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Abstract

The structure and dynamics of dendrimers in solution are studied through nanosecond
atomistic Molecular Dynamics (MD) simulations of explicitly solvated Fréchet dendrimers,
generations G1 to G5. The properties of these dendrimers are investigated in four solvent
environments: vacuum and water (representatives of poor solvents), and tetrahydrofuran
(THF) and chloroform (representatives of good solvents). To establish the effect of the
quality of the solvent on the conformation of the dendrimer, additional nanosecond MD
simulations of dendrimers are performed, from both initially folded and unfolded confor-
mations. Free energy calculations of model dendritic units are employed to provide an
energetic rational for the folding behaviour of these dendrimers.

These simulations require a solution force field that accurately represents Fréchet den-
drimers solvated in chloroform, THF and water. Here we develop a new fully relaxed,
all-atom chloroform force field. Models for THF and water were sourced from the avail-
able literature. In the dendrimer force field, the ether linkage (which governs the flexibility
of the dendrimer) is relaxed to offer an improved match with quantum mechanically de-
rived rotational energy profiles.

Employing this force field, MD simulations show that the dendrimers do not fold in
chloroform and THF. Spatially averaged distribution functions (SDFs) show the core of
the dendrimer is readily accessible by the reaction medium, even when the dendrimer is
folded, and backfolding of the terminal groups can be accounted for largely by the hy-
perbranching inherent to dendrimers. Calculated diffusion coefficients, intrinsic viscosities
and longitudinal relaxation rates afford a good match with available experimental data.
A close correlation is observed between the flexibility of a dendrimer and its intrinsic
viscosity. A new expression for calculating intrinsic viscosities is suggested, which is a
function of the size, shape and flexibility of the polymer. The potentials of mean force
(PMF) of folding indicate that a dendrimer folds at least two generations deep. Slight dif-
ferences in these PMFs in chloroform and THF suggest that solvent shells encapsulating

the dendrimer are more easily disrupted in THF than in chloroform.



Declaration

The work in this thesis is based on research carried out at the Computational Chemistry
Research Group, the Department of Chemistry, University of Cape Town, South Africa.
No part of this thesis has been submitted elsewhere for any other degree or qualification

and is all my own work unless referenced to the contrary in the text.

Signed by candidate |

iv



A cknowledgements

Supervising a Ph.D. is no easy task. Therefore, my first point of thanks is to my
supervisor, Professor Kevin J. Naidoo, whose mentoring stretched beyond the principles
of computational chemistry and polymer science and into the art of conducting thorough,
probing scientific investigations. Most of all, I appreciate our many engaging discussions
from which I learnt a great deal and was certainly not limited to science. I would also like
to thank my co-supervisor, Professor John R. Moss, who made valuable suggestions and
was constantly interested in the developments made during this thesis, even though the
topic was not synthetically orientated.

To the past and present members of the Computational Research Group at U.C.T. and
the members of Biophysical Chemistry Research Seminars, many thanks for the hours of
engaging and thought provoking discussions. In particular, I would like to make special
mention of Drs Michelle Kuttel, Robert Best, Anton Lopis and Jeff Chen, for helpful
suggestions, proof reading and patience in the laboratory.

I thank Dr Rick Venable of the National Institute of Health USA, Professor Manfred
Zeidler of Rheinisch-Westfilische Technische Hochschule in Aachen Germany, Professor
Jozef Kowalewski of Stockholm University and the members of the Computational Chem-
istry mailing List for fruitful discussions and encouragement.

A word of thanks to the National Research Foundation (Pretoria) for some financial
assistance.

My heartfelt gratitude to the staff and management of Open Box Software for their
support, encouragement and understanding over the past year.

And finally, but certainly not least of all, my loving family both here in South Africa
and Mauritius, who have continuously supported and encouraged me. To you I can never
express my gratitude. Especially my parents, who are an inspiration to us all and my
late grandmother who will always be remembered with great affection. And last of all,
to my wife Anabelle - this thesis was as much an effort and sacrifice on your part and is
a testament to your patience, commitment and support. For each Ph.D. awarded, there

should be an accompanying award for the partner. Merci beaucoup ma rose.



List of Abbreviations

AMBER Assisted Model Building and Energy Refinement

AFM Atomic Force Microscopy

amu atomic mass unit

atm atmospheres

CHARMM Chemistry at Harvard Macromolecular Mechanics

DAB diaminobutane poly(propylene imine) dendrimers

fs fermtosecond

FEP Free Energy Perturbation

GROMOS Gronigen Molecular Simulation program

keal kilocalories

MC Monte Carlo

M1} Molecular Dynamics

ms millisecond

NVE constant number of particles, volume and energy ensemble
NVT constant number of particles, volume and temperature ensemble
NPT constant number of particles, pressure and temperature ensemble
NMR Nuclear Magnetic Resonance

n0Oe Nuclear Overhauser Effect

vi



vii

ns nanosecond

PAMAM polyamidoamine dendrimer
PBPE poly{benzyl phenyl ether) dendrimer
PDF Pair Distribution Function

PFGSE Pulse Field Gradient Spin Echo
PMF Potential of Mean Force

PPI poly(propyleneimine) dendrimer
POPAM poly{propyleneimine) dendrimer
ps picosecond

OM Quantum Mechanics

RDF Radial Distribution Function

Rg Radius of Gyration

SANS Small Angle Neutron Scattering
SAXS Small Angle X-ray Scattering
SDF Spatial Distribution Function

THF tetrahydrofuran

WHAM Weighted Histogram Analysis Method



Contents

Abstract
Declaration
Acknowledgements

List of Abbreviations

1 Introduction

1.1 Dendrimers - the molecular tumbleweeds . . . . . . . .. .. .. ... ... ..
1.2 Dendrimer synthesis, design and application . . . . . ... ... ... ...,
1.3 Theoretical studies . . . . . ... . . .. . L e
1.4 Experimental studies of dendrimers . . . . . ... ... ... L.
1.5 Objectives . . . . . . . . .. e

1.6 Thesis overview . . . . . . . . . . . e e e e e e e e e e

2 Methods for Force Field Simulations

2.1 Imtroduction. . . . . . . . L e e e
2.2 Molecular Dynamics Simulations . . . . . .. .. .. ..o L.
2.2.1 Molecular Mechanical Force Fields . . . . . . ... ... .. .....
2.2.2 Truncation of Long-Range Forees . . . . . . .. ... ... ......
2.2.3 Periodic Boundary Conditions . . . . . .. .. .. ... ... ...,
2.24 Ensemble Sampling. . . . . ... ... L o oo,
2.3 Statistical Mechanics of Dendrimer Simulations . . . . . .. .. ... . ...

2.3.1 Non-Boltzman MD Free Energy Calculations . . . . ... ... ...

3 Analytical Methods

3.1 Introduction. . . . . . . . e e e

iii

iv

vi

10
15
21
22

25
25
26
28
31
33
34
36
38

42



Contents ix

3.2 Molecular Structure . . . . . . .. L e e e e e 44
321 Radiusof Gyration . . . . .. . .. ... ... ..o 44
322 Momentsoflnertia . . . . . . . .. ... L L L 45
3.2.3 Radial Distributions . . . . . . .. ... ... . L 46
3.2.4 Spatial Distributions . . . . . . . ... oL oo oL 48

3.3 Solvent Structure . . . . . . .. 52

3.4 Dynamical Properties . . . . . . . . . . . L 53
3.4.1 Correlation Functions and Transport Properties. . . . . . .. .. .. 53
3.4.2 Rotational Relaxation . . . ... ... ... ... ... ... ... .. 57
34.3 Intripsic Viscosity . . . .. . . . . . . . ... oo 59

4 Force Field Parameterization and Validation 63

4.1 Imtroduction . . . . . . . . . . . e e 63

4.2 Solvent Parameterization . .. . . . . . .. . 0o e 69
4.2.1 Simulation conditions . . . .. .. ... o oL 69
4.2.2 Chloroform . .. . . . . . . . e 70
4.2.3 Tetrahydrofuran (THF) . . ... ... ... .. ... .. ... ... 83

4.3 Dendrimer Parameterization . . . . . . . .. . ... L L o oL 94

4.4 Solution Parameterization . . . . . . . . .. .. e 102
4.4.1 Other factors affecting the conformation of dendrimers . . . . . . . . 106

45 Condusion . ... .. ... . e e 108

5 Dendrimer structure and dynamics in good solvents 109

51 Introduction. . . . . . . . . . e e 109

5.2 Computationaldetails . . . ... ... .. ... ... . o o 111

53 Results and discussion . . . . . .. .. ... . o o 114
53.1 Dendrimersizeandshape . . . .. ... ... ... 000 114
5.3.2 Dendrimer intramolecular distribution profiles. . . . . . . . ... .. 117

54 Solutedynamics . . . . . .. ... e e 140
54.1 OQOverall dendrimerdynamics . . . . . .. .. .. ..o 140
5.4.2 Dynamics of the layers of adendrimer . . . . . . ... ... ... .. 144

5.5 Solvent structure in and around the dendrimer . . .. .. .. .. ... ... 153

58 Conclusion . . . . . . e e e e e 154



Contents X
6 Dendrimer Folding Dynamics 180
6.1 Imtroduction. . . .. . . . . . . . ... 160
6.2 Computational Details . . . .. . ... ... .. ... ... . ... . ... .. 164
6.3 Resultsand Discussion . . . . . . . . ... . .. .. ... ... 168
6.3.1 Folding Dynamics . . . .. ... .. ... . L. 168

632 FreeEnergyofFolding . . ... ... ... ... ... .. ...... 174

6.4 Conclusion . . .. .. . ... 179

7 Final Conclusions and Future Work 181
Appendix 211

A Auxiliary Parameterization Results 211
B Auxiliary Radial distribution profiles 215
C Overall spatial distribution profiles 228
D 8DFs of topological layers of dendrimers - Vacuum 233
E SDFs of topological layers of dendrimers - Chloroform 243
F SDFs of topological layers of dendrimers - THF 253
G Cutplanes through SDFs of dendrimers 263



List of Figures

1.1
1.2

1.3
1.4
1.5

1.6

1.7

1.8
1.9
1.18
1.11
1.12

2.1
2.2

3.1

3.2
3.3
3.4

A tumbleweed compared with a fifth generation Fréchet dendrimer.

