and atomic weight of the metallic cation, A sa-
turation at higher qp/tn values appears to have been reached. For zero charge
density, the data extrapolate to the r.m.s. end-to-end distance of PB chain.

2. Molecular weight. Five samples of carboxylato-polyisoprene 100 %
neutralized with Mg (PIP-Mg), were prepared with M n = 6000, 10000, 24000,
30000 and 37000 having a low polydispersity Mw/Mn = 1.15, a 3,4/1,2 ratio
of 65/35 and functionality > 1.95.

The maximuTi in the scattering profile moved to smaller angle as the M w

was increased and was visible only as a weak shouldering on the zero-order



scattering for Mw » 30000 and disappeared for Mw = 37000. It should be no-
ted that as Mw increases, the proportion of charged groups decreases from 2.12%
to 0.37 %, and so does the scattering intensity. It was impossible to relate
the variation of qmax to Mw and we can only state here that d is strongly
dependent on the distance between charges along the chain. The aggregate ra-
dius Rn and the diffuse boundary thickness ED are independent of Mw

(RD = 6 A ; E D = 2 & ) . There is no discontinuity in any of the physical quan-
tities measured as a function of Mw, which would reflect a change in size,
shape or organization of the aggregates. A simple image emerges : only the
distance between identical domains changes as Mw is varied, the overall orga-
nization staying unchanged.

3. Toluene swelling and gel studies. All samples swell substantially and
rapidly when immersed in toluene. Removal of the solvent restores the original
structural features of the specimen. Toluene, a good solvent for polybutadiene,
of low dielectric constant* should be absorbed preferentially by the polymer
and excluded from the ionic domains. Swelling is then equivalent to changing
the distance between domains.

The gels were prepared either by swelling from the dry state by introdu-
cing toluene into the sample cell and performing experiments in real time or
by preparing gels at fixed concentrations. In both cases, the microscopic
swelling, measured by the displacement of the SAXS peak (d/do) was compared
to the macroscopic swelling, (V/Vo)''^, measured by the change in linear di-
mensions of the sample or the proportion of solvent in the solution. As shown
in Fig.3, d/d0 is proportional to (V/Vo)*'^, except at very high degree of
swelling. More details about these experiments can be found in ref.8 and 9.
Briefly, it was observed that the relative electron density fluctuations
If j/ij)p decrease as the concentration of polymer in toluene <f>p increases. The
SAXS invariant, Q, proportional to the volume fraction of the domain, decrea-
ses with increasing (j>p. RD and ED were found to be independent of <j>p. The
breadth of the SAXS reflection relative to the position of the maximum, i.e.
Aq/qmax, increases as <f>p decreases. Taken together, these results indicate
that there is a well-defined domain size for each cation. However, for these
large swellings,as the distance between the ionic domains increases, more of
the chain ends are forced into the hydrocarbon matrix and some domains "dis-
solve". This results in a less homogeneous network that can distort as more
solvent is added.

4. Water swelling. If water (or any polar solvent) can penetrate the
bulk of the polymer, it should be preferentially located in the ionic domains,
thereby creating domains with a high dielectric constant. It could, there-
fore, change the morphology of the ionic aggregates from that of the anhydrous
material. We will only compare the results obtained by immersing in water at
room temperature a sample of PIP-Mg and one of PB-Mg, both 100 % neutralized.
For PIP-Mg, the peak was hardly displaced (ca. 7 %) after 24 hours aid a very
thin layer on the surface became opaque, the bulk of the sample being unaffec-
ted. For PB-Mg, the peak sharpened dramatically and was shifted to lower q's
by as much as 25 % in 24 hours. The swelling appeared uniform as the whole
sample was opaque and tacky. The domain size increased from 6.2 A to 11.5 A"
with a very slight increase of ED. There was also a decrease of the total
scattering intensity and zero-order scattering.
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Let us recall first that PIP has a lower polydispersity than PB, allo-
wing most of the dipoles to be included into the multiplets, as evidenced by
the very low level of electron density fluctuations measured for these sam-
ples. PB on the other hand contains some ions dissolved in the hydrocarbon
matrix, which helps the transport of water and explains the difference of
behaviour between these two samples. All the data are also consistent with an
increase in domain size without much change in the configuration of the hydro-
carbon matrix when water is absorbed. This would cause an increase in the
average distance between the centers of gravity of the domains and a reduction
in the domain electron density and, consequently, the total scattering.

5. Ion-content. It can be varied by either changing the molecular weight
i.e. the distance between charges along the chain, or by changing the degree
of neutralization of the diacid PB. Fig.4 shows the most striking effect : as
the neutralization decreases from 100 % to 20 %, the d-spacing decreases,
following a S-shape curve. However RD and Ifi are constant. But the zero-
order scattering increases for low ion content.

It is however difficult to quantitatively interpret these data : at
100 % neutralization, almost all chain ends are aggregated. As the ion content
decreases, more chains are terminated by acid groups which could form dimers
in the organic matrix and change the dielectric constant of the medium and
therefore the ionic interactions. Inhomogeneities are also more likely to
occur.

6. Temperature. Heating the ionomers up to 100°C, the annealing tempe-
rature, does not significantly change the scattering profile. Above 100°C
and up to 200°C, the zero-order scattering increases, the fluctuation scatte-



ring increases,and the distance, given by the peak, decreases. The maximum is
less intense and much broader but still exists at the highest temperature.
These effects are reversible if.degradation of the polymer has not occurred
(̂  200°C). A slow melting of the ionic domains occurs above 100°C, however
some aggregation is still present at 200°C, with smaller domains and a broa-
der distribution of distances.

EXAFS

The SAXS data have been interpreted with the implicit assumption that
aggregation does exist in the form of multiplets in HTP. To test the validi-
ty of this assumption, the local cation environment in carboxy-telechelic
polybutadiene neutralized with different metals has been investigated by
EXAFS measurements (10).

Let us recall that, by comparing the experimental modulation of the
absorption above the absorption edge of an element, X(k), to its theoretical
value, calculated in terms of structural parameters, it is possible to deduce
the average distance R which separates the absorbing atom from its neighbours
in each surrounding shell, the r.m.s. deviation a to this distance resulting
from statistical and thermal distorsion and the number N of such neighbours
(15). It is a powerful tool for determining the short-range order about a
particular element in a material.

The EXAFS spectra were recorded at LURE, Orsay, on the DCI-EXAFS I
spectrometer (16) using a Si(22O) channel cut monochromator. For each cation,
the data were recorded at room temperature at 2-eV intervals over an energy
range of 1000 eV, extending up to 740 eV above the edge. Data reduction
followed a standard procedure described elsewhere (10). The data are summari-
zed in Table II for three different cations, Zn, Ba and Fe. It also shows the
model compounds of known structure used to derive some parameters necessary
for the data reduction. For each cation Ao is the difference between the mea-
sured a and the value for the model compound. All samples are 100 % neutrali-
zed except for Fe where 50 % and 75 % have also been investigated. The first
shell has been identified as made of oxygen atoms whereas the second one is
of metals.

TABLE II : EXAFS Data for PB with Different Cations

Zn
PB

Ba
PB

0
Zn

0
Ba

1

1

1

2

R

1.977
.97±.O1

2.77
.76+.01

First shell

N

4
5.3+0.5 0

6
4.4.9

ACT

.047

163

3
3

5

Second shell

R

.23

.22

.54

N

12
4.8 0

6

Aa

.008

-

Fe acetate
Fe glycine
PB Fe 0.5
PB Fe 0.75
PB Fe 1

1.922

.99+.01
1.99
1.99

5.8±.3
6.1
5.5

3.30
.037 3.30
.053 3.32
.058 3.34

1.8
1.3

.0±.01
.053
.15
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It is evident from these data that the aggregates are very ordered struc-
tures indeed : in all samples, each cation is surrounded by an OWiOQe. of 5 or
6 oxygen atoms at a distance corresponding to the metal-oxygen bond in a model
compound. Furthermore in most cases there is a well defined metal-metal dis-
tance with no significant disorder. Although N is known with the least pre-
cision (1 20 %) and is the average number of neighbours seen by each atom,
any N larger than 1 shows that there are more than two cations in the aggre-
gates. It can be concluded that multiplets exist in all compounds investiga-
ted.

Let us note that I have limited the discussion only to the aspect of
the existence of multiplets, but more information can be, and has been,
obtained which is not directly relevant to this talk.

CONCLUSIONS

The use of halato-telechelic polymers as model compounds for ionomers
has proven useful in gaining some insight into the mechanism of ionic aggre-
gation in these compounds. Th'e concept of ionic multiplets, ionic domains
containing a few ion pairs and no chains, was found to adequately describe
the type of ion aggregation. No evidence was found to support the formation
of clusters, i.e. the aggregation of several multiplets with organic material.

Although aggregation of the ions is dominated by electrostatic interac-
tions, the nature of the cation was found to be only of secondary importance.
The principal factor governing the organization of the multiplets is the
length of the chain between charges. Furthermore, if the polydispersity is
low, as for halato-carboxyl polyisoprene, almost all cations are in the ionic
aggregates, and there is, as evidenced by the low fluctuation scattering and
the lack of water uptake, complete microphase separation between ionic and
organic phases. Although the variation of the spacing between multiplets with
M w could not be determined so far, the amount of swelling observed before
disruption of the aggregates is so large that a coil configuration is likely.
More SAXS and SANS experiments are underway to solve this problem.

Once formed, the aggregates are very stable (temperature stability, very
slow dissolution in polar solvent). If there is complete phase separation,
they have a good stability in the presence of humidity, with only a thin sur-
face layer being affected. Inhomogeneities of the order of a few hundred A
are also present in all samples.
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Investigations of Time Resolved X-Ray Wide-Angle Scattering
and X-Ray Small-Angle Scattering at DESY

Hans Gerhard Zachmann, Rainer Gehrke, Wolf Prieske and Christian Riekel
Institute for Technical and Macromolecular Chemistry,

University Hamburg

Introduction

Using synchrotron radiation together with position sensitive detectors
one can measure the X-ray small-angle scattering of polymers within a time of
seconds. This makes it possible to study the kinetics of crystallization,
melting and orientation in polymers.

We have performed such measurements at the European Molecular Biology
Laboratory (EMBL) outstation at DESY in Hamburg in collaboration with Dr.
M.H.J. Koch. At the same time a new beamline is constructed at HASYLAB which
is dedicated completely to polymers and which is scheduled to be operating at
the end of this year.

Instrumentation

1)
A double focussing camera developed by Hendrix, Koch and Bordas ' was

used for our experiments performed at EMBL. The camera is shown schematically
in Fig. 1.

DETECTOR

~J0.3m.rad
3,8mrad

Sample

b)

Fig.l: Schematic representation
of the double focussing
small-angle X-ray scat-
tering camera

IONIZATION CHAMBER

FOCUSSEO

ADJUSTABLE SLIT
WINDOW

DIAPHRAGM

| ,od

aluminium (6mm)

Pig.2: Beam-line with furnace, beam-
stop and detector

The synchrotron radiation beam is first collimated in vertical direction by a
quartz mirror which consists of eight segments. Monochromatization is
achieved by Bragg reflection on the (lll)-plane of a germanium crystal. The
crystal is bent in such a way that, during reflection, the beam is also
collimated in horizontal direction. The wave length used was 0.15 nm,
6X/X = 5 • 10 . The scattering radiation was detected by a position sensi-
tive linear counter developed by Gabriel ', by a silicon intensified vidicon
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system , and, in some experiments, by film plates.

The part of the beam-line between the monochromator and the detector is
shown in more detail in Figure 2. The primary beam first passes through
an ionization chamber in which the total intensity of the beam is measured.
From here it passes an adjustable slit and enters through a window of capton
into an evacuated tube. Within this tube we find the sample holder con-
structed by Dr. Zietz into which the sample can be shot and, after the
measurement is performed, removed automatically. The sample holder has a
very low heat capacity. It can be heated up electrically. Cooling is per-
formed by introducing a fluid of corresponding temperature. Changes of tempe-
rature of about 200 C can be achieved in less than 30 seconds. The tempera-
ture can be kept constant with an accuracy of _+ 0.5 C.

At the end of the tube a beam stop is situated in order to prevent the
primary beam from falling on the detector. For our first experiments this
beam stop was made of lead. Later on, we constructed an improved beam stop
which had a hole with a diameter of 6 mm covered with a foil of aluminium.
The thickness of the aluminium foil was chosen in such a way that, after the
primary beam passed through the foil, its intensity could be measured by the
detector. By this device we were able to follow simultaneously the inten-
sity of the scattered radiation and also that of the primary beam. Such a
determination of the intensity of the primary beam had to be performed in
addition to the measurement in the ionization chamber for the
following reason:

In the ionization chamber one measures the total power of the beam.It was
discovered that every time after the synchrotron beam has been switched on,
the cross section of the beam changed continously for about ten minutes while
the total power of the beam remained constant. As a consequence, the inten-
sity per unit area of cross section and the power of that part of the beam
which was falling on the sample changed with time. This change is not detec-
ted by the ionization chamber. It can be recorded only with aid of the semi-
transparant detector.

The primary beam is so broad that ic causes a background intensity at
angles at which the small-angle X-ray scattering occurs. This background was
substracted from the measured intensity.

In order to measure the wide-angle scattering and the small-angle
scattering simultanously the apparatus shown in Fig. 3 was constructed. The
wide-angle scattering is detected by X-ray films in a distance of 15 cm from
the sample. The exposure time is 1 min. After this time the film is removed
automatically and a new film is pushed into the beam. The transport of the
films is performed pneumatically. Each film has a hole with i> diameter of
2 cm in the center. Through this hole the small-angle scattering passes and
is detected by a linear counter which is situated in a distance of about

3 m behind the film.
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Isothermal Crystallization of Polyethylene terephthalate

Of special interest is the study of the crystallization process by si-
multaneous measurement of the wide-angle scattering and the small angle
scattering. From the wide angle scattering, by separating the scattered in-
tensity into an amorphous halo and into crystal reflexions, one obtains tha
degree of crystallinity w as a function of crystallization time. By dividing
the value of w obtained after the time t by the degree of crystallinity w
obtained at the end of the crystallization process, one obtains the amount
of material x transformed into spherulites at the time t,

w

w
(1)

ce

(see Fig. 4). x increases from zero to 1. w is also the degree of cry-
stallinity of the material within the spherulites at all times.

It is well known that, in addition to the primary crystallization during
which spherulites are growing, also a secondary crystallization occurs during
which the crystallinity within the spherulites is improved. According to this pro-
cess, the degree of crystallinity within the spherulites w should increase.
This process, however, proceeds much more slowly than the primary crystalli-
zation and is neglected in the present consideration.

From the small-angle scattering the scattering power Q can be determined
by integration of the scattering intensity I over all angles 9,

fl(s) s ds (2)
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where s = (2TT/X) sin (e/2). Q is related to the structure of the material
according to the equation

and

C e

c e) x{pc - p ) . (3)

is the density of the crystals, p that of the noncrystalline regions,
c is a constant depending on the intensity of the primary beam, the

volume of the sample, and the geometry of the instrument. Therefore, since w
can be considered as constant and x is determined by the wide-angle
scattering (see Eq.(1) and Fig.4), from the change of Q with time information
on the change of the difference of the densities of the crystalline and
amorphous regions p ^ can be obtained.if, especially, Q changes proportional
to x, this difference is constant as is usually assumed in the two-
phase model for the structure of semi-crystalline polymers.
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Measurements were performed during isothermal crystallization of polyethylene
terephthalate at 117 C. Fig. 5 shows the wide-angle scattering at
different crystallization times.

The patterns were obtained by photometric evaluations of the films.
Fig. 6 shows the change of the small-angle scattering at different cry-



stallization times. One sees that a small angle peak gradually develops.
Pig. 7 shows the scattering power Q and the fraction of the material trans-
formed into spherulites x as a function of time. Q was normalized in such
a way that the value at the end of the crystallization process is 1. One
sees that within the error of the experiment Q changes proportional to x.
This shows that the density difference between the crystals and the non-
crystalline regions does not change with time. This is in agreement with the
classical theories of crystallization.

Recently, different authors ' have found that in oriented polypro-
pylene and in oriented polyethylene terephthalate crystallization takes
place by "spinodal decomposition of crystal defects". This means that the
density difference between crystals and noncrystalline regions is compara-
tively small at the beginning of the process and increases during crystal-
lization while the fraction of the "crystalline" material is all the time, in
a first approximation, constant. According to such a process Q should in-
crease while x stays constant. No indication of such a behavior is observed
for unoriented polyethylene terephthalate in our experiment. Therefore, the
model of crystallization by decomposition of crystal defects seems to apply
only to oriented materials where some sort of crystallization has taken place
during orientation and where, by annealing, the preformed crystal structure
is improved.

During crystallization of cross-linked polybutadiene under stretching
Saijo et al. ' have found that the degree of crystallinity determined by
wide-angle X-ray scattering increases much more slowly than the scattering
power Q. The measurements of the wide-angle scattering and of the small-angle
scattering were performed in two different experiments under the same con-
ditions. The effect is opposite to the one expected in the case of crystal-
lization by spinodal decomposition of defects. If one excludes the possibi-
lity that, due to some unknown reasons, the rate of crystallization was
different in the two experiments, one has to assume that first a lamellar
structure with a considerable density difference is developed, before,in a
second process,crystallization takes place.

These examples show that further simultaneous studies of the wide-angle
and the small-angle X-ray scattering may reveal important information on the
mechanisms of crystallization.

Partial Melting and Recrystallization of Polyethylene terephthalate

If a polymer is annealed above the temperature of its crystallization,
one usually observes an increase of the long period which is attributed to a
thickening of the crystal lixmellae. Also the degree of crystallinity in-
creases and partial melting and recrystallization occurs. The molecular mecha-
nisms of these processes are not yet fully known. Among others the following
question axist3: Do the crystals first melt and crystallize afterwards with
a larger thickness than before,or does the thickening occur gradually by
diffusion of the chains in chain direction without melting?
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In order to study the mechanisms of melting, recrystallization and
crystal thickening, investigations of small-angle scattering were performed
during stepwise changes as well as during continuous changes of temperature.

Stepwise Changes of Temperatures. Amorphous sample.:
terephthalate were crystallized at 12O C. Afterwards the
up to different temperatures below the melting point and
The heating and cooling rate was about 400 C/min.

iyethylene
. 'es were heated
, Usd down again.

Q'a.v.

Fig. 8: Change of SAXS of PETP,
previously crystallized
at 120 C, during annealing

MM/MI

Fig. 8 shows the change of small-angle scattering with time obtained
after heating up the sample, previously crystallized at 120 C, to 23O°C. One
can recognize in each scattering pattern the peak of the small-angle scatter-
ing followed by an increase of scattering to smaller angles. This increase is
cut by the beam stop of the primary beam. As the beam stopper is semi-
transparent in the center, also a signal from the primary beam was measured
(large peak at scattering angle O ) • One can recognize that the intensity of
the peak increases with increasing annealing time at 23O C. Also the maximum
is shifted to smaller angles indicating an increase in the long period.

From these measurements, the scattering power Q was determined and plotted
together with the temperature in Fig. 8. One sees that Q increases consider-
ably during the experiment. This increase is caused by two efiects:

(1) Due to the different thermal expansion of the crystals,and of the
amorphous regions above the glass transition temperature,the density
difference P_-"T Pa becomes larger with increasing temperaf :e. This
change causes according to Equ. (2) an increase of Q which occurs
simultaneously with the change of temperature.

(2) The degree of crystallinity within the spherulites w is increased
during annealing. This process goes on more slowly than the increase
of temperature and gives rise to the isothermal change of Q at 230 C.

cycles 235°C, 120°C;Fig. 9 shows the results for the three
235°C, 120°Cy 245°C, 120°C. The sample had been previously crystallized at
12O°C and annealed at 23O°C and 235 C. One sees that in the first two cycles,
during which the previous highest annealing temperature is not exceeded ,the
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change of Q occurs simultaneously with that of the temperature and is caused
mainly by changes in (p - p ).

The change of Q becomes more complicated at higher temperatures. Fig. 10
shows the results during heating of the same sample to 250 C, annealing for
15 min at that temperature, cooling to 120 C, and heating once more to 250 C.
After the heating first a slight increase of Q is observed due to the change
of (p •- p ). This increase, however, is followed quickly by a large decrease
caused by partial melting of the material and by another increase caused by
recrystallization. When the sample is cooled to 120 C, Q increases due to
further crystallization. This crystallization obviously has
on Q than the decrease caused by

a larger effect
(p - p ). After the second heating to 250 C,

again partial melting occurs followed byarecrystallization.

In the case of annealing at high temperatures the position of the peak
does not shift gradually. The small-angle peak first disappears completely
and is formed again at smaller angles <s. Fig. 11). Similar results were ob-
tained by Grubb8 with polyethylene and by Fischer^'
single crystals.

with polyethylene oxide

In order to study the influence of temperature on the rate of melting and
recrystallization we have heated up samples which were previously crystallized
at 130 C without any intermediate temperature steps to the annealing tempe-
rature T .QFig. 12 shows the results for three different values of T ,
namely 235 C, 240 C, and 245°C. One can see that partial melting is She more
pronounced the higher the temperature T is. Due to superposition of re-
crystallization with partial melting and the increase of Q caused by thermal
expansion,it is not possible to determine exactly the rate of recrystalliza-
tion. To a first approximation there seems to be no strong dependence on
temperature.
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Also the influence of molecular weight on the rate of recrystallization
has been investigated. Two samples with different molecular weights
(M = 21OOO and M = 48OOO) were first crystallized from the amorphous state
at 140 C and afterwards annealed at 230 C. Fig. 13 shows the change of the
scattering power Q for the two samples. One sees that at 140 C the sample with
the larger molecular weight crystallizes more slowly. This is in agree-
ment with previous dilatometric investigations^). Also the recrystallization
at 230 C proceeds more slowly for the sample with the larger molecular weight.
Though the effect is small it is reproducible and can be observed at other
temperatures of recrystallization too.

Intensity

Q/Q M X 4Q/4Q.

Fig. 13: Change of scattering power Q
during crystallization of PETP
at 140 C followed by annealing
at 23O°C
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WO Scattering Angic „
Fig. 14: Change of SAXS during heat-

ing of an in i t i a l l y amor-
phous PETP-sample with 9 C/
min (M =21000)

What follows from this for the mechanism of recrystallization? At tempe-
ratures above 245°C, at which the small-angle peak disappears for a short time
(see Fig. 11), crystal thickening obviously takes place by complete melting of
lamellae and new crystallization with larger thickness. At 230 C however,
where the small-angle peak gradually shifts to smaller angles, the situation
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is not so clear. The gradual shift seems to be an indication for a gradual
thickening by chain diffusion. However, such a shift can be explained also
by a superposition of a decreasing peak at the larger angle with an in-
creasing peak at a smaller angle.

The dependence of the rate of the recrystallization on the molecular
weight shows that mwlecules as complete units are involved in the
recrystallization process. A thickening by longitudinal diffusion of complete
molecules can occur only in the case of regular folding. If the chains are
forming loops and tie molecules, only parts of molecules will be simultane-
ously involved in a crystal thickening process and the rate should not
depend on the molecular weight. Therefore, from the kinetic results, we con-
clude that also at 23O C crystal thickening takes place by complete melting
and recrystallization of lamellae.

Continuous Heating. Fig. 14 shows the change of small-angle scattering
during heating of an amorphous sample with a constant rate of 9°C/min. One
sees that at about 120 C, where crystallization starts,a small-angle peak is
developed. With increasing temperature the intensity of the peak increases
markedly and the peak shifts to smaller angle.

Fig. 15 shows the dependence of the long period on the tempjrature during
heating with different heating rates. When the sample is heated up slowly,
the long period stays constant up to about 240 C and increases rapidly at
higher temperatures. For larger heating rates the increase occurs already at
smaller temperatures. The points indicate the long period obtained after quick
heating of the amorphous sample (4OO°C/min) to the crystallization tempera-
ture followed by an isothermal crystallization for 3O min.

Fig. 16 shows the scattering power as a function of temperature. For slow
heating,Q is constant up to 240 C. Afterwards a decrease followed by an in-
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Fig. 15: Change of the long period L
during heating of an initially
amorphous PETP-sample with con-
stant rate (M =21000).
(o): samples crystallized at con-
stant temperature for 30 min from
glassy state
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Fig. 16: Change of scattering
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amorphous PETP-sample
during heating
(M =21000) with constant
rate



crease is observed, which can be attributed to partial melting and recrystal-
lizat.ion. During fast heating the superposition of both effects obviously re-
sults in a continuous increase of the degree of crystallization.

The results can be interpreted in the following way: During slow heating
the lamellar structure formed is comparatively stable and does not change up to
a temperature of about 240 C.Then immediately large changes occur accompanied
by the decrease and increase of Q and a large increase of the long period. In
contrast to this, during rapid heating, the lamellae formed are not as stable
and they are transformed to more stable ones gradually starting already at
lower temperature. According to this also the scattering power Q and the long
period increase gradually. This interpretation is in agreement with the calo-
rimetric measurements performed by Groenincks et al.* *

gre

We have also investigated the influence of the molecular weight M on the
long period. It turned out that the long period increases proportional to
YM", in agreement with results obtained by Rault et al.*2^.

Polymers Forming Different Crystal Modifications

Synchrotron radiation is also a good tool for investigating the kinetics
of crystallization of polymers which form different crystal modifications.
With synchrotron radiation, as opposed to dilatometry, one can observe during
the crystallization process which crystal modifications are formed.

