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ABSTRACT: Neutron reflectometry is a very powerful and essential technique for the studies on material interfa-

ces due to its high spatial resolution, �a few tenths of nm, along the depth direction. The use of neutron as a probe is a

big advantage for structural analysis on soft-materials, since the scattering contrast can be highly enhanced in hydro-

genous materials such as polymers, surfactants, lipids, proteins, etc., without big changes in their physical and chemical

properties by substituting all or part of the hydrogen atoms in the molecules with deuterium (a deuterium labeling meth-

od). Furthermore, the neutron reflectometry can explore deeply-buried interfaces such as solid/liquid interfaces in a

non-destructive way, and make in situ measurements combined with various sample environments due to its high trans-

mission to the materials. In this article, the neutron reflectometry is reviewed from the standpoint of researches on in-

terfacial structures of the thin films of polymer and lipid, and its future prospects at a high-intensity pulsed-neutron

source are presented. [doi:10.1295/polymj.PJ2007113]
KEY WORDS Neutron Reflectometry / High Depth Resolution / Soft-material / Deuterium

Labeling / Non-destructive Exploration / Deeply-buried Interface / In situ Measurement /

At interfaces, materials often exhibit different struc-
tures or physical properties from in bulk because they
interact directly with different materials or phases in a
very narrow space. So far many interesting phenom-
ena relevant to interfaces have been reported, e.g.,
lower surface glass transition temperature, de-wetting,
surface segregation, etc., in the research field of soft-
materials.1,2 Also, material interfaces contribute large-
ly to many practical phenomena known as coating,
painting, adhesion, lubrication, etc. In addition, the re-
cent development of nano-technology makes the size
of practical devices smaller, so that interfaces occupy
the larger proportion of space in the devices, and then
play an important role in the device performance.
Therefore, strong demands to clarify the structures
and physical properties of materials at interfaces have
been rapidly grown.
However, in reality it is generally difficult to ob-

serve detailed interfacial structure, since the interfa-
cial region is very narrow and has considerably small
volume in materials. The material interfaces are not
always exposed to air surface, but are deeply buried
in materials. Neutron reflectometry is a very powerful
and indispensable technique to the studies on material

interfaces because of its high spatial resolution, �a
few tenths of nm, along the depth direction. Here,
the neutron reflectometry is reviewed from the stand-
point of soft-material researches by highlighting ex-
perimental examples on the thin films of polymer
and lipid systems, and its future prospects at a high-
intensity pulsed-neutron source are presented.

NEUTRON REFLECTOMETRY

Neutron has unique properties as a probe for struc-
tural analysis of materials, compared with electromag-
netic waves such as light or X-ray. The neutron is
scattered through atomic interaction with nuclei, not
electrons, so that scattering length, b, of element is
not simply proportional to the atomic number Z, and
also isotopes have different b values for neutron.3 Es-
pecially, there is a big difference in b between hydro-
gen (H, b ¼ �3:74� 10�15m) and its isotope, deute-
rium (D, b ¼ þ6:67� 10�15m), and this gives a big
advantage for soft-material researches on polymers,
surfactants, lipids, proteins, etc., that possess many
hydrogen atoms. The contrast for neutron can be intro-
duced in these hydrogenous molecules with no big
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changes in their physical and chemical properties by
substituting the part or all of the hydrogen atoms with
deuterium in the molecules (a deuterium labeling
method). The contrast matching is also a quite useful
concept, in which the contrast of one component is
matched with the others by blending the deuterated
and normal species at adequate ratio. Another impor-
tant feature is that neutron has very high transmission
to materials, e.g., transmissivity is still kept about 0.5
even though the neutron passes through a silicon block
with 50mm length, so that deeply buried interfaces
such as solid/liquid interfaces with a block of silicon
or quartz can be explored in a non-destructive way. Al-
so, it is easy to combine neutron experiment with var-
ious sample environments such as a vacuum, a vapor, a
pressure, etc., requiring the tight seal for a sample cell.
In a reflectivity measurement, a well-collimated

neutron beam is incident on optically flat surface of
a sample with the small grazing incident angle, �in,
and generally specular reflection, in which the reflec-
tion angle, �out, is equal to �in, as schematically illus-
trated in Figure 1, is observed as a function of neutron
momentum transfer, Qz (¼ ð4�=�Þ sin �in, where � is
the wavelength of neutron), along the direction per-
pendicular to the sample surface to probe the depth
structure of material with high spatial resolution,
� a few tenths of nm. At the angular position of
�in 6¼ �out, very weak signal of off-specular reflection
originating from the in-plane structure along the QX-
direction shown in Figure 1 can be observed. The re-
fractive index, n, of material for neutron is expressed
with its scattering length density, �ð�bi) (nm

