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Abstract

In this thesis, molecular dynamics (MD) simulations are employed to understand two
important aspects of nanoparticle self-assembly: the first aspect is examining the
structure and solvation thermodynamics of single passivated nanoparticle, hence the
dispersion stability of nanoparticles, and the second is computing the effective pair
interactions between nanoparticles as a route for understanding self-assembly. The
gold (Au) and semiconductor (CdSe) nanocrystals passivated with alkanethiol and
alkylamine ligands respectively are taken as systems of interest. The near-critical
fluids (ethane and propane) and liquid hydrocarbons (Cg-Ci2), which are commonly
used in most experiments, are chosen as the solvents for these nanoparticles. The
solvation thermodynamics at the single nanoparticle level is studied following the
Ben-Naim’s formulation of statistical mechanics of solvation. The entropic changes
associated with the ligand shell and solvent reorganizations are explicitly calculated
using the structural metrics frequently exercised in biomolecular hydrations. The
Helmholtz free energy of solvation is estimated by combining the change in entropy
with the solvation energy, which is estimated from the pair interactions between
the solvent molecules and the nanoparticle. The effective interactions (i.e., the pair
potential of mean forces, PMFs) of nanoparticles at two- and three-particle level are
computed employing the constrained MD simulations, in which both the isotropic
and anisotropic interactions are characterized. Anisotropy arises from instantaneous
fluctuation of ligands, which introduces directional characteristic in the interparticle
interactions. The role of various factors affecting the assembly process such as solvent
density, temperature, nanocrystal size, ligand chain length, and surface coverage on
both the aspects are thoroughly examined. Implications of generating coarse-grained
potentials for understanding the single-component superlattices (SLs) and binary
nanocrystal superlattices (BNSLs) are discussed. Both the solvation and interaction
results are found consistent with experiment, suggesting the approach used in work
as a good route of obtaining the structural insights into solvation thermodynamics
and the effective interactions that could be useful for understanding the dispersion

stability and self-assembly of passivated nanoparticles.
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39 Ay H, Hifclager SRATHET (MD) fgeie4 &1 TN d-dh AATcdhel Hoth-3riaat & &l
Tcaqul YS3N ! TS T &: ST Use], Uhed -HIhUN &l TXaHT 3R Al LMTea- ey
1 TRIEIUT BRAT &, 7 AIpull &b fSEue Ferficd Bl HHSHI &, 3R GIRT, Heth-3raet P
TS & oIl Tep AFT &b T H ST AF1DUN b S THTT Sexaeg Bl TUHT BT & | SchTerilel
3R Tedhrsatemi— feliied I AfeHRIT Mes (Au) 3R THidsaeR (CdSe) AR 39 NY &
T 3T | T SRV H SR o ST aTed FrRR-fobfeper piied (T 3R wive) R foifers
BISSIPE (Cs-Ci2) BT 37 AAICHH & foly Hieded &b wU H AT TT 81 Tbel-A-dTcdet
TR R HIAIL TSR T eI 99--11 P GRT [Gehiid TefCieedhel Hep-ad TR STemd
I BT HANT b TohaT 1T 81 foliis At oI e & gFia & |1 g UCiue giRacHi ol
TUAT SRIMTCaIeR BRea H Wd fhY S dTel HRaFH® Hicad &I IUART dxb PR &l
HII Bl BeHBlees g SHofl, Cifes TREH Bl AIcTdeH Il o A1 TYh PRep UTH b
ST 8, O AdTiéahd @R facirae Srupell & s Sexde ¥ Tl Al 5l & iR
TR TR TR THIET JH SR (AT, TSI 3T HIF BRI, PMFs) & 3fTehal,
F¢S MD FERIeIeT J fohaT 1T 8, oW 89 STSHICIUe 3IR SIFRIICIUS ST i Jidh
B U HRIC PR 8| IS felied & dceplicld Bagaerd I 31T &8, Sl &l "-icdha &
ST H e Ugfc ol ST ST 8| Heh-3riael Ufohar dl gaTfad dee dTel fafis HRaI,
SN 135 faerrres & ovcd, aTas, FidReed & PR, foliied 6 warg 3R Tag waxs Bl T
o1 fqgqa e far w81 Ra-aiune gRAfcHd (SLs) 3R digRt AHIfshecet
GURATCHT (BNSLs) & T3 & ol dRi-3Fe uieAfiae o fdafid axe & fAfaanet &t zat
T g1 GF1 Hicde™ 3iR gexae & URUMT TANT & %Y &, Sl 39 J1d BT goId <d &, o 39
3TEZT X T T ST aTAT SI¥epIoT, HicA e LMISRMTHEGRT 3R STNFerT § TREAH® 3idgiy
TTH &7 &1 Udb 37esT 91 8, 3R 3 AurfEanell & fSeae Tenfica oiR Aoth-aridet! o THem
o folu gga SUARM &1 Hepell B
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and temperature, 7, = 1.02. (a) Pair correlation function, g¢,s(r),
between solvent monomers and center of mass gold nanocluster, (b)
Partial molar volume at infinite dilution, v2°, (c) Solvent excess, nZ,
(d) Pair entropy of solvation due to local ordering of solvents, AS!¢,
and (e) Total entropy of solvation with local and long-range correc-
tion terms, ASY. The quantities shown in subfigures (b) to (e) are

