Soft Matter

“) Soft Matter
-

Assembly of Nanocrystal Clusters by Solvent Evaporation:
Icosahe- dral Order and the Breakdown of the Maxwell
Regime

Journal: | Soft Matter

Manuscript ID | SM-ART-05-2020-000838.R1

Article Type: | Paper

Date Submitted by the

Author: 04-Jun-2020

Complete List of Authors: | Macias, Elizabeth; Iowa State University of Science and Technology,
Physics and Astronomy

Waltmann, Thomas; University of Michigan, Physics

Travesset, Alex; Iowa State University of Science and Technology,
Physics and Astronomy

SCHOLARONE™
Manuscripts




Page 1 of 11 Soft Matter

Soft Matter

ARTICLE TYPE

Cite this: DOI: 00.0000/x000000000¢ Assembly of Nanocrystal Clusters by Solvent Evaporation: Icosahe-

dral Order and the Breakdown of the Maxwell Regime

Elizabeth Macias, Tommy Waltmann, and Alex Travesset

Received Date
Accepted Date

We carry molecular dynamics simulations of N gold alkylthiolated nanocrystals (0 < N < 29) con-
DOI: 00.0000/XXXXXXXXXX . T . L R
tained in liquid droplets of octane, nonane and decane coexisting with its vapor. The equilibrium
structures that result when all the solvent dries up consist of highly symmetric nanocrystal clusters
with different degrees of icosahedral order that are thoroughly characterized. We show that the
relaxation times follows two regimes, a first for small nanocrystal packing fraction, dominated by
the diffusion of vapor molecules (Maxwell regime, relaxation times independent of N) and another,
for larger packing fractions, where the solvent diffuses through the cluster (with relaxation times
growing like N2/3). We discuss the connection to the assembly of superlattices, prediction of lattice

constants and evaporation models.

1 Introduction . _ _ _
are specific to the solvent. A very important parameter in describ-

ing a NC is the hard sphere radius Ry, which, as discussed in Ref.
11 is defined by the Optimal Packing Model (OPM)12 formula

The ability to assemble nanocrystals (NCs) into structures with
specific physical, chemical, optical or catalytic properties is a ma-
jor goal of nanoscience and nanotechnology. Over the years,
many different strategies have been successfully developed to-
wards this goal. These include DNA assembly'Y, electrostatic reg-
ulation?, tectons®, inter-polymer complexation® and many oth-
erss.

Solvent Evaporation (SE), where a solution containing sta-
ble NCs is slowly evaporated leading to assembled NC structures
is among the most successful strategies. In a previous paper, we
have described the dynamics of SE and characterized many as-
pects of the equilibrium clusters. It was also shown that the well
known Maxwell theory of evaporation, which identifies the dif-
fusion of vapor molecules as the slowest relaxation time, breaks
down, as numerical results show a linear dependence of relax-
ation times with N, the number of NCs within the droplet.

The focus of this paper is the conceptual aspects of the problem,
namely, a detailed classification of the equilibrium structures, par-
ticularly its relation to emergent icosahedral order® and the ad-
equacy of available models to describe NC separations, the actual
dependence of relaxation times with the number of NCs and the
characterization of the physical processes that explain these de-
pendencies. Molecular Dynamics (MD) will be conducted with
octane, nonane or decane as solvents, which together with previ-
ous studies with tolueneB], enable to elucidate those effects that

Ry =Re(1+3E2)'/3 1)

where R, is the core radius, A = % is the softness with L the

maximum extended length of the ligand, and & = ﬁ is the di-
mensionless grafting density, i.e. the ratio of the actual ¢ to the
maximum possible grafting density cy4y-

Previous studies of assembly by solvent evaporation™19 have
characterized generic Lennard-Jones (LJ) particles by SE. Insofar
as NCs are described by quasi-hard spheres (with their effective
radius following Eq.[T)), considerations from these simpler models
apply to NC structures as well. There are, however, quite a few
relevant specific effects that are related to the flexible shell, i.e.
the ligands, and therefore, cannot be captured by these generic
models. Those include Vortices, orientational orderm,
solvent-ligand interactions, NC clusters, or effects re-
lated to the solid interface®2, just to name a few. This is the rea-
son why in this paper we consider models where both the flexible
igands and the solvent are described explicitly.

