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Surface ordering in a concentrated suspension of colloidal particles
investigated by x-ray scattering methods
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The spatial arrangement of colloids near the free surface of a concentrated suspension of colloidal silica in
water is investigated by means of x-ray scattering. The weakly charged particles are found to organize in layers
along the surface normal direction. The degree of layering decreases with increasing distance from the surface
and three layers are identified from the scattering profile. In the lateral direction, the scattering profile indicates
a random spatial arrangement of particles at the surface. Based on the findings, a simple structural model for
the near surface arrangement of colloidal particles in this system is proposed.
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[. INTRODUCTION angle scatteringSec. 1l1Q. The findings are summarized
and discussed in Sec. IV.
The organization of colloidal particles near the liquid/
vapor interface has been a subject of major interest in recent Il. EXPERIMENTAL DETAILS
years. The abrupt liquid/vapor interface has interesting con-

sequences for the behavior of colloids trapped in this region, 1he Sample was a suspension of colloidal silidameter
~320 A) in water[9] with a weight concentration of 40%.

and the formation of a variety of structures has been ob-_*% . . ) .
served in both, experiments and computer simulations. Thi%jrlng the experiments, the sample was either contained in

ranges from the formation of two-dimensioriaD) colloidal n 0.'3 mm quartz ca.p|llar|es orin a large, flat trough. Al
. ) experiments were carried out at room temperature. The x-ray
crystals with long-range orddrl—6] to different types of

. . . measurements were performed at the Raddeamlines at the
aggregatei?], |ncl.ud|ng the formation Qf so-called meso- European Synchrotron Radiation Facility. SAXS data were
stru'ctur.es in collqldal monolayef8]. While the Iateral O iken at ID1OA with X rays of 8 keVN=1.55 A) energy
ganization of particles at the surface has been studied, we ab‘?ovided by a single bounce (§L1) monochromator in
not aware of any th(_)rough e_xami_nation_ of the near-surfac%ragg geometry. A Pt-coated mirror was used to suppress
organization of colloidal particles including an eventual Or-higher-order x rays. The monochromatic beam was colli-
ganization along the surface normal direction. In this experiyated to a size of 100100 wm? before impinging on the
ment, we use x-ray scattering to obtain information on bothsample capillary situated in an evacuated SAXS chamber.
the lateral and vertical particle organization near the freerhe incident flux was-1x 10 photons/sec. The scattered
surface of a suspension of colloidal silica in water. Speculaintensity was recorded with a scintillation detector located
x-ray reflectivity(XR) measurements were used to probe the2330 mm downstream from the sample. A pair of slits in
electron-density profile along the surface normal direction ( front of the detector were used to define the scattering angle
direction. Modeling of the measured reflectivity profile then 26 and the momentum transfgr= (4/\)sin 6.
gives information about the organization and layering along The GISAXS and XR studies were carried out using the
the z direction. Lateral organization near the surface may bdiquid scattering diffractometer at ID10B. Two diamond
studied by grazing incidence small-angle x-ray scatterind111) crystals in Bragg geometry were used to select a 8 keV
(GISAXS) by varying the momentum transfey, in the lat-  beam that subsequently was reflected from two Pd-coated
eral plane. Here, the grazing incidence of the beam ensureslicate glass mirrors in order to suppress higher-order x rays.
us that only the near surface region is probed. InformatiorThe experiment employed a “liquid reflectivity geometry” in
about both the size and shape of the particles was obtaineghich the angle between the surface and the incident and
by small-angle x-ray scatterin@AXS) from a bulk sample. outgoing beamsg; and 6,, respectively, may be varied con-

