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ADVANCES IN NEUTRON SCATTERING SPECTROSCOPY * 

by 

J. V. White, ILL, Grenoble 

INTRODUCTION 

Although neutrons have been used in scattering experiments for 30 

years, the last 1') years has seen a remarkable diversification in their 

usefulness from Solid State Physic, and Nuclear Physics experiments 

into the domains of Chemistry, Metallurgy, and Molecular Biology. In 

these new areas a particularly great impact has been made by the new 

instruments and high flux available at the Institut Laue-Langevin, 

founded 10 years ago, but many of the experiments can be done with lower 

fluxes, especially if suitably adapted instrumentation, such as multi-

detectors etc., is available. In any case, experiments at the High Flux 

Reactor in Grenoble need to be prepared with preliminary studies on a 

medium flux reactor, and so there are at least two ways in which medium 

flux neutron beams can contribute to work of the highest quality in these 

new areas. 

In this review, some aspects of the application of neutron scattering 

to problems in polymer science, surface chemistry, and adsorption 

phenomena, as well as molecular biology, will be reviewed. In all of 

these areas, very significant work has been carried out using the medium 

flux reactors at Harwell, Julien and Rise, even without the use of 

advanced multidetector techniques or of a neutron cold source. For 

example, in the case of Harwell, very significant work using a simple 

inverted analyser diffractometer has been done in molecular biology, and 

this will be described in further detail in the paper by Dr. Worcester. 

Some of the work on polymers originated with the small angle scattering 

instrument at Julich, but there a cold source was used to produce long 

wavelength neutrons. A general tendency can also be distinguished in 

that, for each of these new fields, a distinct preference for colder 

neutrons rather than thermal neutron beams can be seen. It may be, there

fore, that, in the exploitation of medium flux reactors in the future, 

intense cold sources will be a necessary investment if the beam programme 

'This sontricution is reproducing mainly an article recently published 
by the author'in rhysikaliscke Blatter, J£ (13?61 SZZ. We are very grate
ful to pkyeik Verlan, Veinhevr,, granting ue permission for reprintirg this 
text. 
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is to be extensive. Another aspect of the impact of the ILL has been 

the use of thermal and cold neutron guide tubes. It vould seem that 

any improvement of a thermal neutron beam reactor such as BR2 should 

cake into account the value of these devices. 

The uniqueness of neutron scat
tering experiments stems from the com* 
pletely different interaction between 
neutrons and matter and, for example, 
light. The neutrons, being uncharged, are 
to a first order of approximation not 
strongly scattered by the electrons in 
diamagnetic materials and so the scat
tering power of an atom is determined by 
neutron nuclear matrix elements. To 
represent the potential energy between 
a neutron and a nucleus in the scattering 
event, Fermi introduced the pseudo po
tential (Equation 1) to describe the neu
tron scattering from an array of nuclei, I. 

V (r) - — K*, + »\i S-I) • 6 (?-£,) (1) 

Ri is the vector position of the nucleus 
causing scattering, m is the mass of the 
neutron, and f is the vector position of 
the neutron. It is clear from the Ô func
tion that the interaction is only ae short 
range. This interaction has a strength 
determined by the quantities \>\ und bj 
which are the spin independent and the 
spin dependent neutron-nuclear scat
tering lengths respectively. In Equa
tion (1) S and I are the neutron and 
nuclear spin angle momentum operators 

respectively. It can be seen that when 
the nuclear angular momentum is zero 
there is no spin dependent part to the 
neutron Mattering length. There are two 
immediate consequences of this scattering 
potential. The first is that neutron scat
tering from a nucleus can be developed in 
the first Born approximation [1] with 
the result that the scattering cross-
sections are simply related to correlation 
functions of the nuclear positions. A 
second consequence arises from the fact 
that the scattering langths, hi und bj, 
do not vary in any regular manner 
throughout the periodic table. As a result, 
neighbouring éléments in the periodic 
table may have quite different scat
tering powers so that they may appear in 
contrast for neutron scattering whilst 
being indistinguishable, for example, by 
X-ray scattering. Table 1 shows a num
ber of neutron and X-ray scattering 
lengths as well as the molecular scat
tering lengths of some molecules im
portant in biology. The experiments in 
chemical physics and biology described 
below particularly depend upon the con
trast between the isotopes of hydrogen 
shown in this table. Other aspects of this 
idea with relevance to the structure of 
molecules in solution have been discussed 
elsewhere [2]. 

Table 1. Atomic xnd iverage molecular scattering lengths (13'u m). 

H D C N O P S HgO DjO phos- protein lipid 
phate 

neutrons 
b . 1.04 - — - — _ - - - - —' -
b. -4 .7 - - - - - - - - _ - -
bM«.i —0.38 0.63 0.66 0.94 0.38 0.53 0.31 —C.06 0.60 0.57 0.18 —0.03 

X-rays, 
b 0.28 0.28 1.70 1.98 2.26 4.24 4.52 _ — - — — 
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Scattering Experiments 

In a typical neutron scattering 
experiment the incident beam of neu
trons of well-defined ware-rector, *„ 
is scattered from a sample through some 
angle, 2 9. Any of the three processes 
shown in figure 1 may result. The 
simplest process is that the neutron is 
elascically scattered so that the final 

wave-rector, »', has the same modulus 

as «o- The momentum transfer Q is 
given by Equation 2 where I is the inci
dent neutron wavelength. 