Te=167»C (040)

Fig. 17: Change of WAXS during cry-
stallization of PEN at T
after heating from the glassy
state

25s

Fig. 18: Change of WAXS of unoriented
quenched polypropylene
during annealing at 80 C

Fig. 17 shows the change of the wide-angle scattering of polyethylene-
naphthalene-2,6-dicarboxylate (PEN) during crystallization at two different
temperatures.One sees that different crystal modifications are formed. Wiswe
et al.^3) have studied the kinetics of crystallization for the different mo-
difications. In addition, they have shown that the crystal modification ob-
tained at the higher temperature is more stable but more difficult to nucle-
ate than that formed at the lower temperature.
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When isotactic polypropylene is quenched from the melt it crystallizes
in a so-called smectic form showing two broad reflections•During annealing at
an elevated temperatures the a-modification is formed. This process was in-
vestigated by Cabarcos, Bosecke and Zachmann^4'. Fig. 18 shows the change of
the wide angle-scattering during annealing of smectic polypropylene at 8O C.
At the beginnung only the two broad reflexions of the smectic phase are
visible. With increasing annealing time the (040)-peak of the a-modification
is formed and increases gradually in intensity.

Such a transit also occurs if the smectic polypropylene is first oriented
and then annealed. Fig. 19 shows the change of the scattering during heating.
These four scattering patterns were obtained using a vidicon system in
addition, the intensity is plotted as a function of the scattering angle along
the center of the reflections. One can see how the two broad peaks of the
smectic phase are transformed gradually into the three peaks of the a-modifi-
cation. The dependence of the rate of transition on the temperature and the
changes in the small-angle scattering were investigated.

Also extensive studies concerning crystal modifications in polyamid-6
have been carried out '.

Fig. 19: Digitized Videoframes showing
the transformation of smectic
polypropylene into the a-phase
with increasing temperature
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Study of the Crystallization of an Elastomer under Strain at
Subambient Temperatures

J. M. Schultz
University of Delaware, Newark, DE 19716

INTRODUCTION

Polymers with a regular chain configuration are in general capable of
crystallization. Natural rubber (cis-l,4-polyisoprene) is no exception. The
melting point of quiescent natural rubber is 28°C (i), but increases with
strain (2). The maximum rate of crystallization occurs at approximately -25°C
(3,4). The crystallization rate increases dramatically with the degree of
mechanical extension of the material (4,5). Further, the dimensionality of
the crystallization geometry, as determined from the Avrami coefficient (6),
appears to decrease with extension, from nearly three-dimensional at no
extension to one-dimensional at a sixfold extension (4).

It is of interest to examine the crystallization of stretched rubber in
more detail, in order to test new concepts in strain-assisted crystallization.
Recent investigations of the development of microstructure in melt-drawn (7-9)
and cold-drawn (10-12) polymers, indicate that crystallization may occur by
the spinodal demixing of chain conformational defects. This type of
transformation requires no nucleation event and is characterized by a gradual
spatial modulation of density. Classical nucleation and growth processes, on
the other hand, require an incubation time, during which nucleation takes
place, and are characterized by sharp steps in density between the host and
transformed phases. For the problem at hand—the crystallization of a highly
stretched polymer system—the two types of transformation are depicted in
Fig. 1 (9). In either case, the starting condition is one of highly aligned
chains with such a high concentration of conformational defects that
crystallinity 1s absent. The defects translate along the chain axis and
accumulate in defect-rich regions. For the case of classical nucleation and
growth, relatively defect-free regions act as crystal nuclei, while the defect
clusters immediately assume the character of an ideal melt or glass. For the
spinodal demixing case, a periodic modulation of defect concentration
(density) forms and grows continuously in amplitude, at constant wavelength.
Whichever case is true, the microstructural periodicity must correspond to the
measured periodicity, which is always of the order of 100A. Small-angle x-ray
scattering (SAXS) derives from microstructural features on the scale typically
of 20-1000A. The details of the SAXS signal represent details in the
microstructure. Therefore, obtaining good quality SAXS signals during the
course of a phase transformation can be used to determine the detailed nature
of the transformation. In the present case, the crystallization of natural
rubber has been viewed as a useful testing ground for strain-assisted
crystallization. A lightly crosslinked natural rubber can be stretched
several fold beyond its original length with no retraction of the chains to a
coiled configuration. Such re-coil1ng in non-crosslinked polymer systems acts
as a competition to crystallization and inhibits the range of conditions over
which one can usefully study strain-assisted crystallization in such
materials.
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Illustration of (a) nucleation
and growth and (b) spinodal
demixing of conformational
defects in the transformation
from oriented, disordered
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It is useful at this point to comment on the morphology of
strain-assisted crystallization. It has been suggested that the first stage
of strain-assisted crystallization is the creation of fine fibrillar crystals
whose chain axes H e parallel to the draw direction (13-16). Lamelliform
crystals can later grow radially outward from the surfaces of the fibrils,
retaining their chain axes parallel to the tensile axis. The lamellar
crystals form long, periodic stacks—or rows—in the tensile direction.
Such a product is said to have a "row structure" (17,18). If the strain is
sufficiently great and/or the ability of chains to retract sufficiently low,
only the fibrillar crystals may be observed (19-22). All data which appear to
be interpretable in terms of spinodal demixing have been obtained on systems
claimed to be entirely fibrillar (7-12), at least initially, although
transformation from a fibrillar to a row structure is known to take place
under similar thermal conditions in these systems (23,24).

Transmission electron microscopy studies of natural rubber crystallized
under strain at subambient temperatures have been reported by Andrews (25) and
by Luch and Yeh (26). Andrews' micrographs show only row structures.
However, the thin films used in those investigations were uncrosslinked, were
subjected to only moderate extensions (up to 3X) and were examined only after
long-term crystallization—all factors which would tend either to inhibit the
formation of fibrillar crystallization or to promote the formation of lamellar
overgrowth on the fibrils. The studies of Luch and Yeh, while also conducted
on uncrosslInked rubber, go to much higher extensions. In this work, the
fibrillar crystals are clearly visible.
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Based on the above morphological observations, 1t appeared desirable to
be able to make SAXS observations at the earliest stages of crystallization
and to use the highest stretch ratio possible. In this way, OM should
maximize the chance of observing any fibrillar stage of crystallization and of
the Initial rearrangement of chain defects.

EXPERIMENTAL

Experiments were carried out at the Deutsches Elektronen-Synchrotron
(DESY), using a SAXS instrument available at HASYLAB at storage ring DORIS.
The x-rays were generated by positrons used in electron-positron collision
experiments; the present experiments wefs parasitic. The SAXS system,
described by Hendrix et al (27), is based on a doubly-focused entrant beam and
a one-dimensional position-sensitive detector of the Gabriel type (28). In
this system, the beam is first focused horizontally by a curved quartz mirror
and then vertically by a curved Ge 111 crystal. The Ge 111 monochromator 1s
set to produce 1.5A x-rays. At the time of use, the maximum realistically
useable resolution was some 200A.

A specimen-control system was designed to sequentially (a) stretch, (b)
upquench, (c) heat-treat isothermally at superambient temperatures, (d)
downquench, and (e) isothermally transform at subambient temperatures. It was
considered crucial to upquench and downquench as rapidly as possible and to
come to the isothermal treatment temperatures as quickly as possible, without
over- or undershoot. To effect rapid changes in temperature, the device
sketched in Fig. 2 was constructed. The rubber specimen is held between two

ng bioocks

Fig. 2. Sketch of specimen control
device. Note the hydraulically
operated scissors mechanism to
bring heating and cooling
blocks to the specimen
surfaces.
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grips of w 1n-s1tu stretching device. Weights attached to the lower grip are
held by a trigger mechanism which can be activated remotely. Heating and
cooling are effected by bringing copper blocks, which are already controlling
at the desired temperatures, Into contact with the specimen. The cooling
blocks are cooled by externally chilled, recirculating isobutanol. The
heating blocks utilize resistance heating. The heating system is designed to
have a low thermal mass, with the intent to regulate the system rapidly by
external control. The cooling system, on the other hand, is sluggish, but has
relatively higher thermal mass. A scissors system is utilized to bring the
cooling or heating blocks into contact with the specimen. X-rays enter and
leave the specimen through 5mm diameter holes in the blocks. Aluminum foil
covers the contact surface of the specimen in order to increase heat transfer
in the hole areas. The scissor mechanisms are actuated by hydraulic lifters
which move the blocks into place in a fraction of a second. A fine
thermocouple placed inside two rubber sheets of typical specimen thickness was
used to measure the rate of cooling and of heating. In the example shown in
F1g. 3, the specimen was initially held at 53°C, downquenched to -l.t°C, held

TIME, S.

Fig. 3. Cooling (left) and heating (right) curves.

at that temperature until thermal equilibrium was attained, and upquenched
back to +53°C. The times to reach within two degrees of the lower and upper
control temperatures were 23 and 38 sec, respectively. Faster downquench
times have been recorded. Specimens used in these investigations are lightly
crosslinked natural rubbers provided by the Malaysian Rubber Producers'
Research Association.

In the experiments described here, specimens were stretched in situ at
room temperature. The stretch ratio was 6X (+1/2X). The stretched specimens
were then taken to approximately 55°C and held at that temperature for at
least one-half hour, to ensure complete melting. The specimens were then
downquenched to various subambient temperatures. SAXS scans were taken
automatically, usually at scan times of 14 sec, with no pause between scans.
Transformation temperatures used were -10, -16, -20, and -26°C. Data for
these several runs were of variable quality; consequently not all data are
shown.
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RESULTS

Three types of result are described (29). These are the total scattered
intensity, the scattering curve development, and the shape of the SAXS
diffraction spot.

Figure 4 shows the total scattered intensity incident on the counter
wire, for two temperatures, -26°C and -16°C. This quantity is proportional to
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-26°C
-16°C

Fig. 4.
Integrated intensity vs. time for
transformations at -26 and -16°C.
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the integrated SAXS scattering power Q, provided that the spatial distribution
of scattered intensity is constant, but merely scales up or down with time.
In general, the integrated scattering power is proportional to (pc-Pa) vc(l-vc),
where p c and p a are the densities of the crystalline and amorphous regions,
respectively, and where vc is the volume fraction crystal Unity. If there are
no large changes in pc and pa with transformation, then, for small degrees of
transformation, Q is proportional to the volume fraction crystal Unity.
Examining Fig. 4, it is noted that Q begins to increase as soon as the
specimen reaches temperature. (The initial steep decrease in Q occurs while
the specimen is still cooling and reflects either a change in the specimen
thickness or in the scattering power of the strained amorphous phase.) Thus
there is no incubation time. Either crystalline nuclei are preexistent,
despite the melt treatment, or the transformation is of the spinodal type.
In no experiment has an incubation time been observed. At all temperatures
except -26°C (the lowest studied), the integrated intensity curves exhibited
a shape similar to that shown for -16°C.

Figure 5 shows the development of SAXS curves at -16 and -10°C. In both
cases, the abscissa has been given no dimensions, due to uncertainty of
locating the zero of angle in these runs. (More recent work, not reported
here, does not have this problem.) For the -16°C data, the scattering curves
show a clearly resolved peak which moves slightly toward higher angle as the
transformation progresses. The -10°C result shows poorly resolved peaks at
the earliest times (up to 3 minutes), but then clearly resolved peaks of
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Fig. 5. Development of SAXS curves
during -16 and -10°C crystallization.

SCATTERING ANGLE

increasing intensity. For the -16°C set, the curves are nearly self-similar.
This is demonstrated in Fig. 6. In that figure are shown scattering curves
from 31s. and from 241s. In addition, the 31s. data have been scaled up so as
to correspond in maximum intensity with the 241s. curve. The scaled-up 31s.
and the 241s. curves nearly superpose. A similar result is found with the
data from -26°C (not shown). Self-similarity among the -10°C curves is seen
only after the transformation has progressed for some time.

DISCUSSION

The principal question to be addressed is whether the transformation of
the natural rubber studied here is of a classical growth type or a spinodal
demixing. An approach to the answer is to compare the experimental scattering
curves to simulated scattering curves for classical growth and spinodal
processes. Such SAXS curve development simulations have recently been
generated by Vignaud and Schultz (30). Atypical simulation of a spinodal
transformation is given in Fig. 7. In that figure are shown scattering curves
for equal increments of time. A scattering peak is observed to build
regularly with transformation time, the peak maintaining constant angle as it
Increases in intensity. An expected crossover of intensity (31) at the angle
(28)c is seen. Figure 8 shows that the scattering curves are not self-similar.
I
N
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N
S
I
T
Y " Fig. 6.

Comparison of the shapes of scattering
data for 31s. and 241s. at -16°C.
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Fig. 7. Simulated SAXS curves for a spinodal transformation.
The curves, from lowest to highest, represent 20, 40,
60, 80, and 100 arbitrary time units.
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Fig. 8. Simulated spinodal demixing curves for transformation
times of 10 and 100 arbitrary units. Also shown
(middle curve) is the 10 time units curve with
intensities multiplied by 10.

The lowest curve in that figure represents scattering from the system after
ten arbitrary units of time. The uppermost curve represents 100 arbitrary
time units. The intermediate curve is the lower curve with intensities
multiplied by 10; this intensity multiplication is shown so that the shapes of
the two basic curves (for 10 and 100 time units) can easily be compared. It
is clear that the scattering curves are not self-similar.
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Figure 9 is a nest of simulated SAXS curves for a classical growth
process. In this set, it was assumed crystallization occurs by the sequential

Fig. 9. Simulated SAXS curves for the classical growth of a
stack of lamelliform crystallites. In (a) are shown
stacks of 1 through 5 members; in (b) the continuation,
with 6 through 10 crystallites.

addition of lamelliform crystals to a stack of such crystals. This amounts to
the growth of a row structure. The crystals are separated by amorphous
regions. Additionally, the crystals may thicken continuously, following a
log(time) law and commencing as soon as the crystals form. The distribution of
interlamellar spacings has been defined by a Gaussian. The curves in Fig. 9
represent stacks of 1, 2, 3, ...10 crystallites. At the earliest stage {one
crystallite) the scattering intensity is a continuously decreasing function of
angle. As crystallites are added to the stack, a Bragg peak develops and
grows, while the continuously decreasing portion of the scattering quickly
vanishes. The position of the Bragg peak moves gradually to higher angle over
the early stages of transformation. For stacks of seven or more members, the
peak position is approximately constant. After that time, the peaks are very
nearly self-similar (not shown here). Also the scattering curves increase in
intensity over the entire angular range; there is no intensity crossover.

Comparison of the measured SAXS curve developments with the simulated
ones leads to the conclusion that the transformation is of the classical
growth type. The measured curves exhibit no crossover, are self-similar, and
show peak movement toward higher angles at early transformation times, all
features which are in agreement with expectations for classical growth.
Somewhat unexpected, however, was the absence of an incubation time. It
appears that the crystals grow from preexisting nuclei (perhaps the suggested
fibrillar precursors, forming at times below our measurement limits).

The conclusion that classical growth is taking place is consistent also
with the results of a few film measurements of the two-dimensional geometry of
the SAXS Bragg maxima. The film results show spotlike diffraction maxima,
with no hint of streaking normal to the draw axis. These equiaxed Bragg spots
are a clear indication of crystallites which are broad in the direction
perpendicular to the draw direction; i.e. a row structure, rather than



f ib r i l la r crystalline entities, are present. This is again an indication that
i f fibrillar-spinodal transformations took place, the time-scale was below
that probed in this study.
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The Response of Polymer Single Crystals to a Temperature Jump
Close to the Melting Point

David T, Grubb and Jay J.-H. Liu
Department of Materials Science and Engineering, Cornell University

Ithaca, New York 14853

ABSTRACT

The Cornell High Energy Synchrotron Source (CHESS) has been used to
obtain two dimensional X-ray scattering patterns from single crystal mats of
high density polyethylene with a time resolution of 0.3s. A specimen
thickness of only 0.02mm allows a hot air blast to heat the specimen to
annealing temperatures, Ta, of 120-130°C within 1.0s. The S*.XS peak spacing
increases in a generally logarithmic fashion with annealing time, but the
width and intensity vary in a more complex manner. WAXS intensity
measurement has been used to follow crystallinity changes during annealing.
It shows that melting and recrystallizatlon does occur during the first
minute of annealing at temperatures above 120°C. The recrystallization can
be fitted by an Avrami plot with exponent n=1, implying one dimensional
growth. The recrystallization is much less dependent on Ta than would be
expected from linear crystal growth rates.

INTRODUCTION

Polymer crystals of the normal lamellar form tend to thicken
irreversibly with time at high temperature.(1,2) The crystals are initially
very thin, 10-30nm and are therefore metastable with a melting point much
below that of a large crystal of the same material. The basic questions to
be answered by study of the response of polymer crystals to a temperature
jump are how the thickening occurs and what the intermediate states of the
crystal are. We need to know the kinetics of the process and as much as
possible about the structure of the material while thickening is going on.

Polyethylene (PE) is the material in which this annealing process has
been most thoroughly studied, and a primary technique has been X-ray
scattering at small angles (SAXS).(3-8) The SAXS pattern has a maximum and
its position can be simply interpreted to give the long spacing, L, which is
the thickness of the crystalline region plus that of the intervening
disordered layer. The behavior generally observed for bulk material and for
single orystal mats is a logarithmic increase of L with time at high Ta, and
this has been explained in terms of a solid state thickening mechanism where
molecules translate through the crystal lattice.(9,10) The Ta at which large
and rapid changes in L begin to appear is close to that predicted for the
melting point of the thin initial lamellar crystals. They are so imperfect
that they melt at low temperatures, giving a highly supercooled melt which
oan recrystallize very rapidly. Melting and recrystallization is known to
be occurring at very high temperatures of annealing where the
recrystallization is slow and can be followed by dilatonetry.(2) Some
workers take the view that all results oan be explained in terns of this



mechanist,(11) whereas otbers believe that both occur. (1)
In most SAX5 experiments L is determined at room temperature after

quenching the sample. The need to heat and then quench requires a minimum
annealing tiae of 6s (1,5) and even at such short times large changes in L
have already occurred. "When X-ray measurements have been made at Ta with
conventional equipment (5,12), the time required for data collection made
the minimum annealing times several hours. Equipment with multiple s l i t s
has recorded 1-D SAXS profiles in 1.8s.(13) Position sensitive detectors and
synchrotron sources have cut 2-D SAXS digital data collection time to a feu
seconds or less . (14,15) However the time elapsed before the first SAXS
pattern i s recorded was much greater than these data collection times. It
was 1-6min, controlled by the tine for thermal equilibration. Similar time
response has been obtained in a WAXS study of melting and
recrystallization.(16)

We have used an analogue recording system which further reduces the
on-line 2-D data collection time to 0.3s and have used very thin samples so
that the equilibration time i s similar at 1.0s.(8) This necessarily
increases the heating rate of the sample, and i t has been thought for some
time that faster heating rates may lead to melting and recrystallization
while at slower rates thickening occurs, stabilizing the crystals.(1) Thus
the use of fast heating to get to short annealing times may affect all the
results. We have chosen to use single crystal mats of PE as specimens
because they are well oriented without having been deformed and because the
init ial distributions of lamellar thicknesses and lateral sizes are very
narrow.

EXPERIMENTAL

Single crystals of Sclair 2907, a linear high density polyethylene of
Mn 18,000, Mw 78,000, were grown from 0.01* solution in xylene at 82°C. The
polymer was dissolved in boiling solvent, crystallized at 70°C, then slowly
heated to a self-seeding temperature of 99°C The suspension was then
cooled to 82°C and held for several hours. Material not crystallized at
that temperature was removed by repeated washing with solvent at 84°C. Mats
0.02mm or 0.1mm thick and 40am across were obtained by slow filtration. TEM
showed the crystals to be well-defined largely single - layer lozenges 1-2
microns across.

The specimen holders are box sections cut away to allow the X-ray beam
and a transverse hot air blast to pass through. A small piece of mat i s
supported in the center of the gap by Kapton high temperature resistant
adhesive tape, 0.025mm thick. The specimen is held at 5-10° from parallel
to the X-ray beam so that the X-ray path in the material is O.1-O,2osu

Fig 1 shows the small angle holder; the WAXS holder i s similar but
smaller and further cut away so that the diffracted beams are not
interrupted. The Kapton has negligable scattering at small angles, but at
wide angles i t diffracts significantly. Luckily the reflections are not
superimposed on those of PE (Fig 6, below). The hot air gun used to heat
the specimen is mounted on a vertical rod. It can be rotated so that the
hot air strikes the specimen suddenly to produce the temperature Jump. One
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th«mooouple on the air gun i s used for thermal control, and another on the
specimen holder Monitors the air temperature in front of the specimen.

SAMPLE
KAPTON

ADHESIVE
TAPE.

Fig 1 Specimen holder for air heating thin polymer films.

The specimen temperature i s not measured and i t cannot be calculated during
heating because the heat absorption of the sample depends on the degree of
reorganization or melting and this i s not known. A separate experiment
where a fine thermocouple was glued between two 0.1mm thick mats of crystals
formed at 80°C allowed direct measurement of the heating rate within the
sample.

Fig 2 Temperature difference,
delta T,between the center of a
0.2mm thick PE mat sample and the
air flow during heating. The
thermocouple i s mounted 2mm from the
heated edge.
Solid l ine : First heating. Dashed
l i n e : Second heating of the same
sample.

0 5 10 IS SO
Tim*, Mooada

Fig. 2 shows the thermal response of this sample when heated by an air
blast at 128°C. The f irs t time that the mat i s heated heating i s much
•lower than the second time because of the greater amount of endothermic
reorganisation that occurs. I t i s the f i r s t time that i s important for
annealing studies. The sample takes 13s in this case to get within 1°C of
Ta. The heating time i s proportional to specimen thickness, so for an
unsupported 0.02mm mat the time would be 1.3s. The Xapton tape wi l l



increase the time and the smaller l a t e r a l s i z e of the sample w i l l reduce i t .
The predicted r e s u l t i s 1.0a for the temperature error to be 1°C. This
equ i l ibra t ion time w i l l increase with Ta, as reorganization w i l l Increase.

Although the heating i s so rapid, the temperature d i f ferences within
the a a t e r i a l are always much l e s s than that between the material and the a i r
stream. We can then ta lk of the temperature of the sample during heat ing .
Departures from exponential behavior i n Fig . 2 can be analyzed i n terms of a
s p e c i f i c heat varying with temperature, equivalent to d i f f e r e n t i a l theraal
a n a l y s i s . Assuaing that the apparent increase in s p e c i f i c heat i s due t o
heat absorption by Bel t ing c r y s t a l s , 50% of the c r y s t a l s have melted by
127°C on f i r s t heat ing. This r e s u l t i s compatible with r e s u l t s from normal
thermal a n a l y s i s of PE s i n g l e crys ta l a a t s .

The A1 s t a t i o n a t CHESS was the source of 8keV photons, extraoted froa
the synchrotron white radiat ion by a c y l i n d r i c a l l y bent s i l i c o n or germanium
c r y s t a l followed by a f l a t g l a s s a i r r o r . This produced a f lux of up t o
5 . 1 0 1 1 photons/s i n a spot 1am high and 1.5mm wide when the storage r ing was
operating a t 5*2 GeV. For SAXS Kratky camera s l i t s 0.2mm high and normally
0.2am wide were used with a specimen to detector distance of 60cm. For WAXS
an Oscam camera pinhole 0.1am in diameter was used, and a detector distanoe
of 3cm. The detector system was a transmission ZnS(Ag) f luorescent screen
coupled by f iber opt ics to a 40mm diameter 3 s tage Varc image i n t e n s i f i e r , a
v id icon TV camera focussed on the In tens i f i e r output screen and a video tape
recorder and monitor.(17) A video display unit wr i t e s a reference number for
the annealing run, the temperature immediately adjacent to the specimen and
the elapsed time of the run on each frame of the recorded video s i g n a l .
Noise and the alow phosphors i n the imaging system l i m i t the true time
r e s o l u t i o n to about 0 . 3 s , not the 30 frames/s of the TV camera. The
analogue recording severely l i m i t s the reso lut ion of the image, but t h i s i s
not ser ious as the s ca t t er ing peaks are always broad. The main
disadvantages of the imaging system are the l imited dynamic range of 250:1 ,
and the i n s t a b i l i t i e s and n o n - l i n e a r i t i e s which make l a t e r image ana lys i s
very time consuming. For image a n a l y s i s , averages of ten frames were made,
d i g i t i z e d and processed on a Grinnel l model GMR-274.

RESULTS AND DISCUSSION

Small-Angle X-Ray Scatter ing

Symmetric i n t e n s i t y i s not expected from the Kratky camera used for SAXS and
i n Fig 3 only the upper ha l f of the pattern i s accurate. The images i n
Fig 3 were obtained from a 0.1mm mat of c r y s t a l s formed without s e l f seeding
a t 70°C with 0.2x1.2ma s l i t s i n early experiments ( 8 ) , but d i s t o r t i o n due to
s l i t length i s very small . Increases in source brightness have allowed
s imi lar patterns to be obtained from the 0.02mm mats.

The trends shown i n t h i s sequence are as fo l lows: 1) A t r a n s i t i o n
from well defined arcs to a two spot pattern. 2) A large drop i n peak
i n t e n s i t y at short times ( a - c ) . 3) At the same short t imes, the peak
becomes much broader, with continuous scat ter to the beam stop which makes
i t d i f f i c u l t to i d e n t i f y the peak pos i t i on . 4) An increase i n peak



intensity at longer tiaes (d-f) while the peak remains broad. 5) An
increase in the long spacing throughout the process, here from 112 to 178A.

Fig 3 SAXS of PE mat
during annealing. Time
from start of heating is
(«: 0, (b) 3 ,(c) 10, (d)
20, (e) ST, (f) 132s.
The images have been
digitized, averaged over 5
frames and false colored.