A schematic diagram of a third generation dendrimer, showing the topolog-
fcal layers . . . . . . L L e
The three distinct chemical units making up a Fréchet dendrimer . . . . . .
The fourth generation Fréchet dendritic wedge and its linear isomer

A schematic diagram of the divergent method to synthesise dendritic macro-
molecules . . . . . L. L e
A schematic diagram of the convergent method to synthesise dendritic macro-
molecules . . . .. L L e
Schematic diagram of some of the possible synthetic modifications to den-
drimers . . . . . . e e e e e e e
Cyclotrimerization of wedge-functionalized alkynes . . . . . . . . .. .. ..
The effect of the salt concentration on the conformation of dendrimers . . .
One of the few crystal structures available for dendrimers . . . . . . . . ..
The “Ball Bearing Effect” . . . . . . . . .. . .. L L o
Intrinsic viscosity for the Fréchet dendritic wedges WG3 to WG5S in various

solvents . . . . .. e e e e e

Schematic diagram of periodic boundary conditions . . . . . . . .. ... ..
Adding the umbrella potential and the actual potential results in a com-

pletely flat potential energy surface . . . . . . . .. ..o L

Distribution of a dendrimer’s mass about its principal axes, where I, <
Iy < Fe o o e

Radial distribution function g(r) for a dendrimer at a particular r value . .

47

Schematic diagram of the procedure used to calculate the spatial distributions 49

Cutplanes through the SDF of the terminal and core layers of a dendrimer .

xi

30



List of Figures

xii

3.5 The stepwise inclusion of the SDF's of each layer of a G5 dendrimer revealing
its internal structure. . . . . . . . ...
3.6 A schematic representation of solid-like (solid line) and liquid-like (dashed
line) mean squared displacement (MSD) time series profiles. . . . . . .. ..
3.7 The importance of a sufficiently long sample period for the diffusion calcu-
latlon, . . . . . . e
3.8 The anisotropic rotational relaxation modes of a molecule with a C3, axis
of symmetry (for example, chloroform) . . . . .. ... ... .. ... ....

3.9 The inversion recovery pulsesequence . . . . . ... ... ... .......

4.1 Pair correlations function of the new chloreformmodel . . . . . . . .. . ..
4.2 Principal arrangements of a chloroform dimer . . . . . . . ... ... .. ..
4.3 Coordinate system for chloroform . . . . . . . . .. .. L. L.
4.4 Spatial distribution of chloroform . . . . . . . . ... ... o L.
4.5 Orientation of chloroform molecules . . . . . .. .. .. ... ...
4.6 Second solvation shell of chloroform . . . .. ... ... ...........
4.7 Voronoi analysis of chloroform . . . . . . . .. ... oL oL
4.8 Conformationsof THF . . . . . . . . .. . . o o
4.9 THF coordinate system . . . . . . . . . . . .. ...
4.10 Pair correlations functionof the THF . . . . . . . ... . ... ... ...
4.11 Pair correlations function of the centre of mass of THF and chloroform . . .
4.12 Spatial distributions of THF of oxygen . . . . . . . .. . .. . ... .. ...
4.13 Spatial distributions of THF including all atoms . . . . . . . . ... .. ..
4.14 Schematic diagram of the arrangement of THF molecules in the first solva-
tiomshell . . . . ..
4.15 Voronoi analysis of chloroform . . . . . . . . ... ... o oL,
4.16 Benzyl phenyl ether used as the model “dimer” during parameterisation of
the ether linkage. . . . . . . . . . . ... L
4.17 The effect of the torsion angle $ on the structure of the dendrimer when ¥
ismot 180° . . . . . . e
4.18 ®, ¥ and 2 torsion rotation potential energy profiles for the dendrimer force
fleld . . . . e e
4.19 Time series analysis of the ® dihedral angle of the ether linkage of a G1

dendrimer . . . . . . . e e



List of Figures

xii

3.5 The stepwise inclusion of the SDFs of each layer of a G5 dendrimer revealing
its internal structure. . . . . . . ... oL Lo

3.6 A schematic representation of solid-like (solid line) and liquid-like (dashed
line) mean squared displacement (MSD) time series profiles. . . . . . . ...

3.7 The importance of a sufficiently long sample period for the diffusion calcu-

3.8 The anisotropic rotational relaxation modes of a molecule with a Cay axis
of symmetry {for example, chloroform) . . . . . ... ... ... ... .. ..

3.9 The inversion recovery pulse sequence . . . . . . .. .. ... ...,

4.1 Pair correlations function of the new chloroform model . . . . . . . . . . ..
4.2 Principal arrangements of a chloroform dimer . . . . . .. . .. ... .. ..
4.3 Coordinate system for chloroform . . . . . . .. ... .o 0oL,
4.4 Spatial distribution of chloroform . . . . . . . .. ... Lo oL,
4.5 Orientation of chloroform molecules . . . . ... ... ... oL
4.6 Second solvation shell of chloroform . . . .. . .. ... L oL
4.7 Voronoi analysisof chloroform . . . . .. .. .. .. .. ...
48 Conformationsof THF . . . .. ... . ... . . . ... .. .. ...,
4.9 THF coordinate Systemm . . . . . . . . . . o v v ittt i
4.10 Pair correlations functionof the THF . . . . . . . ... ... .. .. ...
4.11 Pair correlations function of the centre of mass of THF and chloroform . . .
4.12 Spatial distributions of THF of oxygen . . . . . . . ... .. . ... ... .
4.13 Spatial distributions of THF including allatoms . . . .. . . ... ... ..
4.14 Schematic diagram of the arrangement of THF molecules in the first solva-
tiomshell . . . . . .. e
4.15 Voronoi analysis of chloroform . . . . . .. ... ... . .. o000,
4.16 Benzyl phenyl ether used as the model “dimer” during parameterisation of
the ether linkage. . . . . . . . . . ... .. L Lo
4.17 The effect of the torsion angle ® on the structure of the dendrimer when ¥
isnot 180% . . . . . L
4.18 ®, ¥ and {2 torsion rotation potential energy profiles for the dendrimer force
field . . . e
4.19 Time series analysis of the ® dihedral angle of the ether linkage of a G1

dendrimer . . . . . . . e e e e e e e e



List of Figures xiii

4.20
4.21

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15
5.16

A comparison of the R, time series for wedges WG1 to WGS5 in vacuum . . 99
Ry time series for wedges WG1 to WG3 in chloroform . . . . . .. ... .. 101
The coordinate system employed in this thesis to describe the view of the

dendrimer. . . . . . . . . . e 111
The time evolution of the radius of gyration (Ry) for the (A) vacuum (B)
THF and (C) chloroform dendritic systems. . . . .. .. ... ........ 115
The average equilibrium conformations of G5 dendrimer in (A) vacuum,
(B) THF and (C) chloroform systems. . . . .. ... ............. 116
The ratios of the principle moments of inertia (aspect ratio) for the den-
drimers vacuum, chloroform and THF dendrimer systems. . . . . . . .. .. 117
Radially averaged distributions of the total density (pr(r)) of dendrimers
G1-G5in vacuum, THF and chloroform . . . . . . . . . ... .. ... ... 118
Radially averaged distributions for the topological layers of a G5 dendrimer
D vacuum . . . ... e e e e 121
p1(r) of each topological layer of the G5 dendrimer in (A) vacuum, (B) THF
and (C) chloroform . . . . .. ... ... . 123
Ni(r) of the topological layers of G5 dendrimer in vacuum, THF and chlo-
roform . ... ... ... e e e e e e 125

Py(r), the radial distribution of the percentage of the population of groups

of each layer in the vacuum, THF and chloroform systems . . . . . ... .. 126
Schematic diagram of Gorman’s hyperbranching effect . . . . . . . ... .. 127
An example SDF of a G3 dendrimer from the chloroform series . . . . . .. 128
A view from above the SDFs of dendrimers G1 to G5 in vacuum, THF and
chloroform at bulk density . . . . . . . . .. .. L L oo 129
Side view of the SDFs at bulk density of dendrimers G1 to G5 in vacuum,
THF and chloroform . . . . . . . . . . .. .. .. 130
A comparison of the distribution of the topological layers of a G3 dendrimer
in vacuum, THF and chloroform . . . .. . ... .. ... ... ... ... 133
A side view of the SDFs of the G3 dendrimer . . . . . ... ... ... ... 134
A comparison of the top and side view of the cutplanes through the SDF

of dendrimer G8& at bulk density in vacuum, THF and chloroform . . . . . . 138



List of Figures xiv

5.17 A schematic diagram illustrating the distribution of the layers of a den-

5.18

5.19

5.20

5.21

5.22

5.23

5.24
5.25

5.26

5.27

5.28

5.29

5.30

6.1

6.2

drimer in a good solvent in comparison with the distribution of the layers

inapoorsolvent . .. ... . ... e 139
MSD of dendrimers G1 to G5 in THF and chloroform . . . ... ... ... 141
The calculated diffusion coefficient of Fréchet dendrimers in THF and chlo-
roform in comparison with a selection of translational diffusion coefficient
profiles for other dendritic systems . . . . . . ... ... 142
The calculated intrinsic viscosity of Fréchet dendrimers in THF and chlo-
FOfOTINL . . . . . o e e e e e e 144
Mean square displacement time series for each layer of the THF and chlo-
roform solvated dendriticsystems . . . . . . . . . . . ... o 145
A comparison of the average diffusion coefficients for all the aryl rings (or
monomers) of the solvated dendrimers and intrinsic viscosities . . . . . . .. 147
Calculated longitudinal relaxation rates of the dendrimers simulated in chlo-
voformand THE . .. .. . . 149
Some examples of the relaxation times of dendrimers as reported in literaturel51
A comparison of the relaxation times of a G3 dendrimer in chloroform as

calculated from our simulations and measured by Hecht and Fréchet . . . . 152
Schematic diagram of a dendrimer in chloroform diffusing as a single hy-
drodynamic element and the same dendrimer in THF diffusing as a flexible
molecule where the wedges act as the hydrodynamic elements . . . . . . .. 153
Solvent SDF at 50% above bulk density of each solvent illustrating the
distribution of the solvent about the dendrimer . . . . . . .. ... ... .. 155
A side view of the solvent SDF at 150% of bulk density of each solvent
illustrating the distribution of the solvent about the dendrimer. . .. . .. 156
Spatial representation of the diffusion profile of the solvents in and about
the dendrimer at half the diffusion rate of the bulk solvent. . . . ... . .. 157
A side view of spatial representation of the diffusion profile of the solvents

in and about the dendrimer at half the diffusion rate of the bulk solvent. . . 158

