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Pinned adcolloids disfavor nucleation in colloidal vapor deposition
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Crystallization through vapor deposition is ubiquitous and is inevitably influenced by impurities that often
impact the local structure. Interestingly, the effect of immobilizing some of the depositing particles themselves,
which would preserve local structural symmetry, remains largely unexplored. Herein, we perform colloidal vapor
deposition on a substrate with a few pinned adcolloids, termed “mobility impurities.” Through thermodynamic
and kinematic measurements, we demonstrate that these pinned adcolloids, even though they share identical
geometry and interaction with depositing particles, are disfavored as nucleation centers. Our experimental
findings, supported by molecular dynamics simulations and a simple theoretical model, reveal that entropic
contributions, rather than energetic ones, govern nucleation physics in the presence of mobility impurities.
Moreover, tuning the mobility of colloids on the substrate adjusts the nucleation likelihood at pinned sites.
In later stages of growth, pinning induces mode localization and alters the thin film’s vibrational spectrum.
Our work thus underscores the potential of strategically incorporating mobility impurities to engineer material
properties.
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The introduction of impurities, whether intentional or oth-
erwise, during the initial stages of material fabrication holds
considerable sway over a spectrum of material properties and
their ensuing performance, such as structure [1,2], mechanical
strength [3,4], and transport properties [5,6]. These impurities,
often extrinsic, differ from the primary constituents of the ma-
terial in terms of one or more physical and chemical attributes,
and exert their influence by modifying the free energy land-
scape, thereby altering nucleation and growth mechanisms
of the materials [7–11]. For example, in processes akin to
vapor deposition, the presence of impurities can lead to di-
verse outcomes: they might lower the interfacial barriers to
crystallization [7] and promote smoother film formation with
reduced defect density [12,13], regulate the rate of nucleation
and the morphology of growing islands [1], or impede crystal
growth altogether [10,14]. However, a high density of immo-
bile impurities on the substrate frustrates crystal nucleation
[15] and would lead to a structurally disordered phase.

A thorough understanding of the precise influence of im-
purities requires disentangling multiple complex processes at
play during these early stages of material fabrication. These
include the shape and height of the diffusion barrier of im-
purities on the substrate relative to the primary constituents
[7,10,11,16], as well as the nature of their interactions with the
primary constituents compared with the interactions between
the primary constituents themselves [2,7,17]. Importantly,
these factors encompass both thermodynamic and kinematic
aspects. For instance, the relative interaction strengths and
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entropy dictate the thermodynamic favorability of certain con-
figurations [18] while diffusion barriers govern the kinematics
of particle movement and rearrangement [16]. A clear mi-
croscopic understanding, therefore, requires a systematic and
controlled isolation of these factors to elucidate their individ-
ual impacts. Interestingly, colloidal vapor deposition offers an
excellent experimental platform to systematically isolate and
elucidate the role of each of these factors arising due to the
presence of impurities on the physics of nucleation processes,
wherein their influence is most prominent [19,20].

Here, we uncover the role of contrasting diffusion barriers
of impurities and the primary constituents (adcolloids) on the
substrate in colloidal vapor deposition while keeping all other
attributes between them identical. To achieve this, we ran-
domly immobilize (pin) a tiny fraction of depositing colloids
themselves on the substrate prior to starting the deposition
experiments. These pinned particles would share the same
interaction potential with the depositing colloids, but differ in
their lack of mobility, and thus we term them “mobility im-
purities” [21]. Henceforth, “mobility impurities” and “pinned
particles” will be used interchangeably in this Letter to refer
to pinned adcolloids.

We employ video microscopy to observe the spatiotem-
poral evolution of clusters, encompassing their formation,
disintegration, and growth at a single-particle level, both with
and without pinned particles (Supplemental Movies S1 and
S2) [22,23]. By developing novel analytical tools to under-
stand the experimental data, we find distinct thermodynamic
and kinematic mechanisms governing the colloid aggregation
based on the presence or absence of pinned adcolloids in
precursor clusters. Supported by minimal theoretical models
and molecular dynamics simulations, our experiments reveal
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FIG. 1. Experimental setup and characterization. (a) Schematic of the experimental setup showing pinned colloidal particles in red and
sedimenting ones in blue. Inset shows the surface diffusivity of single colloids, D (in the units of σ 2/s), versus c. The dashed curve is a guide
for the eye. Error bars for 0.12 � c � 0.18 mg/ml represent the standard error of the mean from two independent experiments. For c = 0.20
mg/ml, the error bars correspond to the fitting error. (b) Snapshot of the field-of-view at monolayer coverage, � ∼ 0.17, at c = 0.12 mg/ml.
The particles have been color-coded based on the number of bonds they form in their nearest-neighbor shell. Pinned particles are shown in red.

that pinning decreases the entropic contributions to the free
energy, rendering pinned sites disfavorable for nucleation
(Supplemental Movie S3) [22]. Moreover, the entropic con-
straint grows as the mobility of the depositing colloids on
the substrate decreases, providing a mechanism to control
nucleation propensity at pinned sites. Thus, our work provides
direct evidence that the physics of nucleation in the presence
of these mobility impurities in colloidal vapor deposition is
primarily entropy-driven, rather than driven by energetic con-
siderations.