Our main result is the observation of particle layeringtinuously without tilting the samplgLQ]. This requires a de-
along the surface normal direction in a concentrated colloidaflecting device in front of the sample, and here, a134)
suspension. The degree of the layering decreases with ifBragg deflector was used. The corresponding scattering ge-
creasing distance from the surface, while the spatial arrang@metry is sketched in Fig. 1. The sample was contained on a
ment within the layers is random. The article is organized apolished 100 mm diameter Si wafer by a Teflon barrier. The
follows: In Sec. I, we describe the experimental details. Insample had a large meniscus so that the surface was not
Sec. lll, we present and illustrate the experimental resultshadowed by the barrier and a large footprint could be ac-
obtained by using x-ray reflectivit§Sec. 1l A), small-angle  cepted. A closed outer cell allowed us to stabilize the sample
x-ray scattering(Sec. IlIB), and grazing incidence small- at room temperature and a constant flow of helium into the

cell minimized parasitic air scattering. Two large Kapton
windows at both the entrance and exit side allowed maxi-
*Corresponding author, email address: amadsen@estf.fr mum §- and 6 angles of 20° and 10°, respectively. The
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where ' is the angle between the refracted beam and the
surface.d’ is given by Snell’'s lanwn cos#’ =cosé, wheren is
the refractive index of the sample. For x rays, we have
=1-— 6 with §=\?rop®27 wherer, is the Thomson scat-
tering length of the free electrop? is the electron density of
the sample, and is the wavelength. The Fresnel reflectivity
has a critical anglex.= 25 below whichR:=1 and falls
specular reflected signal with momentum transfgy  off asymptotically asqz_4 (Porod’s law for largeq,. The
=(4m/\)sin 6 perpendicular to the surface, could now besolid line in Fig. Zc) is a fit to the water data using the
measured over a broad range of anglesvith 6;= 6, . Fresnel reflectivity{ Eq. (1)] multiplied by a Debye-Waller
In GISAXS geometry[11,12, 6, was kept at a value terme9%" to account for the rms roughnessof a water
smaller than the critical angle, for total external reflection. g rface due to capillary waves. The fit yielp® p=1.005
The intensity could now be measured by scanning a vertical. 5 9203 ando=3.301 A+0.685 A in good agreement
position-sensitive detectofPSD horizontally (5 scan t iy jiterature values for the electron densitpSE0.334
record the full scattering image. The PSD was pIacec_J SO th_ lectrons/&) and the rms roughness of wafég). Xn angu-
the center channel corresponded to the specular position with offset A 6, =0.0225 0.0037° is introduced by the dif-

0o=6;=0.1°. In ad scan, the momentum t_ransfer has Afractometer line up. The reflectivity profile of the dilute sus-
component parallel to the surface given by, pension may also be described by the above-mentioned best
=(2mI\)cosb, sin . fit to the water data as shown by the solid line in Figp)2
Hence, the dilute suspension and pure water are indistin-
guishable in the reflectivity experiment.

A. X-ray reflectivity The reflectivity profile of the concentrated suspension
shown in Fig. 2a) clearly differs from the other profile)

&md (c). The larger critical angle reflects a larger electron
density in this sample. The profile is furthermore modulated
o and shows a pronounced dipé&#t 0.23°. The Fresnel reflec-
for reference on the solveriatey only. The reflectivity tivity profile may be adjusted to match the larger critical

Fhrgﬂ(l)i efo(;fttf;]ee %ﬁﬁe\/\gﬁ{p?eu ggcseh(livlr? ?r:si?gu;shﬁt? elep];r(;)ﬁr:;angle but is otherwise clearly failing to describe the data as

from the concentrated sample, is however, strikingly differ-;f'hlt)w.n b.3f/. thetlsohl;j I||ne '?hF'gl'.(a)' Trg? d?ta a:ﬁutnd the %;pl

ent. The Fresnel reflectivity of an ideally sharp interface mayal signiicantly below this fine indicating that .a mode

be written as ba_sed on Fresnel refl_ectlwty plus _addltl_onal small-angle scat-

tering from the colloids would fail to fit the dafd4]. In-

stead, we used Parratt's formaligib,16, a recurrence for-

mula where the reflecting medium is divided into slabs

parallel to the surface, to calculate the reflectivity. The divi-

sion into slabgwe use 300 slabs to coverzaange of 1500

A) corresponds to a binning qf%(z) while the shape of

p®(2) itself is determined by the model. A good fit to the data

(solid line in Fig. 3 with a minimum of fit parameters is

achieved by using three Gaussians centereri=287, 626,

and 918 A with a full width at half maximum of about 275 A

and amplitude ratios of 4.0:2.6:1. The corresponding scatter-

ing length densit(SLD) profile is illustrated in Fig. 4. The

raise at the surface at=0 (not shown in Fig. #is described

by an error function (derivative of Gaussignwith o

; =3.301 as previously found for pure water. We interpret this

o , , , , , , , , excess density along the surface normal direction as being
015 02 025 03 035 04 045 05 055 06 due to a layering of the colloidal particles. The order is most