Furthermore, theoreticall® and experimental studiesm, have
revealed and inherent tendency of NCs to favour icosahedral or-
der. It is also a goal for this paper to investigate to what degree
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first step to relate them to other more general studies of clusters
in soft matter and other fields3#36, as well as to general studies
of nucleation in NCs37Z,
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2  Model and Simulation details

All simulations used HOOMD-Blue®® with rigid body dynamics2
and were implemented through HOODLT#Y, Simulations consist
of a number of solvent molecules Ny specified by the average den-

sity, p defined as N

— s
p= va 5 (2)
where M,, is the molecular weight of the solvent and V is the
volume of the simulation box. Then, we vary the average density
of the particles while maintaining the simulation box temperature
and number of particles fixed. We start by identifying at which av-
erage density liquid-gas coexistence occurs. Then p is decreased
by incrementally increasing the volume V keeping N,N; constant.

Thus, the process is described by a sequence of values

Eq

i} i i E Eq _ yE
{Pitiztm Piv1 <pi and AN }icrom N <N NG =Ns

Vi

€))]
where Nf iq is the equilibrium number of solvent molecules in the
vapor phase, defined so that after the last expansion, all solvent
molecules are in the vapor, that is the solvent is fully evaporated,
as depicted in Fig. |1} More specific details for the simulation are
provided in the SI.

In this work, octane is the solvent more thoroughly investi-
gated, but nonane and decane were considered in some cases.
This solvent has internal degrees of freedom related to the flex-
ibility of the monomers, contrary to toluene, a completely rigid
molecule investigated in previous work®.

For the cases where we include nanocrystals, we use the follow-
ing nanocrystal specifications: L=17.22 A, R.=10.15 A, 6=0.595
A2, 6114¢=0.666 A2, consistent with previous estimates®1L. More
details of the nanocrystal simulations are outlined in Table

Table 1 Table of all simulation parameters. N = number of nanocrystals.
N; = number of solvent molecules.

N; time steps

800 25E6

NCiype
Auoo1 (SC12)80

N
) 2
Aup1(SCr2)go 4 1083 30E6
Aupo1(SCr2)go0 5 3936 40E6
Aup1(SCra)go 6 1398 40E6
Aui(SCi2)s0 7 2195 45E6
Auro1 (SCi2)80 8 2177 60E6
Auxo1(SCi2)s0 9 2610 60E6
Au201 (Sclz)go 10 2500 70E6
Au1(SCr2)g0 13 2536 75E6
AM20] (SC]z)g() 15 2000 100E6
Aug1(SC12)s0 18 3500 120E6
AM20] (SClz)g() 21 5500 130E6
Auo1(SCi2)s0 23 5500 120E6
AM201 (SC12)30 25 6000 160E6
Auo1(SCi2)s0 27 7000 160E6
Auz1(SC12)s0 28 7500  175E6
Aupo1(SCi2)s0 29 8000 195E6
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Fig. 1 Top left: Pressure vs Temperature phase diagram. After the liquid evaporates the solvent is entirely in the gas/vapor phase. Top right:
Representation of the solvent (octane) and an alkylthiolated gold NC. Bottom: Example of the evaporation of a droplet containing N =13 NCs.

3 Results

3.1 Pure Solvent

Density distributions for coexisting liquid and vapor, calculated
as described in Ref. 4142 are shown in Fig.[2} There is a bimodal
distribution with two peaks representing equilibrium liquid and
vapor densities. For octane, it is p; = 650(8) and p, = 2.7(5) (in
kg/m?), to be compared with experimental results p/” = 622.15
and p;"” = 2.705, see Table ??. For nonane it is p; = 669.87 and
py = 2.164(9) (in kg/m*) compared with p;"” = 641.05(8) and
pvP =1.387(5), see Table ??.

Following previous work®, the pressure of the system is calcu-
lated from the ideal gas law from the expression

P=p, % , @
which gives more accurate values than the actual pressure from
the simulation, which shows large fluctuations due to the low
density of the gas, and furthermore, becomes negative for suffi-
ciently large liquid droplets, as shown in Fig. ??.

