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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 (C6-C12), 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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ससार

इस शशोध मम, ममॉललिक्ययलिर डसायनसाममक्स (MD) ससम्ययलिलेशन्स कसा प्रयशोग करकले  ननैनशोपसारर्टिकलि सलेल्फ-असमबलिल कले  दशो
महत्वपयरर पहलियओओ कशो समझसा गयसा हनै: पहलिसा पहलिय एकलि ननैनशोकरण कक सओरचनसा और ससासाॅलिवलेशन थमर्मोडसायनसाममक्स
कसा परलक्षर  करनसा हनै,  अथसारतत ननैनशोकरण कले  डडस्पशररन स्थसाडयत्व कशो समझनसा हनै,  और दयसरसा,  सलेल्फ-असमबलिल कशो
समझनले कले  ललिए एक मसागर कले  रूप मम दशो ननैनशोकरण कले  बलच प्रभसावल इओर्टिरलेक्शन्स कक सओगरनसा करनसा हनै । अल्कले नथसायशोलि

  और एल्कसाइलिअमलन्स  ललिगगडस  सले मनषषष्क्रिडयत  गशोल्ड (Au)  और सलेमलकओ डक्र्टिर (CdSe) ननैनशोष्क्रिलस्र्टिल्स इस शशोध कले
प्रमयख अओग हग । प्रसाय: प्रयशोगण मम प्रययकत     मकयले जसानले वसालिले मनयर-   मष्क्रिमर्टिकलि फय डयडसत (   एथलेन और प्रशोपलेन)  और ललिमकड

 हसाइडड शोकसाबरन्स (C6-C12)  कशो इन ननैनशोपसारर्टिकल्स कले  ललिए  समॉल्वमटस कले  रूप मम चयनसा गयसा हनै। एकलि-ननैनशोपसारर्टिकलि
स्तर पर ससासाॅलिवलेशन थमर्मोडसायनसाममक्स कसा अध्यन बलेन-ननैम कले  दसारसा  मवकससत स्र्टिनैमर्टिषस्र्टिकलि मलेकनै मनक्स  पर आधसाररत
सयत कसा प्रयशोग करकले  मकयसा गयसा हनै। ललिगगड शलेलि और मवलिसायक कले  पयनगरठन कले  ससाथ जयड़ले एओर्टिड शोमपक पररवतरनण कक
गरनसा बसायशोममॉललिक्ययलिर हसाइडड लेशन मम प्रययकत  मकए जसानले वसालिले सओरचनसात्मक मलेमर्टिडक्स कसा उपयशोग करकले   करतले हग।
ससासाॅलिवलेशन कक हलेल्महशोल्टज मयक ऊजसार, एओर्टिड शोमपक पररवतरन कशो ससासाॅलिवलेशन ऊजसार कले  ससाथ  सओययक करकले  प्रसाप मकयसा
जसातसा हनै,  सजसले ननैनशोपसारर्टिकलि और मवलिसायक अरयओओ कले  बलच इओर्टिरलेक्शन्स सले आओकसा जसातसा हनै। दशो और तलन
ननैनशोपसारर्टिकलि स्तर पर प्रभसावल ययग्म इओर्टिरलेक्शन्स (अथसारत,  पशोर्टिलेनशशयलि ऑफ मलन फशोसरस, PMFs) कसा आक़लिन,

कन्स्र्टिड मड MD ससम्ययलिलेशन्स सले मकयसा गयसा हनै, सजसमले हम आइसशोर्टिड शोमपक और अमनसशोर्टिड शोमपक इओर्टिरलेक्शन्स  कशो पपृथक
रूप सले कओ प्ययर्टि करतले हग। अमनसशोर्टिड शोपल ललिगगडस कले  तसात्कसाललिक फक्चययलेशन्स सले आतसा हनै,  जशो दशो ननैनशोपसारर्टिकलिण कले
इओर्टिरलेक्शन  मम मदशसात्मक प्रवपृडत कशो जन्म दलेतसा हनै। सलेल्फ-असमबलिल प्रमष्क्रियसा कशो प्रभसामवत करनले वसालिले मवशभन कसारकण,
जनैसले मक मवलिसायक कले  घनत्व, तसापमसान, ननैनशोष्क्रिलस्र्टिल्स कले  आकसार,   ललिगगडस कक लिओबसाई और सतह कवरलेज कक भयममकसा
कसा मवस्तपृत अध्यन मकयसा गयसा हनै। ससगलि-कमॉम्पशोनलेन्र्टि सयपरलिनैमर्टिसलेस (SLs)  और बसाइनरल ननैनशोमष्क्रिस्र्टिलि
सयपरलिनैमर्टिसलेस (BNSLs) कशो समझनले कले  ललिए कशोसर-गलेन्ड पशोर्टिलेनशशयलि कशो मवकससत करनले कले  मनमहतसाथर कक चचसार
गयल हनै  । दशोनण समॉल्वलेशन और इओर्टिरलेक्शन्स कले  परररसाम प्रयशोगण कले  अनयरूप हग, जशो इस बसात कसा सयझसाव दलेतले हग, मक इस
अध्यन मम प्रययक मकयसा जसानले वसालिसा दृमष्टिकशोर, समॉल्वलेशन थमर्मोडसायनसाममक्स और इओर्टिरलेक्शन्स मम सओरचनसात्मक अओतदृरमष्टि
प्रसाप करनले कसा एक अच्छसा मसागर हनै, और यले ननैनशोपसारर्टिकलिण कले  डडस्पशररन स्थसाडयत्व और सलेल्फ-असमबलिल कशो समझनले
कले  ललिए बहयत उपयशोगल हशो सकतसा हनै। 
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2.1 Liquid-vapour coexistence curve for ethane and propane in reduced

