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What materials designers most envy is nature’s building design. It has long been a 

dream for scientists to mimic and further engineer the behaviors, interactions, and 

reactions of biomolecules beyond experimental limits. To interpret and facilitate novel 

materials’ design, a hierarchical approach is presented in this dissertation. With the 

advent of molecular modeling, many biomolecular interactions can be studied. Using 

both computational and experimental approaches, we investigated the self-assembly of 

fluorenylmethoxycarbonyl-conjugated dipeptides (which are called “biomimetic 

materials”) including Fmoc-dialanine (Fmoc-AA) and Fmoc-Alanine-Lactic acid (Fmoc-

ALac) molecules. We simulated the assembly of Fmoc-dipeptides and compared with 

experiments. We illustrated not only the angstrom-scale self-assembled structures, but 

also a prevalent polyproline II conformation with β-sheet-like hydrogen bonding pattern 

among short peptides. Further, simulations to calculate the potential of mean force (PMF) 

and melting temperatures were performed to gain deeper insights into the inter-fibril 

interaction. An energetic preference for fibril-fibril surface contact was demonstrated for 

the first time, which arises from a fibril-level amphiphilicity. From our study, a 

hierarchical self-assembly process mediated by the balance between hydrophobicity and 

hydrophilicity of fibril structures was unveiled. The next major topic in this dissertation 

involves the development of a chemically accurate polarizable multipole-based molecular 
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mechanics model with the investigation of a series of chloromethanes. The ability of 

molecular modeling to make prediction is determined by the accuracy of underlying 

physical model. The traditional fixed-charge based force field is severely limited when 

applied to highly charged systems, halogen, phosphate and sulfate compounds. Via a 

sophisticated electrostatic model, an accurate description of electrostatics in 

organochlorine compounds and halogen bonds were achieved. Our model demonstrated 

its advantages by reproducing the experimental density and heat of vaporization; besides, 

the calculated hydration free energy, solvent reaction fields, and interaction energies of 

several homo- and heterodimer of chloromethanes were all in good agreement with 

experimental and ab initio data.  
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1  Molecular Modeling Introduction 

 

Over the span of the past half-century, molecular modeling has emerged as a 

powerful approach in many fastest growing fields in science including material science, 

drug discovery and chemistry. While experimental observations are ensemble average 

over many molecules across space and time, simulated motion of individual molecules 

can help researchers with more readily details about how biomolecules interact with each 

other. Computational techniques are widely applied in molecular modeling, and 

including: ab initio and semi-empirical quantum mechanics, empirical (molecular) based 

mechanics, molecular dynamics, Monte Carlo and solvation methods. Those techniques 

are invariably coupled with and revolutionized by computer science’s most cutting edge 

technologies such as visualization and parallel computing.  

Quantum mechanical behavior of molecules at a subatomic level can be described 

by the time dependent Schrödinger equation, and therefore quantum chemical 

calculations play an important role in providing highly accurate representation of the 

motions of the electrons and nuclei. On the other hand, considering computational 

feasibility for biological macromolecules, a direct solution to the motions of such 

molecules more often turns to a technique known as all-atom molecular dynamics (MD) 

simulation. In MD simulations, the positions and velocities of particles evolve according 

to the laws of classical physics and forces acting on individual particle; all those dynamic 

information can be computed using force field model, which is designed via first-

principles physics combined with a parameter fitting procedure.  

The range of systems that can be considered in molecular modeling is extremely 

broad. Molecular modeling provides critical dynamic information of biomolecules’ 

functionalities beyond the static structures determined through crystallography; its broad 
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applications can be reflected by many successful examples, from the studies of isolated 

atoms to higher-ordered hierarchical biomolecules’ assemblies. 
1
 

 

1.1 Applications of molecular modeling  

Molecular modeling has expanded its mission to many meaningful applications; 

those various facets diversely range from pharmaceuticals to cement.
2
 With molecular 

modeling techniques, several properties can be studied on atomistic level beyond 

experiments. Molecular modeling techniques can further facilitate the characterization of 

molecular conformational study. In our previous published papers, we have applied 

molecular modeling techniques on characterizing the self-assembling molecule’s 

structures along with experiments including wide angle X-ray, FTIR, circular dichroism 

and rheology study, etc.
3, 4

 

Computer-aided drug design emerged over 40 years ago. In nowadays early stage 

drug discovery activities in pharmaceutical industry and academic laboratories frequently 

rely upon computer modeling. While traditional docking models determined by NMR, X-

ray crystallography in drug discovery have convincingly demonstrated valuable roles, 

their inability to seize a profound insight into dynamic molecular recognition and drug 

binding processes limited further applications. MD-based methods can estimate ligand–

protein affinities more accurately than docking methods, aiding in the identification of 

lead compounds through virtual screening of drug candidates. For example, one of the 

challenging dilemma drug designers face during ligand optimization is whether or not to 

attempt displacing ordered water molecules that are apparent in the crystallographic 

structure of a complex with a hit compound.
5
 The entropic gain by replacing bound water 

at the binding site to a moiety of a drug analog could benefit the potency of such drug 
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analog via decreasing binding free energy (to be more negative). However, an accurate 

positioning of the water displacing moiety is not readily feasible, and the mismatch in 

hydrogen-bonding interactions (enthalpy lost) will rapidly offset the entropic gain. A 

feasible solution to such study is to use simulations. In the study of antibiotics, Tran et al. 

showed that the fast entry rates of the antibiotics are consistent with replacement of 

protein-water H-bonds via molecular dynamics-based method.
6
 

On the other hand, increasing drug R&D investment has skyrocketed the cost, 

while the output of new drugs has remained largely static. It has been estimated that to 

get a single drug to market, the average cost is around $350 million before a medicine is 

approved to be available for sale, due to the fact that about 95% of the experimental 

medicines that are studied in humans failed to be both effective and safe.
7
 Such widely 

discussed ‘productivity crisis’ in the industry encourages scientists to turn to 

computational approaches with potentially higher efficiency and lower cost in identifying 

targets.
8-13

. Many famous examples of drugs were produced from molecular modeling 

include HIV-protease inhibitors
14, 15

, thrombin inhibitors
16

, SARS virus inhibitor
17

, 

glutamate nanosensors(to monitor neurologic functions 
18

), agonists ( to treat anxiety and 

depression 
19, 20

) and Gleevec(cancer drug)
21

.  

Besides drug discovery, molecular modeling has also been applied widely in 

novel material design and engineering as a powerful technique.
20

 Surfactants gain their 

various successes due to the ability to process the desired properties- sometimes the 

properties can be even conflicting (e.g. amphiphilicity which presents aqueous solubility 

and hydrophobicity simultaneously), and therefore they are widely employed in industry 

from producing motor oils to cosmetics. However, current design of surfactants for 

different industrial applications are based on a trail-and-error methodology, rules of 

thumb and empirical knowledge.
2
 Cost for an acceptable formulation is expensive, and 
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therefore, the demands on enhancing the efficacy of customizing properties of surfactant 

have necessitated alternative design methodologies. Various molecular modeling tools 

have demonstrated their usefulness in rationally designing novel material’s property 

especially surfactants at atomic scale. With molecular modeling techniques, scientists 

have been able to establish the molecular theory on specific ion effect on surfactants, and 

the consequence of incorporating different inorganic salts on micellization of ionic 

surfactants.
22

 In another research using a coarse-grained (CG) molecular model for 

studying nonionic surfactants, scientists were able to demonstrate transferability and 

versatility by applying the model to the bulk aqueous solution as well as to the air–water 

and oil–water interfacial systems, and therefore several important surface properties were 

able to be investigated.
23

 

Another successful application of molecular modeling for novel materials is in 

designing artificial engineered mimetic materials,
3, 4

 especially for biomimetic materials 

like extracellular matrix (ECM). The ability to predict interactions between collagen 

molecules and some specific domains on integrins demonstrates the power of molecular 

modeling in exploring novel materials’ properties.
24

 In another biomimetic application, 

researchers also presented the successful use of in silico-based approaches to study some 

aspects of molecular imprinting.
25

  

 

1.2 Computational techniques in investigating complex self-assembly systems 

Designing materials made of pre-programmed building blocks that spontaneously 

organize into structures (which is so-called “self-assembly”) with unique and complex 

properties have long been a dream for researchers. Many complex biological structures 

(virus shells, DNA, etc.) have achieved robust assembly via evolving specific interactions 
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between the components. Self-assembly permits material structures far more complex 

than traditional materials, one of the most ubiquitous self-assembly processes in physical 

chemistry is the hierarchical organization of amphiphile molecules into a huge variety of 

patterns as micelles, rods or liposomes among others.
26-28

  

While synthetic polymers are connected with strong covalent bonds, self-

assembled materials are organized with ordered and relative stable arrangements only 

through weak non-covalent bonds.
29

 Notable hydrogen bonds, ionic bonds, π-π 

interactions, hydrophobic interactions, van der Waals interactions and water-mediated 

hydrogen bonds are major forces that mediate molecular self-assembly. The ubiquitous 

fabrication procedure leads to tremendous engineering possibilities, which is the major 

application of self-assembly at the nanoscale designed material field from a technological 

point of view.
30

 

On the other hand, the spectroscopically elucidated size and shape of hydrogels 

are usually on tens of nanometers scale, and such resolution is too low to illustrate any 

molecular mechanism behind assembly. With molecular modeling, we can connect the 

building blocks’ structural information to their ability of assembling with non-covalent 

interactions. 
31-33

  More importantly, we are able to unveil the self-assembly through a 

hierarchical investigating procedure. Macromolecular assemblies can exhibit a 

hierarchical nature.
34

 For instance, viruses’ capsids are hierarchically formed from 

protomers, pentamers or hexamers.
35

 With computational approaches, not only the 

conformational features can be measured, but also a hierarchical multiscale. To 

investigate the self-assembly procedure, many theoretical studies have been performed.
36-

38
 Aggeli et al. presented a theoretical model on peptide monomers and suggested that 

beyond initially assembled β-sheet tapes, amphiphilic property presented on such tapes 

can further drive them into higher order structures, which was so-called “hierarchical 
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self-assembly”.
38

 Recently, Yu et al. applied potential of mean force (PMF) with steered 

molecular dynamic simulations(SMD)
39, 40

 for the transition between the bound and free 

states of 90 peptide amphiphiles (PAs) in aqueous solution; they demonstrated a 

hierarchical assembling process involves reorganizing and forming a conformational 

disorder-to-order transition.  In our recent papers
3, 4

, using molecular modeling 

techniques, we discussed hierarchical assembly using Fmoc-dipeptides along with 

experimental evidences.  

 

1.3 Recent advances in simulation methodology 

Two major molecular modeling methods are widely applied during the past 

decades
1
: 1) ab initio quantum mechanics, which came along many years before the 

invention of the first computer and provide potentially highly accurate methods and are 

typically feasible only for small systems; 2) molecular mechanics (MM) which is also 

based on Born-Oppenheimer approximation but built upon a simple model of the 

interactions (e.g. Hooke’s law) with contributions from processes such as the stretching 

of bonds, the bending of angles and the rotations about bonds. The non-bounded 

interactions are described by atomic charges and vdW repulsion and dispersion. Although 

it remains to be seen how effective “in silico biology” will be, clearly the biophysics 

community is excited with the adventure of more novel computational techniques for 

exploring three-dimensional (3D) structures of biomolecules.
20

 Following categories 

reflect recent improvements that lend computation an advanced foundation than ever 

before: 
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1. Improved instrumentational and experimental techniques are making 

tremendous available biological data to be analyzed.
41

 Advanced emerging procedures 

in biomolecular NMR and electron spectroscopy are also accelerating the rate and 

promoting both the accuracy and scale of structure determination.
42-44

 Although 

limitations still remain for macromolecular complexes, computational scientists can use 

these structures with other experimental data and biological information as solid bases for 

simulations and computer analyses. 

2. Innovative models and algorithms for molecular simulations speed up 

molecular simulations. All-atom MD simulations has improved substantially over the 

past decades, more and more sophisticated versions of molecular modeling systems 

emerged and sheded insights into important biological processes,
45

 including polarizable 

forcefield
46-49

, enhanced sampling methods
50-52

, etc.  

3. The advancement of supercomputers, parallel processors and distributed 

computing systems promotes the computational research. Over the past decade, the 

system sizes and time scales accessible to biomolecular simulations have grown 

exponentially. Accurate models(force fields), sufficient sampling and robust data analysis 

all require powerful and tractable computing systems and softwares. Three main fronts 

have made millisecond simulations possible: efficient parallelization of MD codes, 

specialized hardware, and statistical analysis of multiple independent trajectories.
53

 

Computational simulation is demanding and challenging and therefore needs many 

computer processors in parallel to accelerate it. In most cases, parallelizing an simulation 

implies that the transistor density improvements predicted by Moore’s law do not 

automatically apply. To deal with this, recent softwares that parallelize MD force 

calculations across multiple computer processors or GPUs have become much more 

efficient and scalable. The widely used MD codes NAMD 
54

, GROMACS 
55

, and 
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AMBER
56

 have all substantially improved their parallel performance in recent years. 

Using Texas Advanced Computing Center’s (TACC) high performance computing 

(HPC) systems, over 100 ns/day’s MD simulation performance could be achieved across 

computer clusters. Desmond, a software package developed at D. E. Shaw Research has 

even achieved performance approaching 500 ns/day.
57

 

 

1.4 Modern force field development 

While improvement of potential energy functions has been an ongoing enterprise, 

development of rigous force fields ensures that calculations produce accurate molecular 

geometries and interaction energies(energy surface). A molecule is represented as a 

mechanical system in which balls (atoms) are linked by springs (bonds) in a force filed 

system.
20

 During the past years, force field parameters are optimized in a ‘self consistent’ 

fashion 
58

, so as to reproduce the experimental information on molecular geometries 

(from crystal and solution studies) and many other properties: liquid density(ρ ), heats of 

evaporation (Hvap), hydration free energy(HFE), etc.
50, 59-62

 The use of dynamic 

simulations to assess the quality of the force field and to refine parameters — so as to 

better reproduce structural properties and molecular interaction energies—has already 

been widely acknowledged as an improvement over procedures.
63-65

 

Another great improvement is overcoming the limited representation of 

electrostatic fields with atomic partial charges by introducing polarizable force field. 

Notable alternatives to fixed atomic partial charges force fields have been proposed.
5, 46, 

60, 66-69
 CHARMM Drude oscillator model is one of the popular models where its 

polarisability is included using dummy particle attached to the centre of an atomic 

particle via harmonic springs.
5, 70

 A more important milestone during the development of 
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force field is the introduction of AMOEBA force field, which includes induced dipoles 

and replaces partial charges with permanent atomic multipoles. Overall improved 

electrostatic models for modern force field development is still in its early stage. Only 

few polarizable models have reported parameters for biomolecules
48

, including 

AMOEBA
59

, SIBFA
71, 72

, PFF, CHARMM-FQ
73

. Comprehensive reviews have covered 

the basics of various modern polarizable force fields.
47, 66, 74-83

 Due to the focus of this 

thesis work, AMOEBA force field will be introduced and discussed in details in the 

following paragraphs.  

The distortion of electron density in response to an electric field presented by the 

surrounding environment is referred as “polarization”. A wide range of electrostatic 

environments can be modeled more faithfully by explicitly including polarization effect 

in molecular mechanic models. In such a system, the electrostatic energy associated with 

induced dipole can be expressed as: 

 

 

 
1
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where 
pol

i  is the induced dipole vector on atomic polarizable site i, which can be 

expressed as: 
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       (1.2) 

where M is the permanent multipole moments, T is the multipole interaction operator, and 

G is the “polarization group” (further explained below) that atom i belongs to. In 

equation (1.2), the first term on the right hand side within the parenthesis is the “direct” 

electric field, E, due to permanent multipoles from outside the group (index j). The 



 10 

second term corresponds to “mutual” induction by other induced dipoles (index k). 

Direction induction only occurs among groups of atoms while mutual polarization 

involves every atom pair. The induced dipole in equation (1.2) can be solved iteratively to 

obtain the final induced dipoles. Comparing with Applequist’s inducible dipole model 
84

, 

the Thole model in AMOEBA, involving damping at short-range AMOEBA is able to 

avoid the “polarization catastrophe” (numerical singularity). Damping is effectively 

achieved by smearing one of the atomic charge distributions, when evaluating 

polarization energy, field and gradient. In AMOEBA force field, the smearing function 

for charges has the functional form: 

 

33
exp( )

4
u


 


 

          (1.3) 

 

where 
6/1)/( jiijru 
is the effective distance as a function of linear separation rij and 

atomic polarizabilities of sites i(i) and j(j). The factor β is a dimensionless width 

parameter of the smeared charge distribution to effectively control the damping strength, 

and therefore avoid polarization catastrophes at small separations if point induced 

charges/dipoles are used.  

The gradient of the polarization energy can be derived from equation (1.1). A 

quantity
111 TC    is defined as symmetric (i.e. CC t  ). The equation (1.1) can be 

rewritten as: 

11

2

TU E C E 
        (1.4) 
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Note the E here is the permanent field arising from other permanent atomic 

multipoles. Kong has described in details how to derive the analytical gradient of the 

polarization energy 
85

. 