�2), as

n2 ¼ 1� 4��ð�biÞ=k2

where � is the number density, (�bi) is a sum of b
over the constituent elements of the material, and k

is the wave vector defined as 2�=� . Generally, specu-
lar reflectivity profile exhibits total reflection with
reflectivity of unity, up to the critical Qz defined as

ð16��ð�biÞÞ1=2, when the neutron is incident on the
objective interface from the side of the material
with lower n. The values of �ð�biÞ and critical Qz

for total reflection are tabulated for several materials
in Table I. In most cases, specular reflectivity profile
is analyzed by a conventional model fitting method
with the Parratt’s recursion algorithm5 or optical
matrix formula,6 providing the �ð�bi) distribution
along the Z depth direction. The further details on data
analysis should refer to the existing review papers7,8

and the textbook.9

At a reactor source, most of neutron reflectome-
ters10,11 use a monochromatic beam with constant �
and make a so-called �-2� scan, in which the angles
of a sample and a detector relative to the incident
beam are simultaneously changed keeping the specu-
lar condition, to observe specular reflection. On the
other hand, the reflectometers at a spallation neutron
source with a proton accelerator8,12–14 or the ones in-
stalling a mechanical chopper at a reactor15,16 utilize
white neutrons with a wide � band as the incident
beam. The obtained data is analyzed by using a
Time-of-Flight (TOF) method. It should be noted that
the pulsed-neutron reflectometer is able to measure
specular reflection in a wide QZ-range at one time ac-
cording to the � bandwidth without moving the sam-
ple. This means that the pulsed-neutron reflectometer
is suitable for the studies on free interfaces if it adopts
a horizontal-sample geometry, and also for a time-
resolved measurement of reflectivity if the neutron
source has high intensity in the incident beam. More-
over, a simultaneous measurement of off-specular as
well as specular reflections is possible without any

Figure 1. A schematic illustration of the geometrical configu-

ration in a reflectivity measurement.

Table I. The values of �ð�biÞ and the critical QZ

for total reflection of typical materials

Materials
�ð�biÞ

(�10�4 nm�2)
Critical QZ

(nm�1)

Silicon Si 2.07 0.10

Quartz SiO2 4.18 0.14

Nickel Ni 9.21 0.22

Water H2O �0:56 —

Deuterated water D2O 6.35 0.18

Polyisoprene (C5H8)n 0.27 0.04

Poly(trimethylsilylstyrene-d9)
(C11SiH7D9)n

3.6 0.13

Dimyristoylphosphatidylcholine
DMPC

5.17½1� 0.16

Sodium Iodide NaI 1.31 0.081

Poly(styrene-h8) (C8H8)n 1.41 0.084

Poly(styrene-d8) (C8D8)n 6.47 0.18

Poly(2-vinylpyridine) (C7NH7)n 1.95 0.099

[1] The number density of DMPC was calculated from the

molar volume evaluated in aqueous solution experimentally.4
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scans by using simply a one-dimensional position-sen-
sitive detector.

SOME EXPERIMENTAL EXAMPLES

Interfacial Structure of a Block Copolymer with a
Lamellar Microdomain
A block and graft copolymers with incompatible

components exhibit a highly-ordered self-assembled
structure with a scale of nm in bulk or in a condensed
solution. It has been clarified that the morphology and
size of microdomains are dependent on the primary
structure, i.e., composition, molecular weight, and
molecular architecture, of the block and graft copoly-
mers.17–19 The static structure of phase-separated in-
terfaces was precisely examined for AB diblock and
BAB triblock copolymers composed of A = poly-
styrene (PS) and B = poly(2-vinylpyridine) (P2VP)
at room temperature for the understanding of their
self-assembled structure at the molecular level.20,21

