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Introduction

Aggregation dynamics of nanoparticles at
solid—liquid interfacesf

Xuezeng Tian, P Haimei Zheng®® and Utkur Mirsaidoy (& *&&9

The dynamics of molecules or nanoparticles (NPs) at solid—liquid interfaces plays an important role in
many natural and industrial processes. However, the effects of a solid-liquid interface on NP motion and
on the interactions between these NPs is still not well understood. Here, using in situ liquid cell trans-
mission electron microscopy (TEM), we directly observed the movement of gold NPs and their aggrega-
tion dynamics at solid-liquid interfaces. We found that the solid surfaces transiently pin the NPs during
their aggregation, dampening their translational and rotational movements. This surface pinning reduces
both the movement of NPs and their aggregation rate as the aggregates grow by attachment. However,
the pinning of the NP aggregates affects their translational and rotational motions differently. Initially, with
increasing aggregate size, the aggregate'’s translational motion dampens more than its rotational motion.
Consequently, the initial aggregation stages are driven by both the translational and rotational motions,
whereas the rotational motion dominates the later aggregation stages. Our results provide insight into the
movements of NPs and their aggregates at solid—liquid interfaces, which may assist in the future design
and control of NP assemblies at interfaces.

recent studies based on NPs with anisotropic shapes revealed
that the adsorption of nanorods'®?° or nanocubes'® onto a

The dynamics of nanoparticles (NPs) at solid-liquid interfaces
plays an important role in many chemical and biological
phenomena, such as self-assembly,"* heterocatalysis®* and a
variety of macromolecular processes occurring on biological
cell membranes.”® In solution, the interactions between NPs
and surfaces influences NP movements, and may affect their
assembly and aggregation rates on surfaces.” '° For example,
the diffusive movements of NPs at solid-liquid interfaces are
known to be 10°-10° times slower than their bulk Brownian
diffusion.’®™*® Also, NPs at a solid-liquid interface may
translocate through stick-slip motion due to strong inter-
actions between the NPs and surfaces.'®™® Furthermore,
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solid surface at the solid-liquid interface might limit their
movement only to intermittent rotations. The detailed physical
models describing the role of particle-particle or particle-
surface interactions at the nanoscale are still lacking.>™*?
Consequently, the description of systems that accounts for the
collective behavior of NPs at solid-liquid interfaces in pro-
cesses such as aggregation is even less clear.>*>® Time-
resolved direct imaging of interacting NPs at the solid-liquid
interface can provide valuable insight regarding the effects of
the surface on the collective NP dynamics.

Here, using in situ transmission electron microscopy
(TEM),**>° we directly observed the aggregation dynamics of
gold NPs at the SiN,-water interface driven by the surface
diffusion of the NPs. Our observations show that the solid sur-
faces may transiently pin the moving NPs and their aggregates.
Thus, their overall motions slow down. The reduced mobility
of the NPs and their aggregates also reduces their aggregation
rates compared to the aggregation rates of freely diffusing NPs.
Specifically, we found that the translational and rotational
diffusion coefficients of aggregates at the solid-liquid interface
are ~10°-10” and ~10"-10° times less than those in bulk solu-
tions, respectively. The translational and rotational movements
scale differently with the size of the aggregates. Thus, the
modes of motion that drive the aggregation depend on the
size of aggregates; early and late stages of aggregation are
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driven by translational and rotational diffusions, respectively.
Once the aggregate reaches a critical size (~800 nm? in the pro-
jected view), it is fully immobilized on the surface due to
surface pinning at multiple sites. The interaction of NPs and
their aggregates with surfaces explains the difference in the
aggregation kinetics between NPs at solid-liquid interfaces
and freely diffusing NPs in a bulk solution.

