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An X-ray reflectometer for simultaneous measurement of specular and off-
specular reflection of liquid surfaces is described. The reflectometer, equipped
with a two-dimensional single X-ray photon-counting pixel array detector
obtained the full range of X-ray specular and off-specular reflections in an
extremely short time (1 s). Both the specular and off-specular reflection of water
exhibited good agreement with the predicted capillary-wave theory within the
appropriate instrumental resolution. The approach is also demonstrated on an
aqueous solution of 1-dodecyl-3-methylimidazolium chloride. The monolayer in
which the dodecyl chain faces upwards and the Cl™ anion locates next to the
imidazolium ring formed on the water surface was found to be laterally
homogeneous. The use of a pixel array detector will be particularly powerful for
in situ measurements to investigate both out-of-plane and in-plane structures

simultaneously, not only for liquid surfaces but also for other thin films.

Keywords: X-ray reflectivity; off-specular diffuse scattering; PILATUS; air/water interface;

ionic liquids.

1. Introduction

Over the past 20 years, X-ray reflectivity measurements using
synchrotron X-ray sources have been one of the most
powerful tools for investigating the surface phenomena of
liquids (Daillant & Gibaud, 1999; Tolan, 1999). Such techni-
ques allow the density profile to be measured along the
surface normal on a sub-angstrom spatial resolution. By
carefully examining diffuse scattering in the vicinity of spec-
ular reflection peaks, structural information parallel to the
surface can also be obtained.

The surface morphology of liquid surfaces is governed by
thermally excited capillary waves with molecular-size ampli-
tudes and micrometer-order wavelengths (Buff et al, 1965).
Sinha et al. have theoretically demonstrated that diffuse
scattering from liquid surfaces diverges algebraically at the
specular reflection angle, creating large tails that extend into
the surrounding off-specular region (Sinha et al., 1988). This
theoretical prediction has been verified experimentally for
simple molecular liquids (Braslau et al., 1988; Schwartz et al.,
1990; Sanyal et al., 1991; Pershan, 2000; Shpyrko et al., 2004)
and liquid metals (Pershan, 2000; Shpyrko et al., 2003, 2004;

Tostmann et al., 1999). In contrast, scattering that exceeds the
predicted capillary contribution has been observed for Lang-
muir monolayers on a water surface, and provides lateral
structural information on the monolayers (Li et al, 1995;
Fukuto et al., 1998, 1999, 2004). However, X-ray off-specular
diffuse scattering intensities are always difficult to evaluate
correctly since the instrumental-resolution dependent weak
signals are hidden in large background intensities arising from
the signals of other sources. Such measurements, therefore,
are usually conducted independently of X-ray reflectivity
measurements with a high angle-resolution system.
Previously, we have reported a new liquid-interface
reflectometer developed at SPring-8 (Yano et al., 2007, 2009a).
This reflectometer is equipped with a two-dimensional single
X-ray photon-counting pixel array detector, PILATUS 100K
(Dectris, Switzerland), and can achieve an X-ray reflectivity of
almost 10~° with an accumulation time of only 1s at each
angle, exhibiting enormous potential for rapid measurements.
Time-resolved measurements with a time resolution of 3 min
were performed for the adsorption of a globular protein on an
air/water interface (Yano et al, 2009b,c). The PILATUS
detector also offers many other advantages such as the ability
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to collect area images, a wide dynamic range of 10° an
excellent point-spread function of one pixel, zero dark noise
and the option to set an energy threshold for background
suppression (Broennimann et al., 2006; Kraft et al., 2009),
enabling measurement of the weak diffuse scattering signals
that lie very close to the much stronger specular reflection.

In the present study we exploit the advantages of the two-
dimensional pixel array detector to investigate both the X-ray
specular reflection and the off-specular diffuse scattering
intensities from two different liquid surfaces, a pure water
surface and a surfactant monolayer on water. By comparing
our results with the well established capillary-wave theory, we
show that the reflectometer can accurately measure the X-ray
specular reflection and off-specular diffuse scattering inten-
sities in an extremely short time.

2. Scattering from liquid surfaces
2.1. Geometry

The scattering geometry is illustrated in Fig. 1. The incident
wavevector k;, strikes the liquid surface at an incident angle «.
The scattered X-rays are characterized by the output wave-
vector Kk, which makes an angle 8 with the surface and an
angle 26 with the plane of incidence. The Cartesian compo-
nents of the wavevector transfer q = k., — k;, are defined as

q. = klsin(e) + sin(B)],
q, = kcos(B)sin(20), 1)
q, = k[cos(B) cos(20) — cos(a)],

where k = 27/A.