I Q| - 4MiflÖ/A. (2) 

The intensity of scattering as a function 
of the angle of scattering is given by the 
differencial scattering cross-section 
3o/3fl (2) and because the first Born 
approximation applies is directly related 
to the space Fourier transform of the 
nuclear scattering length density correla
tion function, I £ (?) I, and this is 
shown in Equation: 

(cWofl).* -

l / 4 a | J d ? e x p ( i Q . f ] < ^ ? ) > | * . (3) 

For crystalline materials the scattering 
length density distribution may be 
expandeJ in a Fourier series with a basis 
equal to the crystal lattice parameters 
but for biological materials in solution 
it is convenient to expand the scattering 
length density distribution in terms of 
the mean scattering length density for 
the particle in solution and the distribu
tion function for density within the 
particle [3]. 

If the neutron gains or loses energy 
in its collision with (he sample, thereby 
de-exciting or exciting vibrational or 
diffusive modes, the scattering diagram 
(figure 1 b) is appropriate. The exit 
ware-vector is no longer of the same 

»'\ /0<i-t , 

ltMtl.l( \ / 

Figure 1. Vector diagrams illustrating 
t) liattic neutron tcauiriag, b) ii 

modulus as the incident wave-vector and 
the momentum transfer has a component 
related to the magnitude of the energy 
transfer at a gircn angle. The intensity 
of scattering at a given angle and for a 
given energy transfer is given by 
the double differential cross-section 
5*0/3£3£ which is given in Equa
tion 4 in terms of matrix elements of the 
scattering potential, V, between direct 
product states of the neutron and scat
tering system where k, and k' are neu
tron ware-vectors as before r;r' and 
17 pi' represent the dynamical and spin 
states of the system before and after 
scattering: 

2|<*',*VIV|JW.n>l*-

6 (*«+£,-£%)• 6 (Q-He,-*') (4) 

If we expand the potential in terms of 
nuclei and re-write the 6 function and 
the momentum transfer in terms of 
exponentials, it can be seen that .he dif
ferential cross-section is the form of 
Equation 5 

3»o/3C3£ -»|<zVI2i(*»+*iiS-I)-

aptà-h]\x»>\* (S) 
and the scattering intensity will be 
proportional to the square of the scat
tering length and to the square of the 
momentum transfer and the cartesian 
displacement of the moving atom as a 
first approximation [2]. 

Finally, in addition to inelastic 
scattering the neutron may suffer a spin 
flip as shown in figure 1 c The prob
ability of this is given by the matrix 
elements of the operator b$t S*I in 
Equation 5. We may, in principle, 
measure a triple differential scattering 

••> - » , i n » , 

Maturing, c) inelastic scattering with 
neutron spia change. 



- 200 -

cross-section 3*oJ3aSE3ri with respect imasieiy 5C0À) where the neutroi 
to spin change or spin non-change. ******* «*«ftT is of the order of the po-
Witfa the arriTal of intense neu- tential energy in nwny materials so that 
tron beams and efficient methods of critical angles approach t80 °. With 
neutron polarisation (for example, in the these neutrons studies of fundamental 
last 2 years very efficient mirrors hare properties can he made [7] and it may 
been dereioped by the Rutherford I* *at a*""»* o( * " P««traiion to 
Laboratory [4] and the super-mirror the order of 100 A from the surface they 
idea of variable thickness multi-layers of *"» be useful for studying thin surface 
polarising materials has been put into kyen » d »« B"» l ron « « « t r e index 
practice by F. K«ei [5] in mirror* with contou-; at different types of surface, 
reflexion angles up to 2.5 ° at 6.7 A) it Itt «he area of high energy neutron 
will become possible to use the ideas cf scattering line» accelerators [8] and 
polarisation analysis [6]. *P*» "»»«» * » « « t9' 1 01 ƒ>"« m f f 

greatei ^tensities than can be got with 
Neutron information space, past, » « » « * « » « ^ T "*" r e a c t 0 " L

for 

present and future *n« incident energy region greater than 
0.5 eV, and possibly up into the region 
ot 100 ev. These sources auo seem to oe 
supplementary in the thermal neutron 
region to existing reactors. We may, 
therefore, ask what types of problem 
and what types of spectrometer present 
themselves for the high energy range? 

Since neutron spectra are measured 
with respect to energy transfer, moment
um transfer, and possible spin flip, infor
mation space in a neutron experiment on 
a single crystal may be 8-dimcnsionaL 
If we consider the modulus of the 
momentum transfer only and for the 
moment do not consider spin flips a 2-
dimensional picture illustrates the great 
increase in momentum transfer and 
energy transfer resolution that has been 
gained in the last few years as well as 
the increases due to higher energy 
neutron sources. This is shown in figure 
2. The accessible regions in 1970 are 
shown by the dotted line. The present 
limits of operation of neutron instru
ments are the full tine. 

At this point it is worth consid
ering the likely future extensions of this 
diagram to meet clear foreseeable ex
perimental demands. The range of neu
tron energies and wave-vectors covered 
by this diagram has been achieved in 
Grenoble by using thermal neutrons 
from the DjO moderator (mean wave
length approximately 2 A), cold neu
trons derived from a large liquid deu
terium source in the reactor (mean 
wave-length approximately 6 A) and 
hot neutrons derived from a heated 
graphite block in the reactor (mean 
wave-length 0.9 A, and working down 
to C.6 A). Using these sources one im
mediately interesting area for extension 
is in the energy analysis of low angle 
neutron scattering. There is a growing 
interest also in the Brillouin scattering 
from liquids at low momentum trans
fer which, because of the velocity of 
sound, require incident neutrons whose 
velocity is greater than the velocity of 
sound. Further extensions of the pattern 
to lower neutron energies and to higher 
energies will be possible. At lower ener
gies it is now possible to enter the ultra 
cold neutron range (wave-length approx-

U«alf»f*tT TIMW*»»! MM <•*' I I W • u ' | 

4 mmm 

/ i i i — i / i i 
/•» -» « o) • / « > 

Z ' / '•*•• <"•"•»»»• 

Figure 2. The energy momentum sptee of 
neutron scattering ») at 1970, b) in 1976, 
c) proposed Increases a* a result of the 
availability of ultra cold aevtroat and from 
pulsed sources. 