obtained from integration of g,s(r) (see Section II) with respect to r

between the limits, 7. =0to 50 A. . . . . . ... L.
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2.12 Probability distribution, P(A?), of the square magnitude of the mass

3.1

3.2

dipole for the Ausg nanoparticle with different surface coverages of
decanethiol ligands at temperature, T, = 1.02, in (a) vacuum, and
(b) ethane at reduced density, p, = 1.0. The P(A?) distribution for

symmetrical coating at 25% coverage is shown with green lines.

Direct and solvent-induced contributions to the potential of mean
forces (PMFs) between the gold nanoparticle and solvent monomer.
Plot (a) shows the direct solute-solvent interaction energy, U,s as
function of r for Ausg(SCip)a4 and Auyso(SCip)ee nanoparticles at tem-
perature, T, = 1.02 and solvent density, p, = 3.0 where r corresponds
to the distance between the center of mass of gold nanocrystal and
solvent monomer. For multisite nanoparticles made up of hard core
and soft corona of ligands, U, are estimated from spherical averag-
ing of pair interactions. The solvent-induced contribution, wy(r) for
Ausg(SCip)24 at different temperatures and density, p, = 1.0 is shown

in (b), for AU38(SC10>24 and AU14Q(SC10)62 at different densities (,07«)

86

of solvent along the isotherm, 7, = 1.02 are shown in plots (c¢) and (d). 96

Potential of mean force, Vpyr(r12) as a function of pair separation, 712
at different temperatures (7;) along the given isochore (p,) for a pair
of Ausg(SCip)a4 nanoparticles. Hamaker interaction energy, Ugamaker
between two bare gold nanocrystals is shown using the black dotted
line and interaction parameter is taken from the previous studies.

(191,314, . . . ..
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3.3

3.4

3.5

3.6

Isotropic pair potential of mean force in two-body (shown in left col-
umn as function of r15) and in three-body system (shown in right col-
umn as function of r3;) at different densities (p,) along the isotherm,
T, = 1.02 for Augs(SCig)2s (a & ¢) and Auyyp(SCig)ee nanoparticles
(b & d), respectively. Hamaker interactions, Uggmaker bDetween bare
gold nanocrystals are shown using the black dotted lines. Note that
Vpur(rsy) is also a two-body PMF in presence of third nanoparticle
and one should not consider it as three-body PMF. See Figure 1.15

for more details. . . . . . ..

Anisotropic parameters as a function of pair separation, 715 for Augs(SCig)a24

nanoparticle at different temperatures (7,). The mean square value
of the magnitude of mass dipole, (A?) and mean angle, {cos(f)) be-
tween the mass dipole A and inter-particle axis (712) in vacuum and
ethane solvent with density, p, = 1.0 are shown in (a) and (b), re-
spectively. Due to insignificant effect of temperature, the comparison
of anisotropic parameters for solvent density, p, = 3.0 are not shown.

Units of (A%)isin A2 . . . .. ...

Anisotropic parameters as a function of pair separation, rio at dif-
ferent densities (p,) of solvent along the isotherm, 7, = 1.02. The
mean square value of the magnitude of mass dipole, (A?) and mean
angle, (cos()) between the mass dipole A and inter-particle axis
(r12) for Ausg(SCig)24 nanoparticle are shown in (a) and (b), and

for Auy40(SCyp)e2 nanoparticle are shown in (c) and (d), respectively.