All the block copolymers used here have total molec-
ular weight of about 90� 103, and were confirmed to
have an alternating lamellar structure in bulk, which is
the simplest among the other morphologies of block
and graft copolymers. The PS block chains in them
were fully deuterated for the neutron experiment.
The thin film specimens for reflectivity measurement
were prepared by spin-coating the block copolymer
solutions in a common good solvent on polished sur-
face of silicon wafers, and then were annealed in a
vacuum at high temperature well above Tg, �110 �C,
of the component polymers for a sufficiently long pe-
riod of time to have thermodynamically equilibrium
states in the films. Figure 2 shows a typical neutron
specular reflectivity profile for the thin film of PS-
P2VP diblock copolymer as a function of QZ, along
with the X-ray data for the same film specimen as
the neutron. The neutron data possesses a few distinct

Bragg peaks originating from the structure ordered
preferentially along the film depth direction, though
the X-ray data shows only the Kiessig fringes reflect-
ing total film thickness due to the small difference in
electron density between the deuterated PS and P2VP.
The best �ð�biÞ profile along the film depth direction,
obtained from the model fitting analysis for the neu-
tron data, is shown in the inset. From this �ð�biÞ pro-
file, it was found that the deuterated PS and P2VP
microdomains are alternatively stacked with a repeat-
ing distance of 43 nm in the 110 nm-thick film, and the
lamellar structure is well oriented along the direction
parallel to the film surface. The interfacial profile,
�iðZÞ, between lamellae was well described by using
an error function, and the interfacial thickness, Lint,
defined as (d�iðZÞ=dZ) at �i ¼ 0:5, was evaluated to
be about 3:3� 0:3 nm for the PS-P2VP diblock co-
polymer. It was clarified that the Lints thus evaluated
for the BAB triblock copolymers of PS and P2VP
are almost the same as that for the AB diblock irre-
spective of the difference in molecular architecture.
Also, all the evaluated Lints had much larger values
than the prediction, 2.1 nm, by a mean-filed theory
taking the connectivity of the block chains into ac-
count,22 even though all the block copolymers were
kept in the strong segregation state. This discrepancy
between the experimental and theoretical values in
interfacial thickness was quantitatively explained by
considering the contribution of thermal fluctuations
on polymer interface.23,24 Namely, the microphase-
separated interfaces having inherent thickness for a
pair of the components are considerably roughened
by the thermal fluctuations during the annealing proc-
ess at the temperature above Tg.
Moreover, Figure 3 shows a two-dimensional pat-

tern of reflected neutron intensity obtained for the
BAB triblock copolymer film of deuterated PS and
P2VP showing a lamellar structure. Along the QZ-
direction at QX ¼ 0 nm�1 a specular reflection ridge

Figure 2. The neutron and X-ray specular reflectivity profiles

for the thin film of a PS-P2VP diblock copolymer with a lamellar

structure. The solid line on the neutron data is the best-fitted re-

flectivity calculated from the �ð�biÞ profile shown in the inset.

Figure 3. The two-dimensional pattern of reflected neutron

intensity for the thin P2VP-PS-P2VP triblock copolymer film with

a lamellar structure.
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is observed, and the Bragg peak spots can be recog-
nized at the position of QZ ¼ 0:65 and 0.9 nm�1. It
should be noted that a weak off-specular reflection
streaks are orthogonally crossing the specular ridge
at the positions of the Bragg peaks. This implies that
the phase-separated interfaces existing in the film are
roughened by thermal fluctuations with some spatial
correlation among them.

Localization of Component Chains in a Block Copoly-
mer Blend with Wide Composition Distribution
For most of the studies on microphase-separated