The variation of the local density as a function of radial distance
is shown in Fig. ??. This was computed using RDF(Radial Distri-
bution Function) from Python Freud libra. Since the local
density is computed for a particle distance from a reference parti-
cle, we use the particle that is closest to the droplet center as the
reference particle. We apply RDF to 1000 simulation frames and
accumulate the results. From the accumulated results we identify
three distinct regions. The first region is that to the left of the
purple vertical bar, r < Ryjiq, and has a mean density (slate-blue
horizontal bar) equal to that computed for liquid particles using
the method described in Fig. Likewise, the region to the right
of the maroon vertical bat, r > Rj;guid-+inter face> has a mean density

(cyan horizontal bar) equal to that of vapor particles. The region,
Riiquia <7 < Riiguid-tinterface 18 transitional between the liquid and
vapor regions as we would expect from an interface. See Ref..

3.2 NC Structures Upon Drying
3.2.1 Equilibrium clusters

We now analyze the structures obtained by evaporating a liquid
droplet containing N NCs as described above, see also Fig.

The first case is for a NC pair (N = 2). Once evaporation is
complete, the results agree with previous estimates in dry condi-
tions22"24 and for toluene solvent®, see Fig. ?? or Fig. ?? for ex-
ample. Results for N=4,6,13 are shown in Fig. ??, where the final
structures are, respectively a tetrahedron, octahedron and icosa-
hedron, which as shown in Fig. ??, already emerge before full
evaporation, with the final equilibrium distances agreeing with
previous results obtained in dry conditions?224 and with toluene
as solvent®. The equilibrium structure for N=10 corresponds to
a Sphenocorona, see Fig. ??. The N=13 forms a regular Icosa-
hedron with a NC at its center, see Fig. ??, which is in complete
agreement with simulations with toluene®. Structures for other
values of N are shown in Fig. ??.

For N > 21, the structures are more complex and require fur-
ther analysis. For N=23, see Fig. ??, it corresponds to a pyra-
mid with a trapezoid base while 4 adjacent hexagonal pyramids
wrap around the vertically-central axis, forming the middle sec-
tion of the structural surface. The Right of the figure shows how
the hexagonal pyramids are joined by one of their edges. As for
the bottom of the N=23 structure, one corner of each hexagonal
pyramid is present such that they form the corners of a rhom-
bus. The cores form the vertices of the stick-figure representation
that is on the top left, similarly to the cases of Fig.s ?? and ??.

Journal Name, [year], [vol.], 1- |
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(a) Color-coded density distribution. (b) Droplet snapshot.

Fig. 2 (a) Octane particle density distribution at p = 100%. The simulation was run for 1 million time steps and the data was stored in 999 time
frames. The orange region corresponds to vapor particles, the yellow region corresponds to vapor and liq particles, and the green region corresponds
to liquid particles. (b) The Octane droplet that corresponds to the density distribution that is in sub-Fig. a. The green is liquid, the yellow is liquid
and vapor, and the orange is vapor. We approximate the droplet to be spherically symmetric.

Furthermore, two NCs are located inside the structure. our study are defined by a surface where triangles appear as more
Similar analysis reveal the structures for N=25 (Fig. ??), N=27 equilateral.
(Fig. ??), N=28 (Fig. ??) and N=29 (Fig. ??).

Table 2 NC-number and corresponding structure name.

Number of NCs (N)  Structure name

4 Tetrahedron
5 Square pyramid
6 Regular Octahedron
7 Pentagonal Bipyramid
8 Biaugmented triangular prism
9 Gyroelongated Square pyramid
10 Sphenocorona
(a) N=6, Regular Octahedron _ 13 Icosahedron
(b) N=10, Sphenocorona 15 714 Frank Kasper Phase
18 Equatorially pentacapped axial
bicapped pentagonal prism
21 Z0
23 Unidentified
25 Unidentified
27 Unidentified
28 Unidentified
29 Unidentified
(c) N=18, Equatorially
pentacapped axial bicapped 3.3 Characterization of inner NCs and vortices

pentagonal prism&%
For N > 13, the clusters contain inner NCs, i.e. those that are

Fig. 3 Equilibrium structures: N=6, 10, 18. completely surrounded by other NCs. It is relevant to investigate
their structures. This was done by averaging the NC configura-

Table [ lists the NC-structure names for every given NC- tions over several time frames and computing the Voronoi cell us-
number. Note that figures N > 23 remain unidentified. We ing the Voro+ +48 software. The results are shown in Fig.Eand
have compared these structures with the Cambridge cluster and were visually actualized using Mayavi, a python-written ap-
database™S see Fig. ?? and ?? for the different variants of the plication.