Comparison of anisotropic parameters, (A?) and (cos(#)), calculated
in two- and three-body interactions for Auy40(SCip)s2 at p, = 1.0 and

To=1.02. o
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4.1

4.2

4.3

Experimental Clausius-Clapeyron plot of the saturated vapour pres-
sure, (P,qp) against inverse temperature, (1/77) for n-alkanes [330].
The data for n-octane produced from simulation using the TraPPE-

UA potential is shown as a dashed line for comparison. [125]. . . . . .

Liquid-vapour coexistence curve for alkanes in temperature (7) and
reduced monomer density (pf,) plane from the TraPPE-UA poten-
tial. The diagram was constructed from data for state points with
T > 300 K from Refs. [125,333]; the low-temperature below 300K
portion of the curve was was generated by us from zero pressure co-
existence simulations [196]. The reduced monomer density is defined
as: p = 0°pm, where o denotes the Lennard-Jones length parame-
ter of methylene unit. The vertical dashed line shown at p;, = 1.85

corresponds the constant monomer density of alkanes. . . . . . . . ..

Simulation snapshot illustrating the [111]-[111] orientation of two in-
teracting Auy0(SCip)g2 nanoparticles in vacuum at 331.1 K at the
pair separation of 28 A. In [111]-[111] orientation, Auy4 core of both
nanoparticles (yellow color) face each other with their two [111] facets.
The common edge joining these two facets are in parallel. The sulfur
atoms are shown as the red beads, whereas the alkyl tails with the
line segments. The centers of mass of the gold core, (Aucoy) and
the ligand cloud, (Ligandcoys) are shown schematically. The mass
dipole, (&) is defined as a vector connecting the geometric centers of
the gold core, (Aucons) and the ligands, (Ligandcoas). The angle, 6
between the mass dipole, (5) and the inter-particle axis, (7), joining

two adjacent gold cores is also shown. Ligands from front surface of

nanocrystals have been removed for clarity reason. . . . . . . . . . ..
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4.4

4.5

4.6

4.7

4.8

Comparison of the pair correlation functions for (a) alkane monomer
units, gss(r) and (b) centers of mass of n-alkane chains, g¢..(r) at
given temperatures and constant reduced monomer density. In part
(a), the peaks corresponding to the contributions from bond, angle
and dihedral are labeled. The distance, /o is shown in reduced unit

where o denotes the Lennard-Jones length parameter of methylene

Log-log plot of mean square displacement (MSD) as a function of
time (¢) for monomer of n-alkanes of different chain length at the

given temperatures. . . . . ... L. 0oL L Lo

Solvation properties of single thiolated gold nanoparticle in n-alkane

solvents. (a) Pair correlation function, g,s(r), between solvent monomers

and center of mass gold cluster (b) solvent excess number, nf (c)
partial molar volume at infinite dilution, v5S (d) solvation pair en-
tropy due to local ordering of solvents, AS!¢ and (e) total entropy
of solvation with local and long-range correction terms, ASY*. The

quantities, (b) to (e) are obtained from the integration of g,s(r) (see

section IT) with respect to r between limits r, = 0 to 50 A. . . . . . .

Probability distribution, P(A?) for single passivated gold nanoparti-
cle in (a) vacuum and (b) n-alkane solvents. Here, A, denotes the
magnitude of the vector connecting the centers of mass of the gold

core and the ligand shell. . . . . . . ... ...

Isotropic potential of mean force, Vpyr(r) as a function of pair sepa-
ration, r, between two decanethiol-coated gold nanoparticles at given
temperatures in (a) vacuum and (b) alkane solvents for [111]-[111]
orientation. The inset of figure (a) and (b) show a comparison of
PMFs for [111]-[111] and [100]-[100] orientations at 331.1 K in the
respective medium. The PMF for cross orientation, [100]-[111] is also

shown using the black dashed line in the inset of figure (b). . . . . . .
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4.9

0.1

5.2

2.3

5.4

2.5

Fluctuation-driven anisotropy in passivated nanoparticles as a func-
tion of pair separation, r, for [111]-[111] orientation at different tem-
peratures. The mean square value of the magnitude of the mass
dipole, (A?%) are shown in (a) and (c). Mean angle between the mass

dipole and interparticle axis are shown in (b) and (d). . . . . . . . ..