2.2. X-ray specular reflectivity

In the specular reflection condition, the reflectivity is
measured as a function of g, when g, = g, = 0, or equivalently
B =aand 26 = 0.

The X-ray specular reflectivity for liquid surfaces is
described by the Born approximation (Pershan, 2000, 2009),

out
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Figure 1
X-ray scattering geometry. Incident wavevector k;, strikes the liquid
surface at an incident angle «. The scattered X-rays are characterized by
the output wavevector k., which makes an angle 8 with the surface and
an angle 260 with the plane of incidence.

R(g,) = Re|®(q,)| CW(q,, T. y), )

where Rpis the Fresnel reflectivity for an ideally flat interface
and |d>(qz)|2 is the intrinsic structure factor normal to the
surface, which is expressed as

0
; / @ (p;?)xy exp(iq.2)

pBulk

2

|0(q,)| = : 3)

where (p(z)),, is the lateral average electron density profile.
CW(q,, T, y) is the surface roughness term due to capillary
waves and is given by

CW(q..T,y) = exp(—05,q2). @)

ks T
Ufw — (%), Dmax ’
2y Ay

where y is the surface tension and g, is the upper cut-off for
capillary contributions, which is determined by the condition
in which the number of capillary-wave modes is of the order
of the number of molecules per unit surface area; this is
equivalent to fiXing g.x = 27/d, where d is of the order of the
intermolecular distance. Aq,.s is the instrumental resolution,
usually defined by the detector slits (Braslau et al, 1988;
Pershan, 2009).

with

2.3. X-ray off-specular diffuse scattering

In off-specular diffuse scattering the scattering intensity
is measured under non-specular conditions, ie. o # S or
equivalently q,, g, # 0. A B-scan method, in which the scat-
tered intensity is measured as a function of j at constant «, has
typically been conducted independently of X-ray reflectivity
measurements. In the present study we used the reflection
profile, normalized to the peak intensity of the reflection
profile at an incident angle o of 0.01° (assumed to be
equivalent to the incident beam intensity /), as the off-spec-
ular diffuse scattering intensity.

The normalized intensity I/l is generally equal to the
convolution of the differential cross section do/d€2 with an
appropriate instrumental resolution function E (Fukuto et al.,
1999),

](q) = & = g Ld_G ,
i /k2 sin(B) ¢ e qu) A,dQ (qu), ®)
1 if [8q,] < Aq,/2, |8q,| < Ag,/2,

Eq(ﬁqx, ‘qu) = {

The differential cross section for a homogeneous liquid
surface is described by the capillary-wave model (Pershan,
2000, 2009) and can be written as

1 (do> L1 (qc)“ Te()Tx(B)

0 otherwise.

Ag\dQ )/, 1672 \2 q?sin(w)
221 (4 )
X |q)(61z)| —2( y) ) (6)
9%y \9max
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(a) Top view

(b) Side view

Figure 2

Schematic view of the liquid-interface reflectometer at the SPring-8 BL37XU beamline. C1: Si 111
double-crystal monochromator; C2: Ge 111 deflecting-crystal monochromator; Ms: two horizontal
deflecting mirrors; IC1 and IC2: ion chambers; XBPM: X-ray beam-position monitor for MOSTAB;

S1 and S2: slit systems.

for n = (kg T/27y)q> < 2, where A, is the cross-sectional area
of the incident beam, q. is the critical vector, and Tr(«) is the
Fresnel transmission factor (Daillant & Gibaud, 1999; Tolan,
1999). The scattering from a homogeneous liquid surface is
described by the characteristic power law, 1/ qxzy_”, of capillary-
wave thermal diffuse scattering.

3. Experimental details

3.1. Liquid interface reflectometer using a pixel array
detector

The liquid-interface reflectometer (Yano et al., 2007, 2009a)
is installed at the undulator beamline BL37XU at SPring-8
(Terada et al., 2004). The experimental set-up is schematically
given in Fig. 2.