structure, block copolymers with narrow distribution
in molecular weight and composition have been syn-
thesized and used to examine the dependence of their
self-assembled structure on the molecular parameters.
On the other hand, the block copolymers used for
practical application have generally wide molecular
weight and composition distribution. It is interesting
to investigate the effects of distribution in the molecu-
lar parameters on their physical properties. The previ-
ous morphological observation for polydisperse block
copolymers in composition and molecular weight
clarified that lamellar domain spacing increases line-
arly with increasing the polydispersity in molecular
weight or composition.25–27 However, these results
suggested only speculation on spatial distribution of
the component block chains in microdomains. Thus,
the segmental distribution of the component chains
in block copolymer blends was directly examined by
neutron reflectometry. The diblock copolymer of PS
and P2VP with wide composition distribution was
prepared by blending three pure monodisperse copoly-
mers with the same molecular weights but different
compositions, i.e., the volume fraction of PS block
chain in a molecule, fPS, of 0.1, 0.5, and 0.9, at the
blend ratio of 1:1:1 in weight to produce a lamellar
structure for a reflectivity measurement.28,29 The three
different deuterated ternary blends, whose composi-
tions are exactly the same, were prepared. The
blend-I was consisted of two unlabeled chains, of
which fPS are 0.1 and 0.5, and a labeled chain with
fPS of 0.9, while the blend-II included an unlabeled
chain with fPS of 0.1 and two remaining labeled
chains. In the last blend-III all the three components
were labeled. Figure 4 shows a neutron specular re-
flectivity profile for the thin spin-coated PS-P2VP film
of the ternary blend-I, along with its �ð�biÞ profile ob-
tained by the model fitting analysis. The �ð�biÞ pro-
file exhibits broad peaks in PS lamellar microdomains
with its peak values lower than that of pure deuterated
PS. From this �ð�biÞ profile, it turned out that the
longer block chain in the blend is localized at the
center of a lamellar microdomain. On the other hand,
the segmental distribution of the shorter block chain

was estimated by a subtraction method based on in-
compressibility assumption, since the contrast is too
low to obtain good statistics in reflectivity data if only
the PS chain with fPS ¼ 0:1 is labeled in the blends.
Hence, the volume fraction profile of the labeled PS
segment obtained for the blend-II was subtracted from
that for the blend-III as shown in Figure 5. It was
found that the shorter block chains tend to be localized
at the lamellar interface in the blend with wide com-
position distribution. The evaluated segmental distri-
bution in the block copolymer blend supported the
previous morphological observations well.25–27

Interdiffusion Behavior of a Cyclic Polystyrene Com-
pared with a Linear Homologue
A cyclic polymer has attracted much attention from

the aspects of polymer physics due to its unique fea-
ture in molecular architecture with no chain ends.
The existence of chain ends is essential for polymer
dynamics such as diffusion and relaxation of a linear
polymer chain in melt in the context of reptation the-
ories.30,31 Then, a simple question arises how cyclic
polymer can move without chain ends in melt. Here,
the interdiffusion behavior of cyclic polymer was in-
vestigated through time evolution of interfacial broad-
ening between the two polymer layers, and compared

Figure 4. The neutron specular reflectivity profile for the PS-

P2VP diblock copolymer blend (the ternary blend-I), along with

the obtained �ð�biÞ profile shown in the inset.

Figure 5. The volume fraction profile of the shorter block

chains in a lamellar microdomain, with those experimentally ob-

tained for the ternary blends-II and -III.
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with that of linear one by neutron reflectometry
and dynamic secondary ion mass spectroscopy
(DSIMS).32 The samples used were monodisperse cy-
clic and linear polystyrenes (c-hPS and l-hPS) having
molecular weights of 116� 103, and their deuterated
counterparts (c-dPS and l-dPS). It is noted that the
molecular weight, Me, between entanglements is 15�
103 for linear polystyrene. The (l-hPS/l-dPS) bi- and
(l-hPS/c-hPS/c-dPS) tri-layer films were prepared
on silicon wafers by a floating method:33–35 a polymer
film spin-coated on a glass slide was floated off on
water surface, and then picked up by another polymer
film separately prepared on a silicon wafer. These film
specimens were annealed at 120 �C in a vacuum for
different annealing time, and all the reflectivity meas-
urements shown here were performed at room temper-
ature. Figure 6(a) shows a series of specular neutron
reflectivity profiles for the (l-hPS/c-hPS/c-dPS) tri-
layer films annealed in the different time from 0 to
600 s. It is apparent that the Kiessig fringe reflecting
dPS layer thickness is damped off rapidly with in-
creasing the annealing time, implying that the inter-
face between the layers is broadened due to the inter-
diffusion of polymer chains. The best-evaluated
�ð�biÞ profiles for the (c-hPS/c-dPS) interface shown
in Figure 6(b) well support the above description on
interfacial broadening. It was found that both the in-
terfacial thicknesses, for cyclic and linear polymers
increased with increasing the annealing time, t, and
the interface for the cyclic one was broadened, that is,
the cyclic polymer diffused, much faster than that for