@ldeg) pronounced near the surface and decreases rapidly so that

FIG. 2. Open symbols: Specular x-ray reflectivity profiles from Only three layers may be clearly identified. Layering near a
the concentrated40% wt) colloidal suspensior(a), the dilute  free surface has previously been observed with x rays for a
(1.8% wt), suspensiofib), and pure watefc). The profiles(b) and  thermotropic liquid crysta[17] and for liquid metalg18].

(c) are offset by one and two decades, respectively. The solid linekayering of liquids near a solid interface has also been in-
are model fits to the data described in the text. vestigated with x ray$19]. We note that the small bump

FIG. 1. Sketch of the scattering geometry for liquid samples.

IIl. EXPERIMENTAL RESULTS

Specular reflectivity measurements=0,0;=6,) were
performed on two different colloidal samples, a concentrate
suspension40% wt), a dilute suspensioil.8% wt), and

Reflectivity
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FIG. 3. Specular x-ray reflectivity profile from the concentrated  FIG. 5. SAXS profiles(open symbols from the concentrated
(40% wt) suspension compared to a model calculatsolid line)  (top) and dilute suspensiotbottom). Solid lines: Models as de-
described in the text. scribed in the text. InsetS(q) extracted as described in the text

compared to a model fit witRs=175 A and 27% vol.

centered at;,=0.045 A 1in Fig. 3 is not reproduced. This
reflects in our opinion the limitations of the applied model
based on Gaussian profiles. The scattering length density for Both the concentrated and dilute samples were character-
large z relaxes to a bulk level which is 22% bigger than theized by small-angle x-ray scattering. The corresponding
one of water(Fig. 4). This is consistent with the nominal SAXS profiles are shown in Fig. 5. The scattering intensity
weight concentratiori40%) of silica colloids in the suspen- from a suspension of colloidal particles may be written as
sion if p./py=1.82 wher and p. are the mass densities 2

of Wattgcaﬁ?j silica, respsggive[\zg]f although the value for 1(a) = rgnp(pe—ps) V2R () S(Q), 2

pc iIs somewhat lower than expected for pure silica. From the

. ; Wherer is the Thomson scattering length, is the number
above-determined value pf, one may estimate the volume density of particlesy is the particle volume ang are
concentration of colloids to be about 27%. y orp ’ b c:Ps

. . the electronic densities of the colloid and the solvent, respec-
Since only the averaged electron density of the sampl : ;

X . o , ... tively. F(q) denotes the single-particle form factor of a ho-
alongz is probed in a specular reflectivity experiment, it is

not possible to draw conclusions about the shape and size giogeneous sphere with radiBg given by[21,22
a particle. This information is however accessible by small-
angle x-ray scatteringSAXS). F(q)=

B. Small-angle x-ray scattering(SAXS)

sin(qRe) — qR: cogqRy)|*
(qRF)3

and$S(q) is the static structure factor describing interparticle
correlations. Size polydispersity may be taken into account
by convoluting Eq(2) with a size distribution function. The
solid line in Fig. 5(bottom is a fit of Eq.(2) to the data
taken on the dilute sample. The agreement at lar§8(q)
=1] is excellent and yields a sphere radiusR¥=161 A
and a size polydispersity of 13% using the Schultz distribu-
tion [23]. The deviations from the model at low indicate
the presence of residual interactions with repulsive character
[S(g—0)<1]. A SAXS profile taken on the concentrated
sample is shown in Fig. $top). In contrast to the dilute
sample, there is a pronounced maximum at tpimdicating
that strong interparticle interactions are present in the
, , sample. The corresponding static structure factor was ex-
0 500 2 1000 1500 tracted by dividing the data from the concentrated sample by
the form-factor=(q) determined by fitting the high-part of