temperature, Tr and reduced density, ρr plane from the TraPPE-UA
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2.3 Ensemble-averaged solvation energy, ∆Uns, of decanethiol-passivated
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2.4 Solvation properties of Au38 nanoparticle passivated with decanethiol

ligands as a function of reduced density, ρr, of solvent along differ-

ent isotherms. (a) Partial molar volume at infinite dilution, v̄∞n , (b)

solvent excess, nE
s , (c) pair entropy of solvation due to local ordering
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ns , (d) total entropy of solvation with local and long-

range correction terms, ∆Stot
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ns , (d) total entropy of solvation with local and long-range
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2.6 Schematic diagram illustrating the inherent anisotropy of nanopar-

ticle. Part (a) shows a snapshot of an Au38 nanoparticle passivated

with decanethiol ligands in vacuum at Tr = 1.02. Part (b) is a model

of this nanoparticle, in which yellow circle represents the Au38 core,

and distorted light blue circle represents asymmetric cloud of the lig-

and shell. The mass dipole, ~∆. determining the extent of anisotropy

is shown using the black arrow, which is a vector connecting the ge-

ometric centers of the gold core and the ligand chains . . . . . . . . . 76

xvi



2.7 Mean square value of the magnitude of the mass dipole, 〈∆2〉, as a

function of reduced density, ρr, of the solvent. Plot (a) shows the
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2.8 A comparison of the probability distribution, P (∆2), of the square

magnitude of the mass dipole for decanethiol-passivated Au38 nanopar-

ticle in vacuum at Tr = 1.02 for TraPPE-UA [125] and Paul et al.’s

UA force field [289]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

2.9 Pair correlation function, gns(r), of solvent monomers for Au140 nanopar-

ticle with different chain lengths (n) of alkanethiol ligands in ethane

at critical density, and temperature, Tr = 1.02. . . . . . . . . . . . . . 80

2.10 Probability distribution, P (∆2), of the square magnitude of the mass

dipole, for the Au140 nanoparticle with different chain lengths (n) of

alkanethiols at temperature, Tr = 1.02 in (a) vacuum, and (b) ethane

at reduced density, ρr = 1.0. . . . . . . . . . . . . . . . . . . . . . . . 81
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2.12 Probability distribution, P (∆2), of the square magnitude of the mass

dipole for the Au38 nanoparticle with different surface coverages of

decanethiol ligands at temperature, Tr = 1.02, in (a) vacuum, and

(b) ethane at reduced density, ρr = 1.0. The P (∆2) distribution for
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3.1 Direct and solvent-induced contributions to the potential of mean
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function of r for Au38(SC10)24 and Au140(SC10)62 nanoparticles at tem-
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3.2 Potential of mean force, VPMF (r12) as a function of pair separation, r12
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4.1 Experimental Clausius-Clapeyron plot of the saturated vapour pres-

sure, (Pvap) against inverse temperature, (1/T ) 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]. . . . . . 112

4.2 Liquid-vapour coexistence curve for alkanes in temperature (T ) and

reduced monomer density (ρ∗m) plane from the TraPPE-UA poten-
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line segments. The centers of mass of the gold core, (AuCOM) and

the ligand cloud, (LigandCOM) are shown schematically. The mass

dipole, (~∆) is defined as a vector connecting the geometric centers of

the gold core, (AuCOM) and the ligands, (LigandCOM). The angle, θ

between the mass dipole, (~∆) and the inter-particle axis, (~r), joining

two adjacent gold cores is also shown. Ligands from front surface of
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4.4 Comparison of the pair correlation functions for (a) alkane monomer

units, gss(r) and (b) centers of mass of n-alkane chains, gcc(r) at
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4.5 Log-log plot of mean square displacement (MSD) as a function of

time (t) for monomer of n-alkanes of different chain length at the

given temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
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of solvation with local and long-range correction terms, ∆Stot
ns . The

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