However, applying this model to large molecules with intramolecular polarization 

has a potential problem. the intramolecular nonbonded interactions between atoms joined 

by 3 bonds (1-4 interactions) or less in between are ignored typically or scaled (i.e. 

masked) in molecular mechanics. The explanation is that interactions are already 

included in the valence energy terms. To take advantage of the intramolecular 

polarization in modeling conformational energetics, the polarization energy is designed 

as a group-based polarization scheme: 

 

                       
11

2

T

pU E C E

                            (1.5) 

where the subscription “p” indicates the permanent field in group based polarization 

process that produce the induced dipoles. The other E is the permanent field involved in 

the atomic based interactions where 1-2 and 1-3 interactions are skipped, 1-4 and 1-5 

interactions are scaled by 0.4 and 0.8, respectively. The gradient then follows: 
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         (1.6) 

When the masking rules for intramolecular direct induction and polarization 

energy are the same, it reduces to a simple expression: 
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                   (1.7) 

which is the exact gradient for a system such as water where there is no intramolecular 

polarization originated from internal permanent multipoles.  

Efficient Particle-mesh Ewald (PME) method has been implemented
86, 87

 to 

compute the long-range electrostatic interactions. With high-order moments, a smaller 

real-space cutoff distance (e.g. 7 Å) can be used to achieve the same level of accuracy 

compared to fixed charge model (~9 Å), and therefore more work is shifted the reciprocal 

space. This improves the computational cost for serial or limited parallel jobs. In a 

previous publication, the detailed formula for real-space Ewald calculations of 

polarization energy, force and toruqe can be found.
46, 68

 A subsequent paper
69

 also 

discussed the additional algorithm for large molecules with intramolecular group-based 

polarization.  

Currently, AMOEBA force field is still under intensive development, but it has 

been successfully applied to various systems. AMOEBA’s incorporation of permanent 

atomic multipoles and polarization effect allows one to explore electrostatic properties 

beyond the scope of fixed-charge models. Generally, AMOEBA performs well in both 

gas and liquid phases for various organic and inorganic molecules including water, ions, 

small molecules, peptide and proteins.
46, 69, 88-95

 In the studies where polarization and 

accurate electrostatics are critical, such as in protein-ligand binding calculations and X-

ray crystallography high-resolution refinement, AMOEBA has also been demonstrated 

well.
93, 96-100

 Plenty existing and newly released software packages have implemented the 

AMOEBA polarizable force field, including TINKER 
82

, Amber 
56, 101

, OpenMM 
102

,and 

Force Field X 
103

. With the development of computing technology, TINKER and FFX are 
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now capable of shared-memory parallelization, Amber PMEMD is MPI capable and 

OpenMM now runs on GPUs. 

To deal with the tedious parameterization procedure, Ren’s lab developed the 

program “POLTYPE”, which could automate the derivation of atomic multipoles from 

QM calculations, assigning atomic polarizability, vdW and valence parameters, and fit 

the torsions around the rotatable bonds if requested by the users. 
104

 Recent works on 

AMOEBA force field development has already sucessfully applied POLTYPE.
62

 

 

1.5 Recent applications of AMOEBA force field 

1.5.1 Hydration free energy calculations 

Multiple biological functions in the fields of pharmacology and biochemistry are 

served by small molecules; small molecules are indispensible from producing building 

blocks, substrates and inhibitors in human bodies to interfering with the protein targets in 

drug design strategy.
105-109

 Evaluating the hydration free energy (HFE) of small 

molecules is important in predicting behaviors of biological molecules and protein-ligand 

binding free energy.
110

 HFE is also useful in estimating the solubility for both 

pharmaceutical and chemical engineering purposes. As the natural test for a force field, 

HFE has been widely applied in validating accuracy of a designed force field. During the 

past years, by improving the fixed-charge force fields, extensive simulation studies on 

HFE have emerged to reduce the mean unsigned error (MUE) of predicted HFE to about 

1.0 kcal/mol of organic small molecules.
111

 A smaller discrepancy is critical in protein-

ligand binding calculations, because large errors in HFE might draw the conclusions to 

wrong directions.  
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Computing HFE with fixed charge models challenges researchers with the 

procedure of deriving atomic charges from gas-phase QM but corresponding to a liquid 

environment.
110

 It is unclear how these charges would perform in a different chemical 

environment even with perfect HFE. HFE is computed via a free energy alchemical 

transformation procedure using the Bennett acceptance ratio (BAR) method 
112

 with 

AMOEBA force field. A wide range of organic compounds has been tested to show that 

it is possible to achieve a MUE less than 1.0 kcal/mol due to the incorporation of atomic 

multipoles and polarization in HFE calculations, and such improvement is crucial for the 

development of more rigors force field for biomolecules including protein and nucleic 

acid.
69, 110

 There are 30 common biochemical small molecules summarized by Ponder et 

al. for the calculated HFE of using AMOEBA force fields, the rms error comparing to 

experimental values is 0.68 kcal/mol, results are shown in Figure 1.1.
110

 Simulation 

protocols on HFE calculations using AMOEBA have been explored and determined by 

Shi et al. 
91

 With AMOEBA, diffuse basis functions’ incorporation (e.g. aug-cc-pVTZ as 

the basis set) is shown with great importance in deriving the permanent atomic 

multipoles. Many other chemical groups such as phosphate and halogens are yet to be 

carefully examined. In our recent work, we have determined paramters for halogens with 

AMOEBA, which will be presented in later chapters.
62

 

 

1.5.2 Ion modeling 

Many of metal ions including sodium, potassium, magnesium and calcium are 

essential to living organisms.
113, 114

 Approximately one-third of currently found protein 

structures in Protein Data Bank containing metal ions which are critical for biochemical 

functions.
115

 To understand the structure and function of biomacromolecules, a 



 15 

comprehensive illustration of the interactions between biomolecules and metal ions is 

required. Conformational changes,
94, 116

 electrostatic and coordinative interactions 
117

 are 

usually involved in ion-protein interactions; to take a deeper look into such convoluted 

process, dynamics and energetics properties require a more specific force field.  

Fixed-charge models cannot capture structural and dynamic details of ions due to 

the inability in representing the ionic size and high charge distribution. Polarizable force 

field has demonstrated its success by the study of a number of anions and cations, 

including Na
+
, K

+
, Mg

2+
, Ca

2+
, Zn

2+
, Cl

-
, Br

-
, and I

- 
.
88-90, 118-121

 With AMOEBA, 

solvation enthalpies and solvation free energies of ion-cluster can be evaluated via MD 

simulations. In a recent report, Zhang et al. examined Zn
2+

 coordination with organic 

compounds and protein side chains with AMOEBA.
94

 The importance of polarization 

effect on both MMP complexes and zinc-finger proteins was shown; what is more, the 

coordination geometry of Zn
2+

 which is fundamental in regulating metalloenzymes’ 

catalytic activities was identified via polarization force field.   

 

1.5.3 Protein-ligand binding  

Biomolecular functions, from enzyme catalysis to intracellular signaling, almost 

all depend on the specific binding between proteins or protein and ligand and the the 

characterization of the binding interaction is affinity. During the past years, AMOEBA 

model has been applied to calculate the protein-ligand binding affinities for a few known 

systems.
93-95, 98

 For example, trypsin-benzamidine system has been selected as a classic 

model to investigate 
93, 98

. The absolute binding free energy of benzamidinium and the 

relative binding free energies of a series of benzamidine analogs were computed using 

alchemical transformation, and the average error was within 1.0 kcal/mol, and the 
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calculated results were corroborated by experimental observations 
122-124

. Using 

AMOEBA model with free energy decomposition calculations, Jiao et al. showed that 

ignoring the polarization effect moving from water to protein environments will likely 

lead to an overestimation of ligand-protein binding free energy;
97

 they also found that 

implicit solvent-based calculations could be reliable if alchemical transformations were 

applied to achieve the sampling. 

Furthermore, the AMOEBA model was also successfully applied to examine the 

effect of conformational constraint on phosphorylated ligand binding to SH2 domain.
95

 In 

this study, an “entropic paradox” during the ligand preorganization was observed which 

suggested a trend that the binding of unconstrained peptides can be entropically more 

favorable.
95

 In this simulation, not only the experimental trend was reproduced, a 

reasonable explanation about “entropic paradox” phenomenon was also introduced by 

lower conformational entropy of the unconstrained peptide ligands in solution due to the 

specific intramolecular interactions. 

 

1.5.4 X-ray structure refinement and prediction  

A biomacromolecule’s 3-D conformation can largely determine its functions. X-

ray crystallography has been widely used to obtain biomolecule’s structure.
125, 126

 

However, to resolve the 3D coordinates using the collected diffraction data equires 

further calculation, refinement and prior chemical knowledge. An improvement of X-ray 

crystallography refinement using olarizable atomic multipoles evaluated by particle mesh 

Ewald (PME) 
86

 summation has been applied by a series successful studies by Schnieders 

et al. 
127-131

 With the incorporated symmetry operators into PME electrostatics, the 

accuracy as well as efficiency were largely improved. The reliability and affordability of 

http://www.jukuu.com/show-affordability-0.html
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introducing PME to X-ray refinement were for the first time demonstrated of a range of 

system sizes being encountered in macromolecular crystallography. Moreover, a 

consistent procedure to predict structure, thermodynamic stability, and solubility of 

organic crystals was also introduced. 
128, 132

 As has been introduced previously, solubility 

is a key parameter in determining the bioavailability and efficacy of pharmaceutical 

compounds. Considering that an organic compound may exist in multiple stable crystal 

forms (polymorphism), using the orthogonal space random walk (OSRW) sampling 

strategy, structures and standard state solubility of a series of n-alkylamides series could 

be further accurately calculated with the polarizable multipole force field.
133-136

 

1.5.5 Future directions 

The next generation polarizable force fields’ development has prompted 

significant progress in computational chemistry during the past years. Considering the 

long-range nature and strong dependence on the local chemical and physical 

environments, sophisticated models have been introduced to treat electrostatic 

interactions. More accurate description of electrostatic interactions can be provided by 

atomic multipoles or Gaussian distributions beyond traditional spherical atomic charge 

representation. Among a wide range of molecular systems across various environments, 

introducing the polarization effect could bring more flexibility and better transferability 

to force field development. From water to ions, from small organic molecules to proteins, 

polarizable force fields have demonstrated their success. 

However, challenges still exist for the development of force fields with advanced 

electrostatics. Due to the introducing of complex algorithms, computational expense will 

be keeping increased. Another issue is many-body polarization which requires 
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computationally costly procedure including the self-consistent iteration to converge the 

induced dipoles. More advanced and efficient configurational sampling algorithms 

including replica exchange MD and simulated annealing are now becoming necessary to 

advance the application of polarizable force fields. Due to the fast applications, after 

careful parameterization, the fixed charge model remains useful in many situations 

besides polarizable models which provide more accurate descriptions of electrostatic 

interactions especially at the short-range. In future’s work, more advanced force fields 

can potentially be developed to overcome challenging parameterization problems, or used 

in combinations with fixed-charge force field. Other nontrivial electrostatic interactions, 

including short-range electrostatic penetration and charge-transfer effects, can be 

important in certain molecular systems and will likely become the focuses in future. 

 

1.6 Overview of thesis work 

In this dissertation, the application and development of molecular modeling on 

investigating biomolecules’ interaction are both presented. By modeling the molecular 

interactions between Fmoc-conjugated short peptides, a deeper insight into the 

hierarchical self-assembly mechanism with mutiscale simulational techniques was 

obtained. More importantly, in contrast to previous hypotheses, we have shown both 

computational and experimental evidences that β-sheet hydrogen bonding between 

adjacent molecules within a supramolecular structure is likely not important in driving 

and stabilizing self-assembly. Further, our computations also revealed an amphiphilic 

nature on the intermediate fibril’s surface which may also explain the explanation of 

higher ordered hierarchical assemblies observed in TEM results. During the development 

of a polarizable multipole-based molecular mechanics model, to guarantee the quality of 
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the force field, we combined the experimental evidences of density, heat of vaporization, 

hydration free energy, solvent reaction fields and ab initio data with our calculation and 

parameterization. We established a systematical development and parameterization 

procedure of AMOEBA organochlorine compounds force field, and we have shown its 

significance in reproducing the special properties those organochlorine compounds 

possess especially the σ-hole effect. 

 

.  

Figure 1.1 Hydration free energy of small molecules using AMOEBA 
110

. 
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2  M1odeling Biomimetic Materials and Self-assembly of Fmoc-peptides 

 

2.1 Introduction 

2.1.1 Biomimetic materials 

Recently, there is a growing interest in engineering novel molecules which can 

mimic the key characteristics of biomolecules structurally and functionally, which has 

been socalled “biomemetic materias”.
137

 Those biomimetic materials can be manipulated 

by altering design parameters of the material. There are two major classes of biomimetic 

materials
138

: those that are derived from naturally occurring molecules and those that 

recapitulate key motifs of biomolecules within biologically active synthetic materials. 

Tremendous opportunities for novel materials and therapeutics are presented by applying 

mimetic materials, and considerable efforts have been made to explore novel peptide-

mimetic molecules during the past years. 
139-148

 

A large class of novel materials used for biomimicry is polymeric-based 

hydrogels, which can mimic the highly hydrated viscoelastic properties of the natural 

extracellular matrix (ECM). Characteristics of the ECM guide the design of biomaterials 

for use in tissue engineering and regenerative medicine. To be specific, two key features 

have been the overal goals of micmicking: the presentation of adhesion molecules and the 

sequestration, the ability to display and release growth factors. Biologically derived and 

biologically produced materials include collagen, fibrin, glycosaminoglycans and most 

                                                 
1 Some results in this chapter have been discussed in our previous paper: 

Mu, X.; Eckes, K. M.; Nguyen, M. M.; Suggs, L. J.; Ren, P., Experimental and Computational Studies 

Reveal an Alternative Supramolecular Structure for Fmoc-Dipeptide Self-Assembly. Biomacromolecules 

2012, 13 (11), 3562-3571. 

 

These authors contributed equally to this work. 
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importantly discussed in this thesis work, self-assembling polypeptides. Those materials 

allow transport by diffusion and interstitial flow, and present soluble, affinity-bound, or 

covalently bound biological factors. In this thesis, we mainly focus on introducing the 

self-assembling materials which can spontaneously aggregate into hydrogels.  

Those synthetic hydrogels for biomimicry in tissue engineering can be formed 

from a number of hydrophilic synthetic polymers or polysaccharides, including 

poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA), poly(hydroxyethyl 

methacrylate) (poly(HEMA)), alginate derivatives, and others, and have been reviewed 

extensively in the literature.
138

A major methodology of producing polymeric-based 

hydrogels is to covalently cross-link polymers into hydrogel networks by several 

mechanisms including chain-growth polymerizations (such as photopolymerization) and 

step-growth polymerizations (such as Michael-addition reactions). For biologically 

derived materials, a molecular-level control over biological characteristics and 

biomechanics are expected to be gained. 

Different from those covalently cross-linked polymers, important progress has 

been made using supramolecular self-assembly of biomolecules to form nanofibrillar 

matrices in situ. These approaches mainly use non-covalent intermolecular interactions to 

fabricate higher order structures by self-assembly of oligomeric peptide, nucleotide and 

non-biological amphiphilic building blocks.
137, 149

 Such method will be discussed with 

details in the following paragraphs. 

 

2.1.2 Biomimetic self-assembling peptides 

Self-assembly methods provid a “bottom-up” route to fabricating novel complex 

structures with nanoscale precision. Numerous examples of applying the self-assembly of 
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low molecular weight organic molecules to form hydrogels can be found in literature,
3, 4, 

139, 150-152
 and of these, hydrogels composed of self-assembling, peptide-based small 

molecules hold promise for their potential applications in biomedical applications such as 

tissue engineering and drug delivery.
153-156

 Using short peptides as building blocks 

enables a great versatility to be incorporated into the structures that peptides form, their 

physical properties and their interactions with biological systems. In contrast to 

traditional hydrogels composed of chemically cross-linked high molecular weight 

polymers, gel materials based on self-assembling peptide conjugates can consist of low 

molecular weight components. These materials may therefore be more sensitive to in 

vivo chemical and physical stimuli than polymeric hydrogels, and therefore more safely 

degraded by the body. Unlike many polymer hydrogel systems, molecules self-assemble 

via a pH or temperature trigger and can be delivered via transdermal injection and gelled 

in situ, minimizing the invasiveness of the procedure required to place them under cell-

tolerable conditions.
36, 37, 151, 152, 157-160

 Zhang and coworkers developed a class of 

nanofibrillar gels with very high water content (> 99%) cross-linked by assembly of self-

complementary amphiphilic peptides in physiological medium.
161

 Other similar scaffolds 

have been reported and customized to deliver growth factors and cells, for example, gels 

of RAD self-assembling peptide have been used to encapsulate several growth factors to 

accelerate dermal wound healing and myocardial repair.
162-164

 Being peptide-derived, 

materials are becoming more easily customized with bioactive sequences and serve to 

enhance cell adhesion or induce specific signaling pathways. 

Among self-assembling peptide-based gel materials, those created by Stupp and 

co-workers have drawn lots of interests recently.
165, 166

 They reported a class of 

engineered peptide amphihiles (PAs) consist of a hydrocarbon tail conjugated to a short 

(8-12 residue) peptide sequence, with the inner residues having a high propensity to form 



 23 

β-sheet type hydrogen bonding interactions with neighboring molecules.
167

 The designed 

self-assembling oligomeric-amphiphiles by Stupp et al. allow incorporation of specific 

biomolecular signals without inhibiting the self-assembling properties and nanofiber 

formation.
168

 Using scaffolds presenting the laminin-derived peptide Ile-Lys-Val-Ala-

Val, encapsulated neural progenitor cells were observed to differentiate into neurons. 