Lennard-Jones potential. We could not identify any of our clus- In Fig. [6] we show some representative outer NC showing lig-

ters, with the most obvious difference being that the clusters in ands that tilt away from their normals, i.e. vortices2.

| Journal Name, [year], [vol.]\-
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Fig. 4 Voronoi cells for inner NCs, Iy. Different NC-number, N, configurations have the following number of inner particles: N=13,15,18,21 have

Iy=1; N=23,25 have Iy=2; N=27,28,29 have Iy=3.
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Fig. 5 Voronoi cells for inner NCs, Iy. Different NC-number, N, configurations have the following number of inner particles: N=13,15,18,21 have
Iy=1; N=23,25 have Iy=2; N=27,28,29 have Iy=3.

. (c) N=18, Equatorially pentacapped ax-ial bi-
(a) N=13, icosahedron (b) N=15, Z;4 Frank Kasper. i
capped pentagonal prism

Fig. 6 Representative vortices for the outer NC for (a) N=13 that (b) a N=15 (c) a N=18.
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3.3.1 Droplet Radii

In Fig. [7al we show the evolution of the droplet radius as a func-
tion of p. This radius is computed from the condition that the
liquid and vapor have densities p;, p, respectively, see®, and that
the droplet contains NCs defined by its hard sphere radius Ry as

defined by Eq.
Nvne _ Pg 1/3
N1/3<1+NZ[»V5_5> NI/3
s - s
%(Pl_Pg)

(5)
As shown in Fig. [7D| the previous equation describes the simula-
tion results with excellent precision.

1/3
4TpIN p3 P
I+ 5378 Rus — 5

Ry(p)=
%(pl —Pg)

Droplet Radius for Different N

701 .
601 . :
=0 .
Z 40 -
i Dag
") T
0] e
0L =~

40 ) 60 80 100
the(%)

(e}
DO |
o

(a) Droplet Radii for different NC-number.
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(b) Simulated vs theoretical droplet radii for different number,N, of

Octane solvents.

Fig. 7 Droplet radius; theoretical vs simulation.

3.3.2 Relaxation times

The longest relaxation time 7y is defined from

Ny() = N — (N5 = Ny(0))e ™/ 6)

Vi

where N, () is the number of vapor solvent at any given time, and
Nf i" is the equilibrium value at the corresponding average density,
see Eq. Usually, N,(0) = fo_l . Note that 7z also depends

on the index i though the overall volume V and the size of the

Soft Matter

droplet. Eq. |§|is applicable at the latest stages of the equilibration
process, where contributions from faster relaxation times have
already vanished.

Fitting Eq. [] to simulations, see Fig. ??, we obtain 1 for each
value of N, shown in Fig.[8] where for small N the relaxation times
grow linearly

TR =T+ TN . (7)
with 7y = 3.026 ns. This is to be compared with the results for
toluene, Tgoluene = 1.312 ns®. For larger values of N, the growth

of the relaxation times with N is sub-linear g < NB. Results are
consistent with § = %, but given the limited range in N, the range
of acceptable f is broad.

Relaxation time

Tghlum‘ = 3.026 °

80’ TUTulmw =1.312

r(N=0)
- . 85 anNs
. 607 80
£ .
\ 407 0
S .. 65
. 55 25.0 27
201 7
0

5 10 15 20 25 30
N

Fig. 8 Relaxation time vs N. For small N the data is linear, see Eq.
with 79 =3.026 ns. For larger N the data is consistent with 7y =< N2/3,
although other exponents provide satisfactory fits. Also shown is the
N =0 prediction given by Maxwell theory (green dashed), see Eq.
and previous results for toluene(tg = 1 ns)

We correlate the relaxation times to the packing fraction, which
is defined through the hard sphere radius Ry, see Eq. |1} and the
droplet radius R; by

®

4 3
Nus = 7§ENR;” =N (R—HS) .