An X-ray energy of 15 keV (A = 0.826 A) was selected for
the X-ray reflectivity measurements. Two horizontal deflecting
Rh-coated mirrors eliminated higher harmonics and focused
the X-ray beam to a spot about 200 um in the horizontal
direction at the detector position. The design of the liquid-
interface reflectometer (Yano et al., 2007, 20094) is similar to
the surface-horizontal spectrometers at other synchrotron
facilities described previously (Als-Nielsen et al., 1982;
Schlossman et al, 1997). A monochromator stabilization
(MOSTAB) system stabilized the X-ray beam intensity by
tuning of the Bragg angle of the first crystal of the mono-
chromator (Kudo & Tanida, 2007). The X-ray beam deflected
downwards by the Ge 111 crystal (C2) was collimated by the
second slit (S2), which runs 50 um vertically and 500 pm
horizontally. The beam flux incident on the sample was about
10" photons s™'. A trough made of aluminium with a teflon
coating (100 cm?, 3 mm deep) was located halfway between

538 mm

the deflection crystal C2 and the
detector. A single X-ray photon-
counting pixel detector, the PILATUS
100K (Broennimann et al., 2006; Kraft et
al., 2009), with an area of 487 x 195
pixels (172 um pixel ') was located
538 mm from the center of the trough.
The integration time at each incident
angle was 1s. Each pixel of PILATUS
contains a charge-sensitive amplifier, a
shaper amplifier, a single-level discri-
minator and a 20-bit counter. The
energy threshold of each discriminator
was set to 7.5 keV to suppress the low-
energy background. The counting-rate
capability depends on the operation
mode of the storage ring at SPring-8,
which is about 100 ns in the multi-bunch
operation mode. This condition allows
us to detect up to 10° counts pixel ' s~
within the dead time of 10%. A set of
aluminium sheets of thickness in the
range 1—6 mm was employed as an
attenuator at the incident angle o < 0.9°
to prevent the counting rate exceeding 10° counts pixel ' s™".
The seven axes of the motor drivers as shown in Fig. 3 were
synchronized to start by a VME pulse motor controller
(Furukawa & Matsumoto, 2004) to shorten the travel time to
about 2 s for the change in incident angle.

The liquid samples were contained in the trough controlled
at 298 K. The trough was covered with an acrylic hood with
6 um-thick mylar windows for the X-ray measurements to
suppress liquid evaporation. The accumulation time at each
incident angle was 1 s for o < 2.0° and 10 s for 2.0° < < 3.0°,
meaning the overall time required to measure the reflection
intensities for 81 incident angles was 5 min.

Mylar Window
(6 pm)

3.2. Liquid samples

X-ray reflectivity measurements of a water surface and
a monolayer of 1-dodecyl-3-methylimidazolium chloride on

sample x

i_mp' ____________ I
y

Description of the motor drivers. The deflecting crystal (C2) is rotated by
an angle described by x and ®g. The slit (S2) is adjusted by w, and z. The
liquid sample is set on the two translation stages x and z. A set of
aluminium sheets of thickness 1-6 mm is set on the translation stage as
an attenuator.

Figure 3
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water were performed. The 1-alkyl-3-methylimidazolium salts
(hereafter denoted as [C,mim]Cl, where #n is the alkyl chain
length) are ionic liquids which have low melting temperatures
owing to the low symmetry of the organic cations, which acts
to reduce the lattice energy (Seddon, 1997). The [C;, mim]Cl
salt is a solid at room temperature and acts analogously to
cationic surfactants owing to its long alkyl chain. The self-
aggregation behavior has been studied previously (Blesic et
al., 2007). In the present study we investigated the surface
structure of an aqueous [C;,mim]Cl solution at the critical
micelle concentration (X¢me = 0.02 mol dm ™).

3.3. Data treatments

Fig. 4 shows typical images around the reflection peaks
detected by PILATUS. For « = 0.7° the reflection intensity was
detected through an aluminium attenuator of thickness 1 mm
placed 10 mm from the detector, while at o« > 0.9° it was

(@) a = 0.7° (with Al 1 mm)

160 180 200 220 240 260 280
80

x 70

60
160 180 200 220 240 260 280

Intensity

(b)a = 0.9°
160 180 200 220 240 260 280

160 180 200

(=
[}
(=3

240 260 280

t

100 300 1000 3000 10000 30000

R Intensity
(c)a = 2.0° (105s)
160 180 200 220 240 260 280
20
x 80
70
160 180 200 220 240 260 280
lObO 2000 3000 4000 5000 6000 7000
Intensity
Figure 4