It may be said that during the last 
5 years neutron scattering has entered the 
region of molecular substances with con
siderable success. It is also clear that the 
methods of modelling the phonon 
dynamics of molecular substances, for 
example by developing the inter-mole
cular potential in terms of atom-atom 
pair potentials [11, 12], have been less 
than adequate. Another area in the field 
of molecular and semiconductor crystals 
concerns the dispersion of electronic 
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excitons. At present our knowledge of 
exciton dispersion comes from Terr 
fragmentary source: In crystals where 
there are 2 atoms or molecules per unit 
cell, some idea of the extent of the 
dispersion can be obtained from the 
Davydov splitting of the electronic 
absorption and fluorescence bands at 
« — 0 [13]. As in the study of the pho-
noa dynamics, neutrons would certainly 
have adequate momentum to embrace 
the whole Brillouin zone and the problem 

of studying excitons is the question of 
the coupling between the neutron and 
the electronic states. 

Quite apart from the small cross-
section for neutron electronic inter
actions, it is immediately clear from a 
consideration of the electron form factor 
that direct excitation of electronic 
motions by neutron* is most unlikely. 
In a typical experiment with incident 
20 eV neutrons scattered through 5 ° in 
2 6, the momentum transfer for a 
O eV energy transfer is 13. J A~J. If we 
consider that the mean square displace

ment of the electron cloud is of the order 
of about 2 A it can be therefore seen 
that the form factor for direct electron 
scattering reduces the intensity by a 
factor of cxp(—30). One possible 
mechanism of causing electronic excita
tion without the penalty of the electro
nic form factor is to use the exciton 
phonon coupling which is quite strong in 
many molecular and semi-conductor 
crystals. The strength of this exciton 
phonon coupling is illustrated by the fact 
that in optical fluorescence measurements 
the« — 0 t o A — 0 exciton transition is 
usually accompanied by a large side band 
which reflects a modified phonon 
density of states [12]. From the area 
under this modified density of states one 
can obtain in an assessment of the sixe 
of the electron phonon matrix elements. 
To excite the crystals with neutrons, 
therefore, we might use matrix elements 
of the form of Equation & where $ u is 
the Hamiltonian for neutron-nuclear 
interactions of the normal type and 
$u.pa i* the Hamiltonian for the exci-
ton-phonon interaction: 

<«citon> | $«.»» I phonoiy» X phooosye ! $ , j 10,0). 

£«uit»t — £pkoan <*> 

Although the excitation is indirect the 
virtue of this mechanism is that it carries 
with it only the penalty associated with 
the nuclear Debye-Waller factor rather 
than the electron form factor and this is 
acceptable. A very rough calculation 
indicates that cross-sections of the order 
of 10'4 bams would not be impossible 
for a molecular crystal such as anthra
cene. 

There remains then the question 
of how such an excitation be measured. 
Clearly, with the pulses chat come trom 
a pulsed source, the accurate measure
ment of an initial wave-rector and an 
out-going ware-vector, as well at the 
energy transfer, ii very difficult, espe
cially if the angles of scattering have eo 
be quite small to minimin chc momen
tum transfer. A possible sciution eo this 
is to use the method of parametric 
detection of the excitation and a suit
able means for transparent crystals such 

as anthrancenc would be to detect the pho
ton emitted by the decay process 
subsequent to neutron excitation. Typ
ically, one would use a photo-multiplier 
following some form of energy analy
sing spectrometer to both detect the 
photon and to determine the neutron 
energy transfer (which in a favourable 
ease should be equal to the photon 
energy). If the photo-multiplier is used 
in a coincidence circuit with a counter 
placed at the chosen scattering angle co 
achieve a given momentum transfer, then 

both Q and u are determined in the 
experiment and, in principle, (he exciton 
dispersion curve can be built up by 
varying chc angle of scattering or the 
incident neutron energy. If such a spec
trometer were realised it would allow an 
extension of neutron scattering meas
urements into the shaded area of figure 2 
and beyond. 
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Chemical physics and physical chem
istry 

Notable advances have been made 
in the last 3 years in the study of 
rotational motions of molecules in the 
solid state and plastic crystals [14], in 
the study of liquid crystals [15], in the 
structure of solutions and in translational 
diffusive processes associated with hy
drogen in metal and with ions in super-
ionic conductors, but there is not time 
to review all of these and so we choose 
here the recent measurements which have 
been made in the fields of polymers and 
surfaces. In both of these areas neutron 
diffraction and inelastic scattering have 
been performed. As usual, diffraction 
measurements have preceded those with 
inelastic scattering for reasons of inten
sity and to better define the structures 
and phases present. For reasons of time 
we concentrate mainly on these diffrac
tion results; a more detailed review has 
been given elsewhere which includes the 
inelastic scattering measurements [12]. 