The change froa arc to 'arc+streak' to streak to spot in Fig 3 strongly
suggests the disappearance of the original 'arc' structure during the period
covered by Fig 3a to 3c and the gradual increase of order in the new
structure after that. TEM sections confirm this by showing long continuous
crystals bent into smooth curves in the initial samples. After annealing
the crystals have a similar angular range but contain sudden sharp bends and
zig-zags which break up the ordering of the lamellar stacks. Lower stack
order keeps the reflection broad and wide.

There is a great deal of such structural information in the full 2-D
SAXS pattern, but limited use has been made of it so far. Even at the
qualitative level as described above and when supported by TEM information
there are problems in interpretation. Thus lateral broadening of a spot
could be due to small lateral crystal size or misorlentation. Microscopy
indicates that both are present, but since the molecular chain axis is
often preserved across the sharp bends one could consider the crystals to be
large units containing many twins or to be many small units. Quantitative
analysis of the SAXS patterns has been 1-D, using only a meridional scan of
the 2-D image. The patterns scanned in Fig 4 were obtained from a mat of
self-seeded crystals formed at 62°C using 0.2x0.2mm slits during annealing
at 125°C. There are many complex changes, difficult to follow. Fig 4a
shows the complete intensity scans and Fig 4b the same after removal of
background. The SAXS peak is originally at 0.008 A"1 and moves to
0.006 A"1. The apparent maximum at 0.002-0.004 A"1 in Fig 4a comes from a
strong oentral scatter and the beam stop, which was moved between the third
and fourth curves. The central scattered intensity falls dramatically when
annealing starts. It then generally increases during annealing and falls
again on cooling. The large initial intensity is associated with voids in
the sample. The «at is translucent when prepared, and it is known that the
use of greater pressure during drying can produce transparent mats (which
contain no voids but in which the crystals are distorted).

Changes in the SAXS peak can be seen more clearly in Fig 4b. There is
an Initial very rapid rise in intensity and slight change in position. As
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the annealing time increases, the peak moves in to the oenter (L increases)
and the intensity increases again, aore slowly. On cooling, the intensity
drops and L decreases slightly. The immediate ohanfes on heating a*d
cooling « e very similar to the reversible obanges in SAXS wfaioh have been
associated with surface Belting, In a 1-D sequence of crystal and amorphous
regions, such as a stack of lamellar crystals, the scattered intensity i s
proportional to 1(1-1} where Z i s the crystallinity. As the initial value
of X i s 0.8 or higher, Belting of the lamellar surfaces without any other
change in the structure would increase the scattered intensity until the
crystallinity drops to 0.5.
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Fig 4a Meridional scans of SAXS
patterns as in Fig 3.
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Fig 4b Scans of Fig 4a with
the background subtracted.

Analysis of many curves like those in Fig 4 is summarized in Fig 5,
where the SAXS peak intensity, width and position are plotted as a function
of log(annealing tiae) for various values of Ta. The long period L
increases monotonically with time, Fig 5a. The predicted logarithmic
dependence, giving a straight line plot, is found at 123°C and at 125° after
10s of annealing. The reflection was not observed between 5s and 100s at
127°, so the straight line merely indicates the trend of available results.
At all three temperatures the solid points at the longest times are the
spacings obtained after quenching to room temperature. As may be expected,
the effect of cooling is greater when Ta is higher. Fig 5b shows the peak
intensity relative to the peak intensity before annealing begins. In this
way possible variations in scattering due to sample thickness or alignment
are eliminated. All the curves begin with relative intensities of more than
2 at times of less than 1s. The very rapid rise in intensity on heating
previously described is a factor of two, and independent of Ta in the range
considered. There Is little further variation with annealing time at 123°C.
At higher temperatures, the peak intensity drops sharply and at 127°C the
peak cannot be distinguished after about 5s. At 125°C the relative



Intensity i s 2.7 at 300s and drops to 1.7 on cooling. The peak was l o s t at
127°C, f i r s t by loss of intensity and then because i t was behind the beam
stop, but at 300s the re lat ive Intensity i s 5.0 and 4.3 after cooling. The
peak width, calculated in terms of spacing^is shown in Fig 5c.

§

T-:12S°C

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time, Log(aeconda)

Fig 5a SAXS peak pos i t ion.

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time, Log(seoonds)

Fig 5b SAXS peak intensity.

Fig 5c SAXS ref lect ion width
as a function of log(annealing
time).The fu l l width at half
maximum i s expressed in
Angstroms by applying Bragg's
law to the positions of half
peak intensity and taking the
difference. The experimental
width has not been subtracted.

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time, Log (*«oonds)

The width increases monotonically, with a rapid and substantial increase in
the first few seconds. The increase was seen in our previous experiments
(8) and associated with disordering of the lamellar stacks as annealing
begins. The width was then thought to decrease again at longer times. This
may have been due to the lack of proper Image analysis, or a real dlfferenoe
due to the different crystal preparations used.
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Wide-Angle X-ray Scattering

In the VAXS pattern, Fig 6, the dark line across the pattern is the
absorption shadow of the Kapton film. As the shadow passes very close to
the central beam position, the film and thus the sample must be almost
parallel to the beam (actually 2° fro» parallel). The pattern is weaker
above the shadow because there the beans pass through the film.

Fig 6 Transmission WAXS
pattern from a 0.02mm
thick FE mat mounted on
Kapton film. The pattern
is taken from the image
analysis output. Much of
the scatter is due to the
Kapton.

The arcs at the sides of the pattern are the (110) reflections of PE.
Because of the absorption only a limited angular range of the arc is worth
analyzing. The area used is shown by a bright patch in Fig 6. The
integrated intensity above background in this region was used as a measure
of crystallinity. The background was taken to be the average of the
intensity in the three pixels on each side of the measured region. It is
normal to measure the crystallinity of PE samples by WAXS intensity, using
isotropic samples and both (110) and (200) rings. The measurements made
here can only give relative values and these will be correct only if there
is no change in the degree of orientation. Peak intensity measurements of
(110) around the arc were made on several annealed samples and all showed
the same degree of orientation as the original mats. When the samples are
totally melted and recrystallize the orientation is lost.

Fig 7 is a plot of the integrated intensity in the region shown in
Fig 6 as a function of annealing time and relative to the intensity of the
original sample. There is considerable scatter, but several features are
clear. Firstly there is a very rapid drop within 0.5s of the start of
heating. The WAXS spacing changes at the same time due to thermal
expansion, so we can say that the heating is largely complete in 0.5s, and
the intensity drop occurs as soon as the temperature increases. The
intensity drop could be due to immediate surface melting, but at least part
must be due to the temperature factor of the crystal. The material is near
its melting point and thermal vibrations will reduce the scattered intensity
at the Bragg position. Once 7a is reached, there is a further decline in
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orystallinity which continues for 3s. After this minimum, intensity
increases back to the 'Initial' high teaperature value and on cooling it
increases again, very rapidly, to close to its original value at room
teaperature.

eo in MO

T«: 120 °C

vr"

Fig 7 WAX5 integrated
intensity in an arc of
(110), relative to the
initial intensity. Ihis
i s a measure of
crystallinity.

Ann
20 40 60

laling Time, t«, s

The period from 3-60s has been treated in the normal manner for bulk
crystallization kinetics, with a f i t to the Avrami equation:

Fraction of liquid remaining = exp ( - k t n ) .
The fractional difference In integrated intensity, f l , defined as:

f l • { [ 1(60) - I(t) 3 / [ 1(60) - 1(3) ] }
i s taken to be a measure of the fraction of liquid remaining, so
log(log(fl)) i s plotted against log(t-3) to give a straight line of slope n.
The data cannot distinguish fractional n, but n=1, a simple exponential, i s
much better than n=2. The simplest interpretation of n=1 i s that of 1-D
growth from a fixed number of nuclei. A similar analysis can be applied to
the melting at 0.5-3s, but the data is more limited. If i t i s assumed that
n*1 for both prooesses, the whole curve can be fitted by one expression
which allows for the fact that melting must precede crystallization. Such a
f i t i s shown by the solid line in Fig 7. The melting i s so rapid that for
times over 4s this f i t i s l i t t l e different from one made to the
crystallization region alone. The growth constant k for crystallization at
125°C i s 0.053"'. For n=1, k i s the initial slope of the fractional
crystallization curve, that i s , k r (initial crystallization rate / total
amount crystallized). If the geometry i s defined by assuming that crystals
are melting and regrowing from their lateral surfaces,
k * (G.L.w.N)/(L.w.w.N), where G is the lateral growth rate (measured in the
optical microscope), w i s the mean lateral size of the regions
reorystallizing, and N the number of such regions per unit volume. This i s
•Imply w»G/k and for 125°C w is 2 microns, approximately the lateral size of
the initial crystals. This i s fine, but analysis of higher temperature
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annealing gives k - 0.027s"1 at 130°C for example, and the aiall value of G
then implies very small regions are melting at high temperature, wbioh does
not make sense. It say be that the bulk values of G are not appropriate for
crystallization in small regions of melt that may form during annealing.

We have a drop in WAXS intensity in Pig 7 and a drop in SAXS intensity
in Fig 5b, but linear and log scales are difficult to oompare, so the WAXS
data i s replotted on a log scale in Fig 8 with SAXS intensity data. It

would seem that there i s some
explaining to do in that the
minima are dearly at different
times, but in these two lower
curves we are comparing peak
and integrated intensities.
With 1-D numerical Information
for SAXS, the best prooedure i s
to multiply the peak intensity
and width to give an integrated
intensity along the meridian.
This i s plotted at the top of
Fig 8 and i t increases
continuously with no minimum at
a l l . SAXS intensity increases
by 13 times during annealing at
125°C and there i s no obvious
relation to the destruction and
formation of crystalline
regions which are indicated by
WAXS measurements.

Fig 8 Upper: Meridional
integrated SAXS intensity.
Center: Peak SAXS
intensity. Lower:
Integrated WAXS intensity.
All during annealing at

3.0 125°C.-0.5 0.0 0.5 1.0 1.5 2.0 2.5
Time, Log(seconda)

Clearly there i s much work to be done in understanding the flow of
data made available by the technique of synchrotron source real-time X-ray
diffraction. Models of lamellar structure during annealing derived from
electron microscopy have to be created and used to predict the SAXS pattern
with the constraint that the crystallinity in the model follows the
variations observed in WAXS. The results so far obtained cover a range of
annealing temperatures, but use only one starting polymer and one particular
crystal preparation. Systematic study of molecular weight dependenos i s the
next priority in extending the range of data available.
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LITHOGRAPHY REQUIREMENTS IN COMPLEX VLSI DEVICE FABRICATION

Alan D. Wilson

IBM Thomas J. Watson Research Center
Yorktown Heights, NY 10598

ABSTRACT

Fabrication of complex VLSI circuits requires continual advances in lithography to satisfy:
decreasing minimum linewidths, larger chip sizes, tighter linewidth and overlay control, increasing
topography to linewidth ratios, higher yield demands, increased throughput, harsher device
processing, lower lithography cost, and a larger part number set with quick turn-around time.

I will discuss where optical, electron beam, x-ray, and ion beam lithography can be applied
to judiciously satisfy the complex VLSI circuit fabrication requirements and address those areas
that are in need of major further advances. Emphasis will be placed on advanced electron beam
and storage ring x-ray lithography.

INTRODUCTION

In the past 25 years, the field of integrated semiconductor circuits has grown in complexity
approximately six orders in magnitude and has become a multi-billion dollar business that is as
pervasive as the automobile. This phenomenal complexity growth has occurred, in part, because
of our constant reduction in the size of minimum features used to fabricate individual transistors
and memory cells. We find that about each five to six years the resist image minimum feature is
halved and the chip area doubles. Each three years a new generation of memory chips with a 4x
increase in bit size emerges, and each six years the birth of two memory generations with a 16x
increase in memory bits occurs. By early 1990s, production devices may have 0.5 pm features and
be assembled into circuits on 100 - 200 mm2 chips. The functional complexity of 1990 chips is
hence expected to be 8-1 Ox that of those introduced next year (1985) into manufacturing. Sixteen to
over 64 Mbit memory chips do not seem unreasonable from the point of view of the lithography
alone (ignoring some serious defect questions). It can also be argued that it has been the constant
demand for increased circuit complexity that has driven over the past quarter century the minimum
feature sizes from "mils" to about a micron. You may justifiably ask why all this emphasis on
smallness - the answer is: cost and performance. A question many of us argue, ponder, and
frequently try to answer is "will it ever end?" and perhaps just as frequently, "will optics make
it?"

In this brief article we will again debate the issues of submicron (.9 -» .ljtm) lithography
applied to the fabrication of complex chips in manufacturing near the end of the present decade
and into the next decade and, if our progress is slowed, perhaps beyond year 2000 (assuming we
do not get to sub 100 nanometer (0.1 pm) until after 2000). This debate covers limiting aspects
of competing lithography techniques (optical, electron-beam, x-ray, and ion beam) for submicron
feature size definition. The discussion is restricted to "direct" lithographic techniques with the
exclusion of non-direct methods such as thin films (sidewalls), shadowing, etc., methods for
fabrication of selective features.

Lithography is a diffuse subject that eludes some, mystifies many, and presents captivating
problems to a few of us. Lithography is a subject which requires a "systems" approach to
combining tooling, resists, and subsequent device processing in a coherent way to achieve a
"product" that is economic, has a broad application, and is technically productive. Too frequently
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we develop the technology without regard to the systems aspect (see Figure 1) and consequently
do not attain our ultimate goal. We ultimately would like to maximize overlap regions depicted in
the Venn diagram of Figure 1. Challenges abound in lithography - extension of optics below 0.5
fim, lower cost and higher throughput electron beam systems, economical application of x-rays in
the printing process, practical ion beam lithography systems, and resists for these methods that
have high sensitivity (needed for high throughput), good resolution, and process compatibility.

LITHOGRAPHY

Figure 1 - Systems aspect of lithography.

COMPLEXITY

The complexity (Table I) of semiconductor integrated circuits has progressed from a few
gates SSI (small scale integration) to MSI (medium scale integration) to LSI (large scale integra-
tion) but not thru VLSI (very large scale integration). The next complexity era, GSI (Giant Scale
Integration: 0.S /un< minimum feature size < 1 pm) will be followed by HSI (Horrendous Scale
Integration: minimum feature size < 0.5 Mm). Many talk of VLSI but few actually practice VLSI
in manufacturing - we deal today primarily with LSI and with a few selective parts that truly fall
into the VLSI regime. If we examine the trends in minimum feature size, number of active
devices, chip or die size, and the wafer size, we find that today the wafer area has grown a factor
of 25 from the onset of integration with a soon anticipated growth factor to 40 when 200 mm
wafers are in full production. The chip or die size has gone in 20 years from a few square mils to
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designs at 1 cm2 with a constantly decreasing minimum feature size and growing number of
devices per chip or die. Should these trends continue to sub 0.5 micrometer and beyond, and
there is no genuine reason for them not to except for the difficulty of doing aunafactaring
lithography with large chip sizes and high yields, we will, or may, find ourselves with an extremely
difficult lithography task by the end of the present decade or very early in the 90s. It is not
difficult to project a 16 to 64 Mbit drum fabricated in true half micron ground rules having a
memory cell of S 10 /un2 and thus covering an area between 160 and 320 mm or 1.2 cm x 1.2
cm to 1.7 cm x 1.7 cm, where the minimum lithographic image printed in resist is perhaps 0.7 to
0.8 of the minimum designed feature or 0.35 - 0.4 jtm.

TABLE I: COMPLEXITY OF SEMICONDUCTOR INTEGRATED CIRCUITS

YEAR

60-6N

65-75

72-X.1

KO-KH

H5-<>3

<><>•**

CLASS

SSI

MSI

LSI

VLSI

GSI

HSI

21

2"

2"

2'"

Z2'

2-"

NO.

-21

- 2 "

- 2 1 7

1 - 2 "

- 2 2 V

- 2 «

DEVICES

(2 - 128)

(64-

(20K

l(i4K

(2M-

(64M

4K)

- 12HK)

-4M)

12XM)

-40O0M)

L1THO

> 10

3 - 10

1.5-4

.75-2

.5 - 1

<.5

CHIP SIZE
mm2

1-15

10-25

15-SO

25- 75

50-200

100-400

WAFER SIZE
mm

25

50

50- 100

100- 125

125 - 200

> 200

Today, no captive or commercial lithographic tool exists that is suitable to satisfy this
requirement. Moreover, there are only a few (electron-beam) tools capable of this technical
requirement (minimum feature size, overlay, field size) but they lack sufficient throughput for
serious manufacturing.

Let us now delve into the individual lithography techniques available to us and explore
each one's limitations in hopes of guiding us to a sane conclusion on the method or methods that
will satisfy our 16-64 Mbit, 0.5 nm requirement by the end of the decade. There is no doubt that
we will be doing 0.5 nm lithography, and it is likely that it will not stop there but continue to the
sub 0.5 nm regime with 0.2 jam needed by perhaps year 2000 (Figure 2). Therefore, in discus-
sions to follow, we must focus not only on the 0.5 j«m requirement but also on extension to the
0.2 iim domain. Figure 2 illustrates minimum dimension vs year of production with some
extrapolations on how those minimum features may be generated in the 1984 - 2000 era: refrac-
tive or reflective optics, E-beam and/or storage ring,or other bright source x-ray lithography.

Key issues in lithography are:
• Resolution

- fine line/pitches with good feature size control
- alignment capability commensurate with the resolution

• Field or chip size
- growing larger and larger

• Throughput
- a manufacturing requirement

The last figure of this paper (Fig. 15) shows the ultimate type of single-layer resist image we
would like to have: good submicron resolution combined with high aspect ratio resist profile and
good linewidth control.
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Figure 2 - Image minimum dimension
vs. year of production.

2000

LITHOGRAPHY CHOICES

Optical lithography enjoys an advantage of being the major technology in use today Jn
manufacturing. It has high throughput, relatively low cost, and the disadvantages of limited depin
of focus and resolution and alignment over large chips. Electron beam lithography enjoys the
advantages of demonstrated submicron resolution and alignment but disadvantages of low
throughput and high cost. X-ray lithography has the potential of high resolution and throughput
with some concerns about alignment and cost.

The lithographic techniques available to us for generation of the IC pattern features are:
Photon exposure (optical wavelengths, > 200 am)

1:1 scanning projection; full wafer printing
Nx reduction; chip by chip printing
Unique optical systems

Electron beam exposure
Direct write; Gaussian vs. shaped beam
Proximity writing (requires masks)
Reduction optics (requires masks)

X-Ray exposure
lx proximity printing; full wafer vs. significant fraction of a wafer printing
'.Veak source vs. bright source

Ion beam exposure
Direct write; focused ion beam
Proximity printing (requires masks)
Reduction optics (requires masks)

We will next explore some of the expectations of the limit or critical problems in each of
these lithography choices.
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OPTICAL LITHOGRAPHY

RESOLUTION

Optical lithography1 has been the mainstream process for high volume IC manufacturing.
However, as we approach the one micron and submicron feature sizes, we must look critically at
the problems encountered in printing these features. The usable optical resolution (R) as a
function of numerical aperture (NA) of a lens and as a function of the wavelength (A) of the
illumination is

R =s 3X
4NA'

(1)

The "depth of best focus" (D) for a lens can also be expressed as a function of NA and \ and is

2(NA)

and eliminating NA gives depth of focus in terms of A and resolution:

R2

(2)

(3)

From Eq. (3) we see that the optical depth of focus decreases as the square of the resolution and
increases linearly with a reduction in wavelength: Figure 3 illustrates this, and we see that at a
minimum feature of 1.3 /tm and 436 nm illumination (reasonable operating parameters for
present-day optical steppers) the depth of focus is about 4 /im. However, as we go to 0.75 pm
resolution and 365 nm illumination, the DOF decreases to about 1.5 jum. At 0.5 jum, using 250
nm illumination, the DOF is only 1 /im.

OPTICS
R«NHN.RES.~3X/4NA

iO.O

Figure 3 - Depth of focus
for optical systems.

02 0.4 0.6 1.0 2.0
A.FABRICATED LINEWI0TH

4.0 6.0 IQO
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D.G. Goodman has recently computed irradiance contours for simple images formed by
microcircuit lenses as a function of focus, abberations, and linewidth. Figure 4a shows the
irradiance distribution for perfect focus of a lens printing a linewidth of 0.75X/NA. If the
required linewidth is decreased to 0.5 X/NA, Figure 4b shows a markedly poorer irradiance
distribution. This illustrates why most people consider the practical lens resolution limit to be
0.75 X/NA. Figures 4c and 4d show the disastrous effects of a 0.5A defocus and astigmatism error
on the irradiance distribution, respectively. I think it should be clear from Figure 4 that the
reliable printing at the lens resolution limit is indeed a difficult task. Doing this over large fields is
more difficult.

(a ) (b)

( C )

Figure 4 - Irradiance contours for an optical system: (a) linewidth = 0.75 X/NA;
(b) linewidth » 0.5 X/NA; (c) defocus =* 0.5X; (d) astigmatism = 0.5X.
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While no clear formula can be given, it is generally observed that the number of printable
pixels in a single optical field is on the order of 108. Figure S not only illustrates this observation
for optical systems but shows the corresponding situations for e-beam and x-ray systems as well.
This implies that the maximum field size (in units of resolution element dimension squared) (for a
single optical field with no mechanical motion linking or stitching fields together) is about 108 x
resolution. At 0.5 jam resolution, the maximum

SEB = shaped electron beam
SlR * step and repeat optics
uv4 = 300-500 Microlign system -

arrow down is going to uv2
StS * concepts only - deep uv

high N.A. steppers
XRA * storage ring with 4 cm2

or larger mask

10°
m m '

FABRICATED LINEWIDTH vs FIELD SIZE

Figure 5 - Basic system resolution and field size without mechanical motion.

single field chip size is thus about 25 mm , and from Table I we see that this is likely to be too
small to print the size of chip needed at this resolution in the time frame required. To print such a
chip requires an optical system, including alignment, that can join fields to mechanically multiply
the resolution of the basic optical lens. This concept is what Perkin-Elmer accomplished in their
MicrolignR series of 1:1 scanning projection printers. These systems, as presently configured, are
limited to a resolution of ~ 1.1 urn.

There are, therefore, several key concerns about the extendability of optical lithography to
the submicron region. They are:

• Quadratic reduction in depth of focus with resolution - nearing the practical
mechanical limit (~ ± 1/2 /im.)

• Necessity for mechanical stitching of optical fields to create a single field of
adequate size for future chips.

• A ~ 200 nm lower limit for practical optical wavelengths because of inadequate
transmission of optical materials below this wavelength.

To get down to the 0.5 p.m minimum feature size and smaller will require optical systems that are
unique and not merely extensions of existing designs if they are to print not only the fine lines but
also over fields large enough to cover full chips. Such systems do not exist today at the 0.5 pm
and below resolution.
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Standard multilayer resist systems do not actually improve in any way the fundamental
resolution of the optical systems, but rattier make the substrate appear to be more planer. The
recent development of a resist that bleaches in the exposed area and thus acts as a "contrast
enhancement filter" is a development which is likely to assist in the extension of optical' lithogra-
phy to O.S urn in manufacturing.3 If a thin top resist imaging layer is used, then the MLR
effectively separates the imaging and high aspect ratio resist profile functions into two steps. The
resist profile is created by RIE or other image transfer methods. These multilayer resists do,
however, improve the utility of optical systems greatly in semiconductor 1C fabrication near the
resolution limit of the tool. They also permit the elimination of deadly standing-wave
interference-reflection effects by the addition of absorbing dyes in the planarizing layer.

While optical lithography is the workhorse of the industry today, it is facing an uncertain
future as we move into the submicron domain for the printing of real chips. If it were possible to
decrease the actual chip size as the resolution shrinks, then the future of optical methods is more
certain, but this has not been the trend. Perhaps this trend will change, which would then
influence the architectural design of computer hardware: chips and packaging. Alternatively,
clever optical designs combined with advanced mechanical systems may keep optics growing with
the trend line. We will next discuss some radically different lithography techniques: electron beam
and x-rays.

ELECTRON BEAM LITHOGRAPHY

SYSTEMS

Electron beam lithography4 has enjoyed about a decade of use in microcircuit engineering and
fabrication. E-beam was, at one time early in its development, predicted to replace optical
lithography by now. This prediction failed to materialize because of incorrect evaluations by some
which suggested optics was finished at 2 or so microns and overly optimistic throughput expecta-
tions for electron beam.

Electron beam lithography has found some important niches which are 1) mask generation:
lx, Nx optical, and x-ray, 2) advance circuit development at submicron dimensions and 3)
personalizations of masterslice (not necessarily at small dimensions), and 4) selective patterning of
small features in a mixed mode operation (i.e., fine gate definition on wafers mostly printed on an
optical stepper).

There are at least three problems germane to the question of E-beam lithography taking
over the major manufacturing of IC's from optical lithography: 1) system complexity and cost, 2)
proximity effects compensation (electron interaction-scattering - with the resist and substrate),
and 3) system throughput.

On the first issue, electron beam systems are by their basic nature, and by the fact that
they are pattern generators rather than merely "replicators," significantly more complex and costly
in capital and operating supporting dollars compared with optical lithography tools, and this trend
seems to be continuing today.

PROXIMITY EFFECT

The second issue, proximity effect compensation , has been examined by many and is now
quite well understood but not necessarily practical in some cases or practiced at all in others. It
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has been observed that for 20 keV electrons and 0.5 pm ground rule devices some form of
proximity correction is essential to maintain linewidth control. TUe model used to explain
proximity effects was offered by Chang5 nearly a decade ago and is the sum of two Gaussian
functions: one Gaussian represents the forward scattered electrons or beam spreading and the
second Gaussian represents the backscattered electrons from the resist and substrate.