Besides the design on self-assembling materials, Stupp and coworkers also suggested that 

the supramolecular arrangement of these molecules was a cylindrical fibril, stabilized by 

hydrophobic interactions among the hydrocarbon tails and by hydrogen bonding between 

the β-sheet forming segments. A recent molecular dynamics study of the proposed 

assembly confirmed this general structure, demonstrating the water- and ion-excluding 

properties of the hydrophobic core as well as the extensive hydrogen bonding between 

adjacent peptide segments.
169

   

Recently it has been shown that much shorter (2-5 residues) peptides conjugated 

to aromatic N-terminal protecting groups (such as fluorenylmethoxycarbonyl (Fmoc), 

naphthalene, pyrene) can also self-assemble into gels.
151-154, 169-174

 Fmoc-protected 

peptides and dipeptides are widely available for use in solid phase peptide synthesis. 

Gelation of certain Fmoc-peptides has been demonstrated by changing the temperature, 

adding an excess of water to a miscible organic solvent containing the peptide conjugate, 

or by manipulating the solution pH.  

Previously, Fmoc-peptides are thought to form nanometer diameter fibril 

structures stabilized by noncovalent interactions between aromatic protecting groups and 

β-sheet-like hydrogen bonding between amide bonds on adjacent molecules such as PA 

system.
165, 166

 However, the proposed supramolecular arrangement of the conjugated 

peptides is different. Smith et al.
159, 160, 175

 proposed a model in which pairs of Fmoc-

diphenylalanine molecules are arranged in a helix around the long axis of a tubular fibril 
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in an anti-parallel manner. The authors for the first time offered a theoretical 

confirmation of the energetic feasibility of such structure; however, potential energy 

minimization typically leads to local minima, considering the potential conformational 

changes during the time evolution in self-assembly, MD simulations are more 

favorable.
176, 177

 MD can remove unfavorable interactions that remain after energy 

minimization. Therefore, MD can overcome the minimization’s inadequacy in predicting 

the entropically favored conformations and therefore has been widely used in other self-

assembly studies in recent years.
169, 178-182

  

 

2.2 Computational methods 

Initial structures preparations. We used TINKER
183

 to build Fmoc-AA 

molecules as in Figure 2.1. As shown in Figure 2.2, all the fibrils are cylindrical 

nanofibrils, “Cubic 4” has 4 molecules placed as a “cross” on each layer; “Cubic 5” has 5 

molecules with the alanines radiating outward; “Cubic 6” and “400 ns” has parallel 

placed Fmoc-AAs also with alanines radiating outward. The plate layers are all rotated 

35.9 degrees relative to the adjacent layer except Cubic 4’s fibril. For SA and 400 ns 

models, the distance between each layer is 4.5 Å and 5 Å for all Cubic models. A lower 

density of molecules on each layer (like 2 or 3 Fmoc-AA molecules on each layer) will 

result in an unstable fibril. Specific geometrical details are listed in Table 2.1. 

Details of atomistic simulations. We built and parameterized individual Fmoc-

AA molecules with TINKER and GROMACS (version 4.5.4).
184, 185

 For the Fmoc 

residue, an OPLS-AA-type molecular mechanics model was developed in both TINKER 

and GROMACS. The atomic charges for new atom types in the Fmoc residue were 

derived by QM calculations; the bond, angle and vdW parameters were transferred from 
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OPLS-AA, OPLS-AA/L
186-188

 and MM3 force fields
189

; the torsion parameters were 

derived by fitting the MM calculations to the QM potential surface (details about 

parameters are provided in supporting information). Some of our molecular dynamics 

simulations were performed on TACC Ranger (3,936 16-way SMP compute, 15,744 

AMD Opteron™ processors for a total of 62,976 compute cores, 579 TFLops Peak) and 

TACC Lonestar (Dell PowerEdge 1955 Blade, 55.5 TFlops Peak, 1300 nodes, 2 Dual-

Core Xeon 5100 at 2.66 GHz, InfiniBand interconnection).  

We performed all simulations and calculations using Gromacs 4.5.4 and 4.5.3with 

OPLS-AA force filed
187, 190, 191

, and applied periodic boxes with explicit water molecules. 

For MD simulation, except simulated annealing and REMD, all starting structures were 

subjected to steepest descent energy minimizations with 5000 maximum steps to remove 

high-energy contacts. Before the productive MD, in order to keep the system stable at 

300 K and 1 bar, a 100 ps NVT and a 100 ps NPT equilibration were applied 

respectively. During the productive MD, all bonds were constrained using LINCS 

algorithm
192, 193

; for every 10 fs, neighbors were searched in grid cells with 1 nm as cutoff 

values for short-range neighborlist, electrostatic and van der Waals; long-range 

electrostatics were treated with the particle mesh Ewald method
194

 with a grid spacing of 

0.16 nm; constant temperature and pressure were maintained by coupling the system to 

an external bath at 300 K and 1 bar, using velocity rescaling and Parrinello–Rahman,
195, 

196
 respectively. A 2 ps pressure coupling time was applied and the isothermal 

compressibility of water is 4.5×10-5 bar-1. A leap-frog integrator with the integration 

time step of 2 fs was used.
197

 Gromacs OPLS-AA force filed with our fitted parameters 

for Fmoc group was used for the Fmoc-AA, and TIP3P model was applied for water. In 

SA of Fmoc-AA molecules self-assembly, the initial fibril structure was the first 15 

layers of the 400 ns model. The system temperature was firstly heated up from 288 to 300 
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K in 0.5 ns, and then linearly and gradually cooled down to 0 K in the following 39.5 ns. 

We randomly extracted 120 frames during the temperature dropping from 700 to 290 K 

in SA that covered the conformational space broadly, and those frames were then used in 

REMD as initial structures; a set of temperatures ranging from 280 to 600 K was 

estimated and preset in order to maintain the success rates of exchange within 20-30%. 

 

2.3 Results and discussion  

Our model gelator, Fmoc-Ala-Ala (or Fmoc-AA, Figure 2.1), is a simple 

molecule known to to form a self-supporting gel. and has been confirmed in our study 

with transmission electron microscopy and circular dichroism experiments.  

Circular dichroism measurements confirm the assembly of Fmoc-AA. We 

observed an increase in dichroism which could be attributed to an increase in the apparent 

chirality of the sample; this increase in “nanoscale chirality” is a known hallmark of the 

self-assembly process. We also performed TEM analysis to confirm that the nanoscale 

morphological features of Fmoc-AA gels were similar to those reported for other Fmoc-

dipeptide gels. In our TEM results, the ribbon width ranges from 10 to 50 nm with 

striations, which likely indicate a laterally aggregation hierarchical structure. Smith et 

al.
159, 160, 175

 also reported this observation, and they estimated the fibril diameter (26.0 Å) 

using image filtering and analysis techniques. 

 

2.3.1 Molecular simulations of self-assembly and stability analysis 

We carried out molecular dynamics simulations to investigate the self-assembly 

of Fmoc-AA fibrils. Inspired by previous work on PAs and the duplex structure of DNA, 

several simulations on different initial fibril structures consisting of loosely stacked 
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“layers” were initiated with four, five, or six fully protonated Fmoc-AA molecules, as is 

shown in Figure 2.2. According to the number of Fmoc-AA molecules in a single plate 

and the geometry of the water boundary, each fibril model was named: e.g. “Cubic 4” 

refers to the model in which the initial structure is a 20-layer containing 4 Fmoc-AA 

molecules each, and this structure was placed in a cubic box of water molecules for the 

simulation. We performed several different initial configurations to determine what effect 

initial conditions might have on the final assembled structures, and each system was 

subject to 160 ns room-temperature MD simulations or more.  

We also attempted “ab initio” predictions using simulated annealing (SA)
198

 to 

explore the assembly process without well-defined initial structures. SA is a global 

optimization algorithm designed to search for an optimal configuration. In SA, random 

configurations were generated during the “heating up” to procedure and gradually 

“cooled back” down to a lower temperature in the molecular dynamics simulations. As 

shown in Figure 2.2 E, during the SA procedure the initial fibril was heated up and the 

structure falls apart; Fmoc-AA molecules were randomly distributed in the water box 

without any aggregation. As the system is cooled, Fmoc-AA molecules begin to assemble 

together into a fibril. However, with finite simulation time length, the optimal structure 

(at a global energy minimum) is not guaranteed to be the output. Therefore further 

simulations using replica exchange molecular dynamics (REMD) were performed. 

REMD is a technique that utilizing the faster kinetics at the high temperature to 

accelerate the sampling at room temperature and therefore to overcome protein folding 

problems with multiple minima.
199

  

The Metropolis criterion used for replica exchanges is the standard Boltzmann 

distribution criterion: 
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   (2.1) 

   (2.2) 

REMD has been already utilized to successfully fold small proteins 
200-203

 and 

study self-assembly.
179, 204

 In our REMD, simulations were performed in parallel on 120 

replicas of the molecular system, each at different temperatures from 280 to 600 K for 

100 ns (for detailed information see Table 2.1). 
178

 The structures in the neighboring 

replicas were allowed to exchange with a success rate greater than 0.18. In this work, a 

collection of structures at different temperatures extracted from the SA process was used 

as the initial structures for REMD. Considering the computational cost, a smaller system 

with 60 Fmoc-AA molecules was applied in a 396 nm
3
 rectangular water-containing box.  

The last frame of each simulation (Figure 2.2 A to D) shows that though each 

model has been compacted and reorganized during the simulation, still a fibril shape was 

maintained. The REMD ensemble at 299 K also lead to a similar fibril shape to the SA 

assembled fibrils in Figure 2.2 E. It is also apparent from these frames that the 

hydrophobic fluorenyl rings are buried but not completely inaccessible to water, which 

may help to explain why lateral aggregation of fibrils into larger fiber structures is 

observed in TEM and therefore intrigued us to study the hierarchical higher-order 

assembly mechanism later.  

The stability of each model’s assembly was also estimated by calculating the 

solvent accessible surface area (SASA) per molecule over the course of the simulation. 

Results are displayed in Figure 2.3. SASA quantitatively represents the contact between 

solute and the solvent to depict the changes and rearrangements of hydrophobic surfaces 

during the molecular assembly.
205

 The space between Fmoc-AA plate layers lessens and 

the structure becomes more compact during the assembly process. Those initially located 
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in the hydrophobic “hollow”(Fmoc rings) water molecules are expelled out of the fibrils 

during the simulations, and therefore the SASA per molecule decreases, suggesting the 

process of the aggregation of molecules. We further calculated hydrogen bonding 

between water and Fmoc-AA to provide additional information about assembly.  

Figure 2.3 and 2.4 show the convergence of the SASA of each fibril model and 

the number of hydrogen bonds between water and Fmoc-AA during the simulations. Both 

numbers drop quickly during the first few nanoseconds of the simulation, which suggests 

a rapid aggregation and assembly of molecules. After 50ns, all systems become stable. 

Regardless of the nature of the initial starting structures, converged values are reached for 

both SASA (~1.7 nm
2
/molecule) and hydrogen bonds (~4 bonds/molecule). We took the 

frames from the simulated annealing at a high temperature, and the Fmoc-AA units are 

not in a fibril form, but randomly distributed in the water box.  

The stacked fibril-like configurations were quickly exchanged to and stayed in the 

299 K ensemble, during the exchanges of replicas between different temperature 

conditions. Our MD simulations confirm that the self-assembly is a robust phenomenon 

and the fibril structure is energetically favorable. 

 

2.3.2 Experimental WAXS results confirm the molecular dimensions derived from 

simulations 

A further validation of our computational simulations was performed by 

comparing molecular dimensions calculated from Radial Distribution Functions (RDF) 

with actual d-spacings obtained from Wide Angle X-ray Scattering (WAXS) experiments 

on dried films of Fmoc-AA gels triggered by a pH change. The variation of the density of 

an atom (or group of atoms) with the distance can be described by RDF from a reference 

particle
47

, which provides dimensional information that can be experimentally determined 
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using X-ray scattering techniques. The information about local order in non-crystalline 

polymers can be given by WAXS,
206

 and therefore we discussed this comparison between 

RDF and WAXS in our study. 

Similar to those reported previously, WAXS analysis of dried Fmoc-AA gel films 

gives molecular dimensions. In our WAXS, we found a reflection corresponding to a d-

spacing of 26.3 Å, with subsequent higher order reflections up to n=6. We also found a 

peak corresponding to a dimension of 4.35 Å which is very similar to one observed by 

Smith et al.
37

 and has been seen in other self-assembling dipeptide-conjugate gel 

systems
171, 172

 in which the dimension has been attributed to a β-sheet like spacing 

between adjacent molecules. Our radial distribution analyses of simulated fibrils were 

further confirmed by characterizing supramolecular dimensions from WAXS results. The 

fluorenyl rings are stacked in an ordered structure during self-assembly simulation. The 

RDF between fluorenyl rings is shown in Figure 2.5.  

The high peaks in Figure 2.5 correspond to distances of around 0.41 to 0.5 nm, 

which indicate an ordered stacking patterning between the fluorenyl rings within the 

Fmoc group. A similar distance at d= 4.35 Å also appears in our WAXS result (not 

shown here). We attributed this distance to the characteristics of the π-π stacking between 

fluorenyl rings, rather than a specific β-sheet-like spacing between peptide bonds on 

adjacent molecules as claimed by previous reports.
36, 37

 This interpretation was also 

supported by Braun and Cardoso.
207

 They argued that the reflections of this dimension 

likely arise due to spacing of the aromatic groups along the fibril axis, which are Fmoc 

groups. By inspecting the fluorenyl rings in the simulated structures, we also observed a 

few well-recognized π-π stacking geometries including parallel displaced, T-shaped, 

parallel staggered and herringbone (Figure 2.6),
181, 208, 209

 which likely explain the range 

of distances seen in the RDF of fluorenyl rings. 
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RDF between the terminal alanine’s hydroxyl hydrogen and the center of the fibril 

(the “center” here is defined by a set of dummy atoms along the z-axis of the fibril,) was 

calculated as shown in Figure 2.7. The range of radius as indicated in Figure 2.7 is also 

consistent with the experimental results obtained from our WAXS, which shows a 

pronounced peak 26.3 Å as similar value has been reported by Smith et al.
160

 in their 

WAXS experiments using dried gel films of Fmoc-diphenylalanine. 

Along the axis of the assembled fiber, Figure 2.8 shows the non-normalized RDF 

of the distance between adjacent peptide backbones (including α-carbons, amide 

nitrogens and amide carbons). The predominant value is 0.46-0.48 nm, corresponding 

well with typical antiparallel β-sheet chain-to-chain distances.
210, 211

 We do not see a 

distinct reflection corresponding to this dimension in our WAXS results. It is possible 

that a reflection corresponding to d=4.8 Å is convoluted with reflections of π-π stacking 

dimensions. The presence of this dimension in our non-normalized RDF calculations may 

explain why a similar d-spacing in other people’s work is ascribed to the presence of β-

sheets.   

 

2.3.3 Hydrogen bonding patterns within assembled structure 

Hydrogen bonds distribution between the Fmoc, middle alanine (“Ala-mid”), and 

terminal alanine (“Ala-term”) residues of adjacent Fmoc-AA molecules during the last 50 

ns of the simulations were shown in Table 2.2. It is found that the carbonyl oxygen of the 

Fmoc carbamate (-OC(O)NH-) group is particularly active in forming hydrogen bonds 

with alanine residues, especially the terminal alanines on adjacent molecules. The 

interaction between the Fmoc carbamate and the terminal alanine residue may explain 
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why single residue Fmoc-protected amino acids have not been shown to form stable gels, 

and in fact have been used as non-gelling controls.
160

   

Fraction of hydrogen bonds formed between Fmoc-AAs and the solvent (water) 

molecules are shown in Table 2.3. Almost as terminal alanine carboxyl group, the Fmoc 

group’s carbonyl oxygen is very active in making hydrogen bonds with the surrounding 

water molecules. Different from Stupp’s proposed structure for the PA assembly,
165-167, 

169, 212
, our data suggest that in the fibril composed of short peptide conjugates like Fmoc-

AA, the hydrophobic Fmoc groups are not completely buried within the core of the fiber. 

Although the Fmoc groups are mostly concentrated toward the core of the fiber, both the 

Fmoc carbamate and the aromatic fluorenyl groups are still accessible to water 

molecules, which make the fibril surface amphiphilic. As already shown in Figure 2.2, 

hydrophobic fluorenyl rings (yellow) are exposed to the polar solvent molecules, as well 

as the hydrophilic alanine residues (blue), and thus the fibril surfaces are composed of 

both hydrophobic and hydrophilic components, as suggested in part by Smith et al.
37

 

Therefore in our later work, we proposed that such property may push intermediate fibril 

structures further assemble into higher-order structure which is called “fibers”; 

interactions between hydrophobic regions on adjacent fibrils may force their aggregation 

into higher-order ribbon-like fibers.  

 

2.3.4. Conformational and secondary-structure analysis   

FTIR has been widely used to elucidate which secondary structures are most 

prevalent in a protein of unknown structure, because protein secondary structures involve 

specific hydrogen bonding interactions between amide bonds that shift the amide C=O 

stretch frequency resonance in an often-characteristic manner.
37

 Our FTIR results have 
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shown peak locations and relative intensities which are quite consistent with previous 

FTIR data given for Fmoc-dipeptides.
37, 151, 153, 159

 However, our maximum absorption 

value itself is characteristic of polyproline-like hydrogen bonding interactions within 

collagen that are shown to decrease upon heating,
213

 instead of those typical β-sheet 

structures. Our results indicate that other significant interactions may be present and may 

point to an alternate model for the assembly. The lack of significant β-sheet-like 

hydrogen bonding patterns also was corroborated by our computational simulations 

which indicate that it may not always be appropriate to extrapolate peptide/protein-level 

spectroscopic data to conjugate peptide gel systems.  