Polymers 

Synthetic polymers are made by 
the chemical combination of large 
numbers of monomers. For example, 
polyethylene (CHt)« can be made in 
chains of molecular weight many hun
dreds of thousand by the catalytic con
densation of ethylene CHt m CH|. It 
forms a solid whose melting point is 
about 137 °C. Physical properties of po
lymers are extremely sensitive to the 
manner of production and to heat and 
mechanical treatment subsequently. It 
many applications a reproductible me
chanical behaviour is required and so a 
control of the processes leading to ap
plied polymer properties is mandatory. 
Equally, the wide range of different 
properties itself is useful for different 
applications and so the stabilisation of 
different states of the material is also of 

value. This wide variety of properties 
stems from the fact chat bulk polymers 
are composite materials. The polymer 
chain may either adopt an arrangement 
which is highly crystalline within a solid 
or completely disordered, or any mix-
cure of these two and the essence of un
derstanding the structure and mechanical 
properties of polymers is to understand 
whidi structures are available under 
given conditions of preparation and how 
they interact to produce the observed 
physical properties. Reviews of the 

morphology and dynamical properties of 
polymers surveyed a number of different 
models for the interaction between the 
crystalline regions of the polymer and 
the amorphous regions [16, 17, IS]. At 
present the problem has been tackled 
from two points of view using neutron 
scattering. Firstly, there have been 
attempts to otbain polymers of the 
highest possible degree of crystallinity so 
that neutron scattering techniques could 
be used to obtain the anisotropic elastic 
compliance of the crystalline region. This 
approach has necessarily involved the 
use of coherent neutron inelastic scat
tering [19, 20]. The other approach has 
been to study the conformation of pol
ymer molecules in completely amorphous 
material, particularly with the idea of 
testing whether the conformation of a 
polymer is the same when it is sur
rounded by other polymer molecules in 
the solid state as when that polymer is in 
dilute solution in a 9 solvent [21, 22]. 

We treat first the measurements 
that have been made by neutron inelastic 
scattering on the dynamics of polymer 
crystals. Before «tempts were made to 
grow large single crystals of a polymer, 
it had been shown [20] that by using 
very long wave-length neutrons and 
working in the first Brillouin zone of the 
longest lattice spacing for a polymer 
crystal, one could observe the phonon 
dispersion corves in polytetrafluorethy-
lene and other similar polymers. This 

It 
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figure J. Brilleuin triplet from the coherent 
inelastic neutron scattering by s trsntverse 
acoustic node parallel to (be chain ixis in 
s deutero peiyosymetbylene crystal it 
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method allowed one to project out from 
the composite polymer solid only infor
mation concerned with the dynamics, 
and hence the elastic properties, of the 
crystalline repons. Such an approach •> 
naturally limited, in a polycrystaliiiie 
matériau to only those directions which 
have got very dearly defined Debye-
Shcrrer rings, and in the least favourable 
cases, to measurements within the first 
Debye-Sherrer ring. Experiments were, 
therefore, extended to partially oriented 
materials [19, 23] where considerably 
more information was obtained by the 
«?m* technique, but by far A» greatest 
success has come with the production of 
large, fuUy-deuterated single crystals of 
polyoxymeuylene. This polymer is one 
of die very few mat can be produced in 
a highly ordered pscudocrystallinc state 
and the technique of making such crys
tals was developed to produce a crystal 
of adequate size for neutron coherent 
scattering measurements. The topotactic 
polymérisation of fully deuteratcd 
trioxane wat used and «res crystals of 
the order of sercral cubic centimetre! in 
volume but which have me characteris
tic fibrous structure associated with 
contraction of the crystal lattice in 
going from trioxane to polyoxymethy-
lene [24, 25]. This fibrous texture is no 
great disadvantage from die point of 
view of neutron scattering measurements 
since the fibre bundles are several hun
dred angstroms in diameter and are well-
aligned with respect to die c axis and 
also in die basal plane. The fibrous 
texture completely inhibits th* use of 
these crystals in conventional ultrasonic 
measurements because of excessive scat
tering. Unprofitable too are other 
macroscopic techniques since the fibre 
bundles are relatively short and the 
crystal is easily friable. 

Even with crystals produced under 
the most scrupulous conditions there is 
considerable crystalline disorder so that 
phenonswerc seen in these materials only 
spectrometers of the greatest intensity 
and under conditions of expérimentai 
background which wers realised only at 
the ILL. Figure ) shows the Brillouin 
triplet -or a transverse acoustic excitation 
in fully dcuterated polyoxymcthylene at 
room temperature. This graph is unique 
so far as it represents the first observation 
oi a transverse mode in a polymer crystal, 
thereby giving a sheer compliance. 
Longitudinal and transverse acoustic 
dispersion curves have now been ob
served for this crystal along the c axis 
and perpendicular to it so that for the 
first time all of the main elements of a 

compliance matrix for a polymer crystal 
are known. In view of die failures of 
atom-atom potentials and other means 
for modelling the interatomic potentials 
in simple molecular crystals, mentioned 
above, diese measurements of polymer 
elasticity are unique and *ivc die only 
reliable basis for modelling die mechani
cal properties of u« composite polymer 
as produced industrially. Part of three 
of die branches for phouons in poiyoxy-
methylene at room temperature is shown 
in figure 4. 

namtOTssaiojMS r* oaiTUB-niietmcnnuM 

•aucoiwcttro* 

Figure 4, Parts oi i branches of the 
pbooofl dispersion curves is deutero 
Doiyosyutethylene single crystals at 29t °K. 

The conformation of the polymer 
chain in completely amorphous polyme
ric solids was determined exploiting die 
difference in scattering length between 
hydrogen and deuterium. By taking a 
fully deuterated polymer molecule (for 
example atactic polystyrene), corporating 
it in the fully hydrogenous host material 
of die same molecular weight, it is 
possible to produce adequate contrast 
between the tagged molecule and the 
host to give a small angle scattering pat» 
tem. As indicated in Equation 3 die dif
ferential crow-section is then related to 
the Fourier transform of a density dis
tribution function which in this case is 
the difference in the scattering length 
density between the dcuterated molecule 
and the hydrogenous molecule which it 
had replaced in the solid. Many models 
have been envisaged for the structure of 
amorphous polymers in the solid state. 
It has bet» shown by light scattering 
that there exist solvents at a certain 
temperature in which polymers, for 
example from the point of /iew of the 
osmotic pressure, are ideal solutes. In 
these, 9 solvents the polymer dons a 
random coil conformation and light 
scattering measurements have shown that 
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die radius of gyration depends upon the 
moiecuiar weight in a manner that would 
be expected from this model. In the 
solid state other models of the polymer 
conformation can be conceived and some 
of them are shown in figure S in com
parison with the random coil model for 
the 9 solvent» Models such as the ball 
concept and the meander model b and c, 
which suggest polymer back-folding, are 
intuitively reasonable from what is 
known about polymer folding in pol
ymer crystals [18]. On the other hand 
Flory has long contended that the 
surrounding polymer molecules in a uni
form amorphous polymer solid form the 
ideal 9 solvent for any given molecule 
and it was this concept that could be 
tested by low angle neutron scattering. 

