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In-sifu small angle x-ray scattering measurements of
the solvent mediated assembly of 2 nm diameter Au-core
colloidal nanoparticles inside mesoporous alumina are
presented. The evolution of the self-assembly process was
controlled reversibly via solvent condensed from vapor.
Measurements of the absorption & desorption of solvent
showed strong hysteresis upon thermal cycling. In addition,
the capillary transition for the solvent in the nanoparticle-
doped pores was shifted to greater under-saturation by a
factor of four relative to the expected value for the same
system sans nanoparticles. Analysis indicated that a
cylindrical shell super-structure of the nanoparticles 1s
maintained throughout the addition and removal of liquid
solvent. Nanoparticle nearest-neighbor separation increased
and the in-shell order decreased with the addifion of
solvent. The process was reversible with the removal of
liquid. Isotropic clusters of nanoparticles were also
observed fo form temporanly during desorption of the
liquid solvent and disappear upon complete removal of
liquid.

Motivation

* Understanding self-assembly of nanoparhicles important for both
fundamental physics and technological viewpoints.

» Applicahions: magnehc storage, catalysis, electro-ophical devices, etc.
* Quasi-1D systems of particular interest: nanowires, similanty with

biological systems such as some virus protein coatings and cell
microtubules.

* Some expenments on end product in cylindrical geometry, no in-sifu!

* There have been several expenments of nanoparticle self-assembly
on flat substrates using bulk methods, 1.e. droplet evaporation.

* Need reversible, method for condensing liquid into the system
* This 1s achieved via our AT method to sub-nm film thickness!

* Need nondestructive, non-invasive, in-sifie method for measunng the
evolution of the nanoparticle evoluhion as funchon of condensahion

» Small Angle X-Ray scattenng perfect for this investigation!

Experimental

Figure la: (Left) SEM 1mage
shows well ordered 2D
hexagonal packing of alumina
nanopores prepared under
similar conditions to samples
used for x-ray expenments.

Figure 1b: (Right) Bnght-field
TEM 1mage of the nanoparticles
(arrow) on the walls (faint
diagonal lines) of alumina pores.
The nanoparhicles are Au-core
with octane-thiol coating. Cross-
sections of the hybnd samples

were prepared by the
wliramicrotome method from the

sample used for x-ray
expenments.
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* These methods not possible for ~1D systems which require templates.
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Figure 2: Schematic of the

ermmvironmental chamber used for 17-s1t:
x-ray cxperimmnents. The outer {inner) cell

was kept at 2B£C (32+C) dunng the

cxperiment. The sample temperature 7,

was controlled mdependently from the
mner cell and liquid solvent reservoir

temperature, 7. The sample was

mounted i a transmission geometry

where the long axis of the pores can be
rotated (7)) m the honzontal plane. The
AT = T-T, was controlled to vary liquid

condensation on the sample via the

VEpOT.

Pores

CCD detector

Figure 3: Geometry for SAXS measurements: X rays were meident at 7. =10°

from the normal to the nanopore long axis. Scattered mtensity was measured wath a
fixed position CCD detector 1.8 m dowm-stream. The s and g descnbe the eoordmate

space and wavevector transfer of the nanopore, respectively. Note that the geometry

shown here has been rotated about the incident beam by 10 ° for clanty.
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Figure 4: Typical CCD image of scattenng intensity. Two different scatterning
regimes were observed: mtense small angle powder diffraction peaks due to the 2D
ordenng of the nanopores and at lgher angles or (WAXS) a broader, weak
amsotropic ring from the local nanoparticle packing. The dark blue region n the

lower left comer 1s due to an attenuator.

Figure 5: Volume adsorption (Al) / desorption
(O) curves as a funchon of AT. Dashed hnes
arc added as a punde for the eye. Note the
strong hysteresis upon cycling. Vertical dotted
lines mdicate location of capillary transition
for empty (no nanopartcles) pores predicted
by the Kelvin equation, AT ~ v/R. Data s
normalized to the liquid saturation volume of
the pores. {Insct) Plot showng the powder
diffraction peaks from the 2D nanopore
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Figure 6: Scattering mtensity

scattening.

(Top Right) Data from AT=8K

distributions at representattve AT. (Top
5 Left) Data from AT =30 K (dry): the
scattenng mtensity 1s an asymmeine
ring structure from particle-particle

(adsorphon curve): note the nng 1s
broader wath a smaller radius.

Figure 7: Tomodel the seattering a monolayer of nanoparticles around the pore wall

15 assumed. The monolayer 15 broken into nearly flat tiles and powder averaged over
all tiles from all pores at a given 9. This scattering can be modeled wath a 2D

Lorentzian rmg x form factor for the nanoparticles. The total scattenng 1s grven by

the inte gration over all g.

(Lower Right) Data from AT=6 K
(saturated wath liquid): here the nng 1s
broader wath an even smaller radius.

(Bottom Left) Data from AT =124 K
(desorphon eurve): note the presence

of an isotropic scattermg nng just
inside the asymmetne ring,.
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Figure 8: (Right Top) Schemate of representatrve radial shices (dashed lines) taken for
fittng wath the tile model wath ¥, = 11 X s, » an mteger from 1 to 7. (Left) Data () at
AT =30K from cach shee {color coded wath dashed lines) along wath fits (solid lines)
from the tle model plus independent monotomeally decaying, positive backgrounds.
Error bars arc smaller than data symbols. (Bottom Right) Data (all at ¥, = 11) from four
cfferent AT: 00 =30 K, A =8 K (absorption), 0 = 4.4 K (saturated), and 0 =124 K
(desorption); solid lines are fits. Note that AT = 12.4 K 15 qualitatively different and
requures an 1sotropic component m addition to the tile model to fit properly.

Figure 9: Illustration of a possible
mechamsm for creation of 1sotropic clusters
of parhicles upon desorphion. Right, pores
fill by cylindrical film growth, empty by
hermspherical menise: from the ends
(Cohan mechamsm). These menisei may
drag particles along, creating clusters
temporally as the solvent 1s removed from
the pores.
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Shell Parameters(AT) Figure 10: Plots of the “best fit"
tile model {O) and 1sotropic (m)
parameters and uncertainhes as a
functon of AT (data to the left of
zero arc from adsorphon curves,
to the nght are from desorption
curves). The physical parameters
arc (top to bottom): munber of
seatters ~I,/d;,, nearest neighbor
spacmg d,n;, and order parameter
£, Limes are added as a punde to

the eye.
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Conclusions

Solvent Mediated Self-Assembly in pores

«Shift in capillary transition due to nanoparticles, strong hysteresis
*Suggests Cohan mechanism

*May explain clusters as well

*Dry case: nanoparticle monolayer.
*Add Solvent: particle separahion increases, ordenng decreases

*Remove Solvent: parhicle separation decreases, ordenng
Increases

*Additionally evidence for 1sotropic particle clusters 18
observed.
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