the linear. The increment of interfacial thickness for
the cyclic chain was proportional to t0:19 at the shorter
time, while it followed the Fickian diffusion (propor-
tional to t0:48) after reptation time, �d, around 3�
103 s. Further, the diffusion coefficient, D, was evalu-
ated from the interfacial profile obtained by DSIMS at
the sufficiently longer time than �d. When the molecu-
lar weight is sufficiently higher than Me, the value of
D, ð1:1� 0:1Þ � 10�16 cm2/s, for the cyclic chain was
about 2 times larger than that for the linear.

Temporal Interfacial Evolution for Miscible Poly(4-
trimethylsilylstyrene)/polyisoprene Bilayer Films
Polymer interfaces play an important role in me-

chanical properties such as toughness and adhesion
for multi-component systems. So far, many efforts
have been paid to understand polymer interfaces and
control their properties. A pair of poly(4-trimethylsi-
lylstyrene) (PTMSS) and polyisoprene (PI) was re-
cently discovered to be miscible and show phase-
separation behavior with the lower critical solution
temperature (LCST).36–38 Here, the compositional
change in interface for the bilayer film of PTMSS
and PI was observed in a real time by the in-situ neu-
tron reflectivity measurement at 90 �C lower than the
LCST in an inert gas environment.39 Deuterium was
introduced on a trimethylsilyl group in the PTMSS
being substituted for hydrogen in neutron experiment.
The bilayer film was prepared by the following float-
ing method:33–35 the partially-deuterated PTMSS film
was floated off onto water surface, and then picked
up with the PI film spin-coated on a silicon wafer.
Figure 7 shows temporal evolution of neutron specu-
lar reflectivity profile for every 5min after the temper-
ature jump to 90 �C. The Kiessig fringe with a rela-
tively low frequency observed for the as-prepared
bilayer film almost disappeared within about 10min
after the temperature jump, and then the different
fringe with higher frequency was evolved. The solid
lines are the best-fitted reflectivity profiles calculated
from the �ð�biÞ profiles shown in Figure 8. The
�ð�biÞ profile for the as-prepared bilayer film keeps
a very sharp interface between the two layers. Just
after the temperature jump the interface started to be
broadened, and its position was moved toward the film
surface due to the diffusion of mobile rubbery PI into
glassy PTMSS. At the end, almost uniform �ð�biÞ
was attained along the depth direction reflecting
homogeneous composition, though the film surface
was still kept enriched with the PTMSS with lower
surface energy. This complicated interfacial behavior
does not simply obey the Fickian diffusion process,
but can be explained by an asymmetric diffusion40

due to the difference in molecular mobility between
glassy PTMSS and rubbery PI at 90 �C.

Figure 6. (a) The neutron specular reflectivity profiles for

the (l-hPS/c-hPS/c-dPS) trilayer films with different annealing

time. (b) The evaluated �ð�biÞ profiles for the interface between

c-hPS and c-dPS layers.
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Phase Transition of a Thin Lipid Film with Salt on a
Solid Substrate
The living cells and their organelle exist only as

uni-lamellar vesicles (ULV) of phospholipids, so that
the effective method to produce artificially the ULVs
as a model biomembrane has been pursued. It was re-
cently found that the addition of sugar or salt pro-
motes the ULV formation only when they were mixed
into the lipid films before hydration in the process of
‘‘natural swelling’’.41–43 The stacking structure of lipid
(dimyristoylphosphatidylcholine; DMPC) bilayers
with NaI salt on a solid substrate was studied by using
neutron reflectometry to understand the mechanism of
the preferential ULV formation described above.44–46