It may be shown that the diffe
rential scattering cross-section in the 
limit of isolated scattering centra where 
there is no interference term between 
centres can be represented as in Equa
tion 7 

3o73fl - c K f(Q) / (UM+2At) (7) 

wher c is the concentration of the 
solute present, K is a factor proportional 
to the difference in scattering cross-
sections between hydrogen and deute-
rated polystyrene, /(Q) is the form 
factor for the scattering which generally 
has a dependence of the form 

F(Q) - exp - [Q*</Pg>/J] (8) 

where Rf is the'radios of gyration, M 
is the molecular weight and A is the 
second variai coefficient. It can be seen 
that in tbc limit as Q tends to zero and 
the concentration tends to xero, one can 
determine the molecular weight. Also in 
the limit as the concentration goes to 
zero, so it gives [<R't>] the mean 
square radius of gyration of the "defect" 
and that at a constant Q the slope is 
proportional to the second virial co
efficient, which measures the interaction 
between the solute and solvent. 

In the experiment as performed by 
Btnoit et si [21] atactic polystyrène was 
studied first as a solution in carbon 
disulphide, which is sot a 9 solvent. It 
was verified from the Zimm plots chat 
the second virial coefficient was not zero 
and also the dependence of the radius 
of gyration on the molecular weight of 
the solute was determined. This is shown 
in the dotted line of figure 6. Next, the 
Zimm plots for deuttrated atactic poly-
styrene in cyclohexanc at 36 3C were 
measured since this solvent at that tem-

Rgura 3. Models for the conformation of 
amorphous polymers a) in a 9 solvent, 
b) the bail model, c) the meander model, 
d) the nadoe* coil model. (Toe last J are 
potable models for the conformation in a 
•ottéV After wigaail et al [22]. 

pcraturc is a B solvent. It was verified 
that the second virial coefficient was 
zero and the dependence of the radius of 
gyration in this 9 solvent upon mole
cular weight of the polymer was found. 
This is shown by the full tine in figure 6. 
Finally die scattering from deuterated 
atactic polystyrene, homogeniously dis
persed in hydrogenous atactic polys
tyrene of the same moiecuiar weight, was 
determined. Zirarn plots were again de
termined to show the concentration 
dependence of the scattering and it was 
verified that the second virial coefficient 
was zero once again. Finally, the 

dependence of the radius of gyration on 
the molecular weight was the same as 
had been found in the solution in cyclo
hexanc at 36 aC — the 9 solvent. From 
this it can be concluded that, as far as 
the radius of gyration is an indicator, the 
conformation of the auctie polystyrene 
molecule in its protonated host is the 
same as it is in a à solvent. 

1000 

10* 2 5 10s 

<x 

EUES MW 

Figure i. Logarithmic dependence or the 
radius of gyration < £ / > l * of deuierated 
atactic polystyrène versus the molecular 
•aw Mw s) in cyclobexane st JéaC 
(9 solvent), b) ia the bulk, c) in carbon 
dimipbide. 
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The structure of phynsorbed 'mono
layer»' 

Neutron intensities and cross-sec
tions arc not sufficiently great to allow 
measurements of the diffraction or 
inelastic scattering from monolayers on 
single crystal surfaces but the methods 
are well-adapted to studying the struc
tures and dynamics of adsorbed mole
cules oa materials of suds large surface 
area as fine powders, exfoliated or inter
calated minerals such as graphite and 
clays. This class of substance is similar 
to that on which a Tast bulk of surface 
chemical measurements have been nade 
and is of relevance to the adsorption 
phenomena which occur in industrial 

NjCNGfWBl 
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(afar MjKn» « 
0 27) 
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1 l a ^t+, ON GSUPHCN 
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(oft* Kisrtyv» «t 

ai za) 
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M0UCS9 

1* 
Figure 7. ») Adforpciaa ùotberau for 
attrotea oa graioil at 7»°K. The pistera 
refis* indicate» monolayer formation. 
b> Adsorption isotherm for smmoets on 
gnpbon st 200 °K» 

processes. The measurements with neu
trons can be made inside cryostats so that 
there is an equilibrium between the ad
sorbed molecules and those in the 
vapour state Two radically different 
types of adsorption behaviour have been 
studied by neutron scattering so far. They 
can be roughly classified into studio 
where the adsorbing molecule is able to 
wet che surface and chose where the ad
sorbent molecule does not wet the sur
face. These situations arise when the 
enthalpy of adsorption is large or small 
compared to the enthalpy of vapour
isation of a crystal of the pur* adsorbing 
gas. Two cases have basically different 
adsorption isotherms and these are 
shown for graphite plus nitrogen and 
graphite plus ammonia in figure 7. The 

generally concave downward trend of 
the nitrogen adsorption isotherm is 
indicative of strong adsorption to the 
graphite base. The generally convex 
downward trend for the adsorbed am
monia signifies the weak enthalpy and 
adsorption there. Although measurements 
on both systems are in a fairly early 
stage, it can be expected that neutron 
scattering will allow structures to be 
proposed for adsorbed monolayers there
by allowing a test to be made of meth
ods for simulating molecular smiciutes 
on surfaces either through the use of 
atom-atom potentials [11] or other 
means [26]. 