Model systems representing the important structural components of the
dendrimer . . . . . . . e e e e e e e e e e e 163
Radius of gyration time series of G1 to G3 in explicit water and G1 to G5

I VACHUITL « « « v o v e e e e e e e e e e e e e e e e e 168



List of Figures XV

6.3

6.4

6.5

6.6

6.7

Al

A2

A3

B.1
B.2
B.3

B4
B.5
B

B.7
B.8

The folding of dendrimers G1 to G3 in water starting from the energy mini-
mized extended structures to the representative equilibrium folded structure
for the last 1 ns of the simulation . . . . . . .. .. ... .. ... ...... 170
Time series of the R, for dendrimers G1 to G5 unfolding in chloroform after
starting from a folded conformation . .. ... ... ... ... ....... 171
The unfolding of dendrimers G1 to G5 starting from the folded conformation
to the representative equilibrium unfolded structure for the dendrimers in
chloroform . . . . . . . e 173
A schematic diagram of the change in the solvation shells about the two
aryl rings as they are pulled together . . . . . . . ... ... .. ... .... 175
The PMF the terminal group of a first generation wedge folding back to the

parent layer in vacuum, water, THF and chloroform . ... ... ... ... 176

Effect of the temperature on the time evolution of R, of wedges WGI to
WG3inchloroform . . . . . . .. .. 212

Effect of the ensemble sampled during the MD simulation on the time evo-

lution of R, of wedges WG1 to WG3 in chloroform . . . . . ... ... ... 213
A comparison between the time evolution of dendrimer G3 unfolding in

chioroform with and without Ewald summations . . . .. . ... ... ... 214
pi(r) of the topological layers of dendrimers G1 to G5 in vacuum. . . . . . . 216
Ni(r) of the topological layers of dendrimers G1 to G5 in vacuum. . . . . . 217

Pi(r) each layer of dendrimers G1 to G5 in vacuum. This includes the

integration of these distributions showing their accumulation within the

dendrimer as one progresses to its periphery. . . . . .. ... oL, 218
pi(r) of the topological layers of dendrimers G1 to G5 in chloroform. . . . . 219
Ni(r) of the topological layers of dendrimers G1 to G5 in chloroform. . . . . 220

Py(r) of each layer of dendrimers G1 to G5 in chloroform. This includes the
integration of these distributions showing their accumulation within the
dendrimer as one progresses to its periphery. . . . .. .. ..o 221
pi(r) of the topological layers of dendrimers G1 to G5 in THF. . . . . ... 222
Ni(r) of the topological layers of dendrimers G1 to G5 in THF. . . . . . .. 223



List of Figures svi

B.9 P(r) of each layer of dendrimers G1 to G5 in THF. This includes the
integration of these distributions showing their accumulation within the

dendrimer as one progresses to its periphery. . . . . . .. ... L. 224

C.1 Views of the G1 dendrimer from above, side and below of the complete set

of SDFs for the dendrimer in vacuum, THF and chloroform at half bulk

density (0.5), bulk density (1.0) and twice bulk density (2.0). . . . .. . .. 226
C.2 Views of the G2 dendrimer from above, side and below of the complete set

of SDFs for the dendrimer in vacuum, THF and chloroform at half bulk

density (0.5), bulk density (1.0} and twice bulk density (2.0) . . . . .. ... 227
C.3 Views of the G3 dendrimer from above, side and below of the complete set

of SDFs for the dendrimer in vacuum, THF and chloroform at half bulk

density (0.5), bulk density (1.0) and twice bulk density (2.0) . . . . . .. .. 228
C.4 Views of the G dendrimer from above, side and below of the complete set of

SDFs for the dendrimer in THF and chloroform at half bulk density (0.5),

bulk density (1.0) and twice bulk density (2.0} . ... ... ... ... ... 229
.5 Views of the G3 dendrimer from above, side and below of the complete

set of SDFs for the dendrimer in vacuum at half bulk density (0.5), bulk

density (1.0) and twice bulk density (2.0} . . ... ... ... ... ... .. 230
C.6 Views of the G5 dendrimer from above, side and below of the complete

set of SDFs for the dendrimer in THF and chloroform at half bulk density

(0.5), bulk density (1.0) and twice bulk density (2.0} . ... ... ... ... 231
C.7 Views of the G5 dendrimer from above, side and below of the complete

set of SDFs for the dendrimer in vacuum at half bulk density (0.5), bulk

density (1.0) and twice bulk density (2.0) . . . .. .. ... ... ... ... 232

D.1 The SDFs at half of bulk density of each topological layer (gl - g6) of
dendrimers Gl to G invacuum. . . . ... . ... L. 234
D.2 A side view of the SDFs at half of bulk density of each topological layer (g1
- g6) of dendrimers Gl to G5 in vacuum. . . . . .. .. ... .. ... ... 235
D.3 A view from below the core of the SDFs at half of bulk density of each
topological layer (gl - g6) of dendrimers G1 to G5 in vacuum. . . ... .. 236
D.4 The SDFs at bulk density of each topological layer (gl - g6) of dendrimers
GltoGHinvacuum. . . . . . . . . . e e 237



List of Figures xvii

D.5

D8

Dy

D.8

D9

E1l

E.2

E.3

E4

E.5

E.6

E7

E.8

ES

F.1

F.2

A side view of the SDFs at bulk density of each topological layer (gl - g8)
of dendrimers Gl to Ghinvacuum. . . . ... ... ... ... .. ..... 238
A view from below the core of the SDFs at bulk density of each topological
layer (gl - g6) of dendrimers G1 to G5 in vacuum. . . . .. ... ... ... 239
The SDFs at twice bulk density of each topological layer (gl - g6) of den-
drimers Gl to GBinvacuum. . . . .. .. . .. ... 240
A side view of the SDFs at twice bulk density of each topological layer (gl
- g6) of dendrimers G1 to G5 invacuum. . . . . . ... 241
A view from below the core of the SDFs at twice bulk density of each
topological layer (gl - g6) of dendrimers G1 to G5 in vacuum. . ... ... 242

The SDFs at half bulk density of each topological layer (gl - g6) of den-
drimers G1 to G5 in chloroform. . . . . ... . ... oo 244
A side view of the SDFs at half bulk density of each topological layer (gl -
g6) of dendrimers G1 to G5 in vacuum. . . ... . ... ... ... ... 245
A view from below the core of the SDFs at half bulk density of each topo-
logical layer (gl - g6) of dendrimers G1 to G5 in chloroform. . .. .. ... 248
The SDFs at bulk density of each topological layer (gl - g6) of dendrimers
GltoG5inchloroform. . .. ... ... ... ... ... . o 247
A side view of the SDF's at bulk density of each topological layer (gl - g6)
of dendrimers Gl to GBinvacuwm. . . . . ... . o oL 248
A view from below the core of the SDFs at bulk density of each topological
layer (gl - g6) of dendrimers G1 to G5 in chloroform. . .. ... ... ... 249
The SDFs at twice bulk density of each topological layer (gl - g6) of den-
drimers G1 to G5 in chloroform. . . . ... ... .. . Lo 250
A side view of the SDFs at twice bulk density of each topological layer (gl
- g6) of dendrimers G1 to G5 in vacuum. . . . . .. . ... ... ... ... 251
A view from below the core of the SDFs at twice bulk density of each
topological layer (gl - g6) of dendrimers G1 to G5 in chloroform. . .. .. 252

The SDFs at half bulk density of each topological layer (gl - g6) of den-
drimers Gl to G5in THF. . . . . .. ... ... ... ... ... ...... 254
A side view of the SDFs at half bulk density of each topological layer (gl -
g6) of dendrimers G1 to G5in THF. . . . . .. ... ... ......... 255



List of Figures xviii

F.3

F.4

F.5

F.6

F.7

F.8

F9

G1
G.2
G.3

A view from below the core of the SDFs at half bulk density of each topo-
logical layer (gl - g6) of dendrimers G1 to G5 in THF. . .. ... ... .. 256
The SDFs at bulk density of each topological layer (gl - g6) of dendrimers
Glto GEin THF. . . . . . . e e e e 257
A side view of the SDFs at bulk density of each topological layer (gl - g6)
of dendrimers Glto GEin THF. . . . . . .. ... . .. . ... .. ... 258
A view from below the core of the SDFs at bulk density of each topological
layer (gl - g6) of dendrimers Gl to G5in THF. . . ... ... ... . ... 259
The SDFs at twice bulk density of each topological layer (gl - g6) of den-
drimers G1to G5 in THF. . .. .. .. .. . 260
A side view of the SDFs twice at bulk density of each topological layer (gl

- g6) of dendrimers G1 to G5in THF. . . . . ... .............. 261
A view from below the core of the SDFs at twice bulk density of each

topological layer (gl - g6) of dendrimers G1 to G5 in THF. . . . . ... .. 262
Cutplanes through the SDFs of dendrimers G1 to G5 in vacuum . . . . . . 264
Cutplanes through the SDFs of dendrimers G1 to G5in THF . . . . . . .. 265

Cutplanes through the SDFs of dendrimers G1 to G5 in chloroform . . . . . 266



List of Tables

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11

5.1
5.2

5.3

5.4

6.1
6.2

6.3

6.4

Dipole moments of some common solvents . . . . . .. .. ... ... .... 70
Summary of available all atom chloroform force fields . . . . . ... ... .. 72
Force field parameters for the new chloroform model . . . . . . . ... ... 73
Voronoi analysis of chloroform . . . . . . . . ... .. L. L. 82
Diffusion coefficients of chloroform . . . . . .. .. .. ... ... ... ... 83
Rotational relaxation of chloroform . . . . . . . .. ... .. ... .. ..., 84
THF force fields . . . . . . . . .. e 88
Voronoi analysis of chloroformand THF . . . . . . ... .. ... ... ... 94
Average R, from the Ry time series for the wedges WG1 to WG5S . . . . . . 100
The average R, of the R, time series for the wedges WG1 to WG3 in vacuum100
Dimer interaction energies of the dendrimer-solvent systems . . . . . . . .. 103
Simulation details of dendrimers G1 to G5 in chloroform and THF . . . . . 112
The average Ry values calculated from the last 200 ps for the vacuum sim-

ulation and for the last 1 ns from the solvated systems (THF and chloroform)114
The diffusion coeflicients and hydrodynamic radii calculated from our den-
drimer simulations . . . . . . ... L e 143
The calculated intrinsic viscosity of Fréchet dendrimers in THF and chlo-

TOFOTIIL .« v v e e e e e e e e e e e e e e e 146

Simulation details of folding and PMF calculations . . . . .. ... ... .. 167
A comparison of the average equilibrium radius of gyration for dendrimers
GltoG3invacuumand water . . . . . . . .. . ... 169
A comparison of the average equilibrated Ry of the dendrimer in chloroform
starting from an extended conformation and a folded conformation . . . . . 172

A comparison of the rate at which the dendrimers fold and unfold . . . .. 174

xix



introduction

1.1 Dendrimers - the molecular tumbleweeds

Fuoure 1.1: A tumblewced compared with a fifth generation Fréchet dendrimer.