Figure 1(a) schematically illustrates our experimental setup
for vapor deposition. Silica colloidal particles of diameter
σ ∼ 1.0 µm were allowed to sediment onto a glass substrate
under gravity at a steady flux of F = (5.1 ± 0.1) × 10−5

monolayers/s (Supplemental Note S1) [22,24,25]. The sedi-
menting colloids, upon reaching the substrate, diffuse on the
surface with diffusivity, D ∼ 6 × 10−2σ 2/s [inset of Fig. 1(a),
Supplemental Note S2, Supplemental Movies S1 and S2] [22].
Thus, the sole control parameter in vapor deposition experi-
ments, D/F , approaches the practically achievable upper limit
in colloidal deposition experiments, which in our case turns
out to be D/F ∼ 103 [26]. Prior to the start of the experiment,
the glass substrate was featured with randomly positioned
pinned particles that matched the sedimenting colloids in
shape, size, and interparticle interactions but differed only in
mobility. In all experiments, the pinned sites are sparsely dis-
tributed, with an average nearest-neighbor distance between
pinned particles, Lp ∼ 22σ , with a minimum separation of
10σ between them. This ensures that nucleation events at
one pinned site are independent of others (Supplemental Note
S1) [22]. Moreover, since Lp was significantly larger than the
mean diffusion length, l ∼ 5 − 6σ , of the depositing colloids
on the substrate, nucleation events, whether involving pinned
particles or not, were not only independent but occurred under
identical experimental conditions.

The depositing colloids, after sedimentation, eventually
aggregate with neighboring colloids, either with or without

a pinned particle. To minimize the desorption of sedimented
colloids from the substrate, nonadsorbing depletants were
added to the colloidal suspension, inducing short-range at-
tractive forces between colloids and the substrate and between
colloids themselves. The introduction of depletants serves an-
other purpose in our experiments: increasing the concentration
of depletant particles, c, decreases the diffusivity of colloids
on the substrate [inset of Fig. 1(a)]. A reduction in D decreases
mobility contrast between the pinned and free adcolloids, and
thus, c could be a control parameter for modulating the prob-
ability of nucleation at pinned sites. Strikingly, regardless of
the value of c, pinned sites were seldom observed at the center
of the growing precursor clusters [Fig. 1(b) and Supplemental
Fig. S2] [22], indicating that thermodynamics and kinematics
of the nucleation mechanism may be altered in the presence of
mobility impurities. To this end, we developed novel analytic
tools to directly measure these relevant parameters utiliz-
ing particle trajectories extracted from our video microscopy
experiments.

For cluster nucleation to be favored at the pinned
sites, the free energy difference between precursor clus-
ters of a specific size n, comprising a pinned particle and
those composed of only free particles, must be negative,
that is, �Fp− f (n) = [�Up− f (n) − T �Sp− f (n)] < 0. Here,
�Up− f (n) and �Sp− f (n) are the differences in the internal
energy and entropy between clusters of the same size n formed
with a pinned particle and without it, and T is the temperature.
In our calculations utilizing experimental data, �Up− f (n) and
�Sp− f (n) are ensemble averaged over all the clusters of size
n appearing over the total experimental duration, ttot ∼ 104 s.
However, note that primary contributions to the statistics arise
predominantly from the early stages of film growth (Supple-
mental Fig. S3) [22].