Figure 6 illustrates the range of scattered electrons at 10, 20, and 50 keV caused by a
pencil of electrons imer.*sd into 1 /im of resist on a silicon substrate.6 From these Monte Carlo
computations it is clear tint circuit shapes adjacent to each other are going to each receive some
scattered dose (intershs^s proximity effect) which is a function of size and closeness of all shapes
surrounding the sfopc jt question. In addition to intershape effects, there is an intrashape
proximity dose which Is (he dose scattered into the shape while it is being exposed.

-l.i

-3.5
-25O-2OO-I5O-IOO -3.0 -0,0 5.0 10.0 ISO 20.0 250

cm „)()

(a)

-J.5

-25.0 -J0.0 -15.0 -10.0 -5.0 -0.0 5.0 10.0 15.0 20.0 25.0

cm xio"1

(b)

Figure 6 - Monte Carlo simulations of scattering
of electrons for 80 jtC/cm2 dose in ljim of
resist on thick silicon substrate at: (a) 10 keV;
(b) 20 keV; (c) 50 keV electron energy.

- 2 5 . 0 - 2 0 . 0 - 1 5 . 0 - 1 C . 0 - 5 . 0 - 0 . 0 5.0 10.0 15.0 20.0 25.0

Cm x10" 8

(c)

Several techniques have been explored and utilized to reduce the effects of the scattered
electrons. The first and perhaps the most obvious would be to calculate the total dose received by
each shape - intra and inter, scattered and direct - and then to adjust the actual exposure dose for
each shape so that the resist is given unity, or close to unity, exposure everywhere. This is
presently done on IBM Vector Scan and EL-3 electron beam tools for submicron devices. What is
not possible, however, is the "removal" of electrons scattered into the regions not being intention-
ally exposed, and hence the spaces between adjacent shapes receive some unwanted dose that
cannot be compensated for by the exposure process. Figure 7 shows the absorbed dose as a
function of distance into the resist and for 10, 20, and 50 keV electrons. Here we can easily see
the loss of contrast at low electron energy and the decrease in sensitivity at the resist at high
energy. Another approach to proximity effect compensation is the use of thick inert resist films to
"float" the "imaging layer" above the substrate, and this decreases the the number of electrons
scattered by the substrate into the imaging regions.
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Figure 7 - Cross sectional view of absorbed electron dose as a function of electron energy:
(a) 10 keV; (b) 20 keV; (c) 50 keV, and as a function of position in the resist
layer: top, midway, and bottom (Si-resist interface) for pattern of parallel lines,
O.S pm minimum width and larger.

Computer times to determine the best dose for each shape can be excessive as the chip grows
in size. Considerable effort has been placed on this problem; the studies by Gerber and Jones8

are notable examples.
Figure 8 illustrates a 0.5 jim feature exposed in resist at 25keV without and with proximity

correction implemented with dose control. It is quite apparent that it would be very difficult to
delineate, with any reasonable degree of linewidth control, groups of these small features containing
isolated shapes, some in close proximity to each other and some adjacent to large shapes.without
adequate compensation from electron scattering effects.

Use of multilayer resist systems may make proximity compensation easier, particularly
when the energy of the electron is also selected for optimum conditions. Energy of the electron at
25 keV may be in a region which is not optimum for proximity effect correction. At 10 keV the
electrons do not have sufficient energy to penetrate through thick layers of the planerized resist
(inert resist layer) to the silicon substrate and consequently backscattering of electrons is not very
great. Thus, if a top image layer is used which rests on a micrometer or so of inert resist,
proximity effects can largely be ignored. However, this combination has not been very useful in
direct patterning of IC's because the primary beam cannot penetrate the resist layers and be
scattered off the alignment marks.
If the resist is removed from the marks by pre-exposure or abalation, then 10 keV can be
attractive for device making. In mask making, it is a good combination because no alignment is
necessary.
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Figure 8 - Example of 0.5 pm feature (gap, line, gap) exposed in a "tower" pattern
(different size shapes on either side) without (a) and with (b) proximity correction
at 25 keV.

7000-

Figure 9 - Absorber dose through the resist
as a function of beam energy.

Figure 9 illustrates the absorbed dose through the resist layer as a function of the primary
beam energy. Below about 40 keV the absorbed dose varies significantly through the resist layer,
and this phenomonenon effectively lowers the contrast at the lower primary beam energies.
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Computing a figure of merit of the resist/e-beam exposure process further illustrates the advan-
tage of high energy beams. Figure 10 shows the ratio of resist sensitivity and contrast. At lower
energies the resist is very sensitive (high absorbed dose) but has poor contrast. At high beam
energies the resist is two to three times less sensitive but the
definition the high energy probe is attractive.

'contrast" is high. For fine line

1.0

°0 K) 20

Figure 10 - Resist sensitivity normalized to difference in top
minus bottom layer sensitivity

for O.S (im line: i.e. sensitivity -f- a contrast function.

30 40
KM

50 60

Throughput: Gaussian vs. Shaped Beam Systems

One serious concern about electron beam systems for manufacturing has been the throughput
of these systems. For round Gaussian-type beams the throughput is inversely proportional to the
product of square of the beam stepping distance and dwell time (resist sensitivity). For fine-line
fabrication it is common practice to draw a minimum feature line by several passes of a beam,
typically 4 to 8, and thus definition of a minimum feature may require from 16 to 64 exposure
pixels. For round Gaussian-type systems using a bright electron source such as LaBe or field
emission, the system throughput is usually limited by the digital/analog deflection system and not
entirely by the resist sensitivity. For shaped beam systems the opposite is usually the case because
the beam current density is generally lower.

At what minimum feature size does the throughput of a variable shaped electron beam system
merge or equal that of round Gaussian systems? If the average shape written is composed of 4 to
6 minimum feature sizes, for example a O.S /tm by 2.5 pm line (0.5 x 0.5 /<m2 minimum feature
size), then the average number of Gaussian spots exposed in one "flash" of the shaped beam
system is between 80 and 320 depending on how many beam passes are used to expose the
minimum feature shape. Assume five passe^and the pixel count is then 125.

The trend in electron beam system design has been to use high current density probes for
round Gaussian beam systems operating at high stepping rate and to use lower current density
shaped spots stepping at a lower rate for variable shaped beam systems. Let the variable shaped
beam system have a current density JVSB and the round Gaussian beam system a current density
JRGB an<* further assume that the average shape can be exposed as Nmfs/shape minimum feature
sizes (mfs) for either system where the round Gaussian beam system (RGB) would compose a
minimum feature size by exposing Ngpots/mfs discrete spots at a frequency fRGB and the variable
shaped beam system (VSB) would expose this average shape by a single- exposure at a frequency
fVSB. For a resist of sensitivity S, the shape exposure time for both systems, ignoring all
overheads is:
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Nspots/mfs x Nmfs/shape x S

TRGB " r

JRGB

equating the exposure times and letting Nspot//mfs x NmfS//shape m n we get

JRGB * n JVSB
where n » Nspots/mts x Nmfs/shape. That is, the current density of the round Gaussian beam
system will have to equal n times that of the shaped beam system: n being over 100 can place
round Gaussian beam systems at a disadvantage from a throughput point of view - but that is not
the whole story. One other significant consideration is that shaped beam systems have been built
and are operating in the >5 MHz step rate range. The round Gaussian beam system will have to
operate at n times the step rate of the shaped beam system.

Note that the actual stepping rate is determined by the ratio of resist sensitivity and beam
current density. To make a system step faster requires either a faster resist (which may have
poorer resolution) or a higher beam current density (which tends to have a large spot or probe
size).

For Gaussian systems to compete, assuming the high current density can be achieved
without enlargement of the spot, it is possible that they have to step at a rate well in excess of
several hundred megahertz - this is difficult to achieve. If the RGB system has a current density
near the limit of about 300 A/cm2 for a 0.1 pm spot, then with a fairly agressive positive resist
having a sensitivity of 5/xC/cm2 the maximum stepping rate is

f « 3 0 ° A / C f f i - « 60MHz.
5 fiC/crn2

To operate the system any faster would require a resist significantly faster, and below a sensitivity
of about 0.S /wC/cm2 we begin to get concerned with the number of electrons per pixel or spot.

Throughput Reduction with Minimum Feature Size

We have noted in experiments of minimum feature size reduction with high pattern quality
(reduction factor r) on a shaped beam system (modified from 1 pm minimum features) that it was
necessary to decrease the beam current density by a factor almost equal to the reduction factor,
and also to decrease the maximum size shape by the same reduction factor r. To maintain the
same image fidelity as the feature size is reduced, it is also necessary to decrease the beam edge
rise distance to maintain a constant ratio of minimum feature size to beam edge rise distance. The
implications of these observations are: the time to write a given chip with a shaped beam system
decreases as the chip minimum feature sizes decreases because the beam current density must be
decreased to maintain adequate edge size control. In Gaussian systems this may not be as
necessary.

What is the throughput of electron beam systems as the minimum feature size is decreased
from the 1 micrometer domain to sub 0.5 micrometer? Does the throughput in wafers/hour
remain constant? Several interesting observations have been made.

When the minimum feature size is reduced a factor r, the number of pixels to write per
chip or die stays constant, if no proximity correction is performed. The chip tkrHHnhwtt will thus
stay constant but the wafer throughput will decrease by ~ r2. For minimum features at »nd below
a micrometer, the shape or exposure pixel count will grow (from that of minimum feature £
1.5 pm) a small amount because some shapes will have to be partitioned to optimize the proximity
correction. This may or may not be a small reduction in throughput.
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In shaped beam systems, the electron-electron interaction causes a spread in the energy of
the incoming electron beam as well as its trajectories which adversely affects the quality of the
shaped beam image. Second, small column charging and scattered electron effects degrade the
image and have to be reduced. To reduce these effects it is necessary to simply reduce the
number of electrons in the beam and hence the current must be decreased. The total current is
automatically decreased for a constant current density because we note that as the minimum
feature is reduced, so was the «"«>—^ feature size, i.e. if at 1 pm mfs it was possible to draw a 4
x 4 tim2 shape then at 0.5 pm mfs it is likely that only a 2 x 2 /im2 can be drawn (maintaining the
same image quality). But what we also point out is that it was necessary to also decrease the
cwMt Jenrity by a factor between r and r2 (perhaps r1'5). This is a significant unexpected chip
and wafer throughput reduction of a shaped beam system with shrinking feature sizes. When the
maximum shape size and then the current density was decreased the shaped aperture image quality
became adequate for small feature size generation.

Thus the wafer throughput can be expected to decrease at least by r3'4 as the minimum
feature size is decreased by a factor r (r <• 1/2 for mfs going from 1 to 0.5 jinn). One can try to
write faster as the feature size is decreased to compensate for the throughput reduction effects,
but if the same resist is used, it will be necessary to increase the beam current, but this can be
done only at the expense of image quality, and usually we find it necessary to go the other way and
decrease the step or clock rate to allow more settling time for the electronics and deflection
systems. This can cause another throughput reduction by a factor of r.

Lastly, resist tends to require more dose as we shrink the minimum feature sizes for the
same quality image. Perhaps this is another factor of r1'2. If we are near the minimum of ~ 200
electrons per resolution pixel then the throughput is reduced by r2. This is necessary to give a
minimum number of electrons to a pixel elsment. To summarize at a constant wafer throughput:

Effect Impact on throughput

Pixel count growth r

Current density effect (shaped beam system) r "

Less sensitive resist for improved resolution ~ r1"2

Deflection clock settled/noise reduction ~ r0"1

Wafer growth r2

Hence the wafer throughput of a shaped electron beam system can be expected to decrease a
factor of between r4 and r as the minimum features decrease in size. Scanning shaped electron
beam systems designed for a current density of 50 amp/cm , 0.2 /tin beam edge rise, 1.0 /xm
minimum feature, 4 x 4 jum2 maximum shape, and 30 wafers/hour for a specific VLSI chip may be
able to only write 30 -r 16, or perhaps as little as 30 -r 32 (or less), one wafer/hour, at 0.5 /xm
ground rules. Note that the beam current varies a factor of 32 times as the size of the shape that
is written is changed (from 16/urn2 to 0.25 pm2). It is not entirely clear to us at this time if these
throughput degrades can be removed by new design concepts or implementations.

Some suggestions are to maintain as large a maximum shape size as possible as the
minimum feature shrinks. This can be achieved perhaps by reducing electron-electron interactions
(i.e. minimum tight bunching or confinement of the electrons as they traverse column) via new
column designs. Such a design may also allow increased current density instead of having to
reduce it for submicron systems. If these objectives can be attained, then we might find experi-
mentally that a variable submicron shaped beam system can be buiU that has a reasonable
throughput.
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X-RAY LITHOGRAPHY

A full discussion of x-ray lithography is well beyond the scope of this talk aad article. We
are going to explore x-ray lithography from the point of view of bright sources such as a storage
ring. I will assume that the engineering problems of masks, alignment, etc., can, with adequate
attention, be solved. The question is - what is the expected lower limit in resolution for x-ray
lithography?

RESOLUTION

Proximity printing with x-rays is not a new technology. What is new is the potential use of
this method for IC production using bright x-ray sources. In this case it is expected that the
resolution of the process will be limited by diffraction and, perhaps, secondary electrons. Figure
11 illustrates the printing process with colUmated x-rays from, for example, a storage ring incident
on a mask with a 0.5 nm slot. The mask/wafer gap is shown as 40 pm. For those who have done
optical contact printing, this situation, in terms of diffraction, is equivalent to printing 0.5 pm lines
with "vacuum contact" of 0.1 jtm at optical wavelengths.

Figure 11 - X-ray proximity printing process. Distance given in units of x-ray 10 A
wavelength: 0.5 /un line at 40 /tin mask/wafer gap.

What we want to know is how fine a line can we print as a function of mask/wafer gap.
Figure 12 illustrates the diffraction of x-rays from a storage ring operating at 750 MeV, 1.9 meter
bending radius magnets, transmitted by a beryllium window, and silicon mask. The absorber is
considered perfect.

To answer how fine a line can be printed; An effective "modulation transfer function" is
computed for x-ray lithography by determining after diffraction the percent dose remaining within
the fine line width. Figure 13 illustrates the percent dose incident on the wafer in a given width
line as a function of mask/wafer gap. (These curves are determined by calculating Fresnel
diffraction for the continum of storage ring wavelengths at 3 specific gaps and then integrating the
flux incident within the specified linewidth).
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Figure 12(Left)-X-ray diffraction for Brookhaven VUV storage ring x-rays passing through a
silicon mask as a function of mask/wafer gap.

Figure -Flux in a line width defined by the mask integrated over the storage ring
spectrum transmitted by the silicon mask. This might be considered an x-ray
"MTF" curve.

At 40 /un gap and a 60% dose level, at least 0.2 /*m line can be printed. If the gap is
reduced to 10 pm, about the lower practical limit for mask/wafer gap, then it is expected that sub
0.1 /Jim lines could be printed. These computations on lower limits for x-ray lithography do not
take into account secondary electrons; however, the ranges of these do not exceed about 0.02 /im,
well below the limits imposed by diffraction at practical mask/wafer gaps.

W'- conclude that if x-ray lithography can be introduced for IC production at perhaps 0.6 -
0.5 fiva then it can be expected to enjoy a usefulness until sub 0.1 urn minimum feature sizes are
reached in production.
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Figure 14 - Generalized version of Figure 13,
percent dose vs. mask/wafer gap.

Figure 14 is a generalized version of Figure 13, percent dose vs. linewidth for any gap.
Figure IS is a typical example of an x-ray exposed resist profile with vertical sidewalls in thick
resist combined with submicron resolution.
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Figure 15 - X-ray exposed 3.4 /i thick PMMA resist from IBM synchrotron radiation
beamline at the National Synchrotron Light Source, Brookhaven National Labora-
tory, Upton, NY.
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SUMMARY

In nummary, I would like to leave you with the following thoughts about optics, e-beam,
x-ray, mud ion beam lithography for the next 5 to 10 years.

OPTICS
• Good throughput and low cost
• Limited resolution and depth of focus
• {Limited chip size (~ 108 pixels) } +

E-BEAM
• Resolution good (high keV or MLR)
• Very questionable throughput for mfs < 0.5 pm and costly
• {Limited field size, table stitchingj+

X-RAY
• Good resolution
• Good throughput
• New technology - risks/costs

IONS
• Not for lithography (general)
• Good for micromachining

+ Present engineering problems
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Selective Chemistry with Synchrotron Radiation

David M. Hanson
Department of Chemistry, State University of New York

Stony Brook, NY 11794

A major problem in chemistry concerns limiting reactions to selected
sites in complex molecules. Core electrons are tightly bound to specific
atoms in a molecule, and recent research indicates that excitation of a
core electron, or a deep valence electron, can result in localized
chemistry as a result of localized multiple electron relaxation processes.
Bonds around the excitation site in the molecule can vanish on a time scale
that is fast compared to the vibrational motion.

Synchrotron light sources like the VUV Ring at Brookhaven open the
region of photon energies from 20 to 800 eV for investigation. This energy
range matches the binding energies of deep valence and core electrons
associated with the common elements in molecules of chemical and biological
interest. The resolution of existing plane and toroidal grating
monochromators, designed for this spectral region, is more than adequate to
excite core electrons in these molecules selectively. Differences in
binding energies are tens to hundreds of electron volts making it possible
to excite the Is, 2s, or 2p electrons of C, N, 0, F, Si, P, S, or Cl by
using monochromatic radiation. Even more interesting is the possibility of
selectively exciting different atoms of the same element that are found in
different chemical environments of the molecule. Such chemical shifts in
the binding energy of carbon Is electrons, for example, are known from ESCA
studies (1) to range from 0 to 10 eV. Finally, different states can be
reached in the excitation process with potentially different chemical
consequences. These states include configurations with the core electron
excited to an antibonding valence orbital, a Rydberg-type orbital, a shape
resonance, or the ionization continuum. One research objective is to
determine what happens to molecules following such selective excitation by
using the techniques of photoelectron spectroscopy, mass spectroscopy, and
fluorescence spectroscopy to monitor, characterize, and correlate the
electrons, ions, neutrals, and metastabies that are produced as a result.

We recently have begun studies of photon stimulated ion desorption from
thin polymer films. 12) Electron and ion yield spectra of polyethylene and
polystyrene in the region of the carbon K edge have been obtained. The
electron yield spectrum of polystyrene has a sharp intense feature, which
has been assigned to a pi* resonance. This feature does not appear in the
spectrum of polyethylene. The core hole created by this excitation
therefore involves carbon atoms of the benzene ring and not the alkyl
backbone of the polymer. This excitation does not result in a
correspondingly large peak in the ion yield spectrum. This excited state,
with a core hole and an electron in the pi* orbital, does not appear to
result in bond rupture and ion desorption to a significant extent, whereas
excitation at slightly higher energies (about 4%) does. Although 280 eV or
more of energy is deposited by a single photon, the subsequent relaxation
and chemistry depends upon the nature of the initial excited state.
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Selective chemistry following selective core level excitation also
has been shown to occur in the gas phase. (2) It has been found for
acetone that the 2p* Is excitation at 289 eV results almost exclusively in
C+ and 0 + ions whereas excitation of the alkyl carbon Is electrons at
higher energies produces other ions.

Excitation of deep valence orbitals also can result in selective
chemistry. The first example of this phenomenon for a molecular system,
other than an adsorbate, was photon stimulated desorption of protons from
solid methanol. (4) The threshold for this process was about 18 eV, which
correlated with the binding energy of the 4a1 molecular orbital. Since
this deep valence orbital largely contributes to CH bonding and originates
from the C 2s atomic orbital, it was of great interest to demonstrate
whether the protons resulted from C-H bond rupture, 0-H bond rupture, or
both. Isotopic labelling experiments using CH^OD and CD?OH clearly
demonstrated that the ions resulted predominantly from rupture of the bond
at the carbon atom.(.5)

In the solid methanol system, it is possible that the 0-H bond is
stabilized by hydrogen bonding. The same phenomenon, however, has been
observed in other molecular solids where hydrogen bonding should not be an
important factor. (6) The threshold for electron stimulated desorption of
H+ from (CHv)CH and C6H2F4 is 2y eV, correlating with the C 2S orbital,
while the threshold for desorption of F+ is 38 eV, correlating with the F
2s orbital. These results suggest that creation of a deep valence hole
associated with carbon or fluorine selectively affects the local bonding.
Results for fluorobutane and fluorocyclohexane reveal that when H and F are
both bonded to C with a deep valence hole, both bonds can be ruptured, i.e.
in this case the chemistry is group selective, not bond selective.

An explanation of the selective chemistry described above involves
localized multiple electron excitation processes. {7} Core holes in
molecules containing light elements primarily decay via Auger processes.
As a result of the Auger decay, a molecular ion can be left in one of
several final states that have two (or multiple) holes in bonding orbitals
and electrons in antibonding orbitals. Because the initial core hole state
is localized, the Auger transition amplitude is large for localized valence
hole final states. It is thought that the two hole state remains
correlated to a specific group or bond because the repulsive energy of the
localized two hole final state is so large that relaxation to a much lower
separated, or delocalized, two hole state is slower than the time it takes
for the selective chemistry to occur. The large repulsive potential energy
must be converted into a vibrational or additional electronic excitation
for which the transition amplitudes are small. It also is possible that
these additional excitations are localized, i.e. preserve memory of the
initial localized excitation, and thus produce the selective chemistry.
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SUNY Small-Angle X-Ray Diffractometer

B. Chu, J. Phillips and D.-Q. Wu
Chemistry Department, State University of New York at Stony Brook,

Long Island, New York, 11794-3400

1. Introduction

A small-angle x-ray diffractometer has been designed and pa r t i a l l y
constructed for the SUNY beam line at the National Synchrotron Light Source in
the Brookhaven National Laboratory, Upton, Long Island, New York, for research
in materials science. The design took into account beam line requirements for
x-ray crystallography,EXAFS as well as SAXS, which includes time-resolved
capabilities using a multi-wire proportional counting system.

Time-resolved SAXS using synchrotron radiation has been of current
interest. >2 In this preprint, we describe the relation among SAXS, SANS, and
l igh t - sca t t e r ing spectroscopy, and the basic design of a small-angle x-ray
diffractometer.

2. SAXS, SANS, and Light-Scattering Spectroscopy

In the low K regime, the long probing wavelength of visible light, such
as XQ = 632.8 nm from a He-Ne laser, permits us to reach macroscopic spatial
length scales with K[=(4irn//\0)sin(6/2)] of the order of 104 cm"1. If we change
the probing radiation to x-rays or neutrons, the much shorter x-ray or neutron
wavelengths, of the order of angstroms, cannot reach, with ease, a comparably
low K value by decreasing the scat ter ing angle 9 to much lower than the
milliradian range. Thus, experimentally, i t becomes appropriate to combine
angular distribution of light scattering intensity measurements with small-
angle x-ray scattering (SAXS) and small-angle neutron scat ter ing (SANS) for
determination of the static structure factor covering a large range of spatial
scales from atomic spacings to micron sizes.

The dynamic structure factor can also be measured using visible light, x-
rays, or neutrons. In SANS, only the spin echo technique^ offers sufficient
high resolution which is comparable to the dynamical scales usually
encountered in macromolecules. Time-resolved experiments using the x-ray
synchrotron radiation have also been performed. However, the temporal and
spectral properties of x-ray synchrotron radiation have barely been utilized
in SAXS for studies of polymer dynamics.

Many aspects of dynamic light scattering-*' including the use of Fabry-
Perot interferometry and photon correlation spectroscopy have been discussed
in a series of NATO ASI's on photon correlation and scattering techniques.'"10

Paral le l to the NATO ASI's, there have also been conferences on photon
correlation techniques in fluid mechanics.11 On the other hand, proceedings
on synchrotron radiation s t i l l maintain emphasis on instrumentation because
of recent technical advances in this emerging field. Few attempts have been
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made to emphasize the complementary nature of the three scattering
techniques. '* 3 i t should be emphasized that v is ib le l igh t ,x-rays , and
neutrons have their unique differences. While the hydrogen-deuterium isotope
subst i tu t ion method has yielded invaluable r e su l t s using SAMS, the i n i t i a l
lack of specificity or contrast in SAXS and light-scattering spectroscopy has
prevented comparable types of experiments to be performed by the lat ter two
methods. However, with synchrotron radiat ion, i t i s possible to take
advantage of the x-ray wavelength changes and to use anomalous sca t te r ing
whereby bu i l t - i n se lec t iv i ty or contrast on systems containing heavier
elements (> Ca) can be utilized. In light-scattering spectroscopy, the use of
ternary isorefract ive mixtures1^"1*' has proven to be quite useful in
elucidating the behavior of self-diffusion coefficients in the semidilute
regime. Alternative approaches, such as forced Rayleigh scat ter ing 1 ' ' 1 8 and
fluorescence photobleaching recovery, *»* using respective photochromic and
fluorescent probes, can provide the needed specificity and cover a very broad
range of dynamical motions with diffusion coefficients varying from 10~5 to
10"11 cm2/sec. In time-resolved SAXS, the dynamic effect is achieved through
measurements of s t ructura l changes because we can measure the scat ter ing
pattern ( i .e . , the s t a t i c s t ructure factor) rapidly due to the high x-ray
intensity of the synchrotron radiation.

3. Optical Design

The diffractometer was designed for time-resolved studies of the kinetics
of phase t r ans i t ions in polymer solutions and blends, including the use of
ionomers. Table 1 and Figs. 1 and 2 summarize the optical design parameters
as well as the SUNY beamline geometry.