A dendrimer is & monndispersed, perfectly hvperbranched, fractal-like macromatecule
that emanates from a eentral foead point (also known as an initiator or core group). The
term dendrimer is derived fram the Greek “dendra” (tree] and “meros” {part) and de-
scribes graphically the stractitre of dendrimers which resemble the arehitecture of a tree. [1]
Dendrimers are also referred to as Cavley trecs, arborals, cascade modeeudes and starburst
palvmers, Howewver, we prefer the analogy of a molecnlar “tumbleweed” due to the den-
drimer's ball-like structure (Figure 1.1). A dendrimer is made up of several dendritic
wedges. or branches, that contain repeat units arranged in one or more concentric topo-
fogical loyers, or intornal generations (Figure 1.2}, These topalogical layers are denatecd
in lewer case (e, g] oo gh). The parent fayer of topological laver gy is one layer iu to the
core from the current layer (ie., faver g,_;) and the child fayer is one layer ous from the

eurrent layer (1.e., layer gigr)- Each suecessive layer is connected to the adjacent layers by
1



1.1. Dendrimers - the molecalar tumbleweeds 2

Fienre 1.2: A schematic disegam of a Lhird geperation (G dendrimer, showing the eore.
topologload overs (0T terernal generations | labeiled £), g2, £d and rerningd, aud 2 wedne
We identity speaiiic tayers i dower case {21 Lo #5), the whole deadrimer in upper case (G2

to (G5) while wed)ges are profixed with a "W (WGL-WGS)

a spocer. The oitermost laver conrains a large mumber of termidnal grosps, which are also
known as leaves or surface proups. A dendrifie wedge 1 8 single braveh of a dendrimer and

does not contain the eore gronp.!

The size of a dendripncr s denoved by its gereration,
or how many topological fayvers iL cowprises. Te Lhis thesig. the size of a Jendrimer is
specified in npper case {ie., G to G5) whike wedpes are profized wich o “W" (e, WG
1o WG5) However, there Is some inconsistency o literature over the oaming comvention;
i1 some cases fac termioal laver s included when referring to the stze of a demdripwer,
while pther instances the terminal aver 8 excluded. For example, & desdrimer containing
anliv @ single terminat layver attached to the core may be reforeed to as generation zoto
{030 or geueration obe (GLE depending on the convention applicd, We adopt the furmer
cemvention, where the geacration of the decdrimer refers to the munber of internal layers,
ere, the onmber of fayers excludes the termipal faper, which is the outer most tayer of
chie dendrirrer. The preferminad loger 8 Lhe patoet laver of the terminal laver. An internal

layer refers to any topolopieal laver other then the termieal layer, Finatly, Hoekfolding
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Figure 1.3: The three distinet chemical units making up a Fréchet dendrimer (D) (A)

the core, (B) the repeat unit and [(C) the terminal group [2]

refers to the terminal groups folding back in toward the focal point of the dendrimer.
resulting in the tetminal groups being dispersed throughout the dendrimer.

There are countless varicties of dendrimers available (see Bection 1.2 for a review of
dendrimer synthesis and desigs). The most popular dendrimers inelude variations of the
polyamidoamine (PAMAM). [3] poly (ary] ether) (Fréchet or poly(benzy] pheny] ether)-
PBPE }. [4] polypropylensimine [5] {PPL POPAM or DAB) and carbosilane [6] dendrimers.
In this thesis, we investigate s serics of Fréchet dendrimers, generations one (G1) to fve
(G5). Fréchet dendrimers comprise three distinet chemical units: the core molecule, 1.1,1-
tris{d-hydroxyphenyl)-ethane (Figure 1.3(A}): the main repeat-unit, 3, 4-dihvdroxybenzyl
aleohol (Figure 1.3{B)): the terminal functionality, benzyl aleohol {Figure 1.3(C)). Figore
1.4 illustrates o WG4 Fréchet dendritic wedge and s Jinear isomer. [7]

Fréchet dendrimers were selected for this work for several veasons. Firstly, Fréchet
dendrimers are readily synthegised, stable and are used in a wide variety of applications. [§]
Secondly, due to the relatively Jarge size of its repeat units, the collective steric effects
of these groups will be appreciable for smaller dendrimers compared to dendrimer series
with monomers consisting of single stom chains such as the PPI, carbosilane and PAMAM

dendrimer families. Thus, the theoretical limiting generation [9] {beyond which idealised
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Figure 1.4: The fourth generation Fréchet dendritic wedge (WG4) and its linear isemer. [7]

perfect dendmtic growth is no longer sterically possible) of Fréchet dendrimers is likely
to be smaller than those of other popular dendritic systems. Hence, a smaller series of
dendrimers (Gl to G5} are necessary to generate reliable trends for dendrimers, Thirdly,
there are a number of experimental repurts (Section 1.4 for details) and some vacuum
entaputationnl simulations (Section 1.3) of Fréchet dendrimers in the literature, Finally, a
force field has been developed in our laboratory specifically to deseribe Fréchet dendrimers,
to investigate the use of these dendrimers as catalytic supports. [2, 10]

Computer simulations can offer unique insights into the structural and dynamical
properties of dendrimers and provide a mechanism to study the atomistic details of these
polymers in a manner analogous to a powerful microscope, While computer simulutions
of dendrimers have been conducted in vacuurn, only a few studies have been reported
for explicitly solvated systems. No studies have been reported in literature of a series
of dendrimers simulated in the condense phase with an explicit solvent on a timescale of
several nanoseconds.

To place dendrimers in context, in the following section we present aveview of method-
ologics cmployed in dendrimer design and synthesis, and practical applications where
dendrimers have been emploved., In Sections 1.3 and 1.4, we review the theoretical and

cxperimental studies of dendrimers presented in literature.
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1.2 Dendrimer synthesis, design and application

Dendrimers have caught the attention of researchers since they were first discovered over
25 years ago. [11] The intense interest in dendrimers has been spawned not merely by
academic curiosity but also by the industrial sector because of the extraordinary diverse
areas where dendrimers have found application. These range from medicinal purposes,
such as antiviral agents [12] and drug delivery systems, {1] to light harvesting devices [13]
and recoverable catalytic supports [14]. The diverse uses for dendrimers is a result of
the enormous variety of dendrimers currently available, yet all dendrimers are synthesised
through one of two main synthetic strategies: divergent and convergent approaches.

In the divergent approach, the dendrimer is grown from the core outwards in an iter-
ative synthetic procedure comprising activation and coupling steps, of which a simplified
version is illustrated in the schematic diagram in Figure 1.5. This synthetic route was
the first approach used to synthesize dendrimers and during the 1980’s, virtually all the
dendritic polymers were produced in this way. [15] For a number of industrial manufactur-
ers of dendrimers, the divergent route is the preferred commercial synthetic pathway. [15]
However, the difficulty of this approach is that it is imperative to ensure that each layer
of the dendrimer is completely functionalized before adding further layers. As the number
of functional groups increases exponentially with each layer, so too does the probability of
incomplete functionalization or side reactions occurring increase exponentially. [16] Thus,
at higher generations when the periphery becomes congested, the dendrimer can contain
an appreciable number of structural flaws. Further, there is the added difficulty of remov-
ing imperfect dendrimers as they are very similar to the intended product. [16] PAMAM,
carbosilane and PPI dendrimers are most commonly synthesized using this approach. [8]

In the convergent synthetic route, pioneered by Fréchet and co-workers, [4] the opposite
approach is taken - the dendrimer is grown from what will eventually be the periphery, in
towards the core (Figure 1.6). The terminal groups are coupled to each branch of a branch
monomer to form a first generation wedge. These wedges may either be added to the
core, or themselves added to the branch monomer to produce a second generation wedge.
The process is repeated until the desired size wedges have been synthesised. Thereafter,
the wedges are coordinated with the core group to produce a complete dendrimer. This
process also involves activation and coupling steps for each layer of dendrimer. A simplified
schematic diagram illustrating the convergent synthetic approach is shown in Figure 1.6.

The advantage of the convergent synthetic route is that it is possible to separate a purer
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product with less synthetic flaws as the differences between the perfect dendrimer and
the reactants and any side products is substantial. Further, the synthetic versatility of
this process makes it readily possible to introduce unique structural variations into the
dendrimer, even to a single monomer unit. {16] Some of the possible structural variations
from the typical dendrimer are illustrated in Figure 1.8. The disadvantage of this synthetic
route compared with the divergent synthetic pathway is that as the size of the dendrimer
increases, the difficulty of coordinating the wedge to the core increases exponentially due
to steric inhibition. [16] The most common dendrimers synthesized using this approach
are the Fréchet-type PBPE dendrimers and variations of these including poly(phenylene),
poly(alkyl ester), poly(ary! alkene), and poly(alky! ether) dendrimers. [16] The polyether
dendrimers are currently the only dendrimers that are commercially available on the same
scale as the dendrimers produced using the divergent methodology. [16]

There are other synthetic routes that do not fall exactly into either of the two classical
approaches. An example for Fréchet-type dendrimers was developed by Hecht and Fréchet
(Figure 1.8). [17] They devised a method to synthesize a six wedged poly aryl dendrimer
with a fully substituted benzene core. They connect two wedges via an acetylenic moiety
and then through a [2 + 2 + 2] cycloaddition process, three of these double sided wedges
form a central benzene core. The advantage over alternative synthetic routes is that this
approach results in an extremely clean reaction, with no partially reacted products due
to the nature of the cycloaddition reaction. However, the disadvantage of this approach
is that the steric crowding around the nascent core makes the reaction more difficult for
larger generations.