Firstly, it was clarified by static measurements that
NaI salt is intercalated between the lipid bilayers,
and induces the phase transition to an ‘‘interdigitated’’
phase at the temperature above the chain-melting
transition, around 60 �C, for a pure dry DMPC.
Figure 9(a) shows the time dependence of neutron

reflectivity profile for a thin film of the DMPC/NaI
mixture at the equi-molar ratio in a vacuum after a
temperature jump to 120 �C.45 The Bragg peak around
QZ ¼ 1:2 nm�1 at low temperature corresponds to the
lipid bilayers with the salt intercalated between them,
as clarified previously.45 While the peak intensity of
the Bragg peak around QZ ¼ 1:2 nm�1 decreased,
the one around QZ ¼ 1:65 nm�1 newly developed
with annealing time after the temperature jump. This
new Bragg peak was assigned to the ‘‘interdigitated’’
phase, since the apparent bilayer thickness evaluated
from the Bragg peak is too small to be explained for
fully bent hydrocarbon chains of the lipid, and is
almost equivalent to that for the ‘‘interdigitated’’
phase reported in the aqueous solutions.47,48 The cor-
relation length along the depth direction, evaluated by
the Bragg peak analysis,49 was constant irrespective of
the annealing time due to the spatial constrains in the
thin film, so that the time dependence of the peak in-
tensity should reflect the occupied area of each co-
existing phase in the film plane. Figure 9(b) plots
the peak intensity of the two Bragg peaks as a function
of the annealing time. Both of the Bragg peaks
showed the linear dependence on the time. This is ap-

Figure 8. The change in �ð�biÞ distribution along the Z-di-

rection, obtained for the data shown in Figure 7 by a conventional

model fitting method.

Figure 9. (a) The time dependence of neutron specular reflec-

tivity profile for the thin film of a mixture of DMPC and NaI after

the temperature jump to 120 �C. (b) The peak intensity evaluated

for the two Bragg peaks as a function of annealing time.

Figure 7. The time evolution of neutron specular reflectivity

profile for the bilayer film of PTMSS/PI after the temperature

jump to 90 �C.
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parently different from the case in the aqueous solu-
tions showing the exponential dependence.48 The tran-
sition to the ‘‘interdigitated’’ phase in the thin lipid
film exhibited the same phase growth behavior as
the late stage spinodal decomposition in a two-dimen-
sional space, of which phase growth in the occupied
area is proportional to the annealing time.50,51

FUTURE PROSPECTS

In this article, neutron reflectometry was reviewed
by highlighting the actual experimental examples on
the thin films of polymer and lipid. The neutron reflec-
tometry itself is applicable to the other types of mate-
rial interfaces such as liquid surface, liquid/liquid and
solid/liquid interfaces. Many studies on the soft-mate-
rial interfaces have been developed:52–61 monolayer
systems of amphiphilic molecules on water surface,
a polymer brush at solid/liquid interface, a hybrid
polymer film with nanofillers, a polymer blend film,
and so on, though they are not shown here. However,
so far the adoption of neutron reflectometry has been
limited due to a relatively small flux in the incident
beam compared with a synchrotron X-ray source. Cur-
rently a high-intensity pulsed-neutron source is con-
structed in the project of Japan Proton Accelerator Re-
search Complex (J-PARC), Tokai.62 The pulsed-
neutron reflectometer with a horizontal sample-geom-
etry63 for free interfaces is proposed there, and expect-
ed to have at least a few hundreds times higher inci-
dent flux than the instruments12,13 at the KENS with
the proton accelerator power of 5 kW. This big gain
in incident flux would facilitate to make a time-re-
solved measurement of neutron reflectivity in seconds
or minutes for time-dependent interfacial phenomena,
and also the measurement of weak off-specular reflec-
tion for the in-plane structure of interfaces. Further,
the installation of unique measurement options are
discussed for the new reflectometer: a grazing-inci-
dence diffraction or small-angle scattering option
using a focused beam to explore the in-plane struc-
tures near surface region, and neutron spin-echo op-
tion with resonance spin flippers to observe interfacial
dynamics directly.64 New interfacial sciences are
expected to develop much with a high-intensity
pulsed-neutron beam.
The neutron reflectivity experiments shown here

were performed under the Japan-UK Collaboration
Program on Neutron Scattering, and the Inter-Univer-
sity Research Program on Pulsed-Neutron Scattering
at Oversea Facilities. N. T. and N. Y. are indebted
to the supports by a Grant-in-Aid for Creative Scien-
tific Research (16GS0417) from the Ministry of Edu-
cation. Culture, Sports, Science and Technology of
Japan.
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