The geometry of the floor space allocated to beamlines at NSLS including
X21 did not permit a convenient sideways monochromator design, such as those
being used elsewhere. » In addition, the SUNY beamline i s being shared.
Aside from the SAXS diffractometer, i t has instrumentation for x-ray
crystallography, spectroscopy, and surface science. The best compromise was to
use an inline flat double monochromator/focusing mirror arrangement.

The monochromator has a double flat crystal with a fixed-exit geometry
and can be tuned rapidly. The variable x-ray wavelength permits anomalous
dispersion measurements which are not easi ly accessible with a sideways
monochromator design. The crysta l motions can be thought of as the "5hi and
phi motions of a four-circle gomiometer with the c rys ta l s at the center and
the faces perpendicular to the phi axis. The chi motion tunes the exit beam
wavelength. A t rans la t iona l motion of one crystal para l le l to the phi axis
keeps the exit height of the monochromatic beam fixed as the beam is tuned.
The phi motion serves to alter the position of 'glitches', a feature useful in
x-ray 'spectroscopy. The monochromator is located immediately downstream of
the front-end concrete shield wall so as to intercept as much horizontal
spread of the synchrotron beam as possible.
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Table 1. SAXS Optical Design Parameters

Source

Beam line

Source size

Type of optics

Monochromator

Mirror

Souree-monoehromator
distance

Monochromator-mirror
distance

Mirror-sample distance

Camera length

Small-angle resolution

4 o focus spot size (21 m
location)

X21 beam port at NSLS x-ray ring

X21A 16 mrad branch line

Hoy -0.4 mm; 4cyt(incl. single electron
emission angle) -0.3 mrad; 4cJy ~1.2 mm;
4Ojj» ~0.8 mrad.

monochromator-focusing mirror optics

double-crystal fixed exit rapidly tunable mono-
chromator with Si(lll), Si(220), Ge(lll)
crystals available.
Bragg angle range 2°-45°

bent torroidal quartz mirror (60 cm long, 6 cm
radius), gold coated.

7.4 m

1.5 m

9.4 m

variable between a few tens cm and 2.5 m (can be
extended to 3*5 m)

vertical 0.2 mrad, horizontal £ 7 mrad

vertical -0.5 mm horizontal -1.6 mm

Specimen size (4a at 18 m) vertical -1 mm horizontal < 14 mm

Expected x-ray intensity
Intensity* (photons/sec)
Energy resolution (eV)

Si(220) Si(lll) Ge(lll)
2xlO12 5xlO12 10 1 3

2.8 4.8 5.0

With loss factors of ~2.5.due to mirror, monochromator, He atoms, and windows
already taken into account.
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Fig. 1. A schematic diagram of the SAXS diffraetometer (for notations see
Fig. 2 caption).

Figure 1 shows the positioning of the monochromator, a double-focusing
torroidal mirror, and the SAXS diffractometer. The arrangement of
monochromator f irst , mirror second, was chosen for several reasons. The
monochromator is irradiated evenly over a large area by the unfocused white
synchrotron beam. Thus, the heating problem for the monochromator crystal is
less severe. The radiation flux on the mirror surface, which i s extremely
susceptible to radiation damage from a white synchrotron beam,is greatly
reduced by the monochromator. This monochromator/focusing mirror arrangement
also cuts down on the scattered radiation in the experimental area as most of
the unwanted x-rays resulting from the white synchrotron beam hitting the
monochromator crystals is located furthest away from the experimental area.
With a mirror first, monochromator second, arrangement, the white synchrotron
beam i s l ikely to produce fluorescence at the mirror surface. The present
reduction in stray x-ray background is particularly important for small-angle
scattering of x-rays. In addition, we have made arrangements so that the SAXS
diffractometer i s furthest away from the source whereby the s l i t distance
between the monochromator and the sample chamber is maximized. The mirror can
bring the monochromatic x-ray beam to a focus along the entire optical benoh
(3m) of the SAXS diffractometer.
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H. Mirror
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L. 4-6 Gomiometer
M. XYZ Table Y.

Z.

Optical Bench (T-shaped,Ix9ft2 + Ix3ft2)
Slit
Removable Fluorescence Screen
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Multiwire Linear Position Sensitive
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LeCroy Amplifier/Discriminators
Adjustable Slits
Synchrotron Radiation (40y=O.4 mm,
40u=l>2 mm)
He Atmosphere
Vacuum

Fig. 2. Side view and top view of the SUNY beamline for the diffractometer.

The T-shaped optical bench as shown in Fig. 2 has a usable length of 10
ft, which can be extended to a total length of 4 meters, the length being
limited by the hutch size. It is made of steel honeycomb core, 14 lb/ft*
d«nsity,0.4 sq.in. cell area, and 12" thick, with a top skin 3/16" thick,
made of ferromagnetic stainless steel. The bench has a flatness of +0.005"
with 1/4-20 thread mounting holes on 1" centers, starting 1.5" from edges.
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The mechanical components of the SAXS diffractometer on the optical bench
are based mainly on established designs of laser spectroscopy instead of SAXS
because the ready-made optical positioning components meet the stability and
resolution requirements of SAXS and are much less expensive.

Motor driven translational stages with 0.1 p resolution are used for s l i t
adjustments. All the components are modular in form, permitting future
advanced development and adaptation for super small-angle x-ray scattering
research.

The linear position sensitive detector (LPSD) is mounted on a one-meter
motor-driven translational stage permitting remote control of the angular
range variation during SAXS experiments. More importantly, the relative
positions of the final s l i t , the sample chamber, and the LPSD are variable
because of the modular design and 1" hole spacings of the optical bench. We
have implemented a parallel readout multiwire (100 wires spaced 1 mm apart)
linear detector with an amplifier, discriminator, and sealer on each wire. The
LPSD is connected to seven 16-channel amplifier/discriminator boards which
detect the pulses on each wire and provide an ECL level output pulse for each
input pulse detected. The output width control voltage is wired directly to
-5 volts to give a 150-250 nsec output pulse width. Two 32-channel CAMAC
controlled latched sealers are used such that any 64 wires out of the 100 in
the detector can be examined simultaneously. A CAMAC compatible multichannel
analyzer (MCA) provides the latch commands at variable intervals which make
the data available for readout while the front end of the sealer module begins
accumulating data again. The memory can store up to 128 scattering patterns
at as short as 2 msec intervals. Thus, with latched sealers and direct memory
access (DMA), the e lectronic system permits simultaneous i n t e n s i t y
measurements at 64 (expandable to 100) positions and recordings of the
scattering pattern without dead time every 2 msec for 128 such scattering
patterns. The data may later be transferred to floppy disc for storage using
utility software provided by the MCA system. The count/ate capability of the
system i s between 105 and 10° per wire, i .e. , 10' to 10° total . The detector
to read-out system remains to be interfaced. It should be recognized that the
present design aims to reach e

m i n ~ 1 mrad.
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ABSTRACT

The phase separation of low molecular weight mixtures of polystyrene with
polybutadiene was investigated by means of time resolved small-angle X-ray scattering
at the Stanford Synchrotron Radiation Laboratory. A maximum in the scattering
profiles was not observed within the resolution of the instrument (~80 nm) indicating
that periodic fluctuations characteristic of a spinodal phase separation were much larger
than the molecular dimensions and that the process is highly cooperative in nature.
Deviations from the behavior predicted by linear theories was observed and can be
attributed to either nonlinear effects or an additional contribution to the scattering
arising from fluctuations in the density. A crossover point was, also, observed and was
used to evaluate interaction parameter of the mixture. Finally, the equilibrium
characteristics of the mixtures were examined as the temperature of the system
approached the spinodal temperature. Agreement with the mean field theoretical
predictions was found.

INTRODUCTION

Spinodal phase separation of mixtures has been of interest for many years. From
the initial studies of Cahn (1,2) and others (3,4), a significant amount of experimental
and theoretical effort has been expended to understand this process in many different
system, e.g., glasses and metals. The first observation of spinodal phase separation in
polymeric mixtures was reported by Bank et al. (5) on mixtures of poly(styrene) (PS)
with poly(vinylmethylether) (PVME) using differential scanning calorimetry and
dielectric relaxation. Subsequently, Nishi et al. (6,7) using optical microscopy and
nuclear magnetic resonance addressed the kinetics of the process. Their results
indicated that the Cahn-Hilliard theory adequately explained the kinetics. This was
later confirmed by Frank and Geiles (8) in an excimer fluorescence study of the same
mixtures. Small-angle light scattering studies of Hashimoto et al. (9) on the identical
polymers were quantitatively interpreted in terms of a modified version of the
Cahn-Hilliard theory proposed by deGennes (10) and Pincus (11).

Some of the materials incorporated in this work were developed at the Stanford
Synchrotron Radiation Laboratory with the financial support of the National
Science Foundation (Contract DMR 77-27489), in cooperation with the
Department of Energy.
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Countering these studies are the light scattering studies of Snyder and coworkers
(12,13) where, in the PS/PVME mixture, agreement with the linearized theories was
not found. In fact, their results indicate that only the very early stages (at best) could
be approximated by these theories. Incorporation ' I nonlinear terms was necessary in
order to quantitatively interpret the observed kinetics. Recently, they (14) and others
(IS) argued that the only difference between polymeric and atomic mixtures is that of
scale.

While other polymer mixtures are known to possess lower critical solution
temperatures (LCST) the LCST of PS/PVME conveniently occurs at experimentally
accessible temperatures well above the glass transition temperature and much lower
than the decomposition temperature of either component. Consequently, there is little
information available on the kinetics of phase separation for other high molecular
weight polymer mixtures.

Phase separation in lower molecular weight polymer mixtures has been studied by
Nojima and coworkers (16-19) using SALS. Mixtures of PS with
polymethylphenylsiloxane (PMPS) were found to exhibit upper critical solution
temperature (UCST) behavior. As expected, the rates of the phase separation were
more rapid than with the higher molecular weight mixtures. However, they did not find
agreement with linearized theories and utilized nonlinear treatments (20-22).

Optical methods have been the dominant means of investigating the kinetics of
spinodal phase separation in polymer mixtures. Due to its wavelength (>400 nm), SALS
probes the micron size scale which is many times larger than the individual molecules in
the mixture. Clearly, significant changes have occurred in the mixture on a size scale
where SALS is not sensitive. In this article, the kinetics of phase separation is
investigated using time resolved small-angle X-ray scattering (SAXS) which senses
electron density correlations up to several tens of nanometers. It is the intent of this
study to examine the applicability of the linearized theory of spinodal phase separation
to polymer mixtures on this small size scale and at early times. Low molecular weight
specimens are used to enhance the possibility of examining the linear approximations
over a longer time scale.

In addition to this, the equilibrium characteristics of these mixtures will be
discussed. Recent studies of Schelten et al. (23) have shown that polymer mixtures
behave in a classical mean-field manner as the temperature of the mixture approaches
the spinodal temperature. Examination of this behavior for the low molecular weight
mixtures used in this study will, also, be presented.

EXPERIMENTAL

Mixtures of polystyrene (Mw=2,000, Mw/Mn=1.3) with polybutadiene
(Mw=1,000, Mw/Mn=1.2 and Mw=2,500, Mw/Mn=1.15) were prepared by melt
mixing the desired quantities of the two polymers. The mixture was homogenized by
stirring at 130° for 5 minutes under a blanket of nitrogen. The cloud points for the
two mixtures determined from optical turbidity measurements extrapolated to a zero
heating rate are shown in Fig. 1.
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Figure 1, Cloud point curves for the two
mixtures of poly(styrene) with
poly(butadiene) determined from optical
turbidity measurements and extrapolated
to a zero rate of heating.

Figure 2. Temperature jump cell used to
quench the mixtures. A discussion of
the cell is included within the text.
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Heated mixtures were transferred to the scattering cells in preheated Pasteur
pipettes. The scattering cells consisted of two steel rings with 13 fim DuPont Kapton
windows. Via a 0.025 mm diameter hole a thin wire chromel-alumel thermocouple was
placed within the specimen.

The heating chamber used in the SAXS measurements is shown in Fig. 2. The
sample cell, supported in carriage (A), was held by spring-loaded pins within the upper
oven. Preheated helium passed over both surfaces of the specimen via small conduits
within the heating block (B) in order to improve heat transfer to the specimen. The
sample was quenched by releasing the lower pin allowing it to free fall within track (D)
onto a locating pin that centered the sample in the window of the lower oven. The
lower oven was centered about the incident X-ray beam via micrometers on a support
stage. Thermal equilibration of the specimen was attained within 5-10 seconds.

A schematic diagram of the SAXS facility at the Stanford Synchrotron Radiation
Laboratory on beamline 1-4 is shown in Fig. 3. The beam from the storage ring is
focused vertically by a float glass mirror and horizontally by an asymmetrically cut
silicon crystal to a point several centimeters before the beamstop. At the detector, the
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Figure 3. Schematic diagram of the geometry of the SAXS line at
SSRL.

measured half widths of the beam were 0.15 and 0.44 mm in the vertical and horizontal
directions, respectively. The wavelength of the X-ray was determined to be 0.1412 nm
with an energy resolution, AE/E, of 7xlO"3. The total intensity of the focused beam
has been measured at 2.6xlO9 cps at the detector with the storage ring operating at
85 mA and 3.0 GeV. Due to the gradual reduction of current in the storage ring after
beam injection, the incident intensity was constantly monitored with a detector
immediately before the specimen. In addition, a monitor positioned directly after the
specimens provided the attenuation factor of the specimen. SAXS profiles from 0.07 to
0.97 nm'* were collected with a detector system consisting of a 1024 pixel self-scanning
photodiode array. The minimum time required to acquire and store the data was
approximately 1 sec. The effective dimensions of each photodiode were 2.0 and 0.025
mm in the horizontal and vertical directions, respectively. All scattering profiles were
corrected for detector homogeneity, electronic noise,and parasitic scattering in the
standard fashion.

Since the detector elements were wider than the beam in the horizontal direction,
a smearing of the experimentally obtained data from the detector resulted. Convolution
of the horizontal beam profile with the shape function of a detector element yielded the
slit length weighting function. To within experimental errors, this could be
approximated by a trapezoid. Consequently, a modified version of the dismearing
routine developed by Strobl (24) was used to correct each scattering curve.

RESULTS AND DISCUSSION

A typical series of dismeared SAXS profiles obtained for the PS/PBD mixtures
after thermal equilibrium is shown in Fig. 4. The particular data shown is that for a
60% PS (2K)/40% PBD (2.5K) mixture quenched to 108°C. In all of the experiments
performed regardless of the composition and quench depth the SAXS profiles could be
described by a monotonically decreasing curve. The absence of a scattering maximum
indicates that if the mixtures are phase separating via a spinodal mechanism, the
characteristic periodic fluctuation has a wavelength larger than 80 nm, the resolution of
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Figure 4. Time resolved SAXS profiles
for a 60% PS (2K)/40% PBD (2.5K)
mixture quenched to below the cloud
point curve.
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the instrument. It should be noted that these same mixtures display a scattering
maximum in light scattering measurements corresponding to a Bragg spacing on the
micron size scale. These dimensions are many times the size of the individual molecules
(~3 nm) and demonstrate that the phase separation process is highly cooperative by
nature.

Aside from this, the data is seen to increase dramatically at small angles during
the course of the phase separation. According to the linearized theories (1,2), X(q,t),
the intensity at a time, t, and scattering vector, q, is given by

,t) = I(q,0)e-2R(q)t
(1)

where I(q,O) is the initial scattering intensity and R(q), the amplification factor is given
by

(2)

In this equation, M is the mobility, f is the free energy density of a mixture with a
concentration c, and K is a gradient energy term. This was subsequently modified by
deGennes (10) and Pincus (11) for polymeric mixtures. For a mixture composed of two
polymers of molecular weight NA and NB and statistical segment length a with volume
fractions #A and #B and a Flory-Huggins interaction parameter x the amplification
factor was found to be (NA=NB=N)

R(q) = -q2A(q)
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A(q) is the Onsager coefficient which relates the local current of one component to
the chemical potential.

In order to determine R(q) for the PS/PBD mixtures the ln(I(q,t)) was plotted as
a function of time as shown in Fig. 5 for a 60% PS (2K)/40% PBD (2.5K) quenched to
105 °C. As can be seen from these data only at the very early stages of the phase
separation could Eq. (1) describe the data. Deviations from linearity were observed
after a short time period. These deviations can be attributed to either a failure of the
linearized theories to adequately describe the phase separation kinetics or to
contributions to the scattering arising from fluctuations.

The amplification factors determined from the initial changes in the scattered
intensity were plotted as a function of the scattering vector. This is shown in Fig. 6 for
the 60% PS (2K)/40% PBD (2.5K) mixture. Typically R(q) was found to be positive
below a scattering vector, qc, reflecting an increase in the scattered intensity. Above qc
the intensity was found to decrease with time. These results indicate that the shorter
concentration fluctuations dissipate with time giving rise to large more stable
fluctuations. The value of qc at which R(q)=0 can be related to the thermodynamics of
the mixtures. According to Eq. (2),
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Figure 5. In(I) versus t for a 60% PS
(2K)/40% PBD (2.5K) mixture
quenched to 108 8C. The amplification
factor, R(q), is given by the slopes of
these lines.
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Figure 6. The amplification factor, R(q),
as a function of the scattering vector for
a 60% PS (2K)/40% PBD (2.5K)
mixture.
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Values of x determined in this manner typically ranged from 0.05 to 0.13, which is
consistent with the fact that at the temperature and composition of the experiment the
components are phase separating. Similar observations of qc were also made by Snyder
and Meakin (14) for high molecular weight mixtures of PS/PVME. In that case, qc was
much smaller than that observed in this study. Combining these two studies reveals a
strong dependence of qc on molecular weight which cannot be explained by the
existing theoretical treatments. Recently, Ronca and Russell (25) examined the
behavior of a polymer molecule in a concentration gradient approximating the situation
occurring in a phase separating mixture. The results of their study were that qc was
strongly dependent on molecular weight, consistent with experiments.

< Differentiation of Eq. (3) with respect to q and equating to zero shows that R(q)
\ should go through a maximum at qm equal to qc/v /2. This value of the scattering
( vector is well within the resolution of the instrument; however, a maximum in R(q) was
I not observed over the scattering vector range studied. Similar discrepancies in the
j relationship between qc and qm were observed by Snyder and Meakin (14).
j: According to linearized theories, R(q) should have a. specific dependence on the
\ scattering vector. From Eq. (2), R(q)/q2 should depend linearly on q2 whereas from
j Eq. (3), since A(q)ocq* , R(q)ocq . However, for the systems studied here, strong
I; curvature was observed in plots of R(q)/q2 or R(q) versus q2. Again, Snyder et al.
• (13,14) observe a similar discrepancy in their work.
; Cook (4) and others (26) argued that the major inadequacy of the Cahn-Hilliard

theory is the omission of a term due to fluctuation scattering of a stable solution.
j According to Eq. (l),at t=oo, the scattered intensity would vanish. Cook introduced a

terra L(q,«>) into Eq. (1) which arises from pair-correlations present in the mixture at
' equilibrium. At low q, L(q,oo) is identical to the Orstein-Zernicke function and is given
! by

*I (5)

where S2 is the volume per monomer unit. Consequently,

I(q,t) = (I(q,0)-L(q,«0)e2R(q)t + L(q,«) . (6)

Quantitative use of Eq. (13) is difficult since L(q,«) must be approximated. However,
there are several important ramifications that arise from Cook's modification. First,
the value of R(q) determined according to Eq. (1) would not be correct. Secondly,
plots of ln(I(q,t)) versus t should not be linear but exhibit curvature. This is evident in
Fig. 5 as well as in other published data (9,13,14). However, values of qc are identical
in both treatments since this is independent of the manner in which R(q) was
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determined. Finally, the minimum in R(q) observed at high values of q would be
attributable to the contributions to I(q,t) from L(q). Since L(q) is independent of time,
it would tend to reduce variations in the observed intensity in a region where the
scattering is inherently weak. In addition, the ratio of (qm/qc)2 is not predicted to be
1/2 but is given by (25)

where Ts and Ta are the spinodal and quench temperatures, respectively. Only at
Ta=O°K would a value of 1/2 be expected. Under normal experimental conditions, the
ratio would be less than 1/2, which would account for the absence of a scattering
maximum in this study. It is interesting to note that quenching a homogeneous mixture
from one temperature to another but remaining in the single.phase, miscible region
would produce a crossover point. This crossover point arises from the intersection of
two different Ornstein-Zernicke functions.

Therefore, from the results presented here it is apparent that the linearized
theories qualitatively predict the observed features of phase separation in polymer
mixtures. However, quantitative agreement is not found. This may be associated with
the omission of a fluctuation term as suggested here or may be due to nonlinear effects
as suggested by Snyder el al. (13,14).

The equilibrium behavior of the homogeneous mixtures was, also, investigated by
SAXS as a function of temperature. The SAXS for a 50% PS (2K)/50% PBD (IK)
mixture as a function of temperature as shown in Fig. 7. For all temperatures studied,
the SAXS could be described by an Ornstein-Zernicke function with a correlation length
£. A plot of l/£^ versus T (°K) is shown in Fig. 8 and, as can be seen from these data,
good linear behavior was found. This permitted an extrapolation of the data to obtain
the spinodal temperature, Ts. The correlation length can be related to the temperature
of observation by

where f0 is the critical correlation length and T = ( T - T S ) / T S . According to mean field
theories for polymer mixtures (26), p=0.S and £ Q = V * ' 3 where V is the monomer
volume. A plot according to Eq. (7) for the 50% PS (2K)/50% PBD (IK) mixture is
shown in Fig. 8. The slope of this line yielded a value of v=0.507 and £0=0.34 nra.
Both of these results are in very good agreement with the theoretical predictions. It
should be noted, however, that the value of £0 found here is much smaller than that
found by Schelten et al. The origin of this difference is not known. Direct
measurement of £0 is not possible and its precise meaning is ill defined. Consequently,
this discrepancy is not surprising.

Therefore, it is evident that these low molecular weight mixtures conform to the
classical mean field theories in the vicinity of the spinodal temperature. Evaluation of
the concentration dependence of x« a s done by others(23), was not possible due to the
limited number of systems investigated.
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Figure 7. SAXS of a 50% PS (2K)/50% PBD (IK) mixture as a
function of the temperatures indicated.
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X-ray Structure Analysis of Liquid Crystalline Copolyesters

John Blackwell, Robin A. Chivers and G.A. Gutierrez
Department of Macromolecular Science

Case Western Reserve University, Cleveland, OH 44108

We are using X-ray methods to analyze the solid state structure of a
group of aromatic copolyesters that adopt liquid crystalline structures in
the melt. The present paper will review the methods used in these analyses
and will point to the contributions that are possible through the applica-
tion of synchrotron radiation.

The patent literature describes a large number of copolyesters that
form liquid crystalline melts and can be processed, e.g. as high strength
fibers and novel molded plastics (see ref. 1 for a review). An example is
the copolymer prepared from 4-hydroxybenzoic acid (HBA) and 2-hydroxy-6™
naphthoic acid (HNA); the homopolymers are crystalline, largely intractable
materials but copolymerization introduces defects such that the copolymers
can be melt-processed. The 1,4-phenylene and 2,6-naphthylene units lead to
an extended conformation, and the chains form nematic structures in the
melt. Survey of the polymers so far reported shows that small changes in
the monomer chemistry can lead to large differences in properties. The
reasons for these differences probably reside in the differences in the
physical structures adopted by the copolymers, which provides the rationale
for the present study.

In our work we have examined three wholly aromatic copolyesters sup-
plied to us by Celanese. For the present we will focus on one of these,
the copolytoiers prepared from HBA/HNA. We have examined eight different
comonomer ratios between 80/20 and 20/80 mole percent HBA/HNA, including
the minimum melting composition of 58/42. Figure 1 shows schematics of the
X-ray patterns of melt-spun fibers of the 75/25, 58/42, and 30/70 copoly-
mers [2]. These X-ray patterns demonstrate a high degree of molecular
orientation parallel to the fiber axis, indicated by the shortness of the
meridional arcs. The diffuse equatorial scatter at d s5A points to im-
perfect lateral packing, but the presence of a few sharp (Bragg) equatorial
and off-equatorial maxima requires the existence of some three-dimensional
order.

In the first instance our attention was directed to the meridional
maxima: three are detected for 75/25 and 58/42, and there are four for the
30/70 copolymer. The d-spacings of these meridional maxima are given in
table 1 [2,3] where it can be seen that they are aperiodic, i.e. they are
not orders of a simple repeat. This has immediate relevance to the monomer
sequence distribution or microstructure, and argues strongly against a
highly blocky structure. It should be noted that owing to the virtual
insolubility of these polyesters there is no information available on the
sequence distribution from analytical methods such as NMR. In the light
of this evidence against blockiness we proceeded to examine the diffrac-
tion characteristics of random copolymers.

A typical random sequence of copoly(HBA/HNA) is shown in fig. 2 [3].
This is a projection of a model constructed from planar aromatic and car-
boxyl groups, based on standard bond lengths and angles. The chain
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a) b)

HBA
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Figure 1

Schematics of the X-ray fiber
diagrams of copoiy(HBA/HNA) for
three HBA/HNA monomer mole ratios:
a) 30/70 b) 58/42 c) 75/25
(from ref. 2 ) .

UNA

c)
Figure 2

a) Models of HBA and HNA monomer residues constructed using standard bond
lengths and angles.

b) Model for typical short random copclymer sequence of copoly(HBA/HNA)•

c) Point model for the sequence in b). HBA and HNA are further abbreviated
to B and N.

144



Table 1.