Early attempts to functionalize dendrimers for specific uses or to enable a desirable
characteristic or property were focused on the uniform derivitisation of the periphery of the
dendrimer. With advances in the synthesis of dendrimers enabling rapid selective chemical
transformations to tailor dendrimers to specific structural characteristics (such as those
illustrated in Figure 1.8), all regions of the dendrimer have become potential targets for the
synthetic chemist. In general there are three main targets: the surface, the interior and the
core. A functionalised periphery is popular for recoverable catalytic supports, [14] light
harvesting applications, [13] redox sensors [18] and mimics for biological molecules [19]
among many others. When the core is the focus of attention, it can either be an active
group, such as a metalloporhyrin catalyst [20] or biclogical mimic, [21] or comprise host

capable features such as cyclophane cores. [21] The core can also be completely removed
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prodiced Fréchet-like dendrmer with a fully fi netionalisec benzene core. [17]

from the dendrimes, o “cored”, to enhanec ite proserbies ko drug delivery, recognition
systems and catalysis. [22] Eecanse there are cav tics withit the dendrimer, the internal
generations can also be funetonalised. (23] The sdartags of [ netionalizing the interior of
the dendrimer is that tae exterior of the dendtimer may foms: a protective layer isolating
the caxe or interior rom the surrennding reactisc medium, =ich 88 tor exyger sansitive
vatalysts in water soluble deadrimers wiere the exterior is udrophilic and the intedior
is hydrophobic. [19] Iz medic nal applications, this hrdrophils exterior and hydrephobic

inferins can help delivery and adsorotion of hydrophobie drpes [19]

1.3 Theorctical studics

Kinee toe syulhesis of the fivst dendiimer was reported in litoetare, the fractal structure
of dendvimers has fassinated theoretical chemists The pionée ang theoretical slucy was
performed by de Gennes and Hervet. [ They emploved a modified version of thz sclf-
consistent field (SCF) method -o ivvestigate the im ticg condiz5us boyond which perfoet
dendritiz growsh was ro 1ouger possible. Although d2 Genres a-4 Hervet showed thar the
limit to decfeer fractal Trosrth was a funekion of the spacer lenpgth between the trifonezional
monomers of the dendrimeor, the density profile indicating a gl bal minimom at the contre
of the dendrimer drew the most attention. This de=ticity profile became snown a2 “hollow
core’ oz “dense shell” and was a resolt of the assompiion that each suceessive laver of
monomers of tae dendrimer occupied a concentriz shell. Tle possible applications of
dendrimers as delivery apents wicre smaller guest maleculss are qosted within cavities of
the dend-imer or as welecnlar ceaffold en which fanetionsl growps such as homozeaous
vatalysts werc attached, sparked some excitement. Hivever, aswmic-level forec feld MD

strulations performed oy Navler and co-workers incicated no evidence to suppori the
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concentric shell assumption of De Gennes and Hervet. (24] Shortly thereafter, further
doubt was thrown on this assumption by Lescanec and Muthukumar, employing a self-
avoiding walk algorithm to kinetically grow bead model dendrimers. [25] The authors
showed that the end groups traversed the entire molecule and were not confined to the
surface as assumed by de Gennes and Hervet. This was the first evidence of “backfolding”
observed in dendrimers and the decrease in density from the core to the periphery became
known as the “dense core” model. However, as this study did not include any atomic
detail, or solvent effects or dynamics of any sort, it was doubtful that the conformations of
the bead dendrimers derived by Lescanec and Muthukumar were a realistic representation
.of the equilibrium conformation of dendrimers in solution. As a result of these early
studies, the debate on dendrimer structure was born. The discussion has centred around
the influence of the architecture and solvent quality on the size and shape of the dendrimer,
the dynamics of dendrimers in solution and their physical properties.

In the years following these pioneering studies, there was an explosion in the number
of theoretical and computational studies of dendrimers, with ever increasing complexity
and detail. The theoretical studies can be loosely divided into two groups: those employ-
ing atomic-level molecular mechanics force fields (such as Naylor and co-workers’ study)
and those employing monomer-level, coarse grain or bead models (such as Lescanec and
Muthukumar’s study). The number of studies employing bead models to represent the
dendrimer reported in literature are approximately three fold greater than the number of
atomic-level studies of dendrimers. This is primarily due to the computational expense
of atomic-level simulations. An advantage of coarse grain models is that the results are
described in terms of dendrimers in general that have similar molecular architecture (for
example the degree of branching) while the atomistic simulations are specific to only that
type of dendrimer and the results are not transferable to other dendrimers. Further,
when comparing with SANS data, course-grained models are adequate as SANS does not
have atomistic resolution. [26] An additional advantage of implementing bead models,
is that if it is assumed that the beads adequately represent the monomer constituents
of the dendrimer, more complex problems may be investigated which would be compu-
tationally too expensive to study if afomic-level details were considered. For example,
the first extensive atomic-level simulations following those of Naylor et al., were reported
in 1998 by Smith and Gorman, [27] and Cavallo and Fraternali, [28] and Scherrenberg

and co-workers. [29] During the same period, there were over five times as many reports
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in literature of monomer-based dendrimer models. Topics included, the hydrodynamic
properties of dendrimers by Mansfield and Klushin among others, [30-34] the conforma-
tion of dendrimers, including the calculation of structure factors [35] and analysis of the
“dense core” and “dense shell” models by numerical methods [36,37] and Monte Carlo
simulations. [38-43] In addition, pioneering work was done to determine the effect of the
quality and ionic strength of the solvent on the conformation of the dendrimer, performed
by Murat and Grest [44] and Welch and Muthukumar respectively. [45] As a result of
these studies, a picture of the structure of dendrimers began to emerge which favoured
the “dense core” model, in particular that the end groups were located throughout the
volume of the dendrimer. [21]

However, there was evidence suggesting that the first few internal generations of the
dendrimer were extended and constrained to specific regions, particularly from the sim-
ulations that attempted to account for solvents effects. [38,44] Employing a continuum
solvent model, Murat and Grest concluded that the solvent quality had only a limited
effect on the conformation of the dendrimer. [44] They reported that the density profile
of dendrimers at all solvent conditions exhibit high-density near the core. An increase in
solvent quality reduced the extent to which the layers of the dendrimer overlap. At the
same time, Boris and Rubinstein employed a self-consistent meanvﬁeld model (which they
assumed to be within the good solvent limit) to verify the Flory theory predictions and
to determine the density profile within a dendrimer. [37] They concluded that the density
decreases monotonically from the core of the dendrimer to its periphery. Later, Welch and
Muthukumar showed, by employing a Debye-Hiickel potential to approximate the ionic
strength of the solvent, that they were able to dramatically change the conformation of
a dendrimer from “hollow shell” to “dense core”, and the vice versa, depending on the
concentration of the salt (Figure 1.9). [45] Atomic-level simulations around this time were
congistent with the findings of Murat and Grest and with the bead model simulations, that
the terhﬁnal groups exhibited a substantial degree of backfolding. [2,27-29, 46] However,
Smith et al. showed that the flexibility of the repeat unit could have a significant impact on
the conformation of the dendrimer (degree to which the dendrimer is extended). Further,
Mazo et al. and Scherrenberg et al. reported for different dendrimer systems, that the
distribution of the density plateau within the dendrimer and the amount of backfolding
was decreased with an increase in the solvent quality. {29, 46] »

More recently, monomer-level simulations have continued to be at the forefront of
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Plgure 1.49: 'Fhe effect of the sale concentration an the conformation of dendrimers as
documented by Welch and Muthuloumar, [45] (A “Tlellow core® ar “dense shell” modal

and (B) “dense core” model

dendrimer stmulations, Of particularly interest tothis thesis 15 the effect of salvenl qualily
om Lhe dynamics and strueture of the dendritoer, including radii of hydration and gyralion,
riadinl density profiles, lovation ol e lerminal pronps, and Lhe exibility and diffusion of
dendrimers, [47-36] These simulations offered further support tor the densc-core madel
wilk Lhe terminal groups distributed throughout the valume of the polymer, This s even
the cage in an inplicl “good solvent” exvironment. Varving the quality did nol have the
dramatic change in confrmarion s was observed b Welch and co-wnrkers (Figure 1.4
Instead, the maximum in the density prafile 13 sbofled foward the periphery in s stmilar
trianmier to thiat reporterd] by Mural and Grest, However, in all Lhese cases, the solvent s
Lrealed maplleidly, cxcept for Karatasos et al. who explicitly represented the solvent as
bends [G

Lrespite the promising results from moteatner level simtlalions and theic close corre-
lation with experimental results. [57] there & o need to ensure thal these models do in
fact realistically represent the atomic dedails of Lhe dendrimer, RBeceny advibices in come-
puter vechnology, cspecially the development af comunlity-off-the-shelf Teownlf clusters.
make large scile atomic simulations vialle optiona. As w resuls, Lhe natnber o atomistic
simnalietinns have prown since 1988 and now alomistie sinulations are roulinely employved
tar all the major tvpes of dendrimers ine uding PAMAM |58 Gi|, PPL 29, 606-6%] carbosi-

lane, [46.61, 69, 70| glyerdendrimers [71,72] and Fréchet dendrimers. 27, 73-77)
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The first atomistic simulations of [réchet dendrimers were reported by Smith and
Gorman. [27, 73] They investigated the effect of the flexibility of the repeat unit, or the
conformational Hexibility of the dendrirner, on the vverall size and shape of the dendrimer.
Smith et al. showed that the more rigid the repeat units were, the more the distribution
uf the terminal groups was shifted to the periphery of the dendrimer They alse showed
that the interior of the dendrimer exhibits solid-like behaviour, while the terminal layer
exhibits more liquid-like behaviour, Moreover, the anthors illustrated that the requisite
aymber of hyperbranches would bring the terminal gromps in to the core. [73] Shortly after
Smith et ul.'s original paper, [27] Hughes ef al. reported an extensive investigation of MD
simulations of a series of urganic and vrganumetallic-terminated Fréchet dendrimers (G1
to G5) in vacnum. [10] Their aim was to investigate whether dendrimers were suitable
catalvtic supports. Hughes et al. showed from the time evolution of the radius of eyration
in vacmum, the detidrimers fold rapidly (in the order of tens of picoseconds) and wemain
contracted for the duration of the simmlation. Using radial disteibution profiles. the au-
thors showed that all the dendrimers adopted o “dense core” conforsmation, In addition,
they suggested backfulding was equally prevalent In the organie and organochromium den-
drimers in the smaller generations (G to G3). while in the larger generations (G4 and
{15) the terminal groups of the organochromium terminal groups do not penetrate to the
core a5 readily as the organic tersainal groups. The anthors concluded that despite the
compact nature of the dendrirmers. the terminal sronpd were readily accessible to aect as
cutalysts in a chemical renction. Ortiz and co-workers essentially repeated the simulations
conducted by Hughes (G1 to G4), using the PCCF furce field. This furee field allows for
electron delocalization in aromatic rings. [77-79] They ohserved similar radial distribution
profiles to Hughes et al., although the average radii of gyration caleulated by Ortiz et al.
were slightly larger than those reported by Hughes et al. Ortiz et al. also repurted signifi-
cant, back folding, especially in the larger generations. Fram donor/acceptor distances and
Firster energy-transfer rates calenlated as a function of dendrimer generation, Crtiz and
po-workers demonstrated, among other points, that the wrapping of peripheral groups to
the core of the dendrimer was comparatively rare.