The structure of nitrogen adsorbed 
on grafoil, a form of exfoliated graphite 
whose surface area is approximately 
20 nrVgram, has been studied by K'jtmt 
et al [27]. They used a 60 gram specimen 
of grafoil sheets packed into a cylin
drical, container and adsorbed nitrogen 
gas at a number of different pressures 
and temperatures. Neutron diffraction 
patterns were measured with a classical 
diffractometcr at the Brookhaven High 
Flux Beam Reactor. It is possible that 
with use of multi-detectors etc, such as 
are available at the Institut Laue-Lange-
vin, the sample size might have been 
considerably reduced. When an amount 
of gas equivalent eo approximately one 
monolayer, according to the known 
surface area of the grafoil, had been 
deposited (approximately 415 cm3 at 
S. T. P.) only a very weak and broad 
diffraction panera was observed at 
78 3K- Gnat care had to be exercised in 
subtracting the background, particularly 
the background coming from the nearby 
002 Bragg reflection of the graphite. 
Because the material was partly oriented 
subtraction was made mor easy than for 
a randomly distributed powder. This 
broad peak is shown in figure ta which 
shows how the peak intensity and width 
vary as the temperature is reduced, 
retaining ccostant coverage. It is dear 
that at high temperatures only very 
small domains of adsorbed nitrogen are 
present and that this causes considerable 
broadening of the 2 dimensional diffrac
tion pattern [23]. At the lower tempe
ratures these small clusters of nitrogen 
obviously join up to give larger 2 dimen
sional surface areas with a consequent 
reduction in the line width and increase 
of its intensity. The scattering angle at 
which this recurs is also of interest. The 
mean scattering angle was 69.5 ° in 2d 
and it can be seen that this is a consid-
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Figure I. a) Dependence of the line width 
and intensity of the 2 dimensional 
diffraction peak from nitrogen adsorbed on 
grafoil upon température, b) Dependence 

erably smaller angle than the peak 
maximum for liquid nitrogen shown in 
the top trace of figure Sa. This indicates 
the mean lattice parameter for the 2 
dimensionally adsorbed nitrogen is 
greater than that for the mean inter-
molecular separation in liquid nitrogen 
and, in fact, it can be shown that the 
monolayer structure corresponds to a 
Vi -< Vi structure in registry with the 
graphite substrate. Nitrogen distances 
being Vi times the a period of the 
graphite lattice. Figure % b shows the 
variation of the diffraction pattern as 
further nitrogen molecules are added, ail 
diffraction patterns being measured at 
the same low temperature (20"K). As 
the coverage of the surface is increased 
above one monolayer, the progressive 
increase in intensity of a diffraction peak 
centred round 76 3 in 2 9 is found. It is 
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of the diffraction peaks from nitrogen 
adsorbed on grafoil «o tbc degree of covering 
between one and two monoiaven. All 
diffraction peeks were measured at 20 °K. 

clear that the addition of the second 
monolayer stabilisa a new crystal lattice 
on the surface whose structure is more 
tightly packed than that of the mono
layer. 

Kjtmt et al [27] studied the 
temperature dependence of the lattice 
parameters and found the approximate 
phase boundaries for the existence of 
these different crystalline forms for 2 
dimensional nitrogen on grafoii. They 
were able co show at about 55 'K that 
(here was a transition from the close-
packed two layer structure to either a 
disordered solid or a liquid-like lattice. 
Because of lack of intensity it was not 
possible to do inelastic neutron scattering 
measurements in this system but these 
should resolve the differences between 
the proposed liquid or disordered solid 
structure. 
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By comparison with the dif
fraction from nitrogen on carbon, the 
diffraction from ammonia adsorbed on 
graphon, a'powdered form of pyroiytic 
graphite (mean particle diameter » 
300 A), of T«ry uniform surface and 
higher surface area (89 nrVgram), is most 
intense. This system has been studied 
extensively by adsorption measurement 
[29] at many temperatures and by 
diffraction and inelastic scattering 
[30, a, bj. In the experiments, deutero-
ammooia was rapidly adsorbed on pre-
cooicd graphon at a number of different 
temperatures and adsorption. Typically, 
adsorption occurred at temperatures of 
2C0 °K whereupon the sample was 
rapidly cooled to temperatures of 
100 "K. The diffraction pattern from 
adsorbed ammonia on graphon at 
100 °K and at several higher tempera
tures is shown is figure 9 a. Eren at 
theoretical monolayer coverages of the 
order of one or two monolayers, strong 
sharp signals due to the diffraction from 
ammonia are observed. These can only 
be interpreted in terms of the formation 
have got the tame crystal structure as 
bulk ammonia. In this ease, therefore, 
we presume that the adsorption is 
nucleated adsorption and we relate the 
peak intensities and widths to the 
nucleated crystal sizes. It is clear from 
figure 9 a that, as the temperature in
creases, annealing phenomena probably 
cause a redistribution of particle size 
which changes the peak intcanties and 
to some extent the peak widths. It is also 
clear that the temperature a which the 
of ammonia clusters on the surface which 
diffraction partem disappears is rather 
lower than the normal vaporization 
temperature of solid ammonia. 

In order to get complementary in
formation to that from diffraction, the 
neutron quasi-elastic scattering intensity 
from the adsorbed ammonia in a sample 
containing NHj and graphon were stu
died using the high resolution back-scat
tering instrument at the Institut Laue-
Langevin. It is necessary to use an in
strument « this high resolution since it 
is well known that in solid ammonia the 
ammonia molecule undergoes fast rota
tional diffusion even ac temperatures as 
low u 100 'K. With the high resolution 
of INlOthewings in the quasi-elastic scat
tering associated with this fan rotational 
diffusion are not observed a they are 
beyond the spectral range of the instru
ment and so a fall in the intensity of 
the quasi-clastic component measured 
with this instrument is a good measure of 
the moment oi translatsonal melting. 