Monomer

Observed and Calculated Meridional Intensity Maxima
(HBA/HNA)a

Experimental d-spacings (A) (
Mole Ratio
HBA/HNA

25/75

30/70

50/50

58/42

75/25

fFrom refs
bRecorded 1

film

8.09 ±0.07
4.08 ±0.04
2.77 ±0.03
2.05+0.03
7.95
4.11
2.83
2.06
7.43

2.84
2.02
7.35

2.98
2.05
6.78
3.03
2.03

. 3 and 4.

diffractometerb

8.il±0.07
4.15 ±0.02
2.85 ±0.01
2.09 ±0.01
7.89
4.09
2.87
2.09
7.49

2.95
2.09
7.19

2.96
2.08
6.70
3.09
2.09

by J.B. Stamatoff, Celanese Research Co.

:alcul*t«d
atomic
model

8.09
4.20
2.85
2.10
8.01
4.21
2.86
2.10
7.61
4.31
2.95
2.10
7.45
4.40
2.99
2.11
7.04
3.09
2.11

for Copoly

d-spacings (A.).
point
model

7.98
4.17
2.84
2.10
7.88
4.17
2.85
2.10
7.41
4.11
2.93
2.10
7.19
4.01
2.98
2.10
6.75
3.09
2.11

conformation depends on the aromatic-carboxyl torsion angles, and these
have been set at ±30° or ±150°. However, it can be seen in fig. 2 that
the actual torsion angles do not affect the extension of the chain, because
the linkage bonds are approximately parallel to the chain axis. The meri-
dional intensity derives from the projection of the chain on the fiber axis,
and from the above argument, the projection is approximately constant, at
least over a short length of the chain. Thus the chain pan be thought of
as an aperiodic one-dimensional lattice, with successive:' axial increments
being the lengths of the HBA or HNA residues. As a first approximation we
used a point model for the chain, with each residue represented by a point
placed at the ester oxygen and separated from its neighbors by the appro-
priate residue lengths: 6.35A* for HBA and 8.37A for HNA. Subsequently this
was expanded to an atomic model by including the coordinates for all of the
atoms in each monomer [3,4],

If we assume a nematic structure, i.e. there is no axial register of
the chains and hence no intermolecular component to the interference func-
tion, then the meridional intensity, I(Z), is simply the square of the
modulus of the Fourier transform of the chain, F(Z), averaged over all
n monomer sequences:
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(1)

where qA is the probability of the ith sequence. However, it is faster to
evaluate I(Z) as the Fourier transform of the autocorrelation function of
the random chain, Q(z), which is a statement of the monomer neighbor proba-
bilities. For a chain of point residues

K Z ) - £Q(z£)cos27rZz/ . (2)

Q(z) for 58/42 eopoly(HBA/HNA) is shown in fig. 3 and is a centrosymmetric
function for point residues. Equation (2) can be further simplified, be-
cause the summation has a closed form solution:

l+Fa(Z) 2Fa(Z)[l-Fa
k(Z)]

] (3

for chains of k monomers, and

l+Fa(Z) l-|Fa(Z)|*
] "^ ( z T ] " l-2ReFa(Z)+|Fa(Z)r ^

for an infinite chain, where Fa(Z) is the Fourier transform of the (positive)
first nearest neighbor terms in Q(z). Derivation of equations (3) and (4)
is described in ref. 5 and follows the treatment of Hosemann [6] for an
ideal linear paracrystal with blmodal coordination statistics.

Extension of the above treatment to an atomic model for the chain is
effected by separation of Q(z) into its components:

Q(O "EL
A B

where Q^g(z) defines the probability of 1st, 2nd, 3rd, ... neighbor relation-
ships beginning in residue A and ending in residue B: there will be four
such Q^g(z) series for copoly(HBA/HNA). Then

KZ) - Z£EQAB(z)FAB(Z)exp27rxZz£ (6)
I A B

where F^B(Z) is the Fourier transform of the cross convolution of residue B
with residue A. Closed form solutions analogous to equations (3) and (4)
can also be derived.

Results

Figure 4 shows a comparison of the observed and calculated meridional
data for the 58/42 copoly(HBA/HNA). The dashed line is observed data re-
corded by Dr. J.B. Stamatoff (Celanese Research Co.) as a 6/26 dlffractometer
scan for an oriented specimen in the direction corresponding to the meridian
of the fiber diagram, fig. lb. The upper and lower solid lines are the
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Figure 4

Observed and calculated meridional Intensity for 58/42 coDoly(HBA/HNA).

a) Observed 0/20 diffractometer scan along meridian for oriented fibers.

b) Calculated intensity for an atomic model with a random monomer sequence.

c) Calculated intensity for equivalent point model (from ref. 3).
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calculated intensities for point and atomic models, respectively. The
calculated data are for a distribution of chain lengths centered on ten
monomers. The positions of the observed and calculated maxima are given
in table 1 for the 58/42 copolymer and for four other monomer ratios.

The data in fig. 4 are typical of those obtained for all eight mono-
mer ratios examined to date. Both the point and atomic models reproduce
the positions of the observed maxima to within 'V'O.ll, and the match could
be improved further by minor refinement of the monomer lengths. The point
model is sufficient to reproduce the positions but cannot predict the
intensities; note that the first maximum at ds7.2A is predicted to be
the strongest maximum whereas the strongest observed is at d*=2.lA. To
predict intensities it is necessary to include the intramonomer interfer-
ences which is done by sampling the F^B(Z) terms with the QAB(Z) components
of Q(z). Since the F^g(Z) terms vary only slowly with Z, the intensity
for the atomic model has maxima in the same positions as those for the
point model, but now there is much better match for the intensities. In
fig. 4 the observed and calculated (atomic model) intensities are normal-
ized to have the same peak height at d-2.lA. One can see that the in-
tensity agreement is good; the only problem is that the peak at d = 7.2&
is weaker than that observed. In recent work we have found that we can
improve this match by allowing for a small distribution in residue orien-
tation about the chain axis, and also by allowing for register between
the neighboring chains (rather than random axial stagger).

Hence we can say that we are able to reproduce the meridional scat-
tering for copoly(HBA/HNA) using a completely random copolyester sequence.
This approach has also been applied to several other copolyesters, notably
copolymers of HBA, 2,6-dihydroxy naphthalene (DHN) and terephthalic acid
(TFA) [7] with equal success. We have also addressed the question of how
sensitive are these procedures to nonrandomness, and have demonstrated
that for copoly(HBA/DHN/TPA) all but minimal nonrandomness can be ruled
out [8]. Thus ic appears that in this special case of relatively stiff
copolymer chains comprised of monomers of different lengths we can use
X-ray methods to investigate the sequence distribution.

A most interesting effect is seen in the calculated meridional in-
tensities for copoly(HBA/HNA) when we consider different chain lengths.
Figure 5 shows the calculated intensities for chains of 6, 8, 10, and 15o
monomers [3]. Note that the low angle peaks and those around the d = 2AA
maximum are subsidiary maxima due to the monodisperse short chain lengths.
It can be seen that the peaks at d-7.2 and 3.0A are largely independent
of chain length (the decrease in absolute intensity is due to scaling).
However, the maximum at ci - 2.1A gets progressively sharper with increasing
chain length. In fact this peak is essentially a Bragg maximum: it is
the fourth order of 8.371 and the third order of 6.35A, the lengths of the
HNA and HBA monomers. Figure 5b shows the observed diffractometer scan,
and after correction for instrumental broadening, the peak width atcf* 2.1 A
is reproduced by a chain of M l monomers. The degree of polymerization
of copoly(HBA/HNA) is believed to be ^150, based on a reported molecular
weight of 25000 [9], and hence the chain length of 11 monomers determined
above represents the correlation or persistence length for the stiff chain;
it can be thought of as the length over which our approximation of a chain
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Figure 5

a) Calculated meridional
intensity for 58/42
copoly(HBA/HNA) using
models with different
chain lengths (6, 8,
10, and 15 monomers)
as indicated.

•o

b) Observed 6/26 dif-
fractometer scan for
comparison (from ref.
3).
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of residues oriented parallel to the chain axis breaks down. Comparison of
the data for the HBA/HNA ratios between 30/70 and 75/25 shows that the cor-
relation length increases from 9 to 13 residues across this range. This is
not surprising when one considers that the nonlinearity of the chain is due
in large part to the offset 2,6-naphthylene linkages, such that the chain
gets straighter with increasing HBA ratio.

In considering the application of synchrotron radiation we are natur-
ally taking advantage of the high intensity and the variable wavelength.
We have made some preliminary feasibility studies using the DESY facility
in Hamburg, in collaboration with Professor H. Zachmann and Dr. C. Riekel,
but at present can only point to the possibilities for future research.
The high intensity source presents the opportunity to obtain high quality
intensity data over the range of the entire X-ray pattern. To date we have
concentrated on the meridional data, but it should be noted that the meri-
dional maxima are generally weak (some are extremely weak) and are only
detected on film when the equatorial region is greatly overexposed. We
have so far confined ourselves to prediction of peak positions and have
looked for an approximate match of the peak intensities and widths. However,
what is needed is a point by point comparison of the continuous intensity
distribution: the peak profiles are asymmetric and there is weak intensity
between the peaks. We have also begun to consider the three-dimensional
structure by predicting the cylindrically averaged squared transforms of
averaged chains. This requires us to obtain quantitative data for the en-
tire range of the pattern, and the high intensity source makes this possible
with good counting statistics.

The other advantages of the high intensity source are that we can use
very small specimens or we can have very short exposure times. Our trial
experiments at DESY showed that it is feasible to work with individual melt-
spun fibers, thereby avoiding the necessity to use less well oriented
bundles of fibers. This will be useful in separating, e.g. meridional
and off-meridional Intensity. Conversely the short exposure times for large
specimens present the opportunity to look at dynamic changes, such as the
structural changes that occur under mechanical stress or changes in tempera-
ture.
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AREA X-RAY DETECTORS FOR INTENSE DIFFUSE SIGNALS

Sol M. Gruner
Dept. of Physics, Princeton University, P.O. Box 708, Princeton, NJ 08540

1. INTRODUCTION
Polymer di f f ract ion is generally intermediate between di f f ract ion from

isotropic solutions and single crystals. The di f f ract ion patterns contain
substantial 2-dimensional information but, due to disorder, large fractions
of the pattern are visible at a given orientation of the specimen in the x-
ray beam. When coupled with a synchrotron sourc?, polymer specimens impose
s t i f f count-rate requirements on a 2-dimensional x-ray detector (2-DXD).
Some numbers wi l l i l lus t ra te the magnitude of the problem: a polymer speci-
men might d i f f ract 10"6 of the incident beam in a SAXS experiment.
[Obviously, this number w i l l vary from specimen to specimen but experience
in our laboratory indicates this is a conservative number. Our rotating
anode generator is equipped with a state-of-the art small-angle camera and
puts 107-108 x-rays/sec (= Y/S) through the specimen, corresponding to 10-
100 Y/S into the di f f ract ion pattern. Suppose one uses x-ray f i lm to detect
the pattern and confines the pattern area to 1 cm2. Typical films have 107

fog grains/cm2. Thus, one would need ~ 105-106s=30-300 hr to darken the
f i lm an amount equal to the background opacity i f the f i lm had 100% stopping
power. Hence, a specimen with a di f fract ing power of 10-6 is not a strongly
di f f ract ing specimen]. The projected NSLS flux is 10 l z Y/S into the speci-
men using a bending magnet and, perhaps, 101** Y/S with insertion devices.
This corresponds to 10"6 >: (10 lz-1011* Y/S) = 106-108 y/s into the d i f f rac-
t ion pattern. Current 2-OXD wire counter technology is operating at ~ 10s

Y/S with a 20% coincidence loss (1) . Moreover, the calculation above under-
states the problem for those specimens in which the desired information is
in a diffuse halo adjacent to a much more intense sampled part of the pat-
tern. For those who would suggest masking the strong part of the pattern, I
recommend trying to construct such masks on a routine basis. I t is a very
instructive exercise.

2. ELECTRO-OPTICAL 2-DXD
Electro-optical 2-DXD (see (2)

for a review) offer an attractive
solution to the count-rate problem.
The generic electro-optical 2-DXD
is shown in Fig. 1 . I t consists of
3 basic elements: an energy con-
verter, a gain element, and a stor-
age/readout device. The function
of the energy converter is to con-
vert the x-ray energy into larger
numbers of more readily handled
quanta, such as visible photons or
electrons. Phosphors are the most
Important energy converters. The
output of the energy converter is

ENERGY
CONVERTER

GAIN
ELEMENT

READOUT
DEVICE

I X-RAY T
QUANTA NxM

QUANTA

TO
-•DATA

STORE

PHOSPHOR
SEC PHOTOCATHODE

-SILICON WAFER »
IMAGE INTENSIFIER
MCP

VACUUM TV TUBE
CID
CCD
RESISTIVE ANODE

Fig. 1. The basic components of
an electro-optical 2-DXD. From
ref . (2).
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conducted to the gain element, typical ly an image intensi f ier , which ampli-
f ies the signal. The now amplified signal is then read out on a 2-dimen-
sionally sensitive readout device, such as a TV camera tube or CCD. In some
devices the function of one or more of the basic elements may be combined.
As an example, a CCD is d i rect ly sensitive to x-rays and can be thought of
as al l the basic pieces put together. Each of the common basic elements
(e .g . , phosphors, image intensif iers and TV sensors) is commercially
important in i ts own r ight . Thus, as opposed to wire counters, the most
d i f f i c u l t decisions facing the electro-optical 2-DXD designer is the
selection and coupling of the basic elements from a bewilderingly large
assortment of commercially available components. The selection process must
ultimately be guided by the kind of problem the user has in mind since,
various claims not withstanding, there real ly is no universally optimum x-
ray detector. With this in mind, let us discuss electro-optical 2-DXD
suited for quantitative SAXS from polymers at synchrotron sources.

A number of fundamental importance is the numerically smallest mean
number of quanta/x-ray event anywhere in the detection chain. Ideally, i t
should be considerably greater than unity because only in this case can the
eventual output signal be limited by the incident x-ray quantum s ta t i s t i cs .
For the case of an eff ic ient x-ray phosphor f iber-opt ical ly coupled to an
image intensi f ier , the weakest l ink is the number of photoelectrons emitted
from the image tube photocathode. In a well-designed scheme i t is 5-10
photoelectrons (2-4). Lens coupling of the phosphor, especially i f the area
is large, generally reduces this to an impractically small number.

The characteristics of the image intensif ier depend, to a great extent,
on the noise level of the read-out device which detects the intensi f ier
output. I f the readout device noise level is high, then multiple stages of
intensif ication are required to exceed this noise; i f i t is low, then one
stage may be suf f ic ient . Moreover, the image tube gain is also dependent on
the number of quanta which are lost in coupling the intensif ier to the read-
out device. This problem is complicated because al l TV sensors are small
(~ 1-2.5 cm) while, ideal ly, the primary phosphor is large (> 4 cm). Conse-
quently, one must not only e f f ic ient ly couple the intensif ier to the readout
device but also effect a reduction in the size of the image. Efficient
format reduction is d i f f i c u l t .

Other desirable characteristics of the intensif ier are low dark cur-
rent, a sharp pulse height d ist r ibut ion, s tab i l i t y , and a high count-rate.
The dark current is generally dictated by the thermal generation of f i r s t
photocathode photoelectrons. In the best devices this is <102 e"/cm2,
although undesirable intensif iers with values 100 times larger are not,
uncommon. Considerations of noise, s tab i l i t y and count-rate wi l l i l lus t ra te
why we feel that the so-called 2nd and 3rd generation microchannel plate
(MCP) intensif iers (5-6) are generally less suitable for our di f f ract ion
problem than older 1st generation devices (7). Pulse height distr ibution
refers to the variation in magnitude of the output pulse per incident photo-
electron. I f this distr ibution is wide then the intensif ier has noisy gain
and is poorly suited for quantitative use. This is the case for MCPs run at
low voltage (unsaturated mode). I f the MCP is run at high voltage (satu-
rated mode) then the distr ibut ion sharpens but at the cost of a count-rate
l imitat ion of roughly one event/(15 pm)2/10-2s = 5 x 107 y/s/cm2. Somewhat
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more troubling is the s tab i l i t y characteristics of the MCPt In addition to
long-term gain variations (1%/day, i n i t i a l l y ) there are rate-dependent short-
term variations. Note, incidentally, that none of the four characteristics
just discussed make MCP in tens i f ies unsuitable for viewing with the human
eye, which explains why the requirements of quantitative intensif ication are
often so at odds with the enthusiasm of manufacturers, most of whom design
for visual applications.

TV sensors (vidicons and CCDs) are the most important readout devices.
I t is important to recognize that the greatest differences between the
various 2-DXD which have been developed relate not to the TV sensors That
are used but to the way in which they are operated. TV sensors can be
operated as either fast-scan (real-time) (8, 9) or slow-scan (integrating)
(10-12) devices. In fast-scan, the TV camera is read out at video (~5 MHz)
rates. This necessitates the use of an inherently noisy, wide-band pream-
p l i f i e r . Consequently, fast scan devices usually use multiple stages of
Image intensi f icat ion. This is required to make the signal from an indi -
vidual x-ray event exceed the readout noise. Worse s t i l l , the high noise
reduces the rat io of the per-pixel saturation signal to the readout noise
(S/N) ra t io . This rat io determines the number of x-ray events which can be
stored per pixel between readouts of that p ixe l . Realistic values are S/N <
100. In one device (8) , the entire TV frame is read out 50 times a second.
The signal from each pixel is digit ized and added co a co-rotating d ig i ta l
memory. Amplifier noise is accummulated at each pixel even in the absence
of stored x-rays. In another device (9), the centroid of the signal due to
an x-ray event is real-time computed and the event coordinates are allocated
to memory. With suff icient image intensi f icat ion, pulse height discrimina-
t ion can be used to completely suppress the amplifier noise, making th is
type of device a true photon counter. Unfortunately, no two events can
local ly overlap within the frame period (0.03-0.02 sec), yielding a hope-
lessly low count-rate. Hybrid systems are possible (9) but at the expense
of increasingly complex electronics.

The approach taken at Princeton University (10-12) has been to u t i l i ze
the slow-scan TV mode or iginal ly developed by the astrophysicists to inte-
grate weak telescope images. The TV sensor is kept cold (-55'C) to reduce
the TV dark-current. The x-ray pattern is integrated on the TV sensor and
then the x-rays are gated of f . The TV sensor is then read out slowly
through a narrow bandwidth pre-amp to maximize the S/N ra t io . Typical
values are S/N » 103 for vidicons and 10** for CCDs. Image tube gain is
usually adjusted so each x-ray contributes a signal just above noise. Thus,
103-Hr* x-rays events/pix may be stored with a fixed read-out noise cost of
1 x-ray event/pix. Because the signal is analog integrated on the target,
the allowed count rate is very high. For example, no count-rate l imitations
have been encountered in operation at either the DORIS (11, 13-15) or SSRL
(16-17) synchrotron sources. At DORIS, count-rates were 106-107 Y /S. More
dramatically, a slow-scan vidicon system has been installed at a laser
plasma x-ray source at the University of Rochester (18). Here the entire x-
ray pattern is generated within 10"9 s. Instantaneous count rates of 1013-
10 lH Y/S are routinely handled. The price paid for this high count-rate
capabil i ty 1s a low duty cycle. It does not matter i f the di f f ract ion pat-
tern requires an integration of a nanosec, or 10 minutes; i t s t i l l takes 10-
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20 sec. to slow-scan read out the pattern. We have hot found this to be a
severe l imitat ion at our rotating anode source, although i t remains to be
seen as to how l imit ing this w i l l be in continuous use at a synchrotron
source.
3. REALIZED SLOW-SCAN CONFIGURATIONS

Fig. 2 illustrates slow-scan
configurations currently being
used or investigated in our labora-
tory. Since our primary function
is, and most of our effort is di-
rected towards, biophysical re-
search, detector development is
seen as a means to an end and a
high premium is placed on device
reliability and ease of use. Route
(A) (Fig. 2) consists of a phosphor
coupled to a 4-stage magnetically
focussed intensifier, which is, in
turn, lens coupled to a cooled sil-
icon diode vidicon, or SIV tube
(10). This device has been oper-
ating reliably since 1976, with
only a few weeks of total down time
due to power supply and routine
electronic failure. It is very ac-
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Fig. 2. Practical slow-scan
TV configurations.

tively used and data taken on it
has resulted in 19 papers and PhD
theses. Route (B) uses an 80 urn
cooled SIT vidicon (11). The SIT consists of an electrostatically focussed
reducing intensifier which shares the same vacuum envelope as a SIV vidicon.
The accelerated electron image from the intensifier directly bombards the
SIV target. This device has better resolution and dynamic range than the
SIV (A) device. The final version of this detector has been operating
reliably since 1980 with less than 1 week of down time. The current device
and its SIT-based predecessors have resulted in 13 papers and theses.
Versions of this device have been operated at DORIS and SSRL and at the
University of Pennsylvania. A version of this detector has been constructed
for dedicated installation at beam line x9 at the NSLS.

Route (C) consisted of a cooled single stage reducing, electrostat-
ically focussed intensifier fiber optically coupled to a CCD. This was a
prototype which was recently assembled from borrowed components and evalu-
ated. The results of the evaluation (19) indicate that this device is
superior to the SIT in most respects. Unfortunately, it relies on a unique,
and, therefore expensive, intensifier. This device was assembled to gain
experience with the CCD sensor and has allowed us to plan for (D), which is
now being assembled. Our plan is to use a relatively inexpensive 1-stage
intensifier coupled to a cooled CCD via an optical relay. Device (D) is
being constructed for use as a working, high resolution, high dynamic range
detector. The philosophy behind it is to build a modular device with a
minimum of specialized, expensive parts and, thus, to increase the number of
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vendors willing to supply the components. Either 1 or 2 stages of inten-
sification will be needed, depending on the lens system used. A major
problem with most CCDs will apparently be blooming when the sensor suffers
local saturation.
4. TESTING 2-DXD

A 2-DXD is a prototype until it has been thoroughly evaluated according
to comparative test procedures and operated extensively in its intended
environment. There has been a natural, but unfortunate, tendency to rush to
use (or worse, to sell) 2-DXD that have been incompletely tested. The
burden on the user is to evaluate the 2-DXD on the basis of available test
data and decide if it is suitable for a given application. This is gener-
ally not possible with random test data. In particular, a demonstration
that the 2-DXD can detect an x-ray image does not constitute testing the
device because the information thereby generated is not easily transferable
to different types of x-ray problems. For this reason, users have a right
to demand, and should demand, to see quantitative test data of such a nature
as to allow the 2-DXD to be compared to other device. A similar problem
confronted the television camera manufacturing industry in the '40s. The
response which evolved was to generate a standard set of test measurements
(e.g., test charts, sensitivity, modulation transfer, etc.), the results of
which may be found in the specifications sheets which accompany all TV
camera tubes. It is the firm belief of many in the field that it is neces-
sary that a set of standardized tests be used to test 2-DXD because there is
an enormous potential for the waste of scientific time in applying a given
2-DXD to problems for which the device is ill-suited. In consultation with
interested designers and users, a set of tests and measurement procedures
has been developed and published (20). Hopefully, these will evolve with
use and experience, and rapidly settle into a stable set of test procedures.
The test set (20) measures the

(1) Quantum efficiency
(2) Spatial uniformity of response
(3) Linearity of response vs. intensity
(4) Spatial resolution
(5) Positional linearity (spatial distortion)
(6) Count-rate limitations
(7) Wavelength dependent response

and (8) Special operating charcteristics, e.g. , s tabil i ty, special
limitations, etc.

This test set has been applied to the SIT-based detectors described
earlier (12, 20). It is useful, for the sake of il lustration, to review
some of this data to see how it applies to polymer diffraction.

The accuracy of a detector is defined as the ratio of the total noise
to signal when an area of the x-ray pattern is integrated. Fig. 3 i l lus-
trates the accuracy vs. the mean total number of x-rays, N, required for an
ideal (zero-noise) detector, for the SIT detector and for x-ray film. For
the ideal detector, the accuracy = N"1 '2 , i e . , the accuracy is limited by
the x-ray photon shot noise. The SIT detector is marginally worse. The
near-parallel displacement from the ideal device curve results from the
limited (70-80%) stopping power of the phosphor. A set of curves, such as
Fig. 3, is enormously useful because it immediately allows a comparison of
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detectors. For instance, suppose a rep-
resentative set of f i lm exposures from
a polymer specimen yields signals which,
when integrated over 9 mm2, tend to
vary by 3%. According to the f i lm
curve, th is corresponds to ~ 60,000
x-rays. For the SIT detector, using
the same area, ~ 2000 x-rays are re-
quired. Hence, a speed advantage of 30
may be attained with the SIT detector.