Tnitial atomistic simulations of dendrimers either did net include sulvent effects at all
(based un the findings of Murat and Grest), [2.61, 63, 76] or included extra intramolec-
wlar non-honded repulsive force field parameters, (27,29, 609, 73] Muore recently, atomstic

sirmulations have begun to include explicit solvent madels. These vary in complexity from
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Lennard-Jones particles to simulate a CCL solvent, [T0] through soivent molesutes com-
prising peoudo-atoms, [68] to all atom explicit solvent modets, inciuding S1°C and TIPIP
warcr models. 62,72, 75] The most detalled study of expliciitby salvated dendrimers to dale
wis recently reparted by Maiti oo al. [65] This invest_galion cumprised two parts; a scries
of Monte Carlo simulations of PAMAM desdvimers 531 ro G11 in vacuum. followed by a
sevond series of Monte Corlo simualatinns of PAMAM dendrimer G4 to G6 in explicit wa-
ter. T the former study, the authors madelled the complete range of PARAM dendrimers
up tit the fimiting gencration GIL (close to SO0 00 atomes). In the later soudy, Malti el al
investipated not enly the cffeer of an explicil good 5o vent [water] on the conformalion of
these dendrimers. but also 1he allecn ol pIL Thes shossed that the presence ol water leads
to signilicant swelling in the dendrimer and that this swelling could also be aflected by the
pll of the selution. Further, they reperted significan: backfolding of the terminal groups
inta the interior of the dondrimer. However, Maitl and cosworkers also noted the interior
of the dendrimer was relatively open, with eavities svailable for hosting suest molecules
as salvent penctrated oo the body of the dendrimerss wl all plis

Despite the prowing mamber ol compatationn] soudies of dendrimers, there has yved
to be oa study of MD (or 30 compter simulatios of a series of explicinly colvated
dendrimers on the order of several nanoscoonds. I addition, the fiding of dendrizners
has nut besn thoroughly investigated, by the llowing seclinn, o brief review of the
pxperimental stadies of the ol dendrimers harbher empboeises the need for nanosccond 10

simutadinns ol explicitty solvared dendtimers.

1.4 Experimental studies of dendrimers

Soon aller the ploneering theoretical work by de Gennes el al, Lescanec et ol oo
Naylor ot al., the debate over the suructuree of dendrimers began 4o atlract Lhe altention
ul experimental chemnists. Howewer, it quickly becanme apparent [lhuan chers were also
sxperitnental ditficulties to overcome. The sccondary anud tertiary structiral chiaractacizaeios
af dendrimers proved Efficult to resulve as the size and [vnetal nature ol dendrirers
Hmiled the suecess al methods such ws X-ray crvstatlsgraphy (dendrimears are difficult 1o
erystatiise). and NMR (dendcimers wee usnally made np ool identical repeal unils which
makes ‘dentifving specific arcas of the dendrimer problematic), Therclore, ather metbods

have been employed such as small angle wentron ane X-tay scattering, chromatopraphic
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technigues and atomic force microscopy along with viscosimetric and other theological
studies. Here we treat the experimental papers in two sections, those perfaining to the
overall structure of the dendrimer (dense core vs. dense shell} and those pertaining to the

unique bydrodynamic properties of dendrimers (Ball Bearing effect ).

Dense core versus dense shell

The difficultics associated with cryvstallising dendrimers hasve meant that only a few first
generation dendrimers have had their erystal stractures resolved [80-84| while some higher
generation wedpes have also been cryatallized {see Fipure 110 for an example of a den-
duimer crystal structure). [80] These X-vay stractires showed mmltiple interactions between
the different snd groups of the dendrimer, suggesting a dense core arrangement. [81] This
is not strprising as 4 dendrimer s composed of 56% of terminal groups. In addition, in the
crystal environment there are oo solvent molecules with which the dendrimer can interact.

However, the structural, chemical and phyvsical properties of dendrimers in solution
are of most interest, considering the fact that the majority of the curtent and foresesable
applications of dendrimers are {n solution, Advanced multidimensional NME technigues,
smch as total correlation speetroscopy (TOCEY) and nuclear Overhamser enhancement
spectroscopy (NOESY) NMR, have had mreat success in macromolecular systems such
ad proteins, However, these technigues have only been sparingly applied to dendiimers.
[65-87] Despite promising results showing the clear conformational chanpes in response to
aalvent type and the identification of specific nOs interactions between the PPT dendrimer
and ite guest molscule, these fechnigques reguire high-end NAE facilities, such as a 750
MHz apectrometer. Thus the hardware requirements make these experiments currently
exotic rather than commonplace,

Theretore, alternative methods have been employed o resolve the afructure of den-
drimers. These include small-angle newtron- and X-ray scattering (SANS and SAXS re-
spectively) on dendrimers in solution, [8,57] Bauer et al. were the first to employ these
techniques on solvated dendrimers [88] which were expanded later by, amongst others,
Prosa et al., [89) Scherrenberg et al. 29, Ramzi et al., [90,91] Pétschke et al, [92-94] and
Ballanf et al. [57, 95] The accumulated seattering data heavily favours the “dense-core”
model. It was recently claimed that the debate over dendrimer structure has been re-
sulved and the “dense-coe” tnodel is the correet model for dendrimers. [57] However, as

this conelysion was drawn from a comparison of seattering data on dendrimers in good
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Figure 1.10: Oune of the few erystal structures available for dendrimers. This covstal
structure is of a first generation N-t-BOC-glyeine-functionalized dendrioner resolved by

Bosman et al. [21] {A] Side and (B} top views as denoled by Bosman ot ol

solvents with computer simulations of dendrimers in vacuwm {ie,. a poor solvent) and in
the light ol the conflicting evidence presented here, we snggest thal fucther investigation
is whill repuired.

However, not all measured daty refects the “dense core™ model, Topp et al, showed in
a SANS fovestigation of solvated PAMAR and PPL dendrimers, that the terminal groups
were concentrated near the surlace of the dendrimer, 196-98] Funayamea et al. reported
for PAMARM deadrimess in water that a layers] moodel with water penetration gave the
best fit with SANS data. [99] They reportesd a smaller sepment density at the surface
of the dendrimer althoeph the segment chains wore estended. Receolly, Rosenteldt and
co-workers Jnvestizated the spatial dimensions of fully aromatic dendrimers which wers
meapable of becklolding because of the complete absence of exible repeat nuits. [26] The
anthors copehuded that the rigid dendrimer strockore ean Best be deseribed by Ahe demnse-
shelt model. However they also concluded that this was only possible for dendrimers that
were made vp of rigd repeat units and postulated that Aexible deodrirners would exhibit
dense-core structures.

Ta the NMR analysis of dendrimers, greater consistency between experimental mea-
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surements has been achieved. NMR analysis of dendrimers began with a detailed study
by Meltzer et al., of the proton and carbon relaxation parameters of PAMAM dendrimers,
to investigate the mobility of the various layers of the dendrimer and their relationship
to the size of the dendrimer. {100,101] Meltzer et al. showed that there was a clear
difference in the relaxation rates of the terminal groups in comparison with the relax-
ation rates of the internal layers; the spin-lattice relaxation times (T;) of the terminal
groups were longer than those of the internal generations. Further, the relaxation rates
of the terminal groups were found to decrease with an increase in dendrimer size while
the internal generations were independent of the size of the dendrimer. Similar trends
are observed for a variety of types of dendrimers, in a variety of solvents. {17,102-105]
This includes investigations of the longitudinal relaxation rates for Fréchet and Fréchet-
type dendrimers. {17, 102] Paramagnetic NMR atomic probes have also been employed
to study the structure of dendrimers. {102, 106-110] Epperson et al. employed paramag-
netic cobalt(II) complexes as external paramagnetic NMR probes to study the structure
of PAMAM dendrimers. [110] They concluded that the dendrimers had a shell-like struc-
ture rather than a “dense-core” structure and that the dendrimers had sizeable cavities
within the dendrimer capable of hosting guest molecules. Others have employed similar
techniques, such as site-specific stable-isotope-labelling, rotational-echo double-resonance
(REDOR) NMR measurements on Fréchet dendrimer wedges in the solid state. {108, 109]
With the exception of the solid state measurements, all of these techniques pointed to-
ward an extended conformation, i.e., the “dense-shell” model. Numerous pulsed field
gradient spin echo (PFG SE) NMR measurements, including diffusion ordered 2D-NMR
{(DOSY) measurements, have been performed on a variety of dendrimers to further detail
their hydrodynamic properties, in particular their diffusion coefficients and hydrodynamic
radii. [105,111~115] These included the study of diffusion of dendrimers under different
pHs [112] and concentrations [114]. In these studies they showed that the dendrimer could
adopt a closed or open conformation depending on environmental variables such as pH

and concentration.