Given the steady low flux rate (∼10−5 monolayers/s) and
typical diffusivity of about 10−2σ 2/s, the nucleation pro-
cesses at individual precursor clusters can be considered in a
quasistatic equilibrium with the local environment (Supple-
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FIG. 2. Internal energy and entropy of precursor clusters.
(a) �Up− f (n) in the units of scaled kBT versus n at different c. The
top panel inset shows P(NB) for n = 10 − particle clusters from the
experiment at c = 0.12 mg/ml (left) and theory (right). The bottom
inset shows 〈NB(n)〉 versus n. Open and closed symbols represent
data for clusters with and without a pinned particle, respectively.
(b) Enumeration of experimentally observed topologically distinct
coarse-grained microstates, {μi}, for n = 5 and NB = 5, with unique
arrangements of bond connectivity. (c) �Sp− f (n) in the units of
kB versus n for the same c as in (a) and theoretical model (brown
triangles). The inset shows the entropy of clusters as a function of n.
Open and closed symbols represent data for clusters with and without
a pinned particle, respectively. For theoretical curves in (a) and (c),
cluster distributions are obtained from steady-state configurations of
a Markov matrix governing hard spheres hopping on a triangular
lattice of 256 sites. About 105 configurations are taken for each of
the particle densities between 0.1 and 0.6 in intervals of 0.01, and
for the pinning case, 1% of sites are kept immobilized. Solid and
dashed curves in (a) and (c) are guides for the eye. Error bars in data
points represent the standard error of the mean from two different
experiments at the same c, consisting of ∼104 − 105 data points.

mental Note S3) [22]. Hence, we employed and measured
conventional thermodynamic variables such as �Up− f (n) and
�Sp− f (n) from the observations of the colloid dynamics to in-
vestigate any potential preferential nucleation at pinned sites.

Due to the short-range nature of depletion-induced attrac-
tion, the internal energy of a cluster with a fixed size n is
proportional to the number of bonds, NB(n), in the cluster
[18]. Analyzing all the cluster configurations appearing over
ttot, we find the probability distribution of finding NB bonds
for a given cluster size, P(NB), to be unimodal for all n,
irrespective of whether a cluster contains a pinned particle or
not [top left inset of Fig. 2(a)].

Next, using P(NB), we find the average number of bonds,
〈NB(n)〉, for each n [bottom inset of Fig. 2(a)], and subse-
quently estimate �Up− f (n) [Fig. 2(a)]. As expected, for a
fixed c, 〈NB(n)〉 increases with n. For a given n, 〈NB(n)〉
increases with c due to increased interparticle attraction fa-
voring compact cluster configurations. Interestingly, 〈NB(n)〉
exhibits similar trends for clusters with and without a pinned
particle, yielding �Up− f (n) ∼ 0 [Fig. 2(a)]. Thus, from the
perspective of internal energy, the inclusion of a pinned
particle in precursor clusters may have no impact on their
thermodynamic stability. Having discussed the role of inter-
nal energy, we shift our focus to entropic contributions to
free energy.

When considering a cluster of size n, multiple unique
bond connectivities are possible for a fixed NB, which we
define as topologically distinct coarse-grained microstates,
{μi} [Fig. 2(b)] [27]. Thus, we can determine the entropic
contributions by the identification and enumeration of these
microstates. To catalog the unique microstates, we map all
bond configurations for each n onto their respective adjacency
matrices, An×n. Each element a(l,m) of this matrix indicates
the presence (1) or absence (0) of a bond between particles
l and m. Subsequently, we identify the unique isomorphic
bond configurations (microstates) [28–30] and obtain the
probabilities p(μi ) for each μi corresponding to a particular
n (Supplemental Note S4 and Supplemental Fig. S4) [22].
The entropy of a cluster of size n can then be defined as
S(n) = −kB

∑
i [p(μi ) log(p(μi ))]n (Supplemental Note S5)

[22]. Here, p(μi ) represents the probability of the ith unique
microstate and kB is the Boltzmann constant. Unlike inter-
nal energy, the entropy for n � 7 exhibits a distinct profile
between clusters featuring a pinned particle and those com-
prising only free particles [inset of Fig. 2(c)]. For a given c,
�Sp− f < 0 [Fig. 2 (c)], leading to �Fp− f > 0, suggesting that
pinned particles are disfavorable for nucleation.

For a cluster of size n containing a pinned particle, the
number of free particles is n − 1. As n increases, both the
number of free particles in the cluster and the total degrees of
freedom increase, while the restricted degrees of freedom due
to pinning remain constant. Therefore, one would expect the
impact of a pinned particle to diminish as n grows. However,
our experiments suggest otherwise, indicating that pinning
even a single particle in precursor clusters significantly im-
pacts its nucleation mechanism and the free energy landscape.
Moreover, as evidenced by the variation of �Sp− f with c, the
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entropic constraints on clusters with a pinned particle increase
with decreasing D [Fig. 2(c)]. Thus, c can be adjusted to tune
nucleation likelihood at pinned sites.