FIG. 4. The scattering length densityrofile used in the model the dilute data(solid line in Fig. 5, bottom The result is
calculation to describe the data in Fig. 3. The profile consists oShown in the inset of Fig. 5. The static structure factor peaks
three Gaussians as shown in the lower part of the figure. at qRs~ 7 where Rg is the center-to-center distance be-

()

SLD/SLD(water)
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tween two particles. The observed structure fa8@) may 10°
be approximately described in terms of an effective hard-
sphere model. The repulsive interactions of the particles are
taken into account by introducing an effective hard-sphere 10"¢
radius R¢>Rg and an effective volume fraction into the
Percus-Yevick approximation for hard sphef24—26. The
result of such a fit to the data witRs=175 A is also shown
in the inset of Fig. 5 by the solid line. The model included a &
size polydispersity of 13% as found in the dilute case. Re-£ 1%l
markably, the volume fraction of colloids is found to be
27.0% in good agreement with the value found in the XR
experiment. The SAXS measurement clearly shows that the ;4|
colloidal particles are neither aggregated nor do we see an
sign of colloidal crystal formation or any particle sedimenta-
tion with time. 10°}

107 F

C. Grazing incidence small-angle scatteringd GISAXS) qy(i\")

A measurement of the lateral organization of colloids near

. . . . FIG. 6. GISAXS data from the dilut¢upper curveé and the
the surface is possible with the GISAXS technique. GISAXSconcentrated sampléower curve. The concentrated data has been

measures sma}ll-gngle scattering Of. Fhe refracted beam. If tIﬁlﬁfset by one decade for clarity. The solid lines illustrates the
x-ray beam is incident below the critical angle= V26, the asymptotic decays,  (dilute) andg, ** (concentrated
small 1k penetration depth\ of the refracted evanescent
wave (Fig. 6) where they clearly can. The experiment on the con-
centrated samplé-ig. 6, lower curveyields a GISAXS pro-
A A _ N @) file that falls off faster thalq;“. This is equivalent to what is
Amim{g'} 4mac observed when a graded density profif§z) is applied to
describe the roughness of an otherwise ideally flat surface as
ensures that the scattering is solely coming from the neapreviously discussed in the case of XR. The intensity be-
surface region of the sample\&50 A for pure watey. comes proportional to the product of tlgg # factor from
Here, an incidence angle of 0.1° was used which is signifiPorod’s law and the form factor of the graded interface that
cantly belowa,, for both the dilute and concentrated samplemakes the intensity falloff faster thap * for high g. Here,
(see Fig. 2 Along theq, direction(see Fig. 1, the scattering this observation indicates that the surface colloids are ran-
profile from an ideal liquid surface covered by capillary domly oriented since other surface morphologies would give
waves follows a power-law falloff due to the quasi-long- different power-law behaviorgl1,27,2§. This excludes, in
range correlations in the surface hei§i7]. Any deviation  particular, that the particles at the surface form a fractallike
from this behavior here indicates the presence of small-angl@esostructure or an ordered lateral structure as previously
scattering from colloidal particles. Hence, similar to a con-observed for floating colloidal particles at the air/water inter-
ventional SAXS experiment, a “GISAXS structure factor” face. The lowg part (q,<2x10 2 A™') of Fig. 6 behaves
was derived from the ratio between the two GISAXS profilesdifferently for the two profiles. This is quantified by the ratio
obtained on a concentrated and a dilute sample. Thbetween the curves plotted in Fig. 7. The resulting profile is
GISAXS profiles are extracted from the full-scattering imagereminiscent of the structure fact&(q) observed by SAXS
recorded with a vertical position-sensitive dete¢®8D by  and shown in the inset of Fig. 5. We denote it the “GISAXS
summing 10 channel&orresponding ta\ §,=0.01°) about  Structure factor.” The peak in Fig. 7 is thus suggesting the
the center channdtorresponding t@,=0.1°). The results €xistence of correlations between the colloidal particles.
are shown as a function of, in Fig. 6. The double logarith- From the peak position, we estimate a particle center to cen-
mic plot emphasizes one major difference between the twéer distance of 570 A, i.e., much larger than the layer spacing
curves: a different asymptotic power-law decay wigh In ~ found from XR and the bulk-particle spacindg found by
the dilute case, the curvdig. 6, upper curvefalls off as  SAXS. The width of the peak in Fig. 7 indicates a correlation
q;z. The solid line is the calculated diffuse scattering profilelength of about 570 A equal to the interparticle distance.
from pure wate[27]. It describes the overall decay of the Thus, the correlations range no longer than the distance be-
experimental data very well and the deviations fromqu@ tween two particles. This is in agreement with the previous
fall off are taken as being due to small-angle scattering fronstatement that the lateral arrangement of colloids at the sur-
the colloids. The observed modulation might thus be interface is random.
preted as a “GISAXS form factor.” The observation of par-
ticle scattering in the dilute case emphasizes one major dif- IV. DISCUSSION AND CONCLUSION
ference between the GISAXS and XR techniques: The pure
water and the dilute sample cannot be distinguished with the X-ray reflectivity data were taken on three samples,
XR technique(Fig. 2), in contrast to the GISAXS technique a colloidal silica suspensiof27% vol), a dilute sample
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FIG. 7. Ratio between the GISAXS profiles from Fig. 6. Thijs is very close to 287 A which was found to be the dis-
tance from the surface to the center of the first Gaussian in