Enlargement of an X-ray specular reflection image of water obtained
on PILATUS. The units of the x- and z-axes are pixels. Measurement
conditions: (a) o = 0.7°, integration time of 1 s with a 1 mm Al attenuator;
(b) o = 0.9°, integration time of 1s without attenuator; (c) o = 2.0°,
integration time of 10 s without attenuator. Each square corresponds to a
pixel with dimensions of 172 ym x 172 pm.

detected directly. The reflection peaks located at around
(x, z) >~ (70, 216) in pixels for all of the incident angles have
long tails in the z-direction caused by diffuse scattering from
the capillary waves. A small peak, known as a Yoneda wing
(Yoneda, 1963), is clearly visible at z >~ 170 for o = 0.9° as
shown in Fig. 4(b); for « = 0.7°, shown in Fig. 4(a), the Debye-
Scherrer rings of the aluminium attenuator observed at
around z >~ 180-190 almost overwhelm the Yoneda wing.

Since this reflection peak was detected over five pixels in
the x-direction, we considered the intensity measured five
pixels from the center of the peak to be background. The
background intensity of 100-150 counts pixel ' s is almost
independent of the X-ray incident angle. A reflection profile
I(z) was obtained by summing the signal intensities and
subtracting the background as

Zl(z,x) —% Z I(z,x) |- (7

[x|<2 5=|x|=7

I(z) 1

I, I

The factor of 5/6 is the ratio between the five pixels of the
signals and the six pixels of the background. The total signal
intensity corresponding to the first term in (7) and the back-
ground corresponding to the second term are shown in Fig. 5.
In the case of o = 0.7°, the intensity is reduced to about a tenth

105 T T T T T
(@) a=0.7°

10+
Al attenuator (1mm),
103 |

W e’

Tt
LS

Raw intensity

B — o/ degree

Figure 5

Integrated signal (open circles), integrated background (solid curves) and
integrated signal plus background (closed symbols) for the reflection
images shown in Fig. 4.
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by the 1 mm-thick aluminium attenuator placed at 8 — o < 2°.
After the background subtraction, reflection profiles spanning
a range of four orders of magnitudes were obtained. Since the
diffuse scattering intensity decreases with the angle S, in
contrast with the B-independent background intensity, the
signal-to-background ratio becomes less than 10% in the
region 8 — o > 1°.

4. Results and discussions
4.1. X-ray specular reflectivity

Fig. 6(a) shows X-ray reflectivity profiles of the liquid
surfaces examined. The reflectivity is calculated by summing
the reflection profiles (see Fig. 5) around the peak region of
n pixels (7 pixels for water and 13 pixels for the aqueous
[Ci,mim]Cl solution) and normalizing this value to the
intensity of the incident beam, which was monitored using an
ionization chamber. The instrumental resolution, Agq..s in
equation (4), is defined for simplicity as the resolution in the g,
direction, i.e. Ag, ~ ksin(B)ApB, where AB is related to the
number of pixels summed to calculate the reflectivity as n
pixels x 0.172 mm pixel " (538 mm) . In the higher g range,
however, Ag, should be taken into account in addition to
Ag,cs to describe the capillary effect correctly (Pershan, 2009).
The predicted capillary-wave model for water calculated using
equations (2)—(4) with the parameters y = 720 mN m ',
Gmax = 270/d = 271/2.8 A~ and |®(q,)|* = 1 (Braslau et al., 1988)
shows good agreement with the observed reflectivity in the
present g, range.

In the case of the aqueous [C;,mim]|Cl solution, the
observed data, divided by the capillary-wave term CW(q,, T,
y) using parameters y = 40 mN m™' and g, >~ 27/d = 27/
12 A7, were fitted using a two-box model. The refined elec-
tron density profile is shown in Fig. 6(b). Based on the electron
densities of the close-packed structures [0.32 e A3 for the

o/ degree
0 1 2 3
100 o T T T T n
101 o Water @ | « 0.6
2% s Cyomim Cl/water | <
10 “-_ — T q;
108 | - =
> 2 0.4+
S 10* S
3105} 3
@ ©0.2-
@ 10°+ o
w
107 + :
h —— Cyomim CI / water
-8 i I I I
107 - . % ~0 0 20 30 40
-9
107 45 kev " z/A
10'10 L | L
0 0.2 0.4 0.6 0.8
q./ A"
Figure 6