1 _p3
3RS Ry

The results are shown in Fig. These semi-quantitative figure
illustrates a drastic increase of Tz once Nygs ~ 77'155 = 0.49, where
n;; ¢ = 0.49 is where the hard sphere freezing transition occurs.

4 Discussion

4.1 Analysis of NC Clusters
The ultimate goal of SE is the engineering of relevant struc-
tures, whether superlattices, quasi-crystals or complex clusters.
In Ref1% it was shown that all BNSLs reported to date maybe
understood as “frustrated icosahedral” assemblies, i.e. Quasi-
Frank-Kasper#Z phases. If this is the case, NCs should exhibit a
universal tendency towards icosahedral unit cells, already before
crystal nucleation occurs. Experimental, see Ref.?2 and numer-
ical evidence, see Ref.2%, has recently been reported supporting
this conclusion.

Icosahedral order is reflected as a predominance of regular (or
close to it) pentagons as faces of the Voronoi cell (of the inner

Journal Name, [year], [vol.], 1- |
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NCs) with some additional polygons (hexagons, heptagons, etc..)
interpreted as disclinations'%48, Qur equilibrated clusters, see
Fig. are entirely consistent with icosahedral order: There is
an obvious predominance of pentagons, which tend to be regular
or close to it, with distortions mostly due to the the small size of
our clusters, which only allow between 1 and 3 inner NCs.

More concretely, The N=13 consists of 1 inner NC with a per-
fect dodecahedral cell containing just 12 pentagons. The other
clusters with 1 interior NC (N=15-21) also conform to a domi-
nance of pentagons, specially N=21, which was identified? as
Z10, a higher order Frank-Kasper#Z motif. The cases containing 2
interior NCs, N = 23,25 are slightly less symmetric, which arises
from the competition between the outer NCs, dominated by sur-
face tension, but still show a majority of pentagons. The cases
containing 3 NCs are more symmetric, see N=29 in Fig.

4.2 Analysis of Vortices and NC distances

For the NCs used, the OPM prediction Eq. |1} gives a hard sphere
NC radius
Ry =179 A 9

Fig. [9] shows the half-distances between the inner and nearest
neighbor NCs where we identified nearest neighbors NC through
the faces of the Voronoi cells through Voro++49. In particular,
we calculated the half-distances for cases where N > 13. The box
plots are intended to illustrate the spread of halved-distances per
NC configuration and show how they distribute near the value
marked by the black dashed line given by Eq.[9}

As predicted by the OTM2%21l given the large coordination of
the inner NCs, their effective radius is described by Eq.[9] Note
that for N = 13 the actual value , see Fig.[9] is slightly below the
prediction, Eq.[9 as the radius of the outer NCs becomes smaller
due to the presence of vortices?®, which are shown in Fig. @ Ad-
ditional vortices occurring on outer NCs with low coordination
are also shown. We refer to previous publications?24? for more
detailed studies on the structure of vortices.

4.3 Maxwell theory and relaxation times

The Maxwell theory describes droplet evaporation as a process
whose slowest relaxation time is determined by the diffusion of
vapor molecules

d
EnV(r’t) = D%An,(r,t) , (10)
where n,(r,t) is the vapor number density and D$ is the diffusion

coefficient of the vapor molecules, given by D¢ = ;2keT_ (ks 2
P > 8 YL = 3z0p \ am :
Eq. implies a relaxation time

2/3
TR ~ % . (1 1)
For octane at T=387K, with P.(387K) =0.878 atm, and d;=8
A, where P, is the pressure of the vapor at the liquid-gas coexis-
tence(see Fig. and d; the octane gyration radius the relax-
ation time is
TR~ 4ns . 12)

| Journal Name, [year], [vol.]i—
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Fig. 9 Values of half the nearest neighbor distances, ry, with respect to
inner NC.

Thus, Eq. [11]is consistent with N = 0, see Fig.[8} and for finite N
when nggs << 171/;5, see Fig. but clearly breaks down other-
wise.