Fig. 3 is an indication that the
SIT detector is essentially x-ray quan-
tum l imi ted. This is often demonstrated
by showing x-ray exposures of very low
dose -- i f the few x-rays present can be
seen, then the device is obviously near
the quantum l i m i t . Such a demonstra-
tion may be adequate for, say, x-ray
astronomy, where the x-ray background
is negligible. For d i f f rac t ion, how-
ever, and especially for d i f f ract ion
from poorly ordered materials, the d i f -

RELATIVE UNCERTAINTY IN INTENStTY

5OK

. 1 %

SIT

I M

(O> 40* 10*

TOTAL DOSE ( X - RAYS)

( 0 *

Fig. 3. The accuracy vs. inte-
grated dose is shown. For an
ideal device, the readout noise
is independent of the area being
integrated; this is not the case
for real detectors. From ref .
(20).

fraction signal usually rides on top of
a substantial background. Real 2-DXD exhibit dose, rate, and area dependent
noise sources which may cause the quantum senstivity to f a l l in the presence
of background. A simple test which is readily performed is to illuminate
the detector with a uniform x-ray source (e .g . , Fe55 at a distance) with a
25 »*n piece of mylar f i lm interposed. I f the mylar has a slot cut in i t ,
then the detector area imaging the slot wi l l see marginally more x-rays
because this area does not suffer the ~ 0% x-ray absorption of the mylar.
Fig. 4a shows a 20 min. exposure at a mean dose rate of 0.077 x-rays/
pix/sec. The extra dose rate through the s lo t , which is clearly v is ib le , is
0.003 x-rays/pix/ sec or a total of ~ 3.7 x-rays/pix over the 20 min.
exposure. Fig. 4b is a graph of the intensity of Fig. 4a in a 1 mm t a l l
region, moving lef t to r igh t . The bump due to the slot is indicated.
Obviously, we extract more information from the 2-dimensional pattern than
from the 1-dimensional s t r ipe. Two error bars are also shown of Fig. 4b.
The rightmost error bar is computed solely on the basis of the incident
quantum s ta t i s t i cs ; the one on the le f t is from the RMS deviation of a
straight l ine least-squares f i t to Fig. 4b. The relative heights of the
error bars, again, demonstrate the quantum limited nature of the detector.

Readers interested in more details of either the test set (20) or the
detectors (10-11) are referred to the l i terature.

5. THE USER INTERFACE
Relatively l i t t l e attention has yet been paid to the integration of 2-

DXD to the laboratory environment of the synchrotron source. The problems
of data allocation and software control are non- t r iv ia l . World-wide, most
of the experience with 2-DXD has been on applications to single-crystal
d i f f rac t ion. In this case, one has a good idea, a p r i o r i , of the kind of
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data to expect. This is not the
case for di f f ract ion from poly-
mers, l iquid crystals and the
l i ke . In our Princeton Labora-
tory we investigate l iquid crys-
tals and biological specimens.
Our experience with 2-DXD has
been that they are especially use-
ful in acquiring di f f ract ion pat-
terns iij a data stream as a spec-
imen parameter, such as tempera-
ture, is varied. Consider a duty-
cycle limited CCD detector oper-
ating at the NSLS. I t w i l l gener-
ate ~ 4 x 10s bytes/20 sec. I f
half of the day is devoted to set-
up and half to actually acquiring
d i f f rac t ion , then the data rate
is (4 x 10s bytes/20 sec.) x (12
hr) ~ 1 gigabyte/day. Even in our
Princeton Lab, where the x-ray
intensity is limited and most of
the day is spent integrating f lux ,
i t is not unusual to generate 5
reels of magnetic tape a day. In
our experience i t is also unreal-
is t ic to suppose that data
streams can be simply programmed
and allowed to proceed. The exper-
imental strategy, i . e . , the se-
quence of adjustment of the speci-
men variables, is best optimized
on the basis of the resulting d i f -
f ract ion. This requires a contin-
uous flow of information from the
specimen and detector to the user
and the capability of changing
the specimen parameters and the
data taking sequence in mid-
stream. Software which can con-
t ro l the specimen, the detector
and the real-time analysis of the
data (which is absolutely neces-
sary) is very time consuming to
generate and requires considerable experience with the experimental
environment. At Princeton, after several years of trying various
approaches, we eventually settled on an assembly language kernel which is
linked into the system FORTRAN. The kernel controls the detector, specimen,
and analysis software by allowing real-time manipulation and sequencing of
pre-compiled routines using language designed to be suited to our needs.

Fig. 4. (a) The low-dose x-ray image
of a slot in a 25 in? sheet of mylar.
The stored d ig i ta l image was displayed
on a TV-monitor so that each pixel
above the mean was black and each
pixel below the mean was white. A
photograph of the TV-monitor is shown.
A 1 mm t a l l (referred to the input
phosphor) integration across the dig-
i ta l data array of (a) is shown in
(b). From ref . (20).
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Similar approaches are likely to evolve as 2-DXD are installed at the
storage ring sources and users struggle to cope with the data rate problems.
The key word here is evolve. Good solutions will take time and a tolerance
for different experimental approaches.

6. CONCLUSION
Synchrotron radiation sources have evolved so quickly that, in many

ways, the user community was caught unprepared. Relatively few beam lines,
world-wide, have operated in dedicated fashion for purposes such as polymer
SAXS. In consequence, we really aren't fully aware of the problems which,
all too soon (some say "not soon enough!"), will be upon us. A major
problem which is readily apparent is detectors. What are we going to use to
catch all those photons? There were capable machine physicists to build the
sources and impressive efforts by large laboratories (e.g., BNL, SSRL, ORNL,
EMBL, Bell Labs, Exxon, etc.) to design beam lines. It should be recognized
that, in this country, the detector effort has baen left in the hands of the
users. Without user involvement, the pace of detector development will
proceed slowly and fitfully. To pose an analogy, waiting for synchrotron
radiation is like waiting for rain in a great sand desert. Besides doing
rain dances, let us not forget to spread out buckets.

Work in our laboratory is supported by the NIH (Grant GM32614) and by
the DOE (DE-AC02-76V03120). We especially thank the DOE for recognizing the
needLT5? detector development. I thank my close colleagues, George Reynolds
and Jim Milch (now at Kodak), with whom most of the detector work has been
done. I also wish to thank Eric Eikenberry and John Lowrance, both of whom
are involved in the CCD detector development.
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A Linear, Posit ion-Sens Hive X-ray Detector Used for Real-Tiaie
Calculations of Small-Angle Scattering Parameters

with Submi11isecond Resolution

Charles S. Borso
Argonne National Laboratory, Argonne, IL 60439

The advent of high-intensity X-ray synchrotron sources has made
possible the measurement of fluctuations in small-angle scattering
parameters from typical specimens on a submi11isecond time scale in real-
time. The fundamental design of any fast detector system optimized for
such measurements will incorporate some type of solid state detector array
capable of rapid encoding algorithms. A prototype with a self-scanning
photodiode array has been designed and tested at beamline 1-4 at the
Stanford Synchrotron Radiation Laboratory (SSRL), and the results indicate
that the device will operate at speeds yielding submillisecond temporal
resolution in real-time.

The basic component of the detector is an RL1024S photodiode array
packaged in a standard dual in-line IC configuration that is mounted on a
copper cold finger to permit cooling. The operating temperature of the
device can be controlled by liquid nitrogen cooling directly at the cold
finger, by cooling with a thermoelectric heat pump, or by using nitrogen
gas in a microminiature refrigerator based on the Joule-Thompson effect.
Cooling is required to reduce the dark current produced by such arrays
when the devices are scanned during readout. Fortunately the cooling
requirements are not as stringent in high-flux applications because of the
short integration intervals. Heat must be transferred sufficiently
rapidly to avoid temperature elevation caused by the deposition of energy
from the scattered beam itself.

The RL1024S array has 1024 p-n junctions diffused onto a monolithic
silicon chip on 25-Mm centers, with each junction being 2.5 mm in
height. This large aspect ratio increases the solid angle of the detector
in comparison with detectors having a smaller aspect ratio.1 Scanning
electronics are incorporated onto the chip surrounding the photoactive
area of the array. These peripheral regions can be irreversibly damaged
by X-rays and must be shielded to avoid catastrophic failure of the
device. The characteristics of the photodiode array have been described
previously.1"3

As currently configured, the output of an RL1024S array is situated
at the end of a 1024-element serial shift register. This arrangement
implies that 1024 clocking waveforms must be supplied to the device to
read its entire contents and to recycle to any given pixel element. Newer
devices are being considered by the manufacturer with multiple outputs
that will require less time for readout. With the present RL1024S, each
pixel will saturate after exposure to 7 x 10̂  photons. An active area of
6.25 x 10" ** cm2 permits detection of a measurable flux of approximately

11 photons/(cm2»sec).
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The present system can operate in a time-slice, data acquisition node
or in a real-time, time-resolved mode. In the time-slicing mode, the raw

/ data are continuously accumulated in the detector and then stored on disk
• in a repetitive manner with no further reduction or analysis. In the

time-resolved mode, only the results of the small-angle calculations are
displayed and stored as a function of time.

The real-time, time-resolved capabilities of the system are achieved
by performing least-squares calculations on the small-angle scattering
data while the pho€odicde array is being scanned. The apparent radius of
gyration, Rg, of a typical small-angle scattering profile can be deter-
mined from the slope, m, of a Guinier plot according to the equation

N
m

In L

with Q^ = 2ir sin 0/X, where N is the number of points within the Guinier
region, 2e is the scattering angle, and A is the wavelength of the
incident radiation. The coefficients, ai-ap, are geometric terms that can
be calculated from the sample-to-detector distance.

For any number of terms involved in the summation calculation,
approximately N/2 of the terms are positive and the remaining N/2 are
negative. Furthermore, corresponding pairs of product terms (e.g.,
ailnli and aNlnINJ a2ln I2 and a ^ J n ^.,) are similar in magnitude and
of opposite sign. In the actual implementation of the computation in
hardware these facts are utilized to avoid arithmetic overflow. By
successively adding pairs of product terms of similar magnitude but
alternating sign, the storage requirements of the summation are reduced.
Consequently, binary terms of greater length can be utilized in an
accumulator of fixed length, thereby increasing the accuracy of the
calculation.

The apparent value of the forward scattering, N, is determined
similarly:

The functions Rg and fl are evaluated by using a TRW T0S1009J
multiplier-accumulator interfaced to an Advanced Micro Devices 2910 micro-
programmable controller. A block diagram of the electronics is shown in
Fig. 1.
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The microprogrammabie controller coordinates events so that the
12-bit binary values representing the In 1^ values and the a., coefficients
are supplied to the multiplying accumulator in the correct sequence
described above. Product terms are calculated and added to the
accumulated sum every 75 nanoseconds.

To in i t ia te a measurement, the host microcomputer f i r s t requests a
background scan without a sample in the beam. The photodiode array is
cleared, then allowed to integrate counts for a specified period of
time. The analog voltages on the video output of the array are then
converted to 16-bit d igi ta l values by a DATEL ADC-876 analog-to-digital
converter at a rate of one pixel every two microseconds. The binary
values output by the ADC may be shifted by a value of 1, 2, 4, or 8,
depending upon the expected scattered intensity from the sample, because
only 12 significant bits are ut i l ized in subsequent calculations. This
programmable gain allows samples with different macroscopic scattering
cross sections to be measured on the same int r ins ic time scale by avoiding
the requirement for a variable integration interval to accumulate
suff icient stat ist ics to drive the remaining electronics. Only background
intensity values corresponding to points within the Guinier region are
actually retained for further calculations. The shifted background values
are then stored in random access memory for subsequent use.

After the sample is inserted, the scattering from the specimen is
measured repet i t ively. An independent monitor counter determines the
total number of photons incident on the sample. Each cycle is terminated
when the monitor count equals the number monitored during the background
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scan. The background values stored in the "BACKGROUND RAM" are then
subtracted from the sample scattering, and the resultant sample intensity
values are converted to logarithmic values by use of a look-up table. The
total photon count per cycle can be adjusted to scale the subtraction for
transmission corrections. These ROM generated logarithmic values are
placed in the storage area designated as the "In RAM" in Fig. 1.

The coefficient values (a^) that have been stored in the area
identified in Fig. 1 as the coefficient memory are transferred to the
TDC1OO9J and used to multiply the appropriate In 1̂  term and to sum the
products in the series, proceeding from the outside terms toward the
inside terms as previously described to avoid overflow. After the
apparent radius of gyration has been calculated, new coefficient terms are
supplied to calculate the apparent forward scattering.

The instrument described here has been tested at SSKL, and the
results of various biological experiments have been monitored. While
these proof-of-principle experiments were not exciting in their own
regard, they have verified the feasibility of the design. Such a system
will be of significant utility for studying perturbations in scattering
characteristics induced by a wide variety of controllable parameters, such
as electric and magnetic field variations, pH, ionic strength, enzyme
reactions, and disturbances required for stress analysis. With the higher
photon flux available from proposed synchrotron sources and the capability
of obtaining measurements of small-angle scattering parameters in
real-time, it will be possible to thoroughly study any system over a large
multivariable space within the finite time typically allocated for
individual studies at such facilities. The detector system described
herein should be adequate for investigations of this type for the next
generation of high-intensity sources.
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, SCATTERING FROM CORRELATIONS IN COLLOIDAL SYSTEMS

John B. Hayter
Solid State Division

Oak Ridge National Laboratory*, Oak Ridge, TN 37831

INTRODUCTION

Colloidal suspensions typically exhibit spatial correlations over
distances of order lO-lO^A, corresponding either to the size of individual
particles (e.g. polymer chains, surfactant micelles) or to the range of
interaction between particles (e.g. charged polymer latices at low ionic
strength). Apart from having fundamental intrinsic interest, such systems
are also extremely useful as model systems with which to study, for example,
non-Newtonian hydrodynamics, since temporal correlations are generally much
longer lived (10~8-10~3 sec) than those found in simple atomic or small mole-
cular systems (10~13-10"10 sec). Colloids have long been the subject of
macroscopic phenomenological research (on rheological properties, for
example), but it is only rsc^ntiy that microscopic light, x-ray and neutron
scattering techniques have been applied to their study, in large part because
of theoretical difficulties in understanding the scattering from dense
liquid-like systems of interacting particles. For spherical colloids, such
theoretical problems have not< been largely overcome*, and for anisotropic
colloids experimental techniques are being developed which circumvent the
intractable theoretical areas2. This paper will first review some static
light and small-angle neutron scattering (SANS) results on colloidal suspen-
sions, both at equilibrium and in steady-state non-equilibrium situations,
and will then discuss some dynamic measurements on polymer solutions and
melts made using the neutron spin-echo (NSE) technique. Emphasis is placed
on experiments which have a possible counterpart in synchrotron radiation
studies. In particular, NSE extends the results of photon correlation
spectroscopy (PCS) to larger momentum transfers and shorter time-scales than
are available with visible light, and the extension of PCS to short wave-
length on a synchrotron source would be of similar fundamental interest.

STATIC STRUCTURE

A number of examples of measuring individual particle structure by SANS
has been given in the article by Dr. George Wignall (this symposium). Here,
we shall restrict discussion to suspensions in which the particles interact
with one another. The general statistical-mechanical problem associated with
describing the structure of a concentrated colloidal dispersion is to predict
the properties of the dispersion, given the structure and laws of interaction
of all the particles of which it is composed. Thus formulated, the direct
theoretical problem is at present intractable. We may, however, pose a more
tractable problem by concentrating on the component of most interest, namely
the colloidal particles themselves.

"Operated by Martin Marietta Energy Systems, Inc. for the Department of
Energy under contract DE-AC05-84OR21400.
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To set this approach on a quantitative basis, consider a scattering
experiment designed to measure the structure of a concentrated colloidal
dispersion. Radiation (light, X-ray or neutron) of momentum kj impinges on a
sample and is scattered through angle 26 with final momentum kf. The experi-
ment performed is to measure the scattered intensity I(Q) as a function of
the momentum transfer Q • k£ - kf; for elastic scattering |Q| * (4ir/A)sin 0.
Each atom in the suspension has an associated scattering amplitude b, where b
depends on the nuclear type and electronic moment of the atom for neutrons,
and on electron density for electromagnetic radiation. The scattered inten-
sity is thus calculated by summing all the scattered waves, taking into
account amplitudes due to scattering type and phase shifts due to scattering
position, and averaging the result over all possible configurations weighted
by their probability of occurrence:

I(Q) » <|Eb;exp(iQ • *i)|2>
j J J

- <?Zbjbicexp[iQ »(Rj - Rfc)]> (1)

where Rj is the position of the jth atom, the sum is over all atoms in the
suspension and <> indicates taking the ensemble average. It is the calcula-
tion of this latter average which poses the central (and generally unsolved)
statistical-mechanical problem.

The approach which has proved most successful is to consider the
colloidal particles to oe the only finite objects present in the suspension,
all other ions and the solvent merely forming a neutralizing background. The
problem is then reduced to calculating the scattering from a one-component
macrofluid (OCM) interacting through a specified pair potential. For the OCM
we may immediately exclude all atoms other than those in the colloidal par-
ticles from the summation, and we may further split the sum into a sum with j
and k both in the same particle, plus a sum over j and k belonging to dif-
ferent particles. On the further assumption that the particles are indepen-
dently oriented, the result is3

I(Q) - S(Q)<F(Q)>Q + <F 2(Q)>Q - <F(Q)>Q (2)

where

F(Q) - ZbiexpfiQ • Xi)
3 J J

is the single-particle form-factor (the sum running over all distances rj
within a particle relative to the particle centre) and <>Q indicates an angu-
lar average over all orientations of the particle with respect to the direc-
tion of Q. Here we have assumed the particles are monodisperse for
simplicity.

The interparticle structure factor S(Q) specifies the correlations bet-
ween the centres of different particles. While F(Q) and th< related angular
averages can be calculated easily (although perhaps numerically) for any
given particle model, the calculation of S(Q) requires the evaluation of an
ensemble average over all particle configurations:
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S(Q) - 1 + p< I exp(iQ • !„„)> (3)

where p is the number density of particles in the suspension and Rmxl is the
distance between the centres of particles a and n. It is important to note
at this point that, in reducing the, problem to one for which solutions may be
found, we have already made two strongly restrictive assumptions: particles
are monodisperse and they are independently oriented. While polydispersity
can be introduced in certain cases, there is no way at present to handle the
general problem of correlated orientations of non-spherical particles in a
way which is useful to the experimentalist; however, experimental techniques
are available which sidestep this problem by imposing total correlation of
orientation.

Typical results of using the OCM procedure to interpret experiments on
charged polymer latices are shown in Fig. 1. Here, the interactions are of

Fig. 1. Light scattering
data** from charged
polystyrene spheres of
diameter d at volume frac-
tions of (a) 4.8 x 10-1*, (b)
1.7 x 10-1*. Solid lines are
calculated5*6 on a mono-
disperse OCM model, dashed
lines include polydisper-
sity.

1.5

the repulsive screened Coulomb type. The same approach has been used to
account for critical scattering on approaching a phase transition in a non-
ionic miceliar system with attractive interactions7.

An interesting example of the OCM approach being applied to a system
with anisotropic interactions is provided by magnetic colloids, or
ferrofluids. In this case, a saturating magnetic field may be applied to
align all dipoles parallel to the field, and the theoretic-1
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1600 Fig. 2. Comparison of
experiment (•) with theory
(-) for scattering from a
concentrated cobalt
ferrofluid in a field of
0.5 T.
(a) Magnetic plus nuclear
scattering
(b) nuclear scattering
(c) magnetic fluctuation
scattering.

correlations in the fluid becomes feasible8 . Fig. 2 shows that the agreement
with experiment is excellent9 . In this case, neutrons have an advantage over
electromagnetic radiation because the large magnetic cross-section allows
easy application of polarization analysis techniques10.
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Fig. 3 . Measured
(a,b) and calculated
(a* ,b ' ) scattered
intensity maps for
shear-aligned
cylindrical micelles.
(a ,a») static; (b ,b' )
shear gradient = 7500
s" 1 . The Q-range is
+0.048 A"1 in both
dimensions.
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STEADY-STATE NON-EQUILIBRIUM STRUCTURE ';

The factorization of eq. (1) becomes intractable for anisotropic
colloids, where correlations nay develop between the relative orientations
and positions of the particles. In the previous section, application of a
magnetic field provided one technique for overcoming this problem in a magn-
etic system. In some non-magnetic systems, the application of a viscous
shear may similarly be used to align the particles for study by scattering
techniques. Fig. 3 shows typical results obtained on a solution of cylindri-
cal micelles of diameter 50A and length 3200A, together with the
corresponding absolutely scaled theory2. These types of experiment, as well
as allowing a clear understanding of the colloidal system under study, pro-
vide models for studying shear induced melting and ordering; both light11 and
neutron scattering12 have been used. From the point of view of synchrotron
experiments, sheared systems have the useful added feature of providing an
obvious way to overcome local heating effects in the solution when focussed
beams are employed, for example to illuminate only a few particles in studies
of multipoint correlation functions13.

DYNAMIC STUDIES OF POLYMERS AND COLLOIDS

Photon correlation spectroscopy has proved an extremely useful technique
for studying relaxation phenomena in colloidal systems11*. As typically
applied with visible light sources, however, PCS is limited to momentum
transfers Q < 10~3 A"1; it is thus suited to observations of the motion of an
entire polymer coil, for example, but is unable to provide information on the
spatial scale of polymer segmenta1 motion within the chain.

Neutron spin-echo15 provides a complementary technique which measures
the same physical quantity as PCS, namely the normalized coherent time corre-
lation function Ffl(Q,t), but at sufficiently large momentum transfers to
probe finer spatial scale than the optical technique. The reader is referred
to recent reviews16'17 for details of the method, and we shall only discuss
some representative results in this article.

The description of polymer relaxation in solution, on the scale of
segmental diffusion (Flory radius Ro > r > segment length £), is based on the
use of hydrodynamic equations; the hydrodynsmic interaction between the mono-
mers has to be included to obtain physically realistic predictions. The
influence of concentration is treated by introducing a correlation length £
which corresponds roughly to the distance between entanglement points of dif-
ferent polymers; over distances r < 5, essentially single-chain behaviour
should still be observed. In good solvents, £ scales with concentration as
c~3/^, and the width of the relaxation spectrum is predicted to scale with
Q 3.

A direct theoretical attack on the problem was undertaken by
Dubois-Violette and de Gennes18, who found

FN(Q,t) - (rt)
2/3 /"du«exp {-(rt)2/3utl + h(u)]} (4)

o
where

h(u) . - / " & . cos y2 [1 - exp (-yV3/2)] . (5)
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The relaxation frequency T i s given by

Q 3 (6)

where n is the solvent viscosity. This result is interesting because it pre-
dicts a universal function for all polymers, V scaling with Q 3 and depending
only on the bulk solvent parameter T/n. Similar results are also predicted
in an extended theory due to Akcasu et al. 1 9 The Q3 behaviour is expected in
the range QR > 1> Q£, where R is the radius of gyration and I is of order the
monomer size; that is, neither overall molecular size nor detailed local
structure dominate.

Spin echo results on dilute solutions of a number of polymers have con-
firmed the general correctness of this approach20)21, which is basically the
Zimm model. Crossover behaviour to Q2 has also been observed, either due to
the onset of entanglement20 (see Fig. 4) or to reduction in molecular weight
so that the diffusion of the entire coil is observed22. Both rings and
chains have been studied.

> •<

>
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Fig. 4. NSE results20 on
PDMS in CgDg, showing the
crossover from Q 3 to Q 2

behaviour as the con-
centration is increased from
5 to 3096. At higher con-
centration the correlation
length, i, at which
entanglement sets in becomes
shorter.

In polymer melts, collective fluctuations appear to vary in accordance
with the Rouse model, with the relaxation frequency varying as Q1*. In this
type of neutron scattering experiment, the ability to mark a few chains by
using a dilute solution of protonated in deuterated polymer is primordial in
allowing the motion of a single chain to be studied. Figure 5, which shows
data on polytetrahydrofuran (PTHF), demonstrates the difference between solu-
tion and melt dynamics22.

The time-dependence of the relaxation processes in the melt is at
variance with the predictions of reptation theory, in which the flexible
polymer chain is thought to move snake-like in a "tube" formed by local topo-
logical constraints. Figure 6 shows experimental NSE data, together with
Monte Carlo simulation results, on a dimensionless plot, compared with the
predictions of Rouse and reptation models23. The Rouse model, which is
independent of Q in this format, clearly gives the better description.
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Fig. 5 . Variation of
relaxation frequency ft
(expressed in energy units)
with Q for a 3% solution of
PTHF/CS2 (T * 30»C) compared
with a melt sample of 3K
PTHF/PTDF (T * 110#C). Both
backscattering (•) and NSE
(o) data are shown. Note
that snergies of order 10
neV may be routinely
measured with NSE.
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However, the same model fails to describe the viscosity of the same melts,
and the detailed microscopic behaviour in the melt still needs clarification.

A number of other systems has been studied by NSE, including hydrodyna-
•ic effects in charged micellar solutions24 and microemulsions25, screening
effects in polyelectrolyte behaviour26 and the Q-dependent temperature cross-
over in the dynamics of dilute polymer solutions on changing from theta to
good solvent conditions27* All of these studies rely on the ability to
extend the range of PCS measurements to higher Q by using shorter wave-*
lengths, and the implementation of an equivalent technique at a synchrotron
radiation source provides an exciting challenge.
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Structure of Microemulsions by SANS

John S. Huang

Exxon Research and Engineering Co., Annandale, NJ 08801

Microemulsions are homogeneous mixtures of oil, water, and a surface
active agent consisting of both an oil-and a water-soluble «?«nponent
called a surfactant. The simplest of the microemulsions contains only
three pure components with a small amount of one of the immiscible
liquid phases dispersed in the other, forming a kind of dilute
solution. The dispersed phase under many conditions consists of minute
surfactant-coated droplets with diameters of the order of 30 to
300 A (Figure 1). One could reasonably view this solution as a type
of supramolecular solution with an apparent solute (droplet) molecular
weight in the range of a few hundred thousand to several million. Small-
Angle Neutron Scattering (SANS) is a particular* useful tool for
structural studies of systems containing mainly water and
hydrocarbons. This is largely aue to the fact that the contrast of the
scattering amplitude can be changed or enhanced via deutenum
substitution for various protonated species. It is the purpose of this
lecture to describe soma of the results obtained for the droplet
structure and the nature of the inter-particle interaction of model
microemulsions by SANS.