Ramachandran plot is a classical approach to investigate the secondary structure 

of amino acids. Figure 2.9 (A) demonstrates that most of the middle alanine (“Ala-mid”) 

residues are likely to adopt a PPII conformation with ϕ,ψ of ( -78°, 152°). Similarly, the 

peak at ϕ,ψ = ( -86°, 164°) in Figure 2.9 (B) also indicates that the PPII conformation is 

preferred among the terminal alanine (“Ala-term”) residues. Within the PPII structure, 

amide linkages preferably form hydrogen bonds with water rather than with other amide 

groups. Our FTIR analysis also shows distinct PPII character, we counted the hydrogen 

bonds of residues on Fmoc-AA (Fmoc, Ala-mid and Ala-term) with other Fmoc-AA 

versus with water (Table 2.4). A preferred hydrogen bonding pattern is observed between 

Fmoc-AA with water rather than with other Fmoc-AA molecules even in the assembled 

form, further corroborating our computational observation of the alanine residues’ 

preference for adopting a PPII-like conformation.   
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2.4 Conclusion 

In this work, we sought to answer two questions about the self-assembly of Fmoc-

dipeptides: 1) what are the major driving forces for hierarchical self-assembly and 2) how 

are individual molecules arranged within the gel-forming fibril structures? To this end we 

have presented a computational molecular dynamics simulations alongside experimental 

analyses to gain new insights into the structure of the Fmoc-dipeptide supramolecular 

assembly. Using REMD and SA, we confirmed the convergence of the computational 

data. Our WAXS data are explained with detailed computational analysis, and FTIR 

analysis confirms the presence of β-sheet- and polyproline II-like features with our 

calculated Ramachandran plot. We found that hydrogen bonding between peptide bonds 

on adjacent Fmoc-AA molecules is far less common, and therefore we argue that the 

putative β-sheet character observed in Fmoc-AA gels due to the preferential 

conformation and packing patterns of Fmoc-AA molecules. We believe that researchers 

should take care when extrapolating spectroscopic and other analytical data from pure 

protein solutions to small, conjugated peptide systems such as these. Through combining 

computational studies and experiments, some missing critical insights into the molecular 

structure and mechanism are observed beyond experimental approaches of Fmoc-

dipeptide self-assembly.  

In addition, we have also showed that hydrophobic groups, while mainly 

concentrated toward the center of the fiber, are partially exposed to the solvent and may 

therefore aid in aggregating fibrils into larger fibers seen in TEM, although the exact 

mechanism is unclear. Reported by Tang et al.
159

, it is suggested that there exists a 

dependence on gel pH on fibril aggregation. However, detailed supramolecular 

information cannot be provided by current analytical techniques, and therefore the insight 

into this process is missing. Beyond atomic resolutions, this “gap” may be addressed 
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using computational models. For now, by answering the questions at the beginning of this 

conclusion, we have improved our understanding toward the nano-scale properties of 

these materials and can therefore assess the feasibility of using self-assembling short 

peptide conjugates for in vivo biomedical applications. Knowledge and approaches 

established in this study will enable us to explore novel self-assembling peptide-based 

materials for biomedical applications. Our system and approach can also be further 

extended to investigate the dependence of side chain identity and sequence on self-

assembly
153, 154, 170, 171, 173

and therefore we can move greatly forward to rational design of 

peptide-based small molecule hydrogelators. 

  



 36 

Table 2.1 Detailed information of models. 

system Cubic 4 Cubic 5 Cubic 6 400 ns SA REMD 

Number of 

molecules 

80 100 120  120 60 60 

Number of 

layers 

20 20 20 30 15 15 

Box size 

(nm) 

13×13×3 13.3×13.3×

13.3 

13.2×13.2×13.2 7×7×17.2 6×6×11 6×6×11 

Water 

molecules 

71,801 77,377 71,584 25,793 11,966 11,966 

Final fibril 

size (nm) 

3×3×7 3×3×7.3 3×3×7.5 3×3×10 --

-- 

--

-- 

 

 

Temperatures windows in REMD (K) 

280.00  281.65  283.32  285.00  286.70  288.42  290.16  291.91  293.68  295.47  

297.28  299.11  300.95  302.81  304.69  306.58  308.50  310.43  312.37  314.34  

316.32  318.33  320.34  322.38  324.44  326.51  328.60  330.70  332.83  334.97  

337.13  339.31  341.50  343.72  345.95  348.20  350.46  352.75  355.05  357.37  

359.70  362.06  364.43  366.82  369.22  371.65  374.09  376.55  379.03  381.52  

384.04  386.57  389.11  391.68  394.26  396.86  399.48  402.12  404.77  407.44  

410.13  412.84  415.56  418.31  421.07  423.84  426.64  429.45  432.28  435.13  

437.99  440.88  443.78  446.70  449.63  452.59  455.56  458.55  461.55  464.58  

467.62  470.68  473.75  476.85  479.96  483.09  486.24  489.40  492.59  495.79  

499.01  502.24  505.49  508.77  512.05  515.36  518.68  522.03  525.38  528.76  

532.16  535.57  539.00  542.44  545.91  549.39  552.89  556.41  559.95  563.50  

567.07  570.66  574.26  577.89  581.53  585.19  588.86  592.56  596.27  600.00  
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Table 2.2 Hydrogen bonds distribution between individual residues on adjacent 

Fmoc-AA molecules. 

 

Cubic 4 Fmoc Ala-mid Ala-term 

Fmoc 0 %   

Ala-mid 28 % 15 %  

Ala-term 30 % 22 %  5 % 

Cubic 5 Fmoc Ala-mid Ala-term 

Fmoc 0 %   

Ala-mid 31 % 19 %  

Ala-term 26 % 20 % 4 % 

Cubic 6 Fmoc Ala-mid Ala-term 

Fmoc 0 %   

Ala-mid 17 % 15 %  

Ala-term 37 % 22 % 9 % 

The number of hydrogen bonds is determined with a donor-acceptor distance ≤ 3.5 Å and 

interaction angle ≤ 30°. The middle and terminal alanines are named “Ala-mid” and 

“Ala-term”, respectively. 
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Table 2.3 Distribution of total hydrogen bonds formed between hydrogen bond-capable 

groups on Fmoc-AA molecules and water molecules. Each row adds to 100%. 

 

  Cubic 4 Cubic 5 Cubic 6 

Fmoc-O 25% 25% 27% 

Ala-mid-O 17% 17% 19% 

Ala-mid-NH 6% 5% 7% 

Ala-term-O 17% 17% 14% 

Ala-term-NH 10% 11% 11% 

 

Table 2.4 Average number of hydrogen bonds between each residue and water, versus 

each residue and adjacent Fmoc-AA (Unit: Hydrogen bonds per residue) 

 

 
Cubic 4 Cubic 5 Cubic 6 

Fmoc…Fmoc-AA 0.59 0.58 0.51 

Fmoc…water 1 1 1.05 

Ala-mid…Fmoc-AA 0.66 0.71 0.51 

Ala-mid…water 1.06 1.03 1.09 

Ala-term…Fmoc-AA 0.58 0.51 0.66 

Ala-term…water 2.23 2.28 1.95 

“···” refers to the hydrogen bonding between the two objects/residues. 
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Figure 2.1 Fmoc-AA chemical structure 
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Figure 2.2 Models of fibrils in simulations show independence of final assembly of 

initial structures. (A)  Fibril with 4 Fmoc-AA soaked in cubic box (“Cubic 4”). (B) 

Fibril with 5 Fmoc-AA soaked in cubic box (“Cubic 5”). (C)  Fibril with 6 Fmoc-AA 

soaked in cubic box (“Cubic 6”). (D)  Fibril with 4 Fmoc-AA soaked in long rectangular 

box with 400 ns simulation (“400 ns”). For A-C, all simulations were 160 ns. (E) 

Simulated annealing of 15 layers from model in (D); also used as initial structures for 

REMD simulations. 
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Figure 2.3 SASA per molecule for Cubic 4, Cubic 5, Cubic 6 and REMD 

ensemble at 299 K (“REMD”); all converge to ~1.7 nm
2
/molecule 

 

 

 

 

Figure 2.4 Number of hydrogen bonds per molecule (vertical axis) for Cubic 4 to 

6 and REMD simulations (~ 4) 
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Figure 2.5 Last 50 ns non-normalized RDF plot of distance between fluorenyl 

rings of Cubic 4, 5, and 6, REMD and the 400 ns simulations. 

 

 

Figure 2.6 Representative snapshot taken from Cubic 5 MD simulation displays the π-π 

stacking in fibril after 160 ns simulation 
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Figure 2.7 Last 50 ns non-normalized RDF plot of distance between terminal alanine’s 

hydroxyl hydrogen and fibril axis. 

 

 

 

Figure 2.8 Last 50 ns non-normalized RDF plot of Fmoc-AAs’ strand-to-strand distance. 
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(A) middle alanine (B) terminal alanine 

Figure 2.9 Ramachandran plot for alanines’ conformations in Cubic 5 model during the 

last (A) 50 ns simulation, 1
st
 peak is at ϕ,ψ = ( -78°, 152°), 2

nd
 peak is at ϕ,ψ  = ( -78°, -

23°). (B) 1
st
 peak is at ϕ,ψ = ( -86°, 164°), 2

nd
 peak is at ϕ,ψ = ( -148°, 164°) .  

  



 45 

3  β-Sheets Not Requir2ed: Higher-Order Hierarchical Self-Assembly Study of An 

Ester- Containing Fmoc-Dipeptide Hydrogelator 

 

3.1 Introduction 

 

In this chapter, two major challenging questions will be attempted to answer: 1) is 

β-sheet-like amide-amide hydrogen bonding a true requirement for self-assembly as 

mostly accepted in previous papers and 2) what is the mechanism driving higher-order 

hierarchical self-assembly corresponding to the phenomenon observed in TEM? 

Different from many traditional peptide-based gels, ester-containing depsipeptides 

that have side-chain functionality analogous to peptides, hold promises to possess many 

properties favorable for use as biomaterials at physiological pH and temperature. 

Depsipeptides are prone to hydrolysis over a time scale relevant to wound healing and 

tissue remodeling processes, due to the fact that esters have a half-life over 1000 times 

shorter than that of amide bonds.
214

 Di-depsipeptide units (containing a single N-

protected amino acid conjugated to an alpha-hydroxy acid via an ester linkage) have been 

developed by our collaborator-Dr. Laura Suggs’ lab.
188, 215, 216

 Such units can be coupled 

with other amino acids or depsipeptide units.
217

 Previously, several Fmoc-dipeptides have 

been reported to self-assemble into nano-fibrillar structures to form hydrogels. β-sheet-

like hydrogen bonding between adjacent molecules has been hypothesized to help drive 

self-assembly and stabilize the supramolecular nanostructures.
37, 153

 In this study, we 

                                                 
2 Some results in this chapter have been discussed in our previous publication: 

Eckes, K. M.; Mu, X.; Ruehle, M. A.; Ren, P.; Suggs, L. J., β Sheets Not Required: Combined 

Experimental and Computational Studies of Self-Assembly and Gelation of the Ester-Containing Analogue 

of an Fmoc-Dipeptide Hydrogelator. Langmuir 2014, 30 (18), 5287-5296. 

 

These authors contributed equally to this work. 
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choose fluorenylmethoxycarbonyl- conjugated Alanine-Lactic acid (Fmoc-ALac) which 

contains an ester bond in place of an amide bond. Alanine-Lactic acid has an ester bond 

which is unable to interact with adjacent ester bonds via hydrogen bonding, and therefore 

can be used to test whether or not β-sheet-like amide-amide hydrogen bonding is truly a 

requirement for self-assembly and gelation of N-terminal hydrophobic protected peptides. 

In this work, we show that Fmoc-ALac has undergone self-assembly and gelation, 

striking similarities between Fmoc-AA and Fmoc-ALac were confirmed experimentally 

by our collaborators, whereas spectroscopic and mechanical analysis reveal distinct 

differences in the two systems. Computational simulations of the self-assembly process 

of these molecules were performed to compare the features of Fmoc-ALac Fmoc-AA that 

are not readily measurable by experimental means, including the number and nature of 

hydrogen bonds formed, intra-fibril stability, and fibril-fibril aggregation potential. By 

our calculations, the secondary structure of Fmoc-ALac can be further confirmed and the 

importance of absence of β-sheet-like amide-amide hydrogen bonding will be discussed. 

As a widely used model, peptide amphiphiles (PAs) have been used to build 

various supramolecular structures.
39, 40, 166, 218-221

 Among those structures, cylindrical 

micelle nanofiber has aroused great interests due to its self-assembly potential.
36, 166, 212, 

220, 222, 223
 Lots of studies devoted to explain the process of PAs self-assembly.

37, 39, 40, 165, 

166
 Back to 2001, Aggeli et al. presented a model on peptide monomers and suggested 

that beyond initially assembled  -sheet tapes, such tapes’ amphiphilicity can further drive 

their formation into higher order structures, a process referred to as “hierarchical self-

assembly” (shown in Figure 3.1).
224

 Macromolecular assemblies can exhibit a 

hierarchical nature, and many sophisticated functional materials are created through a 

hierarchical self-assembly process.
34, 225-228

 For instance, viruses’ capsids are 

hierarchically formed from protomers, pentamers or hexamers.
229

 In the study of amyloid 
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fibril formation, with the ability to determine the atomic-resolution structure, researchers 

proved that amyloids can assemble hierarchically into higher dimensional structures 

including protofilaments, filaments, and mature fibrils.
225, 230, 231

 In our previous study, 

using shorter Fmoc-AA as the self-assembly building blocks, we observed that the 

aggregation of Fmoc-AAs to form a fibril structure (supported by our experimental 

evidences), and the exposed amphiphilic surface of such fibril suggested further fibril-

fibril aggregation potentials; we therefore also examined the possibility of aggregation 

between amphiphilic fibrils constructed by Fmoc-dipeptides. 

 

3.2 Computational methods 

3.2.1 Molecular dynamics simulations. 

MD simulations were performed on Fmoc-AA and Fmoc-ALac fibrils. The 

simulated fibril structures were based on previous results derived for the Fmoc-AA fibril 

(100 molecules, has already gone a 160 ns simulation and proved to be stable).
4
 MD 

simulations were performed using GROMACS (version 4.5.4). The atomic force field 

parameters were transformed from OPLS-AA,
186, 190, 191, 232, 233

 OPLS-AA/L
188

, MM3
234

 

234, 235
 and our previous work.

4
 Molecular dynamics simulations were performed on the 

Texas Advanced Computing Center’s “Lonestar” supercomputer. All simulations were 

applied periodic boxes with explicit TIP3P water molecules, and all were subjected to 

steepest descent energy minimizations with 5000 maximum steps to remove high-energy 

contacts. In order to keep the system stable at 300 K and 1 bar, 100 ps NVT and a 100 ps 

NPT equilibration were applied respectively. The LINCS algorithm was applied to 

constrain bonds.
55, 192, 193

 Further details can be found in our published paper.
4
 Modeling 

parameters were derived from previous studies
188

 and final simulated fibril structures can 

be found in the Supporting Information. 
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3.2.2 Melting temperature simulations. 

 

For DNA and similar materials stabilized largely by non-covalent intermolecular 

interactions, the measurement of a “melting temperature” can be used to quantify the 

material’s stability and predict sequence-dependent thermodynamic behavior.
236-238

 In 

this work, we simulated a similar melting procedure and obtained the melting curves to 

understand the effect of replacing the amide bond of Fmoc-AA with an ester bond. When 

the gas-phase temperature is gradually increased to some point (the so-called “melting 

temperature” in this paper), the non-covalent interactions between individual molecules 

within a fibril structure will be disrupted, and therefore the fibril structure breaks apart 

and the fraction of the molecular surface area exposed to solvent will increase. By 

measuring the solvent accessible surface area (SASA) with increasing temperature from 

670-870K, we quantitatively estimated the effect of changing the terminal residue (Ala to 

Lac) on non-covalent intermolecular interactions between Fmoc-dipeptides within a self-

assembled fibril structure. During the simulations, for each selected temperature window, 

at least one 50 ns MD simulation was performed and the last 30 ns’ SASA results were 

averaged to plot.  

 

3.2.3 Potential of mean force 

 

In our previous study,
4
 we have observed that the surface of fibril is composed of 

both hydrophobic and hydrophilic parts, which may lead to higher order aggregation 

behavior.
224

 Using a collective reaction coordinates between two fibrils surfaces, we 

described the assembly procedure via depicting the potential of mean force (PMF) 
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profile.
239

 For a given separation r between the two molecules, the PMF describes an 

average over all the conformations of the surrounding solvent molecules. PMF energy 

     was first introduced by Kirkwood in 1935, and it is defined from the average 

distribution function       :
240, 241

 

                         
      

       
     (3.1) 

where    and      are arbitrary constants. The average distribution function along the 

coordinate   is obtained from a Boltzmann weighted average, 

 

           
                             

                  
    (3.2) 

where      represents the total energy of the system as a function of the coordinates   

and        is a function depending on a few or several degrees of freedom in the 

dynamical system. 

With the MD simulated fibril structure (each of which had undergone an MD 

simulation for 100 ns at least), for each Fmoc-dipeptide system, we investigated the PMF 

for fibril-fibril assembly. We harmonically restrained two fibrils at increasing center-of 

mass (COM) distances (so-called “sampling windows”) and therefore a series of 

configurations along a single degree of freedom were achieved. With the weighted 

histogram analysis method (WHAM),
242

 the inter-fibril PMF was constructed along the 

dissociation coordinates. 