Magnitude of dipole moment, ||, of thermally relaxed bare CdSe
nanocrystals in the Debye (D) units as a function of number of atoms,
N, in the nanocrystals at 300 K. The dipole moment of the SNP10
in vacuum is additionally shown in the plot as a blue point for the

COMPATISOI. . .« © . v v v v e e e e e e e e

Density contours of carbon pseudo-atoms of ligand tails for (a) GNP10,
(b) GNP16, (c¢) SNP10, and (d) SNP16 in vacuum at 300 K. The den-
sity contours are shown in terms of pseudoatoms per A3. The center
of mass of inorganic core is taken as the origin, and the density profile
is computed in terms of z-axis coordinate and cylindrical radial co-

ordinate (r), and averaged over all azimuthal angles at a given point
(Z,0). o

Density profiles of carbon pseudoatoms of ligand chains for (a) GNP10,
(b) GNP16, (c) SNP10, and (d) SNP16 in hexane at 300 K. . . . . .

Probability distribution, P(A?), for GNP10, GNP16, SNP10, and
SNP16 at the single particle level in (a) vacuum and (b) hexane at
300 K, where A? denotes the square of the magnitude of mass dipole
connecting the geometric centers of core and ligand shell of nanopar-

ticles. . . . L

Pair correlation function, g,s(r), of solvent monomers around GNP10,
GNP16, SNP10, and SNP16 in hexane at 300 K. The g,,(r) is com-

puted from the center of mass of inorganic core of nanoparticles. . .
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2.6

5.7

2.8

Two-body isotropic potential of mean force, Vpyr(r), between two
passivated nanoparticles as a function of pair separation, r. Plot (a)
shows the comparison of Vpyps for GNP10-GNP10, GNP10-SNP10,
and SNP10-SNP10, and (b) for GNP10-SNP10 and GNP16-SNP16
pair interactions in vacuum and hexane at 300 K. The PMFs of
nanoparticles in vacuum and hexane are distinguished in the plots
by two color regions. Hamaker interactions of Au-Au, Au-CdSe, and
CdSe-CdSe cores from the experiments [53,94,101,106,314,383], and
the PMF, V.o e—core, 0f Au-CdSe cores computed from the simulation

are shown using the dashed lines. . . . . . . . ... ... ... ... .

Schematic diagram illustrating the method for calculating the anisotropic

parameters, A and cos § , in binary interaction of Au and CdSe nanopar-
ticles. The snapshot is taken from molecular dynamics simulation of
interaction between Au and CdSe nanoparticles passivated with the
decanethiol and decylamine ligands respectively in vacuum at 300
K for the pair separation of 50 A. Alkyl tails of ligands are shown in
cyan, nitrogen and sulfur atoms in red, hydrogens of amine functional
groups in green, gold core in yellow, cadmium in blue, and selenium
atoms in orange colors. Mass dipole A denotes the vector connect-
ing the centers of mass of gold core (Aucon) and the ligand shell
(Ligandconr), and 6 tells its orientation with respect to the interpar-

ticle axis, T'. . . . . . . ..

Probability distribution, P,.(cos#), at different interparticle distances,
r, for GNP10-GNP10 (a and a’), GNP10-SNP10 (b and b’), and
SNP10-SNP10 (c and ¢’) pair interactions in vacuum and hexane at
300 K, where 6 is the orientation angle of mass dipole with respect
to the interparticle axis, I. The distribution of cos for the other

separations are not shown due to the clarity reason. . . . . . . . . ..
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5.9 Emergent anisotropy as a function of interparticle separation, r, in the
GNP10-GNP10, GNP10-SNP10, and SNP10-SNP10 pair interactions
at 300 K. The mean square value of the magnitude of the mass dipole,
(A?), for vacuum and hexane are shown in (a) and (c), and mean value
of cos 8, where 6 is the angle between the mass dipole and interparticle

axis, are shown in (b) and (d) respectively. . . . . . .. ... ... .. 156

5.10 Angular potentials, Vpyp(r, cosf), at different pair separations, r, in
the interaction of GNP10 and SNP10 in (a) vacuum and (b) hexane
at 300 K. . . . o 158

5.11 Simulation snapshots of GNP16-SNP16 pair at different separations,
r, in vacuum and hexane at 300 K. The color coding of atoms is same

as used in Fig. 5.7. Hexane molecules are not shown for clarity. . . . 159
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istence curve from simulation using the TraPPE-UA potential. At
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