(1.0% vol), and pure water. The profiles clearly demonstrateFig. 4. Thus, in this picture, the Gaussians in Fig. 4 are just
that only the scattering length density along the surface noreflecting the excess scattering length denéglD) due to
mal (averaged over the footprininfluences the reflectivity. the overlapping of layers of spheres alanghen averaged
As a consequence, the form-factor oscillations of colloidalin the x andy direction. The amplitude of the Gaussians gets
spheres do not show up in the XR intensity profile and thesmaller with increasing distance from the surface and three
data for pure water and for the dilute sample are indistindayers may be identified from XR. This indicates a transition
guishable. XR measurements on the concentrated sample ifiom a bulk region to a near-surface region where the struc-
dicate that a particle layering near the free surface is occuiture tends to display layering parallel to the surface. Accord-
ring with the first layer being centered about 287 A belowing to the above estimates, Fig. 8 would suggest that the
the surface. To measure particle correlations at the surfageolloids closest to the surface are just touching the water/
GISAXS was used. The small penetration depth of grazingyapor interface with their perimeté29]. Thus, no increase
incidence x rays ensures us that only the first layer of colloiin surface roughness due to the presence of colloidal par-
dal particles is probed. For the dilute sampi&s vol), a ticles is expected. This is in good agreement with the obser-
model for pure water describes the asymptotic behavior o¥ation that the rms roughness of the surféoeind from the
the GISAXS profile well. In addition, a form-factor signal is XR measurements, see Fig. & the same for the colloidal
present in the scattering profile. The GISAXS profile fromsuspension and pure water. We might speculate that the
the concentrated sample indicates that the lateral organiza€akly charged character of the particles together with the
tion of colloids at the surface is random. The ratio of thefact that they are still completely surrounded by water is in
GISAXS curves in Fig. 7 shows a broad peak fact the reason why these colloids are not forming lateral
=0.01 Aﬁl that we assign to interpartide correlations. It is surface structures Contrary to what was preViOUSly observed
evident that the surface interparticle distance is larger alonfPr floating particles.
qy (570 A, Fig. 7 than alongg, (287 A, Fig. 4 and that the
interparticle distance found from the bulk-structure factor
S(q) (350 A, Fig. 5, insetis in between. A simple model for The staff at the Trdia beamline is acknowledge for assis-
the arrangement of colloidal particles in the first few layerstance with the experiments. B. Struth and D. Smilgies are in
can be constructed as sketched in Fig. 8. If we use the pgarticular acknowledged for valuable help and fruitful dis-
rameters D=570 A and Rg=350 A found from cussions during the early stages of the experiments.
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