 

3.3 Results and discussion 

 

3.3.1 Experimental findings 
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To better understand the role of amide-amide hydrogen bonding in the self-

assembly of short, conjugated peptides, also to better answer the question we raised at the 

beginning:” does β-sheet-like amide-amide hydrogen bonding a true requirement for self-

assembly as mostly accepted in previous papers?”, we synthesized Fmoc-Ala-Lac (Fmoc-

ALac), an ester-containing analog of Fmoc-AA in which the terminal alanine residue is 

replaced by lactic acid to eliminate the ability of Fmoc-AA to hydrogen bond via protein-

like amide-amide hydrogen bonding interactions, as illustrated in Figure 3.2. 

Both Fmoc-AA and Fmoc-ALac are found to be able to form self-supporting gel. 

Moreover, upon inspection of the gels by Transmission Electron Micrsocopy (TEM), we 

found that both Fmoc-AA and Fmoc-ALac gels consist of flat, ribbon-like structures. 

Only that Fmoc-ALac nanostructures are wider and seemingly more aggregated. From a 

purely morphological standpoint, β-sheet like hydrogen bonding seems not to be 

absolutely crucial for self-assembly of short peptides into nanofibrillar structures. 

WAXS experiment for Fmoc-ALac was also conducted. A d-spacing of 4.3-4.4 Å for 

both Fmoc-AA and Fmoc-ALac were observed, and similar dimensions have been 

previously attributed to the distance between adjacent peptide chains within anti-parallel 

β-sheets.
37, 159

 Our previous computational analysis of Fmoc-AA self-assembly suggests 

that this dimension could also correspond to the predominant interaction distance 

between Fmoc-groups toward the center of the fibril.
4
 Experimental evidence from Fmoc-

ALac presented here supports our computational findings, since ester group on Fmoc-

ALac is unable to form hydrogen bonds with other ester groups on adjacent molecules 

and therefore precludes them from associating in a “conventional” β-sheet manner.  

While many similarities in terms of gelation conditions and nano-scale 

morphology were shared by Fmoc-AA and Fmoc-ALac supramolecular assemblies, 

distinct differences were revealed by further analysis by spectroscopy and rheometry. 
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Fmoc-ALac’s has a unique absorption at 1740 cm-1 in D2O and shoulder at ~1750 cm-1 

in ethanol, which falls within the range for the carbonyl stretch of saturated aliphatic 

esters (1750-1735 cm-1),
243

 and therefore was attributed to the ester bond between 

alanine and lactic acid. Other important differences between the two systems are also 

revealed by CD spectroscopy. Fmoc-AA exhibits far less dichroism than Fmoc-ALac by 

inspecting the feature above 280 nm. By performing viscoelastic analysis using 

oscillatory rheometry, we conclude that Fmoc-AA assemblies are potentially held 

together by more intermolecular interactions than Fmoc-ALac, though from TEM we 

only found that Fmoc-AA assemblies form thinner fibers/ribbons. Therefore, we 

performed computational analysis to look further into the atomic mechanism. 

 

3.3.2 Computational simulations and analysis 

 

With comparing the results to our previous observations from molecular dynamics 

simulations of the Fmoc-AA self-assembly, we characterized the conformational features 

of self-assembled Fmoc-ALac. Similarly, a stable fibril structure can be observed for 

Fmoc-ALac aggregation. Demonstrated by calculations, similar plateaus can be found in 

both the fibril’s total number of hydrogen bonds (includes H-bonds with water, shown in 

Figure 3.3) per molecule and solvent-accessible surface area (SASA, Figure 3.4) vs. 

time. The number of H-bonds (~3.3/molecule) and SASA (~1.6 nm
2
/molecule) of the 

Fmoc-ALac fibril converge to smaller values than the Fmoc-AA results (~4 H 

bonds/molecule and SASA ~1.7 nm
2
/molecule), which is consistent with our hypothesis 

that substituting lactic acid for alanine to result in an ester linkage would reduce 

hydrogen bonding between neighboring molecules.  
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Similar assembled structures between Fmoc-AA and Fmoc-ALac systems are also 

indicated by RDF analysis. The RDF of the peptide terminus - fibril center and the Fmoc-

Fmoc centroid distance are shown in Figure 3.5 and Figure 3.6 respectively. The peak in 

Figure 3.5 corresponds to the fibril radius, and is virtually indistinguishable from that of 

Fmoc-AA by RDF analysis, confirming our experimental WAXS results that suggest a 

very similar fibril size between the two systems. The reappeared unique d-spacing of 4.3-

4.4 Å in our WAXS results and predominant Fmoc-Fmoc and strand-strand distance of 4-

5 Å from computed RDF analysis (as shown in Figure 3.6) for Fmoc-ALac assemblies 

suggest that this dimension is likely not indicative specifically of β-sheet interactions, as 

we previously suggested. Considering the difference in propensity for hydrogen bonding 

between adjacent molecules between Fmoc-AA and Fmoc-ALac systems, it appears that 

the strand-strand and Fmoc-Fmoc association distances are quite similar. 

The Fmoc-ALac backbone torsion angles (ϕ,ψ) distributions (Figure 3.7 and 3.7) 

suggest a prevalent polyproline II secondary structure, which has also been corroborated 

by our FTIR spectroscopy, and similar to the observations in our previous Fmoc-AA 

study. Different from our Fmoc-AA study, the Ramachandran plot for the terminal Lac 

residues indicates that Lac predominantly adopts torsional angles within the α-helix 

secondary structure region. It has been already observed that Lac did show a high 

population in α-helix region when being adjacent to glycine residues but not next to 

lysines, suggesting that the Lac residue’s conformation strongly depends on the chemistry 

of the adjacent residues. Also, there are some Lac structures near the (-150, 0) region, 

which is a result of unique intramolecular interactions arising from the ester group.
188

 

As previously discussed, the self-assembly of low molecular weight 

hydrogelators, including short peptides was driven by non-covalent forces including 

stacking, hydrogen bonding, electrostatic and van der Waals interactions. We performed 



 53 

melting temperature and potential of mean force studies, to understand the diverse extent 

and nature of non-covalent interactions in the Fmoc-AA and Fmoc-ALac systems, and 

examine the relative stability of self-assembled fibrils upon modification of the peptide 

backbone chemistry. We computed the melting curves for both Fmoc-AA and Fmoc-

ALac, as shown in Figure 3.9 to investigate the strength of the intermolecular interaction 

between Fmoc-dipeptides within fibril aggregation. The temperatures were increased 

from 400K to 850K and performed a 50 ns MD simulation at each selected temperature 

window for Fmoc-AA and Fmoc-ALac separately. The measurement of melting is fibril’s 

SASA. The Fmoc-AA shows a larger SASA in the low temperature regime (<400K) than 

Fmoc-ALac that persists during heating from 500 to 750K. The assembly is completely 

“melted” (solvated in water) at 800K or above; the same SASAs were reached by both 

Fmoc-AA and Fmoc-ALac. Around 670-700K for both Fmoc-AA and Fmoc-ALac, 

inflection points were observed suggesting a “melting temperature”. Fmoc-ALac’s 

melting point at roughly 700 K is about 50 K higher than that of Fmoc-AA; the lower 

SASA values for Fmoc-ALac at most temperatures suggest a more “hydrophobic” 

character of the fibril. Therefore, we point out that Fmoc-ALac molecules prefer co-

aggregation over solvation in water to a greater degree than Fmoc-AA molecules. 

 In previous simulations, we have noted the apparently amphiphilic nature of the 

surface of stable Fmoc-AA fibrils (see chapter 2). Similarly, we also observed that the 

simulated Fmoc-ALac fibril’s surface had an amphiphilic nature. As a widely discussed 

multifaceted phenomenon observed in self-assembled systems, the hydrophobicity 

observed in our system exposed on the fibril’s surface likely reduce the volume of 

available configuration space for hydrogen bonding with other fibrils or water but 

increase the possibility of forming hydrophobic assemblies with other fibrils. The 

hydrophilic components, which are the hydroxyl group on terminal alanine or lactic acid, 
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affect the assembly between fibrils by rearranging the adjacent water molecules’ 

orientations, and such amphiphilic assembly has already been widely discussed in studies 

including micelle formation.
244, 245

  

In this work, the inter-fibril association energy from the potential of mean force 

(PMF) between two fibrils was derived for the first time in Figure 3.10, in order to 

further determine the potential effects of presenting an amphiphilic surface. In our 

simulation, two fibrils were harmonically restrained (each of which had undergone an 

MD simulation for 100 ns at least to reach a stable structure) at increasing center-of mass 

(COM) distances (so-called “sampling windows,”) using an umbrella biasing potential, 

with the defined reaction coordinate sampled by multiple windows. Using WHAM, the 

inter-fibril interaction energies were computed along the dissociation coordinates. We 

observed an interesting phenomenon that the interaction energy minimum occurred at a 

COM distance of 3.25-3.5 nm, which is in good agreement with fibril diameters 

experimentally determined by WAXS and computationally by RDF calculations. This 

observation also indicates an energetic preference for fibril-fibril surface contact, i.e. 

aggregation. With no covalent bond breaking or forming, as predicted by the PMF 

calculations, the dissociation energies between two fibrils differ between two systems: 

two- Fmoc-AA –fibril has a less favorable dissociation energy (or lower barrier to break 

the association) than the analogous Fmoc-ALac system, which indicates that Fmoc-ALac 

fibrils tend to aggregate more easily. Combined with the melting temperature 

calculations, both the intra- and inter-fibril interactions in Fmoc-ALac are somewhat 

stronger than in Fmoc-AA assemblies. 

With a closer inspection of the effect of Ala vs. Lac within simulated fibril 

systems, the residue- and bond-specific solvent accessible surface area were calculated, 

as well as the number and specific connectivity of H-bonds formed between Fmoc-AA or 
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Fmoc-ALac molecules and water at the solvent interface of the fibril. As suggested above 

of the melting temperature and PMF results, Fmoc-ALac fibrils forms tighter aggregates 

than Fmoc-AA fibrils. The SASA and H-bonding values are presented in Tables 3.1 and 

3.2, respectively and both support that observation. The average total number of 

hydrogen bonds between the Fmoc-AA fibril and water is 23% higher than the Fmoc-

ALac fibril, which suggests that Fmoc-AA structures are more hydrated than Fmoc-ALac 

fibrils. Combined with the melting, PMF studies and TEM results, it is reasonable to 

suggest that under the same gelation conditions, Fmoc-ALac gels contain larger 

structures that result from an increased aggregation of fibrils relative to Fmoc-AA fibrils. 

Previously, it was hypothesized that extensive amide-amide hydrogen bonding 

helped stabilize self-assembled structures, however in our study, our experimental and 

computational results provide a new perspective of the role of the amide bond in the self-

assembly of short peptide-based gelator systems. We suggest that the amide bonds play 

less of a role in forming and stabilizing the single fibril structure. It is not a new concept 

that different fibril amphiphilicity has an impact on higher-order self-assembly as has 

been already discussed by Aggeli et al. in 2001.
156, 224

 

Finally, we also conducted a larger MD simulation about interactions between 

two Fmoc-AA fibrils (each has 200 Fmoc-AA molecules) for 200ns. The result is shown 

in Figure 3.11, and as proposed above, in the longer simulation, the two fibrils are 

contacting at each other, and Fmoc groups (indicated as yellow surfaces) were exposed at 

the surfaces which has been suggested to drive the inter fibrils’ interactions. 
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3.4 Conclusion 

 

We have investigated the self-assembly of fluorenylmethoxycarbonyl -conjugated 

dialanine / Alanine-Lactic acid molecules using combined computational and 

experimental approaches. Both Fmoc-AA and Fmoc-ALac gels were characterized using 

TEM, circular dichroism, FTIR, and WAXS. Computationally, we simulated the 

assembly using molecular dynamics. All simulations started from different initial 

hypothesized models, as well as ab initio prediction using replica-exchanged MD, 

converged to a condensed fibril structure in which the Fmoc groups stack mostly within 

the center of the fibril. 

Experimentally and computationally we have demonstrated what we hypothesized 

in our previous study: β-sheet specific hydrogen bonding between adjacent molecules 

within a supramolecular structure is likely not as important as hydrophobic or 

aromatic-aromatic interactions in driving and stabilizing self-assembly. In this study, 

we have further proposed that while the initial self-assembly may not be completely 

affected by a chemical change, the resulting intermediate fibrils may have different 

surface-solvent interface properties that result in different propensities of fibrils to 

associate and form higher-order supramolecular aggregates, the resulting amphiphilic 

nature on the intermediate fibril’s surface may lead to the explanation of higher 

ordered hierarchical assemblies which were observed in TEM results. 

It is clear that the inclusion of the ester bond (and thereby lack of extensive 

amide-amide hydrogen bonding) in this simple Fmoc-dipeptide system still leads to 

gelation under the same experimental conditions; at the same time, by comparing Fmoc-

AA and Fmoc-ALac systems also has implications for the amphiphilic nature of the self-

assembled fibril units, the nature of their higher order assembly, and ultimately the bulk 
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mechanical properties of the gel. The answers to our questions at the beginning of this 

chapter must be taken into account when designing more structurally complex and 

potentially bioactive peptide-based gelator systems for use in tissue engineering and 

regenerative medicine applications.  
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Table 3.1 The total and partially decomposed SASA of Fmoc-dipeptides. 

 

Fmoc-AA Fmoc-ALac 

  nm2 Percentage   nm2 Percentage 

Total  165.3 100.00% Total 155.7 100.00% 

Fmoc 58.5 35.40% Fmoc 55.9 35.90% 

Ala-mid-C=O 9.2 5.46% Ala-C=O (ester) 8.1 5.20% 

Ala-term-

COOH 

33.1 20.04% Lac-COOH 37.5 24.10% 

Ala-mid-NH 1.4 0.90% Ala-NH 1.9 1.20% 

Ala-term-NH 2.5 1.50% Lac-O(ester) 1.1 0.70% 

“Ala-mid” refers to the N-terminal alanine, and “Ala-term” refers to the C-terminal 

alanine. Percentages do not add up to 100% because the hydrophobic and hydrophilic 

groups of interest listed here do not comprise the entire surface area of the fibril.  

 

Table 3.2 H-bonds between residues on Fmoc-dipeptides and water molecules. 

Fmoc-AA Number Percentage  Fmoc-ALac Number Percentage 

Total  408.1 100.00% Total  331.3 100.00% 

Fmoc 100.9 24.70% Fmoc 93.9 28.40% 

Ala-mid-C=O 70.5 17.30% Ala-C=O (ester) 44.1 13.30% 

Ala-term-

COOH 

168.9 41.40% Lac-COOH 165.1 49.80% 

Ala-mid-NH 20.7 5.10% Ala-NH 26.4 8.00% 

Ala-term-NH 47.1 11.60% Lac-O (ester) 1.8 0.50% 
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Figure 3.1 Model of hierarchical self-assembly of chiral rod-like units.(picture borrowed 

from Aggeli et al.)
156, 224

 

 

 

 

  

Figure 3.2 Fmoc-AA(left) and Fmoc-ALac(right). 
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Figure 3.3 Number of hydrogen bonds per molecule 

 

 

Figure 3.4 Solvent-accessible surface area (SASA) 
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Figure 3.5 Non-normalized radial distribution function (RDF) plots of the last 50 

ns of each simulation for the distance between the terminal residue’s hydroxyl hydrogen 

and fibril axis (approximating the radius) 

 

Figure 3.6 Non-normalized radial distribution function (RDF) plots of the last 50 

ns of each simulation for the distance between fluorenyl rings. 
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Figure 3.7 Ramachandran plot for the alanine during the last 50 ns of simulation 

shows a large population at ϕ,ψ = ( -70°, 164°) (indicative of polyproline-II 

conformation) and a minor population at ϕ,ψ = ( -70°, -39°). 

 

 

Figure 3.8 Ramachandran plot for the terminal Lac residue (F) in Fmoc-Ala-Lac 

during the last 50 ns of simulation shows a large population at ϕ,ψ = ( -70°, -39°) 

(indicative of α-helix-like conformation) and a minor population at ϕ,ψ = ( -70°,148°). 
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Figure 3.9 Melting curves show that Fmoc-Ala-Lac fibril assemblies are slightly 

more stable than Fmoc-AA firbils. 

 

Figure 3.10 Potential of mean force (PMF) calculated at varying fibril-fibril 

separation distances shows that Fmoc-ALac fibrils require more force to “pull apart”. 
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Figure 3.11 200ns inter-fibril interaction MD simulation of two Fmoc-AA fibrils 

(colored as blue and green respectively). The yellow surfaces are Fmoc groups. 
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4  Development of the Polarizable Atomic 3Multipole-based Force Field and 

Application in Modeling Organo4chlorine Compounds and the σ-hole Effect 

 

4.1 Introduction 

4.1.1 Development of electrostatic interactions in force filed  

 

In molecular systems, electrostatic forces are crucial interatomic forces. It still 

remains a grand challenge in molecular modeling and simulations for accurate 

representation of the electrostatic interactions.
246

 As employed in most classical force 

fields, including AMBER 
247

, CHARMM 
248

, GROMOS 
249

, MM3 
235, 250

, OPLS 
232

, the 

electrostatic interaction can be described by Coulumb’s law. By increasing or decreasing 

the partial charges in an average fashion, the polarization effect has been implicitly 

included in the parameters in the force fields. The partial charges are typically 

overestimated comparing to the gas-phase values obtained from high-level quantum 

mechanical calculations due to the fact that many force fields only target water 

environment. Extensive refinements, validations and tests have been conducted for those 

classic force fields during the past years. 
83, 251

 In nowadays, new generation of force 

fields has been widely used in the studies of molecular structures, dynamics, and 

interactions. However, the ability to apply electrostatics to accurately respond to 

                                                 
3 Some results in this chapter have been discussed in our previous publications: 

Mu, X.; Wang, Q.; Wang, L. P.; Fried, S. D.; Piquemal, J. P.; Dalby, K. N.; Ren, P., Modeling 

Organochlorine Compounds and the σ-Hole Effect Using a Polarizable Multipole Force Field. The journal 

of physical chemistry. B 2014, 118 (24), 6456-6465. 