The “Ball Bearing” effect

Apart from the “dense core” versus “dense shell” debate, dendrimers exhibit curious hy-
drodynamic properties which have been documented for a variety of solvent-dendrimer

systems. The so-called “Ball Bearing Effect” [116] of dendrimers is a characteristic trend
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Figure 1.11: The classic “Ball Bearing Effect” - the dendrimer intrinsic viscosity increases

up to a limiting generation where after it decreases

in the intrinsic viscosity, [7].> Here, [n] increases up to a limiting dendrimer size, where
after [n] decreases with an increase in the size of the dendrimer, as illustrated in Figure
1.11. Although the behaviour is clearly related to the size of the dendrimer, no conclusive
explanation has been proposed that adequately accounts for the ball bearing phenom-
ena. [116-118] However, this trend in viscosity, which is often referred to as a feature
unigue to dendrimers is in fact not unique to perfect dendrimers but also occurs in hyper-
branched polymers, even for polymers with a very low degree of branching and randomly
branched polymers. {32, 34,119] Widmann and Davies showed that for high degrees of
branching, a variety of hyperbranched polymers exhibited almost perfect dendrimer-type
behaviour, while Aerts found similar results including polymers with low degrees of branch-
ing. Further, not all dendrimer-solvent combinations exhibit this trend. Scherrenberg and
co-workers reported that viscosimetry measurements of PPI dendrimers did not produce
a maximum in [n] in water or in acetone. [29] Instead, the authors reported a plateau in
[n] for dendrimers G3 to G5.

Of most significance for this thesis are the studies of the hydrodynamic properties of
Fréchet dendrimers. Mourey et al. published a detailed analysis of the intrinsic viscosity
profiles of Fréchet dendrimers and dendritic wedges. [120] From viscosity detection in size
exclusion chromatography, they noted a maximum in the intrinsic viscosity while the re-

fractive index passed through a minimum at the same sized dendrimer. They concluded

2 According to the IUPAC naming convention [g] is formally referred to as the reduced viscosity.

However, in literature [5] is most commonly referred to as the intrinsic viscosity
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Figure 1.12: Intrinsic viscosity, [n], for the Fréchet dendritic wedges WG3 to WG5 in
various solvents at 30°C as a function of molecular mass as reported by Jeong et al. [118]
The curve labelled THF-Lit represents data for Fréchet dendritic wedges WG2 to WG6 in
THF reported by Mourey et al. [120] '

that the dendrimers were extended to approximately two-thirds of the theoretical, fully
extended length. Similar results were reported Jeong et al. [118,121] From viscosimetric
measurements of dendrimers, it has been suggested that this characteristic trend (or lack
thereof) is an indicator of the degree of extension of the dendrimer, thereby affording a
useful measure of the quality of the solvent for a dendrimer according to their solubility
parameters. [118,121,122] However, Jeong et al. conducted measurements for dendritic
wedges, generations WG3 to WG5S and excluded the wedges WG1 and WG2. {118] Al-
though they observed a maximum in [n] for wedges WG3 to WGS5 in tetrahydrofuran
(THF) and not in chloroform (Figure 1.12), this does not preclude an incresse from gener-
ations WG1 to WG3 in chloroform, followed by a plateau from generations WG3 $o WGS.
This trend would be qualitatively similar to the trend observed for viscosimetric messure-
ments of PPI dendrimers. [29,123] Similarly, Matos et al. showed that for Fréchet-type
dendrimers (the core of the dendrimer was a porphyrin ring), a maximum in {n} in THF
and dimethylformamide (DMF) was not always observed. [124] Most recently, Evmenenko
and co-workers reported almost identical radii of gyration for Fréchet dendrimers in THF
and toluene from SANS measurements, which is inconsistent with the trends in the radii

of hydration derived from [] measurements. [118, 125] Therefore, this suggests that [n]
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is more complicated than simply dependent on the folded state of the dendrimer. The
conflicting experimental data highlights the need for computer simulations of explicitly
solvated dendrimers as a means of resolving these issues.

However, returning briefly to the computational simulations, there are also inconsis-
tencies in this literature. In all cases where [n] have been calculated, the dendrimers were
in their folded state with the majority of studies lacking any atomic detail altogether and
several confined to sampling lattice conformations. An example is the study of Mans-
field and Klushin. [30] Although their results compared favourably with measurements
of PAMAM dendrimers, they implemented a bead model where the conformations were
not equilibrium states but those calculated using the kinetic growth algorithm, detailed
by Lescanec and Muthukumar. [25] However, Cai and Chen showed that a more rigorous
version of Mansfield’s calculations afford no maximum. [33] Later, Mansfield again inves-
tigated the transport properties of dendrimers, this time using a method analogous to
electrical polarizability tensor. [126] Again the author found a maximum, however on this
occasion at G6 ([] = 112.4) compared with G4 ([] ~ 4.5) in the previous study. However,
considering that the kinetic growth model and rigid lattice models simulations were analo-
gous to a © solvent system (at best), it is somewhat surprising that the calculated results

compared favourably with experimental results for dendrimers in good solvent systems.

1.5 Objectives

The debate over the structure of dendrimers has captured the interest of researchers world
“wide. The fact that the structure of dendrimers is still unclear a quarter of a century after
the synthesis of the first dendrimer adds to the allure of the debate. Recently, there have
been encouraging developments in computational simulations of dendrimers, especially in
atomistic explicitly solvated systems. Yet due to the shear size of the simulations (number
of atoms), these simulations have all been relatively short, in the order of several hundred
picoseconds or less. It is unlikely that this is sufficient time for systems containing such
large numbers of atoms to completely reach equilibrium. Therefore, the aim of this thesis
is to investigate the equilibrium structure and dynamics of a series of dendrimers in a
variety of explicit solvents.
Before commencing with such simulations, it is necessary to ensure that the force field

employed is as accurate as possible. Therefore, as a precursor to the nanosecond solvated
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simulations we develop a force field that not only accurately represents the solvent and
the dendrimer separately, but as well as the interactions between the two.

Conducting the nanosecond simulations is a challenge in itself. However, the analysis
of the simulation trajectory is where the real challenge lies. Traditional computational
analytical methods such as time series analysis of the radius of gyration and moments
of inertia, and radial average distribution functions have proved indispensable tools to
describe the size, shape and distribution of a variety of properties of the dendrimer. In
literature, there have been some attempts to visualise the simulated solvated dendrimer
in three dimensions. While the results from these analytical methods proved interesting,
the methods have not been readily adopted. A further aim of this thesis is to develop an
analytical method which would allow easy visualisation of dendrimers in three dimensions
using a spatially averaged distribution function commonly employed to étudy the structure
of solvent about a solute carbohydrate molecule. This method is to be employed not only
to gain a better understanding of the structure of the dendrimer in three dimensions but
also to critically analyse the conclusions drawn from the two dimensional radially averaged
methods. In particular, the qualitative descriptions “dense-core” and “dense-shell” are to
be scrutinised.

The folding and unfolding of other polymers, particularly carbohydrates and proteins,
is an area of active research. However, the folding of dendrimers has received relatively
little attention. The final aim of this thesis is therefore to analyse the folding and unfolding
dynamics of a dendrimer during nanosecond Molecular Dynamic simulations in explicitly
poor and good solvents. A novel approach to exploring the free energy of folding of
dendrimers is to calculate the first Potential of Mean Force (PMF), thereby quantifying
the folding behaviour of a dendrimer in a variety of solvent environments. From the
difference of the PMF of the dendrimer in vacuum and the explicit poor solvent, the aim
is to quantitatively examine the effect of a poor solvent on the behaviour of a dendrimer

in comparison with the behaviour of the dendrimer in vacuum.

1.6 Thesis overview

Chapter 2 contains a brief introduction of Molecular Mechanics and Molecular Dynamics
simulations of dendrimers, with emphasis on force fields and simulation méthods used in

this thesis. The chapter closes with a description of the methods used to calculate the
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Potential of Mean Force of model dendrimer systems, including the application of Adaptive
Umbrella Sampling and the Weighted Histogram Analysis Method.

In Chapter 3, the analytical methods developed and employed in this thesis for con-
densed phase dendrimer simulations are outlined and discussed. The initial techniques
detailed are those commonly employed during the analysis of dendrimer simulations, in-
cluding radius of gyration, moments of inertia and radial distribution functions. Spatially
averaged distributions functions follow, including the spatial distribution function devel-
oped during this work to describe the distribution of the groups of the layers of the den-
drimer in three dimensions. This is followed by a description of Voronoi analysis for the
geometrical description of solvent structure. The techniques used to analyse the dynamics
of the system follow, starting with a brief overview of correlation functions followed by
specific techniques employed in this thesis including diffusion coefficients, and rotational
and longitudinal relaxation rates. This chapter closes with a brief description on the var-
ious methods available to calculate the intrinsic viscosity of dendrimers from simulations.
Chapters 2 and 3, may be omitted by readers familiar with these techniques.

Chapter 4 sets the foundation of the simulation work in this thesis. In this chapter the
development of a solution force field to accurately simulate dendrimers in the condense
phase is described. Four solvent environments were employed in this thesis; vacuum,
water, THF and chloroform. (The TIP3P water model, developed by Jorgensen et al.
was the water model of choice and is described in Chapter 2.) The development of a
new, relaxed all-atom chloroform model is detailed, along with a comparison of the struc-
tural characteristica of the THF solvent employing Girard and Miiller-Plathe’s modified
Helfrich-Hentschke united atom THF model. [127] This includes radial and spatial dis-
tribution functions and Voronoi analysis as described in Chapter 3. Thereafter, analysis
and modification of ether linkage dihedral angle of Hughes et al.’s force field for Fréchet
dendrimers is discussed. Further validation of the solution force field is provided through
an snalysis of the combination of the dendrimer and solvent force fields, and of possible
factors that could contribute to inaccuracies in the simulation.

Chapter 5 reports the nanosecond Molecular Dynamics simulations of Fréchet den-
drimers, G1 to G35, in THF and chloroform. A comparison is drawn with the vacuum
Molecular Dynamics simulations of Hughes et al. where appropriate. The application of
the analytical methods detailed in Chapter 3 is presented with specific emphasis on any

difference between the dendrimers in THF and chloroform. A discussion of the difficulties
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associated with radial averaged analytical methods, particularly radial density distribu-
tion functions, is presented. This discussion includes an analysis of the use of the terms
“dense core” and “dense shell” to qualitatively discuss the density distribution about the
dendrimer. The size, shape and structure of the dendrimer is described by employing
the spatially averaged distribution functions to detail the overall size and shape of the
dendrimer aslong with the internal layers of the dendrimer. The final section involves an
analysis of the dynémics of the dendrimer, including diffusion coefficients of the dendrimer,
intrinsic viscosity profiles, the diffusion of the layers of the dendrimer and finally, longi-
tudinal relaxation rates calculated from the simulations are presented in comparison with
available experimental data. _

Chapter 6 addresses the folding dynamics of dendrimers using qualitative analysis
followed by quantitative PMF calculations. First the overall folding of Fréchet dendrimers
in water are compared with the unfolding of these dendrimers in chloroform. This is
followed by a report of the calculation of the potential of mean force of folding for model
dendritic units, to probe the folding back of a terminal group one and two generations
deep. Particular focus is placed on the difference between the water and vacuum systems,
and the between the THF and chloroform systems.