Experimental
Liquid cell and sample preparation

A schematic of a liquid cell is shown in Fig. 1A. Each liquid
cell is composed of two ~2.6 mm x 2.6 mm Si chips, and each
chip had a 20-nm-thick silicon nitride (SiN,) membrane
window with the dimensions of ~30 pm x 200 um in the
center of the chip. These custom liquid cell chips were fabri-
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cated from 200-pm-thick and 4-inch-diameter double-side-
polished (100) silicon wafers with a ~20-nm-thick SiN, film
grown by low-pressure chemical vapor deposition (LPCVD) on
both sides of the wafer. First, using photolithography, we pat-
terned the membrane windows and grooves for cleaving the
chips from the wafer. Next, using deep reactive ion etching
(DRIE), we removed the SiN, from the patterned area, followed
by KOH etching to remove the exposed bulk Si. After the KOH
etch, the wafer was cleaned with a sequential rinse in acetone,
isopropanol, and water. Then, gold NPs were formed on one of
the two membranes of the liquid cell by thermal deposition of
gold (nominal thickness of 1 nm) directly onto the membrane
of the chip at a rate of 0.5 A s™" under high vacuum. The de-
posited gold naturally formed NPs with an average size of
~11 nm on the surface.”® The average density of gold NPs on
the SiN, membrane was ~1800 NP per um? with a total
surface coverage of ~23%.
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Fig. 1 Dynamics of nanoparticle (NP) aggregation on the SiN, surface at a solid—liquid interface. (A) Experimental setup showing the gold NPs phy-
sisorbed onto the SiN, membranes of a liquid cell. (B) In situ TEM time series images of the NP aggregation (ESI Movie S1t). The time evolution of the
six aggregates is shown in different colors to highlight their aggregation dynamics. As the size of these aggregates increased, their growth and move-
ment ceased (t = 57 s—119 s) owing to their pinning by the surface at multiple points. (C) The fractal dimensions (Ds) of six aggregates shown in (B),
which were extracted using the box-counting method. (D) The number of aggregates in the field of view (N) and the average aggregate size (S),
defined as a projected area of an aggregate, versus time (t). (E) The log—log plot of the inverse of the aggregate number (1/N) versus tnt, where the
slope of the curve indicates the aggregation kinetics (z) (ESI section 37). The slopes for the initial (green line) and later (blue line) aggregation stages
are 1.35 and 0.16, respectively.
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TEM imaging and image processing

After assembling the top and bottom chips into a liquid cell in
the TEM flow holder (Hummingbird Scientific, Lacey, WA,
USA), deionized water was loaded into the liquid cell using a
syringe pump station. We then inserted the flow holder into a
JEOL 2010F TEM operating at an acceleration voltage of 200
kV. The electron flux used for the in situ imaging experiments
ranged from ~10 e~ (A% s)™* to ~120 e (A% s)™. Under the elec-
tron beam irradiation, the bulk water between the two mem-
branes receded from the viewing area, leaving a thin water film
on the SiN, membrane surface'**' where we observed the
aggregation dynamics of the NPs. We recorded the movies
using an Orius SC200 CCD camera (Gatan, Inc., Pleasanton,
CA, USA) at a rate of 10 frames per second. We analyzed the
dynamics of the NPs and their aggregates using our image pro-
cessing algorithms implemented in the Miniconda Python
software package®” (ESI section 17).

Results and discussion

The gold NPs deposited on a SiN, membrane were initially
physisorbed onto the membrane due to the van der Waals
(vdW) attraction between the NPs and the surface (Fig. 1B).
When the NPs were exposed to an electron beam, they began
to move within ~1 s. The detachment of the NPs from the
surface, which results in their subsequent movement at the
solid-liquid interface, is due to the electrostatic repulsion
between the positively charged surface and the gold NPs.*?
Charging of the SiN, membrane window and the gold NPs was
induced by the electron beam irradiation.”'®