 

Xia, Z.; Wang, Q.; Mu, X.; Ren, P., Development of AMOEBA Force Field with Advanced Electrostatics. 

In Methods and Applications in Quantitative Biology, Zhou, R., Ed. Taylor & Francis: 2014. 

 

These authors contributed equally to the above work. 
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environmental changes including dielectric constant, pH value, or nature of solvent has 

been a great challenge for force field development. 

The non-additive nature of the polarization effect explicitly has already been 

possible to model. With an external electric field, the phenomenon of redistribution of a 

particle’s electron density is referred as- “polarization”. Explicit treatment of electrostatic 

polarization can date far back to 1953 
252

. Systematic development of polarizable force 

fields for biomolecular simulations has been developed greatly in the last decade. To 

incorporate the polarization effect, many different approaches have been introduced. 

Induced dipole 
46, 68, 75-77, 253-257

, Drude oscillator 
258-260

 and fluctuating charge models 
261-

263
 are some successfully examples. 

Via atomic dipole induction, the polarization effect was accounted into the 

induced dipole model. Developed by Ponder, Ren et al 
46, 68, 110

, The AMOEBA (Atomic 

Multipole Optimized Energetics for Biomolecular Applications) force field has been 

recognized as a successful model in this application. Charge, dipole and quadrupole 

moments, which are derived from the ab initio quantum mechanical calculations using 

procedures such as Stone’s Distributed Multipole Analysis (DMA) 
264, 265

 are the major 

components for atomic multipole in AMOEBA. Another elaborate model with emphasis 

on separability, anisotropy, nonadditivity and transferability is SIBFA (Sum of 

Interactions Between Fragments Ab initio computed) developed by Gresh et al. 
266-269

. In 

this model, polarization has been treated with induced dipoles and distributed anisotropic 

polarizabilities tensors which are placed on the bond centers and on the heteroatom lone 

pairs 
270, 271

. SIBFA is parameterized on the basis of quantum chemistry and calibrated on 

energy decomposition analysis. NEMO (Non-Empirical Molecular Orbital) polarizable 

model has been introduced by Karlström and co-workers
272-274

; using the LoProp 

procedure, the atomic multipole moments can be obtained from ab initio calculation. In a 
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new polarizable AMBER force field, Yond and co-workers optimized parameters for the 

experimental static molecular polarizabilities which were obtained from the molecular 

refraction measurements. 
60, 61, 74, 275

. 

Roux, MacKerell et al. have been developing CHARMM polarizable force field 

for years; they utilized the classic Drude oscillator framework to model the electrostatic 

polarization.
80, 259, 260, 276-278

 A pair of point charges is included in each polarizable center 

in the Drude approach; and a point partial charge is tethered via a harmonic spring for 

each heavy atom. Such point charge (which is called “Drude oscillator”) can react to the 

electrostatic environment and causes the displacement of the local electron density. Both 

charges on the Drude particle and the harmonic force constant determine the atomic 

polarizability. Another approach is fluctuating charge approach which is based on the 

charge equilibration (CHEQ) method.
263

 Being equilibrated via the redistribution of 

charge density, the chemical potential of atoms can be determined. The magnitude of 

partial charge on each atom is allowed to adapt to different electrostatic and chemical 

environments in the fluctuating charge model; computed by minimizing the total 

electrostatic energy for a given molecular geometry, the variable partial charges are 

determined. A polarizable protein force field (PFF) was developed by Friesner, Kaminski 

et al. which combines both induced dipole and fluctuating charge. 
77, 254, 279, 280

 POSSIM 

(Polarizable Simulations with Second-order Interaction Model) model was later proposed 

based on PFF to reduce computational cost.
281

 CHARMM-FQ is a representative 

biological force field based on the fluctuating charge model developed by Patel, Brooks 

et al. 
262, 282-284

 

Following QM to more rigorously to improve the electrostatic modeling, some 

sophisticate methods were introduced. Aiming at replacing SIBFA’s distributed 

multipoles with electron density, a Gaussian based electrostatic model (GEM) has been 
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developed.
266, 268, 285

 Proposed by Gao and coworkers, X-Pol combines the fragment-

based electronic structure theory with molecular mechanical force field and incorporates 

all the valence interactions into quantum mechanics (Song et al. 2009, Wang et al. 2012c, 

Xie et al. 2007, Xie et al. 2009). Developed by Donchev et al., Quantum Mechanics 

Polarizable Force Field (QMPFF) consists of a nuclear charge and a negative electron 

cloud of exponential form located at the nuclear center.   

Fluctuating charge and Drude oscillator are easy to implement within existing 

fixed-charge force field framework among the above different approaches. Though more 

complicated algorithms are required, induced dipole model fits nicely into the atomic 

multipole framework, which offers more accurate description of electrostatic potential 

than atomic charge models. With additional computational cost, Gaussian-based 

approach however improves greatly the electrostatic representation. How to compute the 

polarization on the fly in simulations based on molecular dynamics has been an issue. In 

most of currently available approaches, either iterative induction or extended Lagrangian 

treatment is applicable.
286, 287

 With advanced linear algebra solver, iterative induction can 

be accelerated; smaller time step and a separate low-temperature thermostat can help the 

extended Lagrangian treatment to be stable. The dependent degrees on QM 

decomposition and empirical experimental data also vary among the parameterization 

approaches of these force fields. 

Overall, the improvements of current electrostatic models are still limited among 

all the modern force field. Only few polarizable models have their own parameters for 

biomolecules, including AMOEBA, SIBFA, PFF, CHARMM-FQ. One reason is that it 

has become more complicated for developing model and parameterization; another 

reason is that the expectation of accuracy is higher which also means that there are more 

challenges to overcome. 
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4.1.2 Advanced electrostatic treatment in AMOEBA 

By Coulombic interactions, the electrostatic energy is commonly modeled 

through fixed charges which are located at the center of atoms or sometimes off-center 

sites: 

i j

ij

ij

q q
U

r


          (4.1) 

where Uij is the electrostatic potential energy between charges qi and qj; rij is the 

distance between two. Due to chemical bonding or the lone electron pairs, the local 

atomic change distributions are spherically symmetrical. Introducing higher-order 

electrostatic moments which allows those unsymmetrical features to be described has 

been necessary. In AMOEBA force field, a permanent atomic multipole moments, 

including the monopole, dipole and quadrupole moments are implemented at each atomic 

center: 

, , , , , , , , , , , ,
T

i i ix iy iz ixx ixy ixz iyx iyy iyz izx izy izzM q d d d Q Q Q Q Q Q Q Q Q        (4.2) 

where Mi is the transposed permanent multipole vector at site i, qi is the point charge 

located at the atom i, µ is the dipole and Q is the quadrupole moment. The accuracy of 

molecular electrostatics can be improved by adding point dipole and quadrupole 

moments by orders of magnitudes in comparison with ab initio reference potential 
288

. 

The same effect can also be reached by the use of additional point charge sites or 

Gaussian charge distributions. Uniquely determining the location of off-atom sites 

however is difficult to achieve in general, and the computational cost involving 

Gaussians is high.  

The interaction energy between two multipoles sites can be described as matrix 

formula, in the Cartesian form: 
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T

ij i ij jU M T M                    (4.3) 

where Tij is a matrix with the form of: 
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            (4.4) 

The multipole moments need to be defined in a local coordinate frame set for each 

atom type by covalently bonded neighboring atoms.
68, 69

 With respect to their local 

frames, the permanent atomic multipole moments remain constant when the molecules 

move and rotate in the simulation. By rotating matrix prior to the computation of the 

electrostatic interaction energies, the local multipole moments will be converted into the 

global frame. 
85

 Forces of the atomic multipole model can be derived from the derivative 

of the interaction matrix T, where 
1 ( )n nT T  , and  

0 1/T r  
85

. In order to make 

use of standard molecular dynamics or energy minimization algorithms, the extra torque 

caused by the derivatives of rotation matrix can be converted into forces at each atom and 

their frame-defining neighbors.
46, 47

 

As mentioned already, electrostatic energy includes both permanent and polarized 

contributions. The atomic multipole moments can be derived from distributed multipole 

analysis (DMA) 
289

 of high level quantum mechanics (QM) calculations (current practical 

applications have generally been restricted at second order Møller-Plesset perturbation 

theory (MP2) due to the computational cost). Each type of atom defines a local 

coordinate frame. There are three principle definitions of the local framework available in 
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AMOEBA to cover essentially all situations in organic chemistry, which is the so-called 

Z-then-X frame. A bisector frame is also applied when dealing with molecules with two-

fold local symmetry or pseudosymmetry. From a single point QM calculation, the 

permanent multipole moments can be derived from the charge density of the molecule. 

Both experiments determined and QM optimized geometries can be the starting structure. 

MP2 theory has been widely used in geometry optimizations and single point energy 

calculations. Depending on the actual size of the molecule, different basis set may be 

applied. With additional polarization and diffusion functions, 6-311G series basis set is 

typically used with the DMA. By fitting to the electrostatic potentials (ESP) and using 

large basis sets such as the Dunning’s correlation consistent aug-cc-pVTZ, initial atomic 

multipoles can be further optimized. To ensure neutrality over equivalent atom types and 

move atomic multipoles when joining fragments (e.g. amino acids) together, averaging 

the atomic multipoles is an necessary procedure, and a rigorous way to compensate such 

modifications can be offered by the ESP fitting procedure 
69

. 

 

4.1.3 Atomic polarizability and the damping coefficient 

Molecular polarizability can be reproduced using element-based isotropic atomic 

polarizability and a single universal value of the damping coefficient for numerous small 

molecules 
289

. A single value of 0.572 for β by fitting to experiment molecular 

polarizability was suggested by Thole in Thole-type model. Ren and Ponder later suggest 

that the polarization energy (which has not been considered in Thole’s work) was more 

sensitive to the damping factor in the study of water model 
83

. Therefore, a universal 

value of 0.39 for β was assigned to each atom type in AMOEBA by fitting to interaction 

energies of a number of water clusters. On the other hand, stronger damping (i.e. β < 

0.39) has been suggested for divalent metal cations to better model the electric field 
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around.
89, 110, 269

 Originally ions only differ in vdW parameters in the classical force 

fields, now the ability to present different electrostatic properties has been realized by 

introducing variations in the damping strengths. 

Larger molecule, larger number of conformations it can access. Whether the same 

set of electrostatic parameters being able to correctly model the electrostatic potential of 

different conformers now becomes an obvious question. When a different conformation 

of the dipeptide was used in parameterization, the electrostatic parameters derived for 

alanine dipeptide would also vary significantly. 
46, 290

 Electrostatic potential should not be 

calculated by simply averaging the electrostatic parameters derived from different 

conformers. Only marginal improvement was observed in comparison with non-

polarizable models without short range polarization between bonded atoms even 

intramolecular polarization was considered 
46

.  

A group-based scheme is adopted by AMOEBA when calculating the induced 

dipole moment.
46, 69

 A rigid functional group with limited conformational degrees of 

freedom in a molecule is defined as a “group”. Small molecules like water can be defined 

as a single group. The permanent multipole and the induced dipole will be treated 

consistently, where 1-2 and 1-3 interactions are skipped, 1-4 interaction will be scaled by 

a factor of 0.4, and 1-5 interaction will be scaled by a factor of 0.8 for all bonded atoms. 

The true “permanent” multipole moments for the intramolecular polarization are 

subtracted from the QM multipoles. The efficacy of devised intramolecular polarization, 

along with the ESP fitting in producing conformation-independent permanent multipoles 

for flexible molecules has been proven and been utilized in parameterizing electrostatic 

parameters for flexible molecules such as amino acids. 

 

4.1.4 Improved vdW interaction energy function development 
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a) vdW interaction energy function 

To study the biomolecules’ formation, stability, and function, the ability to 

describe noncovalent forces, such as hydrogen bonding and van der Waals (vdW) 

interactions are crucially important. In classical vdW model, there are two fundamental 

forces to count for interactions between atoms. One is dispersion (attraction force), which 

brings things together; the other is repulsion which keeps atoms from getting too close. 

The attractive or repulsive forces between molecular entities other than those due to bond 

formation or to the electrostatic interaction, the vdW interaction terms include: dipole–

dipole, dipole-induced dipole and London (instantaneous induced dipole-induced dipole) 

forces.
291

 In applications, the repulsive forces (orientation dependent) usually reflect the 

shape of molecules, and determine the melting point; while attractive forces can affect the 

heat of vaporizations which are closedly associated with the cohesive energies in solids 

and liquids. 

Dipole is defined as a separation of positive and negative charge, mathematically, 

dipole-dipole interaction can be represented as: 

 

     
    

        
                                 (4.5) 

where the potential energy   possessed by two polar atoms interacting with each other 

depends on the dipole moment,   , of each molecule, the distance apart,  , and the 

orientation ( i.e. angles formed by the two dipoles with respect to the line connecting 

their centers   ,    and  ) in which the two molecules interact. ε is the permeability of 

space. 

 Another type of attractions is caused by dipole-induced dipole interaction. As we 

have mentioned before, the polarizability (α0, which is calculated as: α0 =       
 ) is the 

ease of distortion of the electron cloud of a molecular entity by an electric field (such as 
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that due to the proximity of a charged reagent). It is experimentally measured as the ratio 

of induced dipole moment (uind) to the field E which induces it:  

uind  =α0 ·E                   (4.6) 

 

A dipole near a polarizable molecule also induces a dipole (charge dislocation) in 

the neutral molecule leading to an attractive interaction, the corresponding potential 

energy is referred to as Debye energy
292

: 

 

       
    

           
          (4.7) 

 

The third type of attractive force is induced dipole-induced dipole interaction, it is 

caused by random fluctuations in a polarizable molecule which induces a corresponding 

dipole in a nearby molecule. The involved potential energy is called the London 

dispersion energy
293

: 

 

       
    

    
     

                  
     (4.8) 

 

Combining the attractive and repulsive potentials togenter, Lennard-Jones 

potential energy function is therefore defined as: 

 

    
 

   
 

 

  
     

 

 
 
  

  
 

 
 
 

  ,     (4.9) 

or: 

   

           
  

 
 
  

   
  

 
 
 

  ,     (4.10) 
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where ε is the depth of the potential well, σ is where inter-particle potential is zero, R is 

the distance between the particles and Rm is defined as the distance at which the potential 

reaches its minimum (- ε). 

 Later, many mathematical functions have been exploited in to more accurately 

relate interatomic potential functions, as well as to observe any discrepancies upon 

equating them. Among them, some sucessful examples are discussed here: 

 If the  
  

 
 
  

 term in the Lennard-Jones potential is replaced by a more complex 

dual parameter exponential term the Buckingham potential form results: 

 

                                (4.11) 

 

where constant A and B describe components of the repulsive interaction, and thought to 

relate to the number of electrons and the electron density respectively; C describes the 

attractive interaction. In the case where ions have small polarisabilities the C-term is 

often omitted giving rise to a Born-Mayer potential
294, 295

: 

 

                                       (4.12) 

 

The Buckingham and Born-Mayer potentials have been used successfully in the 

excellent work of Grimes and co-workers to model a wide range of crystal structures and 

ionic species.
296-299

 

In AMOEBA force field, a buffered 14-7 vdW form to account for repulsion and 

dispersion interactions
46, 47

: 

http://en.wikipedia.org/wiki/Potential_well
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  (4.13) 

where     is the potential well depth,      
 

  
 , m is defined as 7 while n is 14.  

b) Damping function 

There is an obvious deficiency in London dispersion energy function, in the close 

range, the attractive force will go negative infinity, where experimental evidences 

disagreed due to the overlap of electron densities, and therefore the R
6
 dependence of 

interactions is no longer appropriate.
300

 Ab initio calculations of damping functions have 

been introduced to account for charge overlap. In molecular modeling, Tang and 

Toennies introduced damping functions for the individual dispersion coefficients
300, 301

: 

 

    
 

           
         (4.14) 

 

where       is the damping function which equals to one at large value of R and zero at 

small value of R. 

 Many empiracal forms have been araised for the damping term, Ahlrichs et al. 

proposed a simple and well-behaved damping function
302

: 

   (4.15) 

However, this piecewise function does not have continuous second derivatives. Mooij et 

al. constructed a function to alternatively improve it
303, 304

: 

      (4.16) 
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The value of Cdamp that Mooij et al. use is 7.19. Weitao et al.
300

 found that with a 

new value of Cdamp 53.54, this function is more like the one by Ahlrichs et al. In Weitao et 

al.’s work, they also suggested a Fermi function: 

   (4.17) 

Equation 4.17 is much simpler with only one parameter. The value of β they 

reported is 23.0, and it has been determined by requiring       = 0.99 at R = 1.2Rm. 

There are some other alternative damping functions, including Koide et al.’s 

polynomial form
305

: 

                                                       
     

       (4.18) 

where       and    are constants determined by atom’s property. 

 

c) Mixing rules 

Precisely designing parameters for each atom type in force field can gurantee high 

accuracy of the computations. However, for N types of interaction sites, one needs to 

define 0.5N(N+1) interaction parameter sets, which lead to a huge number of cost, and 

reduce the versatility of pure site interaction parameters. Instead, a common practice is to 

use mixing (combination) rules that allow the use of pure site parameters only, and 

therefore only N parameter sets are required to be specified.  