M TTO W 170 T / l 
Btril eKHMg BCttt 

Rgure 9. a) Diffraction pattern from 
grapban plas dcotented ammonia NDj, 
X, - Î.4 A, at i number of températures. 
The sharp lines are diffraction peaks 
corresponding to the diffraction from 
demcro-smmoaia. b) Quasi-elastic scattering 
intensity from NHj adsorbed on graphe* 
se a fonction of temperature for ) different 
effective monolayer coverages. 

Figure 9 b shows the changes of 
intensity at the centre of the quasi-elastic 
peak as a function of -mperature for 
different 'coverages' of ammonia on 
graphon. It is immediately clear chat 
there is not a sharp melting point for any 
of the specimens. This reflects a distri
bution of particle sizes in the adsorbed 
ammonia crystallites which have got 
different depressions of the freezing 
point due to the different contributions 
of the surface free energy particle to the 
total free energy of melting. Secondly it 
is clear chat the final melting point for 
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the different coverages is itself also dif
ferent thus showing that for the smaller 
coverages there may be a smaller mean 
particle size than for the larger coverages. 
For measurements of the inelastic scat
tering from adsorbed ammonia, there is 
clear evidence oi surface mobility of am
monia and it may be presumed that this 
transport process allows interparticie 
diffusion of ammonia and therefore 
annealing of panicle sizes as the tempe
rature is changed. 

Biology 

There are three distinct areas in 
which neutron scattering is playing a role 
in understanding biological structures. 
Firstly by an extension ot the work 
which has been done on Xray diffraction 
from single crystals of proteins, neutron 
scattering has certain things to offer. It 
has been shown, quite unexpectedly, that 
diffraction data, even at room temper
ature, may be collected out to resolu
tions of possibly 1 A. If this observation 
on lysozyme proves to be more general, 
it indicates that the chances of finding 
important hydrogen atoms in the enzyme 
catalytic process by neutron diffraction 
experiments is sufficiently great to nuke 
the effort worthwhile. There arc clearly 
a number of examples where such a study 
would be of definitive value to' resolve 
reaction mechanism*. Secondly, neutron 

scattering is playing an increasing role 
in determining the structure of organelles 
dispersed in aqueous media. A good 
example of this approach is the present 
work by German (Hoppt et al) [31a] 
and American (Moort, Engtlman and 
Schotnborn) [31b] groups on ribosomes. 
Two approaches arc possible; the fint, 
re-constitution of ribosomes with selec
ted pairs of the protein sub-units fully 
dcuteraced followed by neutron scatter
ing experiments at low to determine the 
vector between these two deuterated sub-
units. This is possible because reconstitu
tion methods for ribosomes are now suf
ficiently advanced and deuteration of 
the component* is feasible. The deuter
ated units within the ribosome sub-units 
have sufficient contrast because of the 
dir'ferent scattering length density dis
tribution compared to. their hydrogenous 
counterparts, that good signal co noise 
in the Fourier transform of the spheri
cally averaged density distribution func
tion can be obtained. In this way some 11 
rectors for subunit distances have been 
obtained by triangulation in ribosomes 
at this time. The second approach is by 
an extension of the contrast variation 

method first introduced for neutrons by 
Stmhntuutn [3]. Here again, by partial 
deuteration, and even without it, by 
relying on contrast differences within the 
organelle, important information on the 
distribution of the scattering centres can 
be built up by systematic variation of 
the H«0/i3*0 ratio of the surrounding 
medium [32]. 

The third area in whi-h neutron 
scattering is contributing to the >ndy of 
biological materials is in diffraction from 
whole biological structures or model 
biological structures. Materials such as 
collagen, the chief connective tissue of 
the body, or muscle, or membranes such 
as nerve axons, show a diffraction pat
tern when placed in an Xray or neutron 
beam. Thi* has long been known and 
Xray patterns have given valuable infor-
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Figure 10. Elements in the structural model 
for collagen: ») The triple stranded rope 
of polypeptide bciicct which comprises och 
coilecen molecule, b) A collagen molecule in 
term* of the 6*4 A repeat unit, e) Th« 
Smith model for the 5 winded microfibril 
illustrating the literal pecking between 
collagen molecules, the origin of (he helical 
groove, i) J-dimensional drawing showing 
* possible scheme of packing for collagen 
molecules giving i helical groove, j possible 
Kflem* of peeking for the microfibrils into 
* («trigonal unit cell. 
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matton on the organisation of these 
whole biological entities. The contribu
tion of neutron diffraction cornes again 
to the contrast variation that can be 
introduced by DyO/HrO replacement and 
from the natural contrast which arises 
because of the different scattering length 

distribution for neutrons compared to 
Xrays. I propose to take the case of col
lagen as an example of this point to il
lustrate the more general approach 
which is possible using neutron scattering 
for paracrystailine substances where the 
information contained in the normal dif
fraction pattern is not adequate to fully, 
test models of the structure. 