Guided by experimental phenomenology, we construct a
minimal theoretical model. Modeling colloids as hard spheres
hopping on a triangular lattice, the Markov matrix can be
mapped to a ferromagnetic spin−1/2 Heisenberg model
[31,32]. The ground state of such a Hamiltonian, correspond-
ing to the steady state of the Markov matrix, represents an
equal probability distribution of all possible states of a fixed
number of particles on the lattice, satisfying the hard sphere
constraint. Pinning a particle thus corresponds to fixing a spin
to +1/2 state on the particular site in the Heisenberg lattice
Hamiltonian (Supplemental Note S6) [22].

By sampling typical configurations in the steady state
(∼105), we isolate the cluster distributions for a fixed cluster
size n, both with and without a pinned particle (Supplemental
Note S6) [22]. Consistent with the experimental findings, we
observe no significant change in P(NB) due to pinning of a
particle [top right inset to Fig. 2(a) and Supplemental Figs. S5
and S6] [22]. This indicates that the bond probability distri-
bution is primarily governed by lattice animal configurations
rather than energetic considerations [33–35]. Furthermore, the
configurational entropy of the clusters reveals that pinning a
particle indeed reduces the entropy of the cluster [Fig. 2(c)
and Supplemental Fig. S7] [22], making them less favorable
for nucleation. This also makes it plausible why pinned sites
either remain single entities or are predominantly located at
the edge of the crystallite in our experiments [Fig. 1(b) and
Supplemental Fig. S2] [22].

Interestingly, since we consistently observe that �Fp− f ∼
0 for n < 7 in our experiments and theoretical model, it is
crucial to determine whether the impact of mobility impu-
rities in nucleation mechanisms diminishes with increasing
c. At higher c, nucleation is expected to initiate at smaller
cluster sizes compared with those at smaller c. Hence, we
first attempt to identify the critical nuclei size, nc, at all c
studied in this work, and for both scenarios, with and without
pinned particles. nc marks the threshold where cluster growth
becomes favorable (Supplemental Fig. S8) [22]. To determine
nc, we track all clusters of size n, starting with n = 2, with
time and their subsequent most probable cluster size. For a
given c, nc is defined as the smallest n for which the sub-
sequent most probable cluster size exceeds n. In addition,
for all n � nc, the next most probable cluster size must be
greater than n.

We find that, for clusters formed of all free particles,
nc can be determined for all c and are within the range
4 � nc � 13 (Supplemental Fig. S9) [22]. However, surpris-
ingly, with a pinned particle, the analysis for nc displays
no discernible trend at any c (Supplemental Fig. S8) [22],
indicating a significant disruption to the nucleation process of
precursor clusters. The disruption in the nucleation process
for clusters containing a pinned particle can be understood
using thermodynamic arguments for clusters of size n � 7
(Fig. 2), which is the case for c � 0.14 mg/ml, where nc > 7
(Supplemental Fig. S9) [22].

However, as c increases, nc decreases, leading to a regime
where nc < 7, and the free energy difference is negligible

(�Fp− f ∼ 0) between clusters with and without a pinned
particle. In other words, the thermodynamic analyses sug-
gest that clusters of size n < 7, regardless of whether they
contain a pinned particle or not, can access similar energy
states with similar probabilities. However, the persistent diffi-
culty in determining nc for clusters with a pinned particle for
c � 0.16 mg/ml implies that the equilibrium thermodynamic
approach is insufficient to explain the observed nucleation
mechanism. We, therefore, turn to investigate the rate at which
individual clusters transition between configurations and if
pinning causes any geometrical obstructions or “kinematic
bottlenecks” in the configurational landscape of clusters con-
taining a pinned particle [36].

During the initial stages of vapor deposition, colloids from
the bulk join the precursor clusters on the substrate. The rate at
which these clusters navigate their energy landscape dictates
the fate of precursor clusters and sets the stage for the stability
and growth of larger clusters (and crystallites). For instance,
in vapor-deposited molecular glasses, faster surface diffusion
of molecules enhances their stability [37,38]. Similarly, here,
identically sized clusters having equivalent thermodynamic
stability may still differ kinematically, influencing their suit-
ability for ensuing growth. The rearrangement of particles
within each cluster leads to the exploration of various mi-
crostates. Consequently, the rate of exploration dictates the
pace of navigating the free energy landscape, while the num-
ber of unique particles involved ensures thoroughness in this
exploration.