Based on some quantum mechanical derivation, Tang–Toennies et al. have 

introduced theoretical mixing rules
306

: 

 

           (4.19) 
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                 (4.20) 

 

However, the incorporation of additional parameter sets (e.g., polarizability, 

ionization potentials, or dispersion force coefficients) makes the QM approach 

problematic to the purpose of mixing rule which aims in reducing parameters. Therefore, 

based on mathematical expression, empirical mixing rules are developed. Among those, 

the most widely used ones are Lorentz–Berthelot rules
307, 308

: 

 

              (4.21) 

                 (4.22) 

Halgren HHG rules developed a weighted average of the arithmetic- mean rule for 

σ, and a harmonic mean of the harmonic and geometric mean values for ε
78, 79, 300

: 

           (4.23) 

     (4.24) 

By utilizing a sixth power mean for collision diameter and a simplified form of 

the reduced sixth dispersion coefficient for the well depth, the Waldman–Hagler rule was 

also widely used
309

: 

 

     (4.25) 
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    (4.26) 

 

 

4.1.5 Challenges in modeling organochlorine compounds and the σ-hole Effect 

Halogen atoms are commonly found in inorganic, organic, and pharmacological 

molecules.
310-312

 50% of compounds in high-throughput drug screening have been 

reported to contain halogens.
313, 314

. The noncovalent interactions between halogens and 

electron-rich atoms are referred as halogen bonds.
315-317

 The “σ-hole” is an electron-

depleted region on the outermost portion of the halogen atoms when attached to a strong 

electron-withdrawing group.
311, 318-323

 Strong interactions can be formed by halogen 

atoms and some elements of groups IV−VI 
322, 324, 325

 with a σ-hole negatively charged 

sites or electron donor-rich groups (e.g., Lewis bases, π-electrons and anions). Halogen 

bonds(also called X-bonds
326

, as shown in Figure 4.1) offer alternatives to other common 

classical interactions such as hydrogen bonds (H-bonds) that play important roles in the 

supramolecular chemistry of biosystems and nanomaterials. Ligand design is also 

increasingly taking advantage of the halogen-bonding phenomenon in addition to areas 

such as crystal engineering and solid-state materials
327-329

. Ho and co-workers utilized 

bromine-substituted uracil in another biochemical application to promote the assembly of 

four-stranded DNA junctions where the halogen atoms facilitated the noncovalent 

bonding by acting as electrophilic sites. 
330, 331

 

It is crucial to develop accurate molecular mechanics models to capture the 

electronic structure and molecular interactions of halogens and halogen bonds. Due to the 

complicated charge distribution and high polarizability, however it is difficult to model 

the halogen atoms using atomic point charges with spherically symmetric potentials.
315, 
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332-334
 The partial negative charges typically assigned to halogen atoms make their 

electrostatic interactions with electron donors repulsive instead of attractive. Jorgensen et 

al. introduced off-center charged sites to halogen atoms in the OPLS-AA force field to 

capture the halogen bonds’ anisotropic charge distributions and the σ-hole effect, and 

great improvement in predictions for the density, heat of vaporization, relative hydration, 

and binding free energy were proved.
332, 335

 Some other similar treatments of halogen 

electrostatics and the σ-hole effect have been also reported. 
311, 336-340

 

A more physically appealing approach beyond the fixed-charge model to model 

the complicated anisotropic electronic structure of halogens is to incorporate higher-order 

multipole moments. Among the current available methods, the atomic multipole 

optimized energetics for biomolecular applications (AMOEBA) force field, with features 

of atomic-based multipole moments (up to quadrupole moments) and inducible dipole-

based polarizability, is a good platform for the development of a halogen model. As 

mentioned previously, lots of biomolecular systems including water, common single-

atom ions, common organic molecules, and proteins 
47, 341-343

 has been developed using 

AMOEBA force field.  

In this work, we have investigated a polarizable multipole based molecular 

mechanics model for a series of chlorine-substituted methanes, including CCl4 (carbon 

tetrachloride), CHCl3 (chloroform), CH2Cl2 (dichloromethane) and CH3Cl 

(chloromethane). Before investigating more complex chlorine-containing drugs, these 

simple chlorine-containing compounds allow us to focus on chlorine itself. Using a 

combination of ab initio quantum mechanics (QM) and experimental data, parameters for 

classical force field were obtained. By computing the chlorocompounds’ hydration free 

energies (HFE) and solvent reaction fields on a reference solute, transferability of the 

force field was tested. Using the resulting force field along with ab initio calculations, 
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energetics of homo- and heterodimers give us further insights into the intermolecular 

interactions of halogen atoms. Overall, the experimental evidences agreed well with the 

calculated hydration free energies and solvent electric fields.   

 

4.2 Methods 

 

AMOEBA Force Field 

The AMOEBA model has been described in detail in previous publications.
46, 47, 91

 

The total energy is given by: 

  

                                               
         

            (4.27) 

 

where the terms include the valence contributions corresponding respectively to the 

bonds, angles, bond-angle cross couplings, out-of-plane and torsional energies. The long-

range electrostatic interactions include both permanent and polarizable components, are 

treated with the particle-mesh Ewald (PME) algorithm. 

 

Gas Phase Calculations 

To derive the AMOEBA polarizable force field parameters, POLTYPE was used 

to estimate initial atomic multipoles at the MP2/6-311G** level of theory using Stone’s 

original “distributed multipole analysis” (DMA) procedure.
341, 344

 The resulting multipole 

moments (with monopoles fixed) were then further refined by fitting to the electrostatic 

potential computed at the MP2/6-311++G (2d, 2p) level of theory to overcome the 

potential instability of directly applying DMA to bigger basis sets with diffuse functions. 
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The atomic polarizability of Cl (2.5 Å
3
) was determined by matching to the ab initio QM 

molecular polarizability tensor for CH3Cl (5.3, 3.8, 3.8 Å
3
). The same Cl atomic 

polarizability was applied to mono- to tetrachloromethanes (Table 4.1). 

 

The van der Waals (vdW) parameters of C and H have been transferred from the 

CH- in methanol and methylamine 
343

. The Cl vdW parameters were first determined by 

fitting to the ab initio potential energy profiles of molecular dimers evaluated at the 

MP2/aug-cc-pVQZ level of theory. The fitting procedure was carried out using the 

ForceBalance program 
345

 in conjunction with the TINKER 6 package.
346

 All ab initio 

calculations in this study were performed using the Gaussian09 program.
347

 The 

geometry of each dimer pair was optimized using MP2/aug-cc-pVTZ in gas-phase. The 

potential energy profile for each pair was then generated by displacing the molecules 

along the C···C or C···O axis. Single-point energy calculations at the MP2/aug-cc-pVQZ 

level of theory with basis set superposition error (BSSE) correction were applied to 

obtain the interaction energy for each generated structure. Because the dispersive energy 

may contribute significantly to the interaction energy of chloride compounds, the quality 

of MP2/aug-cc-pVQZ interaction energy was also examined by comparing with the 

CCSD(T)/CBS result for a CH3Cl-water dimer. The CCSD(T)/CBS interaction energy 

was estimated following the extrapolation approach of Hobza and co-workers.
348

 The 

MP2 correlation energy was extracted to CBS from aug-cc-pVTZ and aug-cc-pVQZ, and 

then the correlation energy was adjusted from the MP2 to the CCSD(T) level by adding 

the difference between the two methods using the aug-cc-pVDZ basis set. The calculated 

MP2/aug-cc-pVQZ and CCSD(T)/CBS dimer interaction energy values are −1.071 and 

−1.100 kcal/mol, respectively. In addition, the HF and MP2 energies seemed to converge 
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reasonably well at the aug-cc-pVQZ basis set by comparing to the CBS results. Thus, 

MP2/aug-cc-pVQZ has been used to obtain all the gas-phase dimer energies in this study.  

 

Liquid Calculations 

Molecular dynamics (MD) simulations were performed on all four molecules− 

CCl4, CHCl3, CH2Cl2 and CH3Cl− as pure liquids and as single molecules solvated in 

water. For the pure liquid, a box of 216 chloromethane molecules was used. Liquid 

density and heat of vaporization were evaluated. The liquid simulations were first 

equilibrated through a 50 ps trajectory in the NPT ensemble at 298 K and 1 bar, followed 

by another 500 ps production run for data collection. To estimate the heat of vaporization, 

we used the equation below: 
47

 

                                  (4.28) 

where      is the averaged potential energy of single molecule in the liquid box and 

     is the energy of the single molecule in the gas phase and is calculated by running a 

500 ps simulation for one molecule using a 0.1 fs time step. By computing the liquid 

density and heat of vaporization for each chloromethane from molecular dynamics 

simulations, ForceBalance was applied to iteratively optimize the vdW parameters for Cl. 

345, 349
 ForceBalance allows the fitting of selected force field parameters to QM cluster 

energies and/or liquid thermodynamic properties using Newton−Raphson and other 

optimization algorithms. 

The HFE for each chloromethane was computed using the conventional 

thermodynamic cycle consisting of discharging, van der Waals decoupling, and gas-phase 

recharging steps.
91, 350

 The charging/discharging step handles the polarization effect in the 

AMOEBA force field through the scaling of solute atomic polarizability. Thus, the final 

HFE can be expressed as: 
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                                                                   (4.29) 

where                   and                   are the free energy changes due to 

turning off the electrostatic and vdW between the solute and environment respectively, 

and                    corresponds to the intramolecular electrostatic interactions in 

vacuum. The vdW annihilation used a soft-core buffered 14-7 potential, as described in 

our previous publications. 
91, 351

 The discharging schedules are λ= 0, 0.1, 0.2 …1, and 

decoupling schedules are λ= 0.0, 0.2, 0.4, 0.5, 0.55, 0.6, 0.625, 0.65, 0.7, 0.75, 0.8, 0.9, 

0.95. The Bennett acceptance ratio (BAR) method was used to evaluate the free energy 

changes. 
352

 

For each of the chloromethanes that exist as a liquid at room temperature (all but 

CH3Cl), we simulated a solution consisting of 395–882 chloromethane molecules (to fill 

a 45 Å cubic box) and 1 acetophenone molecule and calculated the electric field the 

solvent exerts onto the C=O bond of acetophenone using methods previously 

described.
353

  The solvent box was equilibrated for 100 ps in an NPT ensemble, and 

production dynamics were carried out for 500 further ps, during which the solvent field 

was calculated every 10 fs. The calculated electric fields can be compared with 

experimental values evaluated from vibrational frequencies through the linear vibrational 

Stark equation: 

  obs    0     solv     probe     (4.30) 

In eq. 4.30,   obs is the experimental C=O vibrational frequency of acetophenone 

dissolved in one of the three chloromethane solvents,   solv is the electric field the 

chloromethane solvent exerts onto the C=O bond,   0 is a reference frequency associated 

with zero-electric field, and    probe is the C=O vibration’s Stark tuning rate.    0 and 

   probe correspond to the vibration’s gas-phase frequency and difference dipole moment 
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(measured in Stark spectroscopy)
354

, and are also calibrated against a set of reference 

solvents. 

 

 

 

4.3 Results and discussions 

4.3.1 Gas-phase study 

 

We have evaluated the electrostatic potential surface of each of the four 

chloromethanes in Figure 4.1 to examine the electronic structure of Cl atoms and the σ-

hole effect. Scholfield et al.,
311

 have suggested that the size of the σ-hole on Cl will be 

affected by the electron-withdrawing ability of the atoms and functional groups that are 

bonded to Cl and this conclusion is consistent with our QM calculations. The electrostatic 

potential around Cl in CH3Cl is mostly negative (red) as shown in Figure 4.1 d in CH3Cl 

but the outermost portion of Cl’s surface facing away from the central carbon is actually 

neutral (green). Considering the fact that Cl is more electronegative than C, i.e. bears a 

partial negative charge in a C−Cl bond, this phenomenon is reasonable and in accordance. 

The electron distribution has been however pulled toward the center of the bond and 

leaves a neutral patch on the outermost surface of Cl along the C−Cl axis. The σ-hole 

“patch” becomes larger and increasingly positive (blue) from CH2Cl2 to CCl4 as the 

electron-withdrawing forces generated by additional Cl atoms increase. The largest σ-

hole happens on the Cl on CCl4. Using AMOEBA atomic multipole moments derived 

from QM calculations, we can reproduce such observation (Table 4.1). 
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Electrostatic charges (monopoles) were calculated in Table 4.2, which indicates 

that net charge on Cl become less negative going from mono- to tetrachloromethane. 

Moreover, the dipole moment on Cl along the z component (pointing along the Cl−C 

bond vector) decreases from CH3Cl to CCl4, suggesting that along the Cl−C bond, while 

the positive σ-hole gets larger, exist a diminishing charge separation. Relative to those of 

C and H (see our publication
62

), large quadrupole components are observed on the Cl 

atoms. In Table 4.2, between the electrostatic potentials calculated from QM and atomic 

multipoles, the estimated small root-mean-square difference suggests that the distributed 

atomic multipole moments are able to represent these complex charge distributions. A 

good agreement across the four compounds is present between QM and force field 

calculated molecular polarizability values in Table 4.1. Transferred from the existing 

AMOEBA parameter set, the atomic polarizability values for C and H were therefore 

determined. For all four compounds, Cl atomic polarizability was defined as the same. 

The Cl atomic polarizability is almost twice that of the C atom, and we saw a 

significantly steadily increases of the molecular polarizability from CH3Cl to CCl4. 

A series of homodimers of CCl4, CHCl3, CH2Cl2 and CHCl3, as well as 

heterodimers with a water molecule (Figure 4.2) has been examined. The geometries 

were randomly chosen near local minima on the dimer energy surface. The electrostatic 

and valence parameters produced by POLTYPE based on the QM calculations on the 

monomers. We used calculations on dimers to quickly estimate the vdW parameters 

(each chloromethane has its own Cl parameters). The parameters are ensured to be 

transferable to another environment by using heterodimers with water. We applied 

MP2/aug-cc-pVTZ level to perform geometry optimizations of these dimmers. The 

BSSE-corrected association energy at the MP2/aug-cc-pVQZ level was obtained at 

different C···C distances for homodimers and different C···O distances for heterodimers. 
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The ForceBalance program was then used to fit the vdW parameters to the gas-phase 

dimer energy.
345

 

The ab initio interaction energies of homodimers can be reproduced well by 

optimizing the vdW parameters and using AMEOBA, as shown in Figure 4.3. The 

agreement is generally worse for heterodimers, particularly for the CHCl3−H2O dimer.  

There is ~1.0 kcal/mol at the minimum energy distance for the difference between the 

QM and AMOEBA interaction. With a further inspection of Figure 4.3, neither vdW 

parameter d nor ε appears to display a consistent “chemical” trend going from CCl4 to 

CH3Cl, as observed for the electrostatic parameters (Table 4.1 and Table 4.2). The 

randomly chosen configurations, as noted earlier, might not be able to represent the most 

important configurations in the liquid phase. In the CHCl3−H2O dimer (Figure 4.2 (d)) 

For example, the H atom instead of Cl atom of CHCl3 is facing the water O atom. It is 

likely insufficient to determine the final vdW parameters only use those dimers’ data, 

however a set of starting parameters can be obtained from simple gas-phase calculations 

provide for subsequent examination of liquid state properties using molecular dynamics 

simulations.  

 

4.3.2 Liquid-phase simulations 

Due to the detailed information the gas-phase QM study can provide, it is 

important in investigating the electrostatic and intermolecular interactions in an isolated 

environment. However, comparing directly these results to experimental measurements is 

still challenging and not feasible. For each of the chloromethanes, we therefore further 

optimized the gas-phase QM derived Cl’s vdW parameters using the experimental liquid 

density and heat of vaporization data and the ForceBalance method. For the resulting Cl 

diameters d, we found from initial optimization across all four chloromethane d values 
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are very similar and therefore was inherited in liquid study, leaving only vdW energy 

depth parameter ε for each Cl type in the four chloromethanes to be reoptimized. The 

RMSE is 0.01 g/cm
3
 for the density and 0.12 kcal/mol for the heat of vaporization (Hvap). 

In Table 4.3 we found that the resulting optimal ε parameter systematically decreases 

from mono- to tetrachloromethane, which was similarily observed in Table 4.2 for both 

Cl charge and dipole moment. 

As a very useful and convincing measurement to examine the transferability of 

the resulting parameters and the potential energy model, the hydration free energy(HFE) 

of each of the chloromethanes was also evaluated in addition to the neat liquid 

simulation. In many chemical and biological processes, such as protein−ligand binding.
48

 

It has been widely accepted that HFE can be considered as a critical validation step in 

biological force field development; and therefore extensive efforts have been made to 

improve the fixed-charge force fields to reduce the HFE error of small organic molecules 

to ~1.0 kcal/mol.
91, 233, 355-358

 We previously have reported that the HFEs calculated by 

AMOEBA for a group of common organic molecules, which were in excellent agreement 

with experimental data (RMSE ~0.4 kcal/mol).
343

 As described in method section, we 

applied the alchemical free energy methods to compute HFE for each chloromethane, and 

the results are shown in Table 4.3. For mono-, di-, and trichloromethane, the errors are 

well within 1 kcal/mol indicating reasonable transferability of the model from neat liquid 

to a water environment; for tetrachloromethanes, the error is 1.91 kcal/mol. A clear trend 

of increasing error from mono- to tetrachloromethanes has been observed. And therefore 

the model for tetrachloromethanes needs to be further examined considering that the large 

error might cause transferability issues. 

 

4.3.3 Solvent fields 
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According to a simple linear model 
359

, a carbonyl vibration’s frequency reports on 

the local electric field created by the surrounding solvent has been previously 

demonstrated. Solvent electric fields have been accurately predicted by AMOEBA force 

field by extension, which can describe solvent-induced frequency shifts and band -

broadening.
353

 In Table 4.4, we applied linear models calibrated against seven 

nonhalogen-containing reference solvents, by recording the infrared spectrum of 

acetophenone dissolved in CH2Cl2, CHCl3, and CCl4 (10 mM) and mapping the peak 

frequency and linewidth to the mean electric field and electric field standard deviation. 