C«Uagcn is found in cartilage, 
skin, cornea, and is the basis for the for» 
mation of bone. Though a quite reliable 
sequence for the molecule exists [33 a] 
and it has been shown that the molecule 
consists of a triple stranded rope of 
polypeptide, the 3 dimensional structure 
is not yet worked out. But with so much 
badtground information it is possible to 
make quite good models which may be 

tested against the extra information 
brought by neutron scattering. Briefly, 
the molecule is about 3300 A long con
sisting of 4.4 unin of a basic repeat of 
660 A. It has been proposed that these 
molecules form into a five stranded mic
rofibril [33 b] and it is likely that these 

microfibrils pack into a tetragonal struc
ture as illustrated ia figure 10 d. A pos
sible modei for the microfibril is shown 
in figure 10 d where it can be seen that 
the packing of the collagen molecules 
leaves a helical groove around the micro
fibril in which, for example, water and 
ions may accumulate. Even an 0.5 mm 
diameter fibril gives a very strong neu
tron diffraction pattern [34] and it was 
one the basis of this that an extensive 
series of measurements were started with 
neutrons. The motigeu pattern is along 
the meridian and it was immediately 
observed in the first measurements that 
dûs was extremely sensitive to the degree 
of dcoteration. 

Figure 11 shows die diffraction 
pattern from collagen in HjO as obtained 
native from the tail of a rat. The pat
tern in figure lia is the same specimen 
of collagen after soaking in DjO for 12 
hours. It is immediately apparent that, 
for example, die 11th order of diffrac
tion is gready enhanced by deutcratioo. 
Odter diangcs, for example in die 6th 
order, are very notable. By making a 
quidt dunge from collagen in HrO to 
collagen in DtO (for example by injecting 
DjO in a period of about one second) it 
is possible to follow die time evolution 
of die diffraction pattern from dut 
djaracterijtic of collagen HjO. It is dear 
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Figure tl. Diffraction patterns from whidi had been «oakad in OjO for 12 Hours. 
collagen J) Coilsgra and s rst (ail collagen b) Native rat tail collagen. 
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from this evolution that the rate at 
which the deuterium penetrates into dif
ferent parts of die structure is different. 
The existence of different diffraction 
patterns at different ratios of HtO and 
D.O and the existence of different rates 
of penetration of deuterium into the 
structure supplies two additional sources 
of diffraction information which must be 
compatible with the final correct model 
for the structure of this substance. So, 
whilst it is dear from the fact chat 
perhaps only 32 orders of diffraction 
can be seen with neutrons in the best 
collagen DjO preparations, we believe 
that this additional informa >n associa
ted with the isotonic exchange mar be 
adequate to supplement that from Xray 
diffraction to give an unambiguous test 
of present models [35, 36]. 

Finally, the information available 
for testing models of the structure may 
be further supplemented by the determi
nation of partial structure factors for 
the use of intrinsically disordered sub
stances. The way in which this has been 
done for collagen is illustrated in figure -
12. The top two figures show stick dia
grams of the structure factors illustrated 
already by diffraction as in figure 11. 
Figure 12 c shows the results of quickly 
washing (for about one minute) a natural 
specimen of collagen with CDjOD (fully 
deutcrated methanol). The molecule is 
sufficiently large that it will not pene
trate into the centre of the triple helix 
and therefore we assume that it hat 
decorated the helical groove around the 
outside of the microfibril. As the mean 
scattering length of this molecule is 
about 36 X 10*" cm compared to —0.06 
for HfO, there is a remarkable change 
in the contrast associated with its re
placement of ordinary water in the 
groove so we believe that we see here 
the dominant contribution of the 
groove partial structure factor. In figure 
12 d the reverse procedure has been done 
taking a specimen of collagen which had 
been deutcrated by exposure to ÖjO for 
a day. This was washed for about 1 mi
nute in CH3OH thereby replacing the 
D5O in :hc helical groove by ordinary 
methanol (mean scattering length * 
5 X 10"'* cm). This replacement should 
have a similar effect to the replacement 
of water by CD3OD (in that it gives the 
negative contribution of the same kind) 
but will be different in so far as the 
structure factor within the helix has been 
altered by exchange of protons by deu-
ceroni during the long txpoturt to DjO. 
So the difference between the partial 
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Figure 12. Partial structure factors for 
selectively deuteraced collagen» sad for 
couagei» which have been selectively 
exchanged with deuterued and uadeuterated 
methanols. 
structure f acton seen in figure l id and 
l ie will reflect this internal exchange 
of the hydrogens for deuteriums. 

Both the determination of partial 
structure factors, as above, and the 
determination of structure factors as a 
function of HjO/DfO ratio after equilib
rium with a fibre, as well as the struc
ture factors aj a function of time in a 
kinetic run, are ail methods of increasing 
the volume of information space in a 
neutron scattering experiment in order to 
rest modeii of the fibre structure. The 
essentials of this approach can be applied 
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ia other areas. They hare been used co 
some effect already in discussing the 
structure of membranes and model 
membrane materials [37] and they 
would certainly be of relevance to exa
mination of the structure of muscle, 
other biological fibres, and some ordered 
organeis. 

Conclusion 

In this brief rrriew we have only 
been able to give some of the new lines 
of approach to a variety of physico-
cbemicai and btoiopcal problems that 
have become available in the last 2 or 
3 years, particularly as a result of the 
developments of instrumentation and in 
neutron beams at the Institut Lauc-
Laagevin at Grenoble and the High Flux 
Reactor in Brookhavcn. This review 
comprises only the very smallest part of 
a wide range of sum new science, some 
of which can immediately be perceived 
as of interest from the point of view of 
applied problems whose main spring 
derives from a need to solve long-stan
ding physico-chemical and biological 
problems. 
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DISCUSSION 

Keck (Leuven) 

What is the influence of the H2G/O2O contrast variation on the 

inelastic spectra of collagen ? 

Vkita 

In H20 collagen at greater than 95 % relative humidity, the scattering 

is largely from the water, but under \'..s same conditions of fully 

deuterated collagen plus D20' t n s residual hydrogen atcms in the 

collagen chains are the dominant contribution to the incoherent 

inelastic scattering. By this means we have examined selectively 

the quasi-elastic and near inelastic scattering frcm the adscrted 

water in collagen and from the collagen molecules themselves. 