To compare the collective aggregation kinetics of the NPs
on the surface against the general aggregation kinetics of par-
ticles undergoing free, two-dimensional (2D) diffusion, we
tracked the NP trajectories on the SiN, surface. Fig. 1B shows
the aggregation dynamics at the solid-liquid interface, which
reveals that only nearby NPs collide and attach to form aggre-
gates, and aggregation halts when the aggregates become
large. In the context of aggregation kinetics, the fractal dimen-
sion, Dy, represents a measure of aggregate’s packing density,
i.e., a small D; corresponds to loose packing (ESI section 27).**
The fractal dimensions of these surface aggregates are in the
range of 1.16 to 1.33 (Fig. 1C). These fractal dimensions are
smaller than those of the aggregates that are formed by the 2D
diffusion limited (1.44 + 0.04) or the reaction (1.55 + 0.03)
limited aggregation process.>**> This observation indicates
that the aggregates forming at the solid-liquid interface by a
surface diffusion are loosely packed. The small fractal dimen-
sion is consistent with the dampened diffusion of the surface
aggregates, which we will discuss later. Moreover, in the case
of free, 2D diffusion, the aggregate size (S), which is defined as
the projected area of the aggregate, is expected to change line-
arly with time (S(¢) ~ ¢), whereas the number of aggregates (N)
is expected to be inversely proportional to time (N(¢) ~ ¢~ *).%>*3¢
This scaling for the aggregate size and number is different
from our observations where the initial aggregation stage
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was fast (ie. the aggregate size increased rapidly as the
number of aggregates decreased: S(t) ~ ¢* and N(t) ~ t™%, x ~
2.42), and later, the aggregation slowed down and came to a
complete stop (Fig. 1D and ESI Movie S1t) (also see ESI
Fig. S2t for more examples).

A more concise parameter to describe the aggregation rate
is the aggregation kinetic exponent (z), which is defined as the
slope of 1/N versus tIn t in a log-log plot:

z ~In(1/N)/In[t In(¢)] (1)

Here, z is always positive and increases with the aggregation
rate (ESI section 31).>* For the aggregation shown in Fig. 1B,
the kinetic exponent starts of as z ~ 0 (¢ <1 s), reaches z ~ 1.35
(t =1 s-30 s), and later (¢ > 30 s) decreases gradually towards z
~ 0 (Fig. 1E). These changes in the aggregation kinetic expo-
nent correspond to the absence of NP movement prior to the
electron beam induced membrane charging (¢ < 1 s), the fast
aggregation of small NPs (¢ = 1 s-30 s), and the slow NP aggre-
gation (¢ > 30 s) as the aggregates grow in size until the aggre-
gation comes to a complete stop when the aggregates are
immobilized on the surface. During the fast aggregation stage,
the aggregation kinetic exponent (z ~ 1.35 at t = 1 s-30 s) is
larger than the kinetic exponents for freely diffusing 2D (z,p, =
0.75) and 3D (z3p = 1.0) aggregates.® This large value of the
aggregation kinetic exponent during ¢ = 1 s-30 s is consistent
with a high NP density at the beginning (~23% NP coverage on
the SiN, surface), which increases the initial probability of col-
lisions between the NPs.>¢

To understand the difference between the aggregation
dynamics of the surface NPs observed here and NPs under-
going free, 2D diffusion, we looked at the movement of indi-
vidual aggregates within the different aggregation stages, as
shown in Fig. 2. Here, all the NPs were confined to the SiN,-
water interface in a thin water layer (<20 nm) and therefore,
only 2D fractals were formed via the collision and attachment of
the NPs and their aggregates. Furthermore, we found that most
of the aggregates were pinned to the surface to some extent. The
pinning of the NPs and their aggregates causes a substantial
reduction in their translational movements, and their trans-
location takes place by hopping between different pinning sites.
When the NPs and aggregates are pinned to the surface at
a single pinning site, they can undergo in-plane rotation (Fig. 2).

The pinning of the aggregates depends on their size, which
in turn affects their growth kinetics. In the early stages of
aggregation, most of the NPs and small aggregates can easily
de-pin from the surface. We found only a few strongly pinned
NPs that remained fixed on the surface, as shown in Fig. 2A.
As the size of the NP aggregates increases, they are more likely to
adsorb to the surface, which reduces their translational motion.
In this stage, in addition to the translational diffusion, the con-
tribution of the aggregates’ rotational movement to their growth
becomes significant. A single pinning site that traps an aggregate
can serve as a pivot point for this aggregate to rotate, aiding its
collision with and attachment to other NPs and aggregates
(Fig. 2B). As the aggregates continue to grow, they can only