We evaluated the electric fields that the chloromethane solvents exert on the test solute 

acetophenone. The electric fields we expected from continuum models (such as the 

Onsager reaction field or Poisson−Boltzmann equation) for the chloromethane solvents 

are smaller than the calculated average electric fields. Such observation suggests the 

presence of H-bonds and X-bonds between chloromethane molecules and the C=O 

vibrational probe. A reasonably well result of the average solvent field exerted by CH2Cl2 

and CHCl3 is obtained by AMOEBA model, which includes the small difference between 

molecules. For the dispersion of these two solvents’ electric fields, the agreement among 

simulations and experimental values is similarly strong. The electrostatic moments 

assigned to these molecules, derived from gas phase calculation, show good agreement 

between AMOEBA and experimentally determined electric fields, which suggests that 

such approach could give a correct description of their electrostatic interactions in the 

condensed phase as well. 
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 Smaller but nonetheless significant electric fields are exerted by CCl4, although 

MD simulations substantially underestimate them. CCl4 is expected to donate the 

strongest X-bonds among the solvents studied without H-bonding capacity. The 

possibility that the AMOEBA model renders electrostatics of X-bonds insufficiently 

attractive has been corroborated by such increased discrepancy. 

 

4.3.4. Transferability of classical model 

AMOEBA model is a classical potential energy function applicable in different 

chemical and physical environments. Inducible atomic dipole allows the electrostatics of 

a molecule to respond to its instantaneous environment and has been a great improvement 

to a more transferable force field. By iteratively optimizing the vdW parameters between 

the gas-phase cluster energy and liquid experimental properties, we have already been 

able to achieve such transferability by iteratively optimizing the vdW parameters for 

many ionic and organic molecular systems
49, 341, 343, 360-362

. In this work, we derived the 

electrostatic parameters from QM, vdW parameters from QM dimer energetics and 

optimized in liquid simulations.  

 We extracted about 20 new dimer configurations from the neat liquid and 

hydration free energy simulation trajectories of CCl4 and CH3Cl, respectively, to examine 

the transferability of the final parameters back to the gas-phase environment. In Figure 

4.4(a-d), the computed radial distribution function (RDF) for relevant atom pairs enabled 

us to identify the first solvation shell, from which the homo- and heterodimers were 

chosen randomly for the subsequent QM and force field comparisons. In Figure 4.5(b) 

that the closest Cl···O distance in CCl4 solution is in the range of 3−4 Å, and it is much 

longer than the known C-Cl covalent bond (1.8 Å). For chlorobenzene, previous study 
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has also reported similar contact distances between the Cl···O.
13

 Combined with the 

evidence that our classical model can well reproduce the dimer interaction energy (shown 

in Figure 4.6), we have indicated that the so called halogen bonds, formed by the positive 

σ-hole on Cl and electron rich O, are of noncovalent nature. We can therefore model the 

σ-hole effect by a combination of electrostatic and vdW interaction. 

 

The association energies for a total of 83 dimers were evaluated by using both 

QM (BSSE corrected MP2/aug-cc-pVQZ) and the AMOEBA force field. Figure 4.6 

shows the correlation between the QM and force field results using the initial gas-phase 

determined vdW parameters and final, liquid-optimized vdW parameters. It can be seen 

that the final liquid-optimized parameter set in general yields very good correlation with 

QM results, by inspecting the Rliquid/gas
2
 values, with R

2
=0.85−0.99 and RMSE=0.07−0.27 

kcal/mol. We found that the liquid-optimized parameters did better than the gas-phase 

QM energy -derived parameter set, especially for the CH3Cl-CH3Cl dimer. Based on the 

gas-phase QM dimer energy (Figure 4.3), one single conformation was chosen randomly 

for each dime during the initial vdW parametrization. There is possibility that we used a 

local minimum-energy configuration for CH3Cl···CH3Cl which is not common in liquid 

state; however it is hard to exclude this situation currently. 

A few more structures were further examined that correspond to the outliers 

labeled in Figure 4.6. The structures of these “outliers” observed in liquid-phase 

simulations (Figure 4.7 B1, B2, B3, D1, and D2) are quite different from those used in 

the gas-phase dimer vdW parametrizations (Figure 4.2). The intermolecular Cl···Cl 

distance (3.4 Å) in CCl4···CCl4 dimer configuration A is similar to that of gas-phase QM 
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optimized structure; the RDF of CCl4···CCl4 in Figure 4.5(a) shows that in the liquid 

state there are very few pairs with Cl···Cl distance less than 3.5 Å, which means that 

configuration A is a rare case in the liquid state but has higher popularity in the gas phase. 

Liquid-optimized vdW parameter set did worse on this structure therefore looks 

comprehansible than the parameter set directly fitted to the gas-phase dimer energy 

profile. By comparing D1(C···O distance ~3.2 Å, similar to the gas phase structure ) and 

D2(C···O distance ~4.5 Å, prevalent in liquid simulation), a similar conclusion can be 

also drawn. H atom of water is facing the Cl of CCl4 for the B1, B2, and B3 

configurations extracted from liquids, however in the gas-phase dimer we used as 

mentioned above, the O atom instead is facing the Cl. Due to the inferior transferability 

caused by only applying one configuration in the preliminary parametrization, the overall 

worse performance of the gas-phase parameters on these structures can be expected. 

The greatest errors are found in CCl4’s HFE and solvent field among all the liquid 

phase results computed by AMOEBA. Such inaccurate description of CCl4’s X-bonding 

to the O atoms of water and acetophenone is caused by the force field’s poor 

performance. CCl4 has a close dielectric constant (2.2) to that of n-hexane (1.9), yet it 

exerts more than twice the electric field (–25 vs –11 MV/cm) on acetophenone. The 

interactions of X-bonding are highly affected by additional electrostatic attraction which 

has not been captured in our electric field simulations (Table 4.4). On the other hand, the 

observations that the calculated HFE of CCl4 was overly endergonic (Table 4.3) as well 

as CCl4–water heterodimer interaction energies were not in strong accordance with QM 

might also be explained. CCl4’s experimental heat of vaporization, density (Table 4.3), 

and homodimer interaction energies show strong agreement between experiments and 
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computations. It may have been possible because there is no X-bond acceptor on CCl4 

itself, so the effect is muted in neat systems. 

 

4.4 Conclusion 

 

Organochlorine compounds–or halogen compounds are abundant in areas of 

chemistry, biology, and drug discovery. Having an accurate classical force field for 

modeling such compounds and their interaction with other molecules is important. It is 

inadequate to use traditional fixed atomic charge force field for treating the complex 

electrostatics in halogen compounds, especially when the “σ-hole” effect is strong .
332

 

In this work, AMOEBA model has been successfully applied to investigate a 

series of chloromethanes, including CCl4, CHCl3, CH2Cl2, and CH3Cl. It has become a 

natural choice to use the atomic multipole framework for complicated charge distribution 

seen on the halogen atoms. We derived the electrostatic parameters from QM calculations 

of the monomers, and optimized the vdW parameters against liquid densities and heats of 

vaporization. By using the atomic multipoles, it has been observed that the electrostatic 

potentials of monomers were well described by atomic multipoles including the large 

charge separation observed on the Cl atom. Though being reasonably reproduced by 

AMOEBA for homodimers, the QM gas-phase dimer energies were less satisfactory for 

heterodimers formed with a water molecule. The neat liquid density and heat of 

vaporization were not only used as the vdW parameter optimization targets, but also have 

great agreement with AMOEBA simulations. The RMSE is 0.01 g/cm
3
 for the simulated 

density and 0.12 kcal/mol in heat of vaporization. Though the hydration free energy and 

solvent field agreed well for the less substituted chloromethanes, a larger deviation from 

the experimental data (1.91 kcal/mol) was still observed for the predicted 
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tetrachloromethane HFE. The AMOEBA interaction energies in general are very well 

correlated with the QM results by examining a number of dimer configurations from the 

liquid state simulations. Through calculating the chloromethane−H2O heterodimer 

interaction energies, it has been suggested that X-bonds, just like H-bonds, can be 

reliably treated by a combination of electrostatic and vdW interactions.
363

 The 

observation that CCl4’s electric fields were modeled qualitatively incorrectly and the 

problems with CCl4−H2O interaction energies however reflect other issues with the 

AMOEBA potential function instead of the parametrization. One possible explanation is 

that there might exist a cancellation of error in which electrostatic interactions are made 

insufficiently attractive while vdW interactions are under-repulsive. 

Cl atom has been assigned larger vdW parameters (diameter and energy well 

depth) than the other elements (C, O, and H) in this study. Using simple combining rules, 

though known to be problematic,
364, 365

 the vdW interaction energys for unlike pairs (e.g., 

Cl−H or Cl−O) are computed. It becomes more severe when multiple Cl atoms are in 

close contact with a very dissimilar atom such as O or H in water. The electrostatic 

energy also tends to underestimate the electrostatic attraction for large diffuse molecular 

species by point multipoles (or point charges). On the other hand, the inaccurate vdW 

combination rule might keep molecules from adopting the correct spatial orientations, 

which would consequently affect electric fields (especially from quadrupole moments, 

such as on Cl). More precisely decomposing interaction energies into electrostatic and 

vdW components (and not rely on error cancelation), training data that predict 

information about specific intermolecular interactions are particularly important in 

developing force fields. 
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Table 4.1. Calculated Molecular Polarizability (Å
3
) 

a  
QM results were obtained at the MP2/aug-cc-pVTZ level. 

b
MM results are 

calculated from interactive atomic dipole polarizabilities.
47

  

 

Table 4.2. Electrostatic parameters for Cl in each of the chlorocompounds 

  Cl multipole (au) 
a
 

CCl4 monopole 

dipole 

quadrupole 

−0.07475 

0.00000    0.00000    

0.01306 

−0.68662 

0.00000   −0.68672 

0.00000    0.00000    

1.37334 

RMSE of electrostatic 

potential (kcal/mol.e) 
b
 

0.1270  

   

CHCl3 monopole 

dipole 

quadrupole 

−0.13452 

0.00000    0.00000    

0.06939 

−0.80136 

  CCl4  CHCl3  CH2Cl2  CH3Cl   

methods QM
a
 MM

b
 QM MM QM MM QM MM 

α xx 10.23 10.47 9.14 9.21 7.99 7.83 5.29 5.32 

α yy 10.22 10.47 9.14 9.2 5.75 6.13 3.82 4.07 

α zz 10.22 10.47 6.56 7.08 5.15 5.54 3.82 4.07 
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Table 4.2. Cont. 

  0.00000   −0.79348 

0.00000    0.00000 

1.59484 

RMSE of electrostatic 

potential (kcal/mol.e) 

0.2189  

CH2Cl2 monopole 

dipole 

quadrupole 

−0.18091 

0.00000    0.00000    

0.10467 

−0.79232 

0.00000   −0.90414 

0.00000    0.00000    

1.69646 

RMSE of electrostatic 

potential (kcal/mol.e) 

0.0741  

CH3Cl monopole 

dipole 

quadrupole 

−0.22443 

0.00000    0.00000    

0.17165 

−0.88958 

0.00000   −0.88997 

0.00000    0.00000    

1.77955 

RMSE of electrostatic 

potential (kcal/mol.e) 

0.0665  

a
 The atomic multipoles were derived from ab initio calculations at the MP2/6-

311++G(2d,2p) level.  

b
 The RMSE is based on a comparison to the ab initio electrostatic potential at the same 

level. 
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Table 4.3. vdW parameters fitted from liquid-phase simulation and comparison of 

calculated liquid properties to experiment
a,b

 

a
Density and heat of vaporization data were used in the parameterization; the hydration 

results were not.  

b
ΔHvap (kcal/mol), heat of vaporization; ρ (g/cm

3
), liquid density at room temperature; 

ΔAhyd (kcal/mol), hydration free energy; subscript with “cal”, calculated values; subscript 

with “expt”, experimental reference.  

c
This value is measured at 293 K.

366
 

 

  

  Cl, d 

(Å) 

Cl, ε 

(kcal/

mol) 

ΔHvap_cal  ΔHvap_expt  ρcalc  ρexpt  ΔAhyd

_cal  

ΔAhyd

_expt 
69, 

70
 

CCl4 3.898 0.319 7.71 

(+/-0.02) 

7.7466 1.593 

(+/-0.017) 

1.58466 1.99 0.08 

CHCl3  3.898 0.34 7.35 

(+/-0.01) 

7.50
c
  1.49 

(+/-0.017) 

1.48066 -0.49 -1.08 

CH2Cl2  3.898 0.362 6.84 

 (+/-

0.01) 

6.8267 1.33 

(+/-0.017) 

1.32768, 

c 

-0.73 -1.31 

CH3Cl 3.898 0.413 4.34 

(+/-0.01) 

4.5266 0.92 

(+/-0.019) 

0.91166 -0.26 -0.55 
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Table 4.4. Comparison of simulated electric fields to experiment 

  peak 

frequency
a
 

expected 

mean 

field
b
 

simulated 

mean 

field 

linewidth
a
 expected 

field std 

dev 
c
 

simulated 

field std 

dev 

CCl4 1691.2 –25.6 ± 

1.4 

–11.4 ± 

0.2 

8.9 10.9 ± 

1.1 

5.8 

CHCl3  1683.3 
d
 –41.9 ± 

2.3 

–36 ± 2 16.1
d
 20.9 ± 

2.0 

24 

CH2Cl2  1684.6 
d
 –39.2 ± 

2.2 

–33 ± 1 11.4
d
 14.4 ± 

1.5 

15 

a
Peak frequency and linewidth (cm

–1
), electric field mean, and standard deviation 

(MV/cm).  

b
Electric field calculated from                   solv        .   

c
Field standard deviation calculated from                        .

353
.  

d
 Data from Fried et al.

367
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(a) (b) 

  

(c) (d) 

 

(e) 

Figure 4.1. Ab initio molecular electrostatic potential surfaces calculated at the MP2/6-

311G++ (2d, 2p) level and definition of X-bonding. (a) CCl4 , (b) CHCl3 , (c) CH2Cl2 , 

(d) CH3Cl. (e) Definition of geometric parameters describing a X-bonding
326

. 
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Figure 4.2. Homo- and heterodimer geometries in gas phase. (a) CCl4−CCl4, (b) 

CCl4−water, (c) CHCl3−CHCl3, (d) CHCl3−water, (e) CH2Cl2−CH2Cl2, (f) CH2Cl2−water, 

(g) CH3Cl−CH3Cl, (h) CH3Cl−water.
62
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(a) CCl4-CCl4 

 

(b) CCl4-H2O 

 

(c) CH3Cl-CH3Cl 

 

(d) CH3Cl-H2O 

Figure 4.3. The calculated pairwise interaction energy for dimers in gas phase. The 

estimated Cl’s vdW for CCl4: d (diameter) =3.62 Å, ε=0.4 kcal/mol, and RMSE (QM vs 

AMEOBA) =0.51 kcal/mol. The Cl’s vdW for CHCl3: d=3.06 Å, ε=1.62 kcal/mol, and 

RMSE=1.43 kcal/mol. The Cl’s vdW for CH2Cl2: d=3.49 Å, ε=0.5 kcal/mol, and 

RMSE=1.02 kcal/mol. The Cl’s vdW for CH3Cl: d=3.67 Å, ε= 0.20 kcal/mol, and 

RMSE=1.24 kcal/mol. 
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(e) CH2Cl2-CH2Cl2 

 

(f) CH2Cl2-H2O 

 

(g) CH3Cl-CH3Cl 

 

(h) CH3Cl-H2O 

Figure 4.3. Cont. 
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Figure 4.4 Radial distribution functions from liquid-phase simulation. (a) 20  

neighboring CCl4 molecules were found around the reference CCl4 within 11 Å (second 

peak) in CCl4 neat liquid simulation. (b) 21 water neighboring molecues around reference 

CCl4 molecule were found within 10 Å in solvent. (c) 21 neighboring CH3Cl molecules 

were found within 7.6 Å around  reference in CH3Cl liquid simulation. (d) 21 

neighboring water molecules found within 5.4 Å around CH3Cl in solvent. 
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(a)       (b) 

Figure 4.5 Pairwise atom distance RDF in simulations. (a) Cl···Cl distance RDFs for 

CCl4 and CH3Cl in pure liquid simulations; dashed line is CH3Cl- CH3Cl, solid line is 

CCl4-CCl4 (b) Cl···O distance RDFs for CCl4 and CH3Cl in solvent;  dashed line 

indicates CH3Cl with water, solid line indicates CCl4 with water. 
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(a) CCl4…CCl4, R
2
(liquid) = 0.94, R

2
(gas) 

= 0.93 

 

(b) CCl4…H2O, R
2
(liquid) = 0.85, R

2
(gas) 

= 0.56 

 

(c) CH3Cl…CH3Cl, R
2
(liquid) = 0.99, 

R
2
(gas) = 0.98 

 

(d) CH3Cl…H2O, R
2
(liquid) = 0.93, R

2
(gas) 

= 0.84 

Figure 4.6.  Correlations between QM and AMOEBA dimer interaction energies. The 

label “liquid” (open circles) refers to results from the vdW parameter set optimized using 

the liquid properties, and “gas” (stars) refers to the results from the parameter set 

determined from QM dimer energy profile in gas phase. 
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Figure 4.7. Conformations
62

 found in liquid-phase simulations for which the AMOEBA 

model has large errors. The labels of the structures correspond to those in Figure 4.6. 
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