First let us consider an oil continuous system containing\ 6%
surfactant, sodium di-ethlyhexylsulfosuccinate (AOT), in decane. This
surfactant, with its bulky double-branched hydrocarbon tails, easily
forms inverted micellar aggregates in the oil phase. SANS spectra taken
with a deuterated solvent showed a perfect Guinier fit with a radius of
gyration of 15 A (Figure 2).Identical fits were obtained for solutions
containing .1% to 5% AOT. By blending the deuterated decane and normal
decane at various proportions to vary the contrast between the micelles
and the solvent, we concluded that the micelles are basically
monodispersed spherical aggregations of 22 AOT molecules.(1)

AIHIEOUS

I tmtimlttunmliiiti i i i i l i I I I I I I I I I I I I I I I

O M l O.O2 0.01 O.M

Fig. 1 Structure of microemulsions
(A) water droplets in oil phase, (B)
oil droplets in water, (C) cross
sections of (B).

Fig. 2 Guinier plot for AOT
micelles in oil.
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To this micellar solution of 3% AOT, heavy water of various amounts
was added and gently agitated. Clear solutions would quickly form,and
all the added water was evidently solubilized into the interior parts
of the micelles. These solutions are micro^ulsions. A typical SANS
spectrum as shown in figure 3 was obt«*:- "••! for a microemulsion
containing 3% AOT and 5% heavy water. The < .•- ing due to the swollen
micellar cores exhibited only a relatively ; - iainier regime, and a
forced Guinier fit would only yield a ver* » \.$h estimate of the core
dimensions. The failure of the Guinier plot is thought to be mainly due
to polydispersity of the sizes. (If the spheres were monodisperdsed
then the data should fall below the Guinier plot at higher Q values).
It should be noted that polydispersity is also expected from statistical
mechanical considerations^). In order to take into account the size
variations, we first ignore the correlation between the size and the
position of the droplets, a fair approximation for weakly interacting
microemulsion droplets at low volume fractions. Then one can show (3)
that the scattering intensity I(Q) would assume the following
expression:

S(Q)-N P(Q) S'(Q) (1)

where P/Q) = <|F(Q)|2>, S'(Q)= 1 + e(Q) [s(Q)-l] and e(Q) =
<|F(Q)|>Z/<|F(Q)|*>. F(Q) is just the form factor for each droplet, and
the brackets represent ensemble average of all the droplets. For a
soherical scatterer of radius R, F(Q) is proportional to
R fj'i(QR)/QR]t where jj(x) is the spherical Bessel function of order
one. For any given function of size distribution we can compute the
average form factor as well as 3(Q). For dilute solutions, we shall
assume that the positions of the droplets are uncorrelated, so that
S(Q)«1. We fitted the scattering intensity with equation (l), and the
best fit parameters yielded the average radius of the droplets, R, and
the width of the size distribution function, P. Figure (4) shows the

. . . . . Uniform iphtrM
— — Polytilip*rM<J tphcm

Fig. 3 Spectrum for AOT
microemulsion. The straight
line is the Guinier fit to the
•initial slope.

Fip. 4 Improved fit for the
microemulsion spectrum by including
polydispersity.
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Improvement of the fit to the microewulsion spectrum assuming a Gaussian
distribution function for the radii (solid curve). It turns out (4)
that the polydispersity index, p, which Is the ratio of the width to the
mean value of the distribution, is about 30% for the AOT systam studied
(p>P/R*0.3). Furthermore, tha value of the dispersity Index I* found
to depend only weakly on the distribution function assumed. For
instance, if the more physical Schultz distribution function (5) 1s
used, then p*0.28 (6). One of the more important consequences of the
polydispersity analysis 1s that the radius obtained through the Guinier
plot for a polydispersed system always overestimates the true average
radius (4). We have plotted the average radii as function of the heavy
water to surfactant molar ratio, x. We find that R is linear in x.
(Figure 5). The average packing area of the surfactants on the droplet
is independent of droplet size,and the packing density is obtained from
the slope of the best fit line. It can be easily shown that

R - (3/aH) (VS+X'VW),

where a^ is the average area per surfactant on the interface of the
droplets, Vs is the effective volume of the surfactant head (the part
that is soluble in water) and Vw is the volume of each OpO molecule. By
assuming9the usual value of 30.15 AJ for DpO molecules, we obtained
aH=68 fr.

Now let us consider the case when the interparticle interaction
cannot be ignored, and the assumption for S(Q)*1 is no longer
applicable. So even for the weakly interacting water droplets, at
higher concentrations it is essential to construct a microscopic model
for the microemulsions in order to understand the SANS spectra. Since
we know from the data obtained in dilute solutions that the AOT system
consists of polydispersed spherical droplets, we expect that the mean
spherical approximation (MSA) can be used to calculate the structure

Fig. 5 Mean radius of
water core for micro-
emulsion as a function
of the water to surfac-
tant ratio. The slope
of best fit line yields
surfactant packing density
on the droplet interface.
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factor S(Q) if the interaction potential is known.(7) Because of the
fact that a critical point was found to exist at about 42° C for che
AOT/DoO/Oecane system (8), we chose to add an attractive Yukawa
potential to the hard core repulsion between the droplets. The MSA
solution for the structure factor can be obtained numerically. The SANS
spectra obtained at moderate concentrations (up to 20% of the dispersed
phase) can be reasonably fitted with this model. We have found that the
average droplet diameter and the polydispersity index are fairly
constant for microemulsions with constant water-to-surfactant ratio but
at different droplet volume concentrations. This is true independent of
temperature, both in the single-phase regime and the two-phase regime
(9).

The critical phenomena of the AOT system were studied by light
scattering (8,10). It was found that the phase transition is of non-
mean-field type, and we expect the MSA will fail very near the
transition temperature. On the other hand, it is known that the
structure factor can be described very well by the Ornstein-Zernike
form:

S ( Q ) J
1+Q.V

where I is the correlation length between the droplets. Since we expect
that S(Q) approaches unity at large Q for hard sphere liquids, a
reasonable trial function to describe the scattering intensity may be of
the following form:

KQ) = P(Q)Cx (l+QVr1*!] . (2)

We have used equation (2) to analyze the spectra in the critrical
regime (within 10° C or so of the critical temperature) and found
excellent fits over 5 decades of intensities (figure 6 ) . The additional
parameters needed for the above fits are x and €• It turns out that the
temperature dependence of the correlation length £ and the isothermal
susceptibility x as obtained from the fits were consistent with the
light scattering data and the scaling relations (3).

It should be noted that the above expressions for the structure
factors are just reasonable approximations to the more refined models.
For systems with attractive interactions, Chen et al. (11) have derived
an expression based on the Optimum Cluster Theory (OCT) of Anderson and
Chandler (12) that takes into account the structure of the hard sphere
liquid at large Q [instead of assuming S(Q)=1]. This procedure no
longer assumes that the position and the size of the droplet are
completely uncorrelated, but solves the Ornstein-Zernike equation with a
modified total correlation function obtained from MSA methods by the
hard sphere result of the Percus-Yevick approximation (13). Again
assuming an attractive Yukawa potential between the hard spheres, Chen
et al. (11) were able to obtain excellent fit for SANS spectrum taken
for an AOT microemulsion with 30% of the dispersed phase. The
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Fig. 7 Spectrum of a water
continuous microemulsion.

Fig. 6 Spectrum of AOT
microemulsion near the
critical point.

polydispersity index obtained with this method is about 15% higher than
that obtained with the MSA.

As to the origin of the attractive forces responsible for the
critical point transition, it is not immediately obvious because the Van
der Waals forces between the droplets are more than an order of
magnitude too small. Lemaire et al. proposed that attraction could
result from mutual penetration of surfactant tails (14), By analyzing
the SANS spectra of the structurally simpler AOT micelles in deuterated
alkane at progressively higher micellar concentration, we concluded (15)
that the attractive force could be well represented by an effective
square-well potential with a short attractive range of 3 A. The depth
of the potential depends on the carbon chain length of the alkane which
is the continuous phase. We have also been able to show that the
attraction potential is proportional to the micellar radius (which can
be changed at will by the addition of water), an essential feature of
the surfactant penetration model. Classical light scattering has also
been carried out in these systems to measure the second virial
coefficient. The results are consistent with the potential as
determined by SANS.(16)

As for water continuous microemulsions, the dominant interaction is
that due to the screened Coulomb potentials. We shall describe briefly
some results obtained with a three-component system with derfane
solubi1ized by a sodium alkylarene sulfonate (SAS) in 0.3% Nad
solution. At low concentrations of the dispersed phase (decane), it is
known that a hard sphere liquid model modified with repulsive Yukawa
potential with MSA provides reasonable calculations for the structure
factor (17). We have again modified the Hayter-Penfold program as given
in reference (17) by taking into account the polydispersity of the
droplet size. A typical result is given in figure (7) for a system
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containing 5% SAS and 2% per-deuterated normal decane. The best fit
parameters revealed that the oil droplets are only about 10%
polydispersed, with an average radius of 25.0 A. In addition to the
structure information, we were also able to determine from the fit that
there were on the average 70 charges on the droplets. It turns out that
this value can be estimated independently. Alexander et ai. (18)
estimated the maximum charges of the droplets by assuming the surface
charge potential to be of the order of thermal energy of the counter-
ions. According to the procedures in reference (18), we would
expect the number of charges on droplets to be about 63, in good
agreement of the SANS data.

In conclusion, we have demonstrated the usefulness of small-
angle neutron scattering in the study of the structure of
microemulsions. So far we have been dealing with mostly spherical
systems with different interactions. We have now also been able to
analyze microemulsions with equal amounts of oil and water (19), and are
currently actively persuing the study of non-spherical systems.
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SANS STUDIES OF POLYMERS*

George D. Wignall
National Center for Small-Angle Scattering Research

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

Before the application of small-angle neutron scattering (SANS) to study
polymer structure, chain conformation studies were limited to light and small-
angle x-ray scattering(SAXS)techniques, usually conducted in dilute solution.The
unique role of neutron scattering in polymer physics arises from the differ-
ence in the coherent scattering length, b, between deuterium (bn » 0.66 x
10—12 c mj aiui hydrogen (bjj » -0.37 x 10"1^ c m ) which results In a marked scat-
tering contrast between molecules synthesized from normal (hydrogenous) and
labeled (deuterated) monomer units. It was realized in the late sixties that
SANS from blends of normal and labeled molecules could give for the first time
direct information on chain conformation in bulk polymers. In addition, water-
soluble polymers may be examined in H2O/D2O mixtures using contrast variation
methods to provide further information on polymer structure. This paper
reviews some of the information which has been provided by this technique
using examples of experiments performed at the National Center for Small-Angle
Scattering Research (NCSASR).

The NCSASR is a national user-oriented facility dedicated to studying the
structure of matter on the scale of tens to hundreds of Angstroms (10r~8 cm).
The Center, sponsored by the National Science Foundation (NSF) through an
interagency agreement with the Department of Energy (DOE), was established at
the Oak Ridge National Laboratory (ORNL) in 1978. NCSASR facilities include
full-time use of the NSF-funded, 30-m small-angle neutron scattering (SANS)
instrument (1) at the High Flux Isotope Reactor Reactor (HFIR) and a fraction
of the beam time on four existing DOE-funded SAXS and SANS instruments. Beam
time on the various instruments is assigned on the basis of the scientific
merit of the proposed research.

The first applications of the SANS technique were made in Europe in the
early seventies in the area of chain configuration in amorphous polymers.
It is well known that there have been basically two theoretical approaches
to the molecular conformation in these systems, based on the unperturbed
Gaussian (random) coil due to Flory and co-workers on the one hand (2),(3),
and the meander or bundle models (4-6), where a large fraction of the polymer
molecules are envisioned in a quasiparallel arrangement. Before the develop-
ment of the SANS technique there was no way of directly measuring the confor-
mation in bulk polymers and this led to intense debate and wide disagreement
on this issue in the literature. SANS experiments in a range of amorphous
polymers (7—16) confirmed the general predictions of the random coil model,
that the overall molecular size as measured by the radius of gyration in the
bulk state is the same as in an ideal 0-solution. Table 1 shows a summary of
the results of a series of measurements made at small values of the scat-
tering vector Q * 4uX~l sinO where 20 is the angle of scatter and A is the
neutron wavelength. This type of experiment measures the (z-average) radius
of gyration of the polymer chain, Rg, which may be converted to the weight
averaged radius Rg if the polydispersity is known.

•Research sponsored by the NSF under grant DMR-77 24458» with the U.S. DOE
under contract DE-AC05-84OR214O0 with Martin Marietta Energy Systems, Inc.
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Table 1.

Polymer

Molecular Dimensions

State

in-

(
Bulk

Bulk Anorphous

RgVV1"5

©Solvent

Polymers

Reference

Polystyrene
Polystyrene
Polystyrene
Polyethylene
Polyethylene
Polyvinyl-
chloride
Polyiso-
butylene
Polymethyl-
Methacrylate
Polymethyl-
Methacrylate

Polyethylene-
Terepthalate

Glass
Glass
Melt
Melt
Melt

Glass

Glass
Glass
(Atactic)
Glass
(Atactic)
(Syndio
(Isotactic)

Glass

0.275
0.280
0.280
0.46
0.45

0.40

0.31
0.242

0.289
0.297

0.275
0.275
0.275
0.45
0.45

0.37

0.30
0.25

0.247 0.244

0.244
0.285

Benoit et al. (1973)
Ballard et al. (1973)
Wignall et al. (1974)
Schelten et al. (1976)
Lieser et al. (1976)

Herschenroeder et al. (1977)

Hayashi et al. (1983)
Kirste et al. (1972)

O'Reilly et al. (1984)

0.385 0.39-0.42 McAlea et al. (1984)

According to the random coil model RS should be proportional to M^, where My
is the (weight averaged) molecular weight, with the same constant of propor-
tionality in the bulk as in an ideal 0-solvent. It may be seen from Table 1
that this prediction holds remarkably well for amorphous polymers. These
experiments have been extended to higher values of Q to test how far the local
configuration in the bulk is described by this model. This is accomplished by
measuring the scattering in the intermediate Q range (0.1 < Q < 0.6 A"~l) which
is sensitive to the local configuration of the chain over distances ~10—50 &.
Measurements by H. Hayashi and P. J. Flory (14) (IBM Research Laboratories and
Stanford University) on polyisobutylene (Figs. 1 and 2) show that there is
virtually no difference between the chain configuration in the bulk and in a
0-solvent over this Q range, thus confirming randomness down to distances ca.
10 &. The data shown in Figs. 1 and 2 are in the form of Kratky plots [0.2
dE/dft(Q) vs Q] where d£/dft(Q) is the absolute differential scattering cross
section per unit solid angle per unit volume of material. Several alternate
symbols have been used by NCSASR users for the scattering vector (e.g., Q • K
« y) and are shown in Figs. 1 and 2 and should be taken as equivalent in sub-
sequent figures when the data of other groups are discussed.

Most of the early SANS experiments shown in Table 1 were performed with
small relative concentrations (<5%) of labeled polymer, but measurements on
the 30-m SANS instrument and elsewhere have confirmed that the same infor-
mation may be obtained with, concentrrtions of labeled molecules up to 50%.
Fig. 3 shows a plot of Rg/M^ as a function of the mole % of labeled polystyrene
(PSD) in blends of deuterated and hydrogentated polystyrene (PSH), and shows
no concentration dependence (17). This development means that experiments can
be performed with much greater statistical accuracy and has been particularly
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useful in the intermediate Q-range measurements described above, where the
scattered intensities are relatively low.

The swelling of macromolecules in a good solvent arises from excluded
volume interactions between pairs of monomer units on a single polymer chain.
As the polymer concentration increases, the excluded volume effect is screened
and diminished and in the limit of the bulk polymer the conformation of a
single chain can be described as an unperturbed random coil as originally pre-
dicted by Flory (2,3) and verified by numerous SANS measurements (7—16).
Since the early seventies developments in polymer solution theory involving
the application of scaling methods have lead to a dramatic upsurge of interest
in this area though only one systematic experimental study of chain dimensions
as a function of concentration has been hitherto attempted (18). This showed
that for polystyrene in CS2 the radius of gyration varied as c~O*25 ±n apparent
agreement with the then current prediction of scaling laws (18). Since that
time, there have been reports of many violations of scaling laws which should
be valid in principle only in the asymptotic limit of infinite molecular
weight. It has been a longstanding puzzle to understand why the scaling
exponent (-0.25) was observed with only modest molecular weights and this had
led Professor J. S. King, W. Boyer (University of Michigan) and Dr. R. Ullman
(Ford Motor Company) to attempt further measurements on polystyrene in a dif-
ferent solvent. Considerable effort was expended to improve the statistical
accuracy of the experiment by careful attention to machine reproducibility,
cross checking the consistency of the data by means of redundant data sets
and also by use of high concentration deuterium labeling methods developed
by G. Summerfield and Z. Akcasu (19-20) (University of Michigan). The mea-
surements gave conclusive evidence that high concentration labeling methods
give highly reproducible results and produced data with the best internal
consistency of any polymer data taken r:. ONRL (21). Several complementary
methods of analysis were employed, and each led to the conclusion that the
concentration exponent (-0.163) for the molecular weight range measured
(~100,000) fell substantially below that predicted by scaling theory (Fig. 4).

1 1
R> - Kcn

n--0.25 (MEAN FIELD OR
RGA PREDICTION)

Fig. 4. Variation of I
with c for polystyrene
in toluene.
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One of the most important methods of synthesizing Modern polymers utilizes
emulsion polymerization and the product so formed is a polymer particle called
a latex. In recent years much interest has focussed on the preparation of
latex co-polymers with radial compositional gradients using a controlled
monomer feed. Formation of the desired product requires that the locus of
polymerization be at the aqueous interface of the growing particle (latex) and
that the reaction be carried out under nearly monomer-starved conditions, i.e.,
the rates of polymerization and monomer addition must be nearly equal. The
structure of the latex markedly affects the properties of the bulk polymer, and,
while the condition of monomer starvation is achievable, identification of the
locus of polymerization cannot be investigated directly and had been the
subject of considerable debate. Grancio and Williams (22) postulated a
polymer-rich spherical core surrounded by a monomer-rich shell which serves as
the major locus of polymerization, thus giving rise to a core-shell morphology.
This model, in which the first formed polymer consititutes the core and the
second formed polymer makes up the shell has received much support but also
significant criticism. The SANS technique has been used to investigate the
structure of such polymer latexes by L. Fisher, S. M. Melpolder and J. M.
O'Reilly (Eastman Kodak Company), who have studied normal (hydrogeneous) PMMA
latexes with deuterated shells of PMMA-D or PSD polymerized on the surface.
The scattering from the original PMMA-H latex is a Bessel function (23)
exhibiting sharp maxima and minima for monodisperse particles, though in
practice these sharp features are smeared by the finite experimental reso-
lution (Fig. 5). Accurate desmearing procedures using indirect Fourier
transform methods developed by Moore (2 4) and Glatter (25) have been used
to remove these instrumental effects and lead to patterns showing the
expected sharp minima (Fig. 5) with good agreement between the core radii
determined by SANS (R * 492 A) and independently by light scattering (R = 485
A). Figure 6 shows the scatteringopattern for a PMMA-H (R * 495 A") core
with a PMMA-D shell (thickness 30 A) polymerized on the surface.

Fig. 5. I(K) vs K for
4.9 vol % monodisperse
PMMA-H spheres (core
10111) in D2O/H2O mixture.

The sample was run in an ~ 3
H2O/D2O mixture which was ~
adjusted to match the scat- c
tering length density of
the core, thus leaving only
the hollow shell scatter-
ing. The agreement between
the desmeared experimental
data and the theoretical
hollow shell scattering is
excellent, thus confirming
a core-shell morphology
for the latex (26,27).
Similar experiments by

4 -

2 -

1 -

o EXPERIMENT SMEARED BY INSTRUMENTAL
RESOLUTION

• DESMEARED CURVE
Rg = 38i£(R*492fl)SANS
R «485 LIGHT SCATTERING

0.03
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0.005

Fig. 6. Desneared SASS data (0) for
PMiA latex with 30 A .tfMMA-D shell on
surface (core contrast matched)
compared with theoretical hollow
shell scattering.

M. P. Wai and R. A,, Gelman (Hercules
Inc), on a partially deuterated PMMA
shell polymerized on cores consisting of
random PMMA/PS co-polymers also demon-
strated a core-shell structure with
excellent agreement between the overall
size measured by SANS and transmission
electron microscopy (28).

For economic reasons it has become
increasingly difficult over the past two
decades for the chemical industry tc
introduce new commercial polymers, and
hence much interest has focussed on the
possibility of producing new materials
by blending existing polymers. Before
the application of small-angle neutron
scattering, the methods used to investi-
gate polymer blend compatibility (micro-
scopy, calorimetry, etc.) could indicate
macroscopic segregation but could not
demonstrate fine grained separation or intermixing at the level of the molec-
ular segments. SANS from blends where a fraction of one polymer species has
been deuterium-labeled is a sensitive test of compatibility at the segmental
level, and also provides information on chain configuration in the blend (29).
Extensive investigations of blend compatibility by SANS and other techniques
have been undertaken by scientists from the University of Massachusetts,
Xerox Corporation, and Exxon Chemical Company (30-32). Blends shown to be
compatible at room temperature for all compositions included polystyrene/
polyvinylmethyl ether, atactic/isotatic polystyrene, and polystyrene/poly-
phenylene oxide. The polystyrene/polyvinylidene fluoride and polystyrene/
polyorthochlorostyrene systems have been shown to exhibit compatibility for
certain ranges of composition, whereas blends of high and low density
polyethylene are virtually phase separated in the solid state. The latter
result is a consequence of differential crystallization effects rather than
a basic incompatibility of the species (31). Recent developments in scat-
tering theory (33,34) have shown how the Flory interaction parameter X of
binary polymer blends at high concentration may be determined from SANS data.
In principle, the same information may be obtained via light scattering or
SAXS, though the method is currently more suited to SANS because of the
enhanced contrast which may be obtained via deuteration. This situation may
change in the future as the enhanced flux of synchrotron sources permits the
exploration of the x parameters of blends with relatively low SAXS contrast.

0.010 0015 0070 0 025
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However, the molecular radii of gyration of the different blend components
may be determined only via SANS studies from 3-component blends consisting
of labeled and unlabeled polymer A blended with polymer B (33). The scat-
tering theory for phase separated blends has also been developed to the
point where the Rg of molecules confined within a domain may in principle
be determined from SANS (35) and several experiments along these lines have
already been performed (36—38).

Thore is considerable current interest in the topic of the diffusion of
polymer chains in the bulk polymer both from the theoretical and experimen-
tal viewpoint. Following DeGennes the diffusion on a microscopic scale is
envisioned as the reptation of a chain along a tube formed by the entangle-
ments of neighboring molecules. There had been considerable debate con-
cerning the applicability of this concept over the distance scale ranging
from a chain segment to the size of the overall radius of gyration. Over
the latter range measuremments had been previously performed by micro-
densltometry on samples of deuterated and protonated polymers which were
allowed to interdiffuse at an interface which was then sectioned and exam-
ined by IR methods. Due to the limiting thickness of sections this method
was effectively limited to molecular weights below 10^ which needed time
scales of the order of a month for measurements (39). Professor 8. Crist,
C. Bartels (Northwestern University) and Dr. W. Graessly (Exxon Research)
have used SANS methods to extend the available range of diffusion coef-
ficients which may be studied,by preparing samples consisting of alternate
layers of deuterated and protonated polymers. As the temperature is raised
and diffusion proceeds, the spatial modulations in composition decay and
the scattering grows progressively at intermediate angles, finally reaching
the pattern corresponding to a uniform molecular mixture of deuterated and
protonated components. Analysis of the time dependence of the scattering
yields the polymer diffusion coefficient (D) and due to the small distance
scale probed by the SANS method, measurements may be extended by approxi-
mately three orders of magnitude beyond the limit of IR microdensitometry
(40,41). Initital measurements on monodisperse fractions of hydrogenated
polybutadiene confirm the prediction that D — M~2 and give activation
energies in good agreement with theoretical estimates (Fig. 7).

The above experiment is an example of a study of a dynamic process via
quasi-static techniques where a sample is fabricated with a nonequilibrium
concentration gradient, a process is allowed to proceed for a given time, and
then the sample is frozen and examined by static techniques. Another
example of such a measurement using SANS is the investigation of trans-
esterfication kinetics in polyesters by K. P. McAlea and J. M. Schultz
(University of Delaware) and K. H. Gardner (E. I. Dupont de Nemours Co.).
Mixtures of labeled and unlabeled polyethylene terepthalate molecules were
heat treated for various periods and quenched to room temperature where
they were examined by SANS. Transesterfication acts to alter the lengths
of the deuterated and protonated sequences due to chemical reactions bet-
ween the chains. The effective block length of the deuterated segments may
be measured from the extrapolated Q » 0 cross section and Fig. 8 shows that
it falls from a value corresponding to the original chain length by a factor
~5 in 10 min at 270°C. To the authors' knowledge such information is not
available from any other technique and is another example of the unique
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Fig. 7. Molecular weight
dependence of diffusion (T •
125°C) for hydrogenated poly-
butadienes.

Fig. 8. (d£/d£2) (Q) vs Q for
a 20 wt % PETD sample annealed
at 270°C for 10 minutes.

information currently being obtained from SANS experiments on partially
labeled blends. To date the majority of measurements of dynamic processes
by SANS have employed such quasi-static techniques. The study of real-time
transient processes is just beginning,and examples of this kind of work
together with microscopic dynamical studies of polymer chain motion will be
discussed in a paper by Dr. John B. Hayter (Oak Ridge National Laboratory)
which also appears in these Proceedings.
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