A different relaxation time 1g; is obtained by estimating the
diffusion constant of the solvent within the liquid droplet (mostly
dried as it contains the N NCs at high packing) from

((r—r9)®)y=6D't . (13)
Then, it is defined by
R2 V2/3 i
TRy~ H‘f o —]D[ o N2/ for nps >l . a4

where V; is the volume occupied by the droplet. The assumption
that V; «< N is only possible when the NCs are packed sufficiently
close and hence it requires nys > n};S.

Because of the limited values of N available, the evaluation of
D! is challenging, as shown in SI, Fig. ??. Overall, the results
clearly support, see Fig. the relation

TR ® TR} for NHSs > T][}_;S . (15)

showing that the breakdown of Maxwell theory occurs because
the slowest relaxation time arises from the slow diffusion of the
solvent molecules trapped within the NC cluster. The consistency
of the N?/3 relation for large N, as shown in Fig. |8| (see the inset),
provides further evidence that Eq. is the slowest relaxation
time of the system.

Page 8 of 11
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0 Relaxation Times
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Fig. 10 Relaxation time from different-type fits. (a) from fits like those
in Fig.s ?? and ??. (b) from fitting solvent diffusion through (the close
to dry) droplet.

5 Conclusions

We have presented a systematic investigation of the nanostruc-
tures obtained by solvent evaporation of N alkylthiolated NCs.
The main results are the characterization of the different clus-
ters as a function of N, Fig. ??,2?,?? and Fig. and the precise
dependence of relaxation times, see Fig.|8] and the physical pro-
cesses, fore example, the diffusion of solvent molecules within the
cluster, see Eq[I5]

The analysis of the NC clusters provides further evidence of the
general tendency of NC towards icosahedral order, which is con-
nected to putative glassiness°Y and provides some understanding
on the stability of binary superlattices1?. Recent experimental
evidence, see Ref.23 is in agreement with these results.

The analysis of the relaxation times is entirely consistent with
a Maxwell regime Eq. independent of N, dominated by the
time for the vapor to diffuse away, and a new regime, dominated
by the time for solvent molecules trapped within the cluster to
finally escape to the vapor, which has a strong dependency on
N, see Eq. the number of NCs. The transition between the
two regimes, see Fig. occurs at NC packing fraction (see
Eq. NHs ~ n}SS =0.49. In comparing our current results ob-
tained with octane to previous studies with toluene®®, we obtain
the same equilibrated clusters (when comparisons are available),
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yet toluene produces them more efficiently, as it has faster relax-
ation times, see Fig. (8] In any case, the agreement of the struc-
tures obtained by evaporation of different solvents is clearly in-
dicative that equilibrium is achieved.

We have also shown, see Fig. E]that the inner NCs (those that
are surrounded entirely by other NCs), have effective hard sphere
radius'!' entirely consistent with the OPM value, Eq. [1| and the
appearance of vortices for the outer NCs, see Fig.|5| This provides
further evidence on the validity of the Orbifold Topological Model
(OTM)2021 to accurately describe nearest neighbor separation in
general NC assemblies.

Other effects relevant for quantitative studies of evaporation in-
clude: effects related to the anchoring conditions of the droplet,
Stefan flow, concentration changes at the droplet surface and tem-
perature effects and?. By the choice of our system, we eliminated
of all these effects: The first two are absent as droplets are freely
suspended and there are no other gases present. The last two are
also absent as our simulations are fully thermostated (differently
from previous studiest#17) and therefore, prevent the develop-
ment of temperature gradients.

The main limitation for our study is the small number of NCs
(N < 30) considered. This is due to the considerable cost of in-
cluding alkylthiolated ligands explicitly. We should emphasize
that the relxation regime described by Eq. is not possible to
obtain with more coarse-grained models and therefore it seems
challenging to extend our investigation to much larger values of
N, which would be necessary in order to rigorously establish the
N2/3 regime apparent in Eq. and Fig. In that respect, re-
cent density functional theories®>2] may provide alternative ap-
proaches to this problem. Experimental results will be able to
provide further clarification of these issues.

6 Supporting Information Available

e Table with all simulation parameters.

e Comparison of the pressure from the simulation (Virial, see
Ref.23) and calculated from Eq.

e Pressure as a function of average density.

e Phase coexistence as a function of average densities.
e Supplementary results for the droplet radius.

e Supplementary results for liquid diffusion.

e solvent evaporation plots and relaxation time fits.
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