(a) X-ray reflectivity of water (circles) and aqueous [C;, mim]Cl solution
(triangles). The solid curve for water is the theoretical prediction
calculated using equations (2)—(4) with R denoted by the dashed curve.
The data for the aqueous [C;, mim]Cl solution were fitted using a two-box
model based on the dodecyl chain layer and the Cl™ anion layer. (b)
Electron density profiles corresponding to the data fits. The inset shows a
schematic of the [C;, mim]Cl monolayer arrangement.

alkanes, 0.33 ¢ A~ for the imidazolium ring and 0.73 e A3
for the ClI™ anion (Solutskin et al., 2005; Larriba et al., 2009)],
the [C;, mim]Cl molecules are considered to form a monolayer
in which the dodecyl chain faces upwards and the Cl™ anion
locates next to the imidazolium ring at a depth of 10 A.

4.2. X-ray off-specular diffuse scattering

Fig. 7 shows the normalized reflection profile of X-rays
incident at angles of o = 0.9 and 1.2° detected in 1 s without
the Al attenuator. The circles show the results for water, while
the triangles show those for the aqueous [C;, mim]Cl solution.
The central peaks correspond to specular reflections. The
dashed and solid curves in Fig. 7 correspond to the theoreti-
cally predicted intensities for the capillary-wave model
calculated using equations (5) and (6). Since the differential
cross section in (6) diverges at g,, = 0, we calculated the
diffuse scattering intensities in the region q,, > 107> A~%. The
calculated diffuse scattering intensities exhibit good agree-
ment with the observed intensities, especially around the
specular region, having instrumental resolutions of Ag, =~
kA(20) and Agq, =~ ksin(B)AB, with A(20) =~ 2.3 pixels x
0.172 mm pixel ' (538 mm)~' and AB =~ 3.0 pixels x
0.172 mm pixel " (538 mm) ™", which are 1.5 times larger than
the FWHMs of the reflection profile at the incident angle « of
0.01°. This demonstrates the benefit of the excellent point-
spread function of the PILATUS detector. The present result
also suggests that the [C;, mim]Cl monolayer is not a laterally
inhomogeneous layer, which would lead to excess scattering
above the predicted capillary-wave fluctuations.

102 :

10

=)
~ 10°®
=
107
107101 Cyomim Cl / water : s
0 1.0 2.0
ﬂ/degree

Figure 7

Reflection profiles of liquid surfaces for X-ray incident angles o = 0.9 and
1.2°. The solid and dashed curves represent the theoretical predictions
based on the capillary-wave model and are calculated using equations (5)
and (6). Both of the observed intensities for water (circles) and the
aqueous [C;, mim]Cl solution (triangles) exhibit good agreement with
those for the capillary-wave model.
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5. Summary

We performed X-ray reflection measurements of a water
surface using a recently developed liquid-interface reflect-
ometer at SPring-8. The reflectometer, equipped with a two-
dimensional single X-ray photon-counting pixel array
detector, PILATUS, obtained an X-ray reflectivity curve
towards 107"° in 5 min. The detector was also found to be
effective in analyzing the weak off-specular diffuse scattering
signals in the vicinity of the specular reflection peaks. The
results exhibited good agreement with theoretical predictions
for ratios of the signal-to-background intensity of larger than
10%. X-ray reflection measurement of an aqueous solution of
1-dodecyl-3-methylimidazolium chloride at the critical micelle
concentration was also demonstrated. Based on the specular
reflection, 1-dodecyl-3-methylimidazolium chloride was
considered to form a monolayer in which the dodecyl chain
faces upwards and the Cl™ anion locates next to the imida-
zolium ring on the water surface. The off-specular diffuse
scattering indicated that the monolayer was laterally homo-
geneous because the observed intensity shows good agree-
ment with that predicted by the capillary-wave model.

The present reflectometer accurately obtains the full range
of X-ray specular and off-specular reflections in an extremely
short time (1 s), having enormous potential to determine the
out-of-plane and in-plane structures at an interface simulta-
neously. The methodology developed in the present work can
be applied not only for liquid surfaces but also for other
thin films.
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Research (No. 18045029) in Priority Area ‘Science of Ionic
Liquids’ from the Ministry of Education, Culture, Sports,
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