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Insitu TEM time series images of the aggregation process. (A) The initial stage of aggregation occurs by the attachment of individual NPs and

is driven by their translational movement. Most of the NPs are mobile, and very few NPs permanently adsorb to the surface (i.e., only NP-6 and
NP-9). (B, C) Once small aggregates are formed by NP attachment, their translational movement starts to slow down because they start to become
pinned on the surface. At this point, the contribution of the aggregate’s rotational movement to the aggregation process becomes more and more
prominent. (D) Finally, when the aggregates are large, they are fully pinned to the surface, and they move very little. (E) An immobile aggregate that
is formed by the attachment of the two aggregate fragments shown in (C) and (D). The arrows indicate the directions of the NP and aggregate move-
ments. NPs circled by black dotted lines are permanently pinned to the surface. The red dots indicate the pinning sites, and the black lines on the

aggregates show their rotation.

coalesce and grow through spurious rotations because, at this
point, the surface pinning prevents any translational movement
(Fig. 2C). Finally, when an aggregate is larger than ~800 nm?,
both the rotational and translational movements cease, and
aggregation stops owing to the surface pinning of aggregates at
multiple sites (Fig. 2D and E).

To understand the effects of the translational and rotational
motions on different aggregation stages, we quantified the
isolated translational and rotational motions of the pinned
aggregates, as shown in Fig. 3. During the translational
motion, the aggregate fluctuates around a pinning site, as it
attempts to de-pin before hoping to a new location where it is

This journal is © The Royal Society of Chemistry 2017

pinned again (Fig. 3A and B, and, ESI Movie S27}). In the case
of rotational motion, the aggregate does not rotate freely
around the pinning site, but swings back and forth within a
certain angle (—30° < 6, < 30°) (Fig. 3D and E, and ESI Movie
S37). The histogram shown in Fig. 3E reveals two locations that
transiently pin the rotating aggregate in addition to a single,
strong pinning site around which the aggregate pivots.
Therefore, intermittent rotations occur when aggregates are
pinned at a single site, and these rotations cease during the
simultaneous pinning of aggregates at more than one pinning
site. Intermittent translation of aggregates occurs only in the
absence of pinning.

Nanoscale, 2017, 9, 10044-10050 | 10047
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Fig. 3 Rotational and translational movements of the pinned aggregates. (A) In situ TEM time series images showing the fluctuation of a pinned
aggregate during its translocation between two pinning sites. Top (t = 0 s—17.5 s) and bottom (t = 44.5 s—49.2 s) panels show the aggregate at its
first and second pinning sites, respectively. The red arrows indicate the direction of the aggregate fluctuation at each pinning site. (B) (Left)
Trajectory and (right) distribution of the same aggregate’s centre of mass. (C) The translational (Ad}) and rotational (Ad,) displacements between two
consecutive image frames (separated by At = 0.1 s) for the aggregate shown in (A). (D) In situ TEM time series images showing the rotation of a
pinned aggregate. The scale bar for the rotation angle (red) indicates the range of the aggregate'’s rotation. The red dot indicates the location of the
pinning site. (E) Distribution of the angular position of the aggregate during its 40 s rotation. (F) The translational and rotational displacements
between two consecutive image frames (separated by At = 0.1 s) for the aggregate shown in (D).

The strength of surface pinning can be estimated from the
aggregates’ intermittent translational and rotational move-
ments using the Arrhenius equation:*’

Eqiss = —ln(F/u) -kgT (2)

where I is the successful translational and rotational jump fre-
quency, v is the jump-attempt frequency, T is the temperature,
and kg is the Boltzmann constant. From the probability distri-
butions shown in Fig. 3B and E, we estimated the strength of
the pinning interactions for the translational and rotational
movements to be ~19 kgT and ~20 kgT, respectively (ESI
section 77). The energy barrier associated with pinning is large

10048 | Nanoscale, 2017, 9, 10044-10050

enough to transiently trap aggregates undergoing surface
diffusion, and it is also comparable to the interaction strength
of the physisorbed atoms undergoing surface diffusion.*® The
vdW attraction between the NPs and the membrane surface
has the most significant contribution to the NP and aggregate
pinning. In addition, SiN, in water is known to hydrolyse into
different surface charge groups, such as silanols (Si-OH) and
silazanes (Si,~NH, Si-NH,),*® which may alter the local electro-
static force and contribute to the pinning of the aggregates
(see ESI section 8 for more discussionf).