To quantify the rate, we track the temporal evolution of
all clusters of size n as they transition between different
microstates, μk , at a fixed time interval [Fig. 3(a)]. For a
cluster surviving for a time tk with cumulative instances of
transitions Ck , we quantify the rate of accessing microstates
μ̇(n) = [〈Ck

tk
〉

k

]
n
, where 〈·〉k represents ensemble average over

all the clusters, k, of size n. Similarly, the rate associated with
the total number of unique particles, Nk , that participate in
μk over tk is Ṅ (n) = [〈Nk

tk
〉

k

]
n
. Note that the necessity for

clusters to persist sufficiently longer in time precludes any
such analysis for n > 7, the range already explored through
thermodynamic arguments.

As anticipated, for a fixed c, both μ̇(n) and Ṅ (n) in-
crease with n [Figs. 3(c) and 3(d) and Supplemental Fig. S10]
[22]. Remarkably, while �Fp− f ∼ 0 for n < 7, μ̇(n) and
Ṅ (n) are consistently lower for clusters containing a pinned
particle [Figs. 3(c) and 3(d)] and Supplemental Fig. S10]
[22]. Thus, pinning a particle in clusters not only slows
its traversal through the free energy landscape but also
engages fewer unique particles in their exploration. This
hampers the ability of clusters with a pinned particle to
promptly attain a stable configuration, as evidenced by the
difficulty in determining nc (Supplemental Fig. S8) [22].
Taken together, for small precursor clusters (n < 7) exhibiting
identical thermodynamic stability irrespective of the pres-
ence or absence of a pinned particle in them, the kinematic
constraints arising due to pinning are the primary impedi-
ment to nucleation at the pinned sites. Beyond n � 7, while
kinematic restrictions should persist, the thermodynamic
penalty associated with reduced configurational entropy also
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FIG. 3. Kinematics of precursor clusters. (a) Rendering from the
experiment at c = 0.12 mg/ml to illustrate the change in microstate
for a given 5 − particle cluster comprising all free particles (top)
and with one pinned particle (bottom) at �t = 0.2 s. (b) Counter,
ck , tracking microstate transitions in a cluster with all free particles
(blue line) and with one pinned particle (red line) for the temporal
evolution of clusters shown in (a). (c) μ̇(n) and (d) Ṅ (n) versus n
for clusters (persisting for at least 0.5 s) with one pinned particle
(open symbols) and with all free particles (solid symbols) at different
c. Solid and dashed curves in (c) and (d) are guides for the eye.
Error bars represent the standard error of the mean from two different
experiments at the same c, consisting of ∼104 − 105 data points.

plays a significant role in disfavoring nucleation events at
pinned sites.

Our study unveils the critical influence of mobility im-
purities with unchanged interparticle interaction potential
of pinned particles with depositing ones on nucleation and
growth of precursor clusters in colloidal vapor deposition.
Through a combination of thermodynamic and kinematic
measurements, using both experiments and associated theo-
retical insights, we demonstrate that pinned adcolloids fail
to serve as preferred nucleation sites. While thermodynamic
arguments help understand such a trend for large cluster sizes,
kinematics dictates the nucleation phenomena for small clus-
ters. Importantly, the nucleation probability at pinned sites
can be further modulated by manipulating the mobility of
free colloids on the substrate. Notably, the findings from our
study on nucleation mechanisms in the presence of mobility
impurities, in principle, are expected to extend to other D/F
values as well, provided l < Lp. However, the disparity in

nucleation behavior at a pinned site and without it is expected
to be amplified at low D/F values, where diffusive exploration
is more restricted relative to the deposition rate.

While our experiments reveal the crucial role of config-
urational entropy in governing the nucleation mechanism in
colloidal vapor deposition in the presence of mobility impuri-
ties, molecular dynamics simulations under experimental-like
conditions, using Lennard-Jones and Morse potentials [39],
unambiguously establish the broader applicability of our find-
ings (Supplemental Note S7 and Supplemental Fig. S11) [22].
Moreover, in later stages of growth, even a single pinned
site induces localization of vibrational modes in the thin film
(large crystallite) [40,41], potentially altering its mechanical
stability (Supplemental Note S8 and Supplemental Fig. S14)
[22,42,43].

These findings collectively highlight the role of mobility
impurities as a novel platform for influencing nucleation,
growth, and material properties during the fabrication of col-
loidal superstructures, contributing to a broader understanding
of mesoscale design principles [42,43]. Moreover, while our
investigation focused on short-range attractions relevant for
clustering of colloids, the insights gained may offer valuable
parallels with atomic and molecular systems, given the anal-
ogous epitaxial growth laws, albeit the underlying physics
differ [26]. Future studies could examine the influence of
mobility impurities on the second and subsequent layers of
crystal growth, as well as explore systems with long-range
interactions, directional bonding, and the effects of pinning
larger crystallites, which may be relevant to self-assembly in
molecular systems.
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