The size-dependent movement of the aggregates results in a
sequence of aggregation stages, which is also reflected in their
translational (D) and rotational (D,) diffusion coefficients. Our

This journal is © The Royal Society of Chemistry 2017
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analysis revealed that the D, and D, values for the NPs at the
solid-liquid interface are about 10°-10" and 10*-10° times
smaller than those of bulk diffusion, which is consistent with
earlier reports of reduced NP mobility at solid-liquid
interfaces.”'%'?>71>18 However, we found that during aggrega-
tion, D, and D, scale differently with the aggregate size (Fig. 4).
The diffusion coefficients for translational and rotational
movements scale as a power law: D, ~ S~'*' for aggregate
sizes S < 3000 nm?, D, ~ §~"?* for aggregate sizes S < 800 nm?,
and D, ~ §~*% for 800 nm® < § < 3000 nm?. Initially, the trans-
lational diffusion coefficient decreases faster than the
rotational diffusion coefficient as the aggregate size increases.
This change in the diffusion coefficient is consistent with the
observed shift from translation-driven to rotation-driven aggre-
gation during the aggregate growth. A further increase in the
aggregate size (S > 800 nm?, which roughly corresponds to an
aggregate of more than ~7 NPs) increases the likelihood of
pinning by multiple sites on the surface simultaneously. The
average rotational diffusion coefficient of an aggregate pinned
at several sites decreases drastically (Fig. 4B), and the aggrega-
tion process stops.
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Fig. 4 Translational and rotational diffusions of NP aggregates. (A)
Log—log plot of the average translational diffusion coefficient versus the
aggregate size. The slope of the fit line is —1.41. (B) Log—log plot of the
average rotational diffusion coefficient versus the aggregate size. The
slope of the fit is —1.22 and —4.99 for the green and blue lines, respect-
ively. Error bars correspond to one standard deviation. Insets for (A) and
(B) show the diffusion coefficients of individual aggregates in linear
coordinates.
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The strong size-dependent pinning of the aggregates also
results in the smaller fractal dimensions observed in our
experiment (D¢ ~ 1.16-1.33) in comparison with the 2D aggre-
gation of freely diffusing particles (Df ~ 1.44).>**> A small
fractal dimension indicates loose aggregate packing, which is
consistent with their reduced translational movement. The
increase in the mobility of the aggregates on the surface due to
the fluid flow drastically increases their fractal dimensions
(ESI section 5 and Movie S41 show aggregates with a fractal
dimension of D; = 1.63 as a result of fluid-flow-induced
aggregation).

Conclusions

In summary, we have shown that the size-dependent pinning
of NP aggregates gives rise to four sequential aggregation
stages at the SiN,-water interface (Fig. 5): (1) The initial attach-
ment between the NPs by the translational diffusion results in
the formation of small aggregate fragments. (2) Intermediate
size aggregates are formed by the attachment of these small
aggregate fragments both through translation and rotation and
these larger aggregates are more likely to pin on the surface
owing to their increasing size. (3) The attachment between the
pinned intermediate size aggregates occurs mostly through
their rotational movement to form larger aggregates. (4) Finally,
the aggregation process stops as pinning at multiple sites pre-
vents any further movement of large aggregates. Our results
provide a link between nanoscale movement and aggregation of
NPs and are important for understanding processes such as NP
self-assembly at interfaces.

A @ - pinning site
Translation Trans 2l Rotation
and rotafion

1 /Nclusters
)
é o
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Fig. 5 Mechanism for NP aggregation at the solid-liquid interface.
Schematic illustration displaying the three stages of NP aggregation at
the solid-liquid interface. First, small aggregate fragments are formed
via the translational motion of NPs that leads to their attachment. As the
aggregation proceeds, the translational motion is suppressed because
the large aggregate fragments are more prone to pinning by the surface.
The rotational movement of these weakly pinned aggregates aids their
further attachment and growth, and the aggregation dynamics gradually
shifts from translation-driven to rotation-driven aggregation. Finally,
when the aggregates are large enough their rotational motion also
ceases because they are pinned to the surface at multiple pinning sites,
which brings the aggregation process to a halt.
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