Finally, Chapter 7 contains conclusions and suggests future avenues of investigation.



Chapter 2

Methods for Force Field

Simulations

2.1 Introduction

The experimental determination of the secondary and tertiary structure of dendrimers (the
relative orientation and position of linked monomers and the large-scale overall folding of
the dendrimer respectively) has proved challenging. As a result of their starburst hyper-
branched structure, dendrimers are extremely difficult to crystallise. To date, knowledge
of their structure is speculative, with only a limited number of crystal structures available
for a few first generation dendrimers. [80] The use of spectroscopic techniques has also only
achieved limited success because only the average detail for each layer of the dendrimer
can be determined. This is true even if molecular probes are employed, such as those used
by Gorman et al. [102]

Therefore, computational methods can offer unique ingights into this problem. Com-
puter simulations provide the mechanism for a detailed study of these polymers analogous
to a powerful microscope. However, before any computational study is undertaken, it is
essential to understand the complexities of the molecular simulation. Further, one must
ensure that any simplifications made are valid and identify any underlying assumptions.
It is also important to be aware of the effects that these assumptions and simplifications
may have on the simulation results.

In this thesis, force field computational methods are employed. In general these meth-

ods encompass Molecular Mechanics (MM) and Molecular Dynamics (MD) simulations.

25



2.2. Molecular Dynamics Simulations 26

Here the energy calculations are simplified by ignoring electronic motions and the energy
of the system is a function of nuclear coordinates only, using a classical “ball-and-spring”
model for atomic interactions. Despite their apparent simplicity, suitable force field mod-
els can provide answers that are as accurate as high low-level quantum mechanical (QM)
calculations at a fraction of calculation time and are thus an efficient and appropriate
choice for complex systems. [128] This is clearly advantageous as nanosecond QM MD
simulations are at present beyond the capability of the most advanced supercomputers
and émpizical MD or Monte Carlov(MC) simulations are the only viable option for simula-
tions of nanosecond (or greater) time scales. MD has the advantage over MC in that MD
provides a time evolution of molecular interactions and conformational changes, while MC
methods generate time-unrelated configurations based on random changes to the system.
Therefore, MD is the sampling method employed in this thesis.

Molecular force field simulations are ever growing in popularity and there is a wide vari-
ety of software packages available for simulating solvated polymeric systems. Among some
of the most popular academic packages are GROMOS, {129] AMBER, [130] DL_POLY,
[131]) NAMD, [132] and CHARMM. [133] CHARMM is the simulation package used in
this thesis.

This chapter provides a brief overview of Molecular Mechanics and Dynamics simula-
tion methods and their application to the study of dendrimers, focusing on techniques used
in this thesis. The chapter closes with a discussion on the statistical mechanics associated
with computer simulations of solvated polymeric systems, followed by a discussion of non-
Boltzmann Molecular Dynamics for free energy calculations. For a broader treatment the
reader is referred to the general texts on molecular modelling, such as those by Allen and

Tildesley, [134] Leach [128] and Haile. [135]

2.2 Molecular Dynamics Simulations

The Born-Oppenheimer approximation assumes that the motion of the atomic nuclei is
so much slower than the electrons that the electronic contribution to the energy can be
integrated out as a function of nuclear coordinates. As a rwult, the kinetic energy of the
system can be described in terms of simpler classical behaviour. In MD simulations, the
motions of the atoms are described using Hamiltonian dynamics (Equation (2.1)) which

has an advantage over Newtonian dynamics, since this formalism does not have an explicit
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dependence on the applied forces.

1 1
HEN,pM) = 5 > ;pﬁ + UMY =E (2.1)
: .

i

The Hamiltonian is expressed as a function of the position (r") and moment@ (»V)
of all N atoms in the molecular system. The first term refers to the kinetic energy of the
system where m; and p; refer to the mass and momentum of the i*® atom respectively,
while U(rN) refers to the potential energy as function of all N atomic positions. The
classical equations of motion are integrated with respect to time, from which it is possible
to obtain the time evolution of the molecular system. However, since the motions of all the
particles in the system are interrelated, the resulting many-body problem does not have a
true analytical solution. Therefore, integration using finite difference methods is required.
There are several integration methods, for example Verlet, [136] Leap Frog, [137] Velocity
Verlet, [138] Beeman [139] and Gear Predictor-Corrector. [140] In all the integration meth-
ods, the position and dynamic properties of the particles are represented using a truncated
Taylor series expansion. Low order expansion algorithms, such as the Verlet [136] (and re-
lated algorithms) are generally used for long duration simulations. The more accurate but
computationally more expensive higher-order expansion Predictor-Corrector methods are
usually used for short duration simulations, typically in implementation of Nosé-Hoover
thermostats. [141; 142]

In this thesis, the Leap-Frog integrator [137] (which is a variation of the Verlet al-
gorithm) is used to integrate the equations of motion. In the Leap-Frog method, the

velocities (i) are calculated at 14t as follows

r(t + 6t) = r(t) + Stu(t + %ét) 2.2)

ult + -21-&) = ult - ;}at) + bta(?) (2.3)

Hence the positions (r) are calculated at integral values of the time step §t, while
the velocities “leap-frog” over at %Jt intervals. The Leap-frog method avoids floating
point arithmetic errors which are inherent in the Verlet algorithm because it avoids the
calculation of the §t%a(t) term. ‘

The choice of the integration time step size is also of importance. If the time step is too

large (typically greater than 10fs for all-atom MD) instabilities in the calculation can occur.
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A typical consequence is a gradual decrease in energy computed for the system. Ideally,
the time step should be as small as possible. However, the smaller the time step, the
longer the required simulation time. To allow for valid use of larger integration time steps,
intramolecular bonds involving hydrogen atoms are constrained, since such interactions
have high vibrational frequencies. Care must be taken to ensure that the convergence
tolerance for the constraint algorithm is small enough to ensure that fluctuations in the
simulation are larger than any constrained fluctuations. In the current work the SHAKE

algorithm was used for conétraining atoms. [143]

2.2.1 Molecular Mechanical Force Fields

There are numerous methods for describing the potential energy term (U(r™)) of the
Hamiltonian in Equation (2.1). Currently, the most sophisticated method is the quantum
mechanical ab initio molecular dynamics method developed by Car and Parrinello. [144]
However, this is computationally expensive and ab initic MD simulations have only been
used to study small clusters of molecules, for periods of only a few picoseconds. [145)
This is not sufficient for study of relaxation processes that take place on a time scale
of several hundred picoseconds, or the microsecond relaxation times typical to NMR.
An salternative method to include a quantum mechanical description into the model is a
hybrid QM/MM approach where only a small section of the molecular system is described
quantum mechanically (such as the active site in an enzyme) while the rest of the molecule
is described with an empirical MM model.

Fortunately, in most cases a quantum mechanical description of the molecular system
is not required. A relatively simple empirical MM model is adequate for systems where
electronic effects are negligible, which is the case when there is no rearrangement of cova-
lent bounds in the molecular system. In MM the electrons of a molecule are described as
an average potential field which is a function of the nuclear coordinates: the bonds between
atoms are described as simple harmonic springs, with spring constants parameterized from
either vibrational spectroscopy or ab initio calculations.

There are several approasches for describing bonded interactions between atoms in
MM force fields (FF), ranging from simple harmonic descriptors such as Hooke’s law to
the more complex Morse potential. Additional quadratic and cubic terms may be added to
the harmonic descriptors to afford realistic behaviour. However, the greater the complexity

of the potential functions, the greater the penalty in calculation time.
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A variety of force fields have been used in computer simulations of dendrimers, includ-
ing CHARMM, [133] AMBER, [130] MM3, [146] and CVFF [147]. In this thesis we employ
a CHARMM-like force field (Equation (2.4)). [133] The development of the force field used
to describe the dendrimers in this thesis is discussed in Chapter 4. The CHARMM force
field takes the form:

V(ri...ry) = Z ky(r —10)% + Z ko (6 — 6o)?

bonds angles
+ Z kg(1+ cos(ng — §)), where n = 1,2,3,4,6
dihe
2.4
-+ Z kw(w - w0)2 ( )
impr dihe
+ (e-~ [_ (Rvnin(ij))6+ (Rmin(ij))12 L %9
b o [T €Ty
pairs(i.j) 4 § e

The first four terms describe local bonded interactions for bond and angle stretching
and torsional rotation. Here k;, kg, kg and k,, are the bond, angle, torsional and improper
torsional force constants respectively; rg, 6y, ¢ and w are the equilibrium bond, angle,
torsion angle and improper torsion angel equilibrium values respectively and n and & are
the multiplicity and phase angle respectively. These deformations are assumed to be at
ordinary temperatures and in the absence of chemical reactions. The bond stretching
and bond angle bending terms are described by Hooke’s law. Torsional interactions are
described using a simple cosine series expansion, while interactions involving improper
torsion angles (used to fix atoms in a plane) are described in the form of a quadratic
expression, analogous to the angle descriptor. In rigid force fields, the bond lengths and
angles are held fixed at their equilibrium values. This simplification allows for longer
simulation times as the calculations for changes in the bond lengths and angles are excluded
from Equation 2.4.

It is important to note that in the CHARMM force field, there are no cross terms
coupling the internal coordinates. As a consequence, bond stretching interactions, for
example, do not explicitly affect the bond angle bending or torsional interactions and vice
versa.

The remaining terms \are the non-bonded or “through space” interactions. In CHARMM,
the 6-12 Lennard-Jones potential is used to describe the van der Waals interactions. One

of the advantages of the Lennard-Jones potential is its simplicity. It requires only two pa-
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rameters, namely the well depth of the minimum interaction energy, €;;, and the collision
diameter, 0;; between atoms i and j where Eg. = 0. 0y; is related to the position of the
energy minimum, Ry, by yArS Further, a substantial reduction in computational
expense is obtained because the r~12 repulsive term can be calculated by squaring the
attractive 7% term and the r~° term can be calculated directly from the distance without
requiring a computationally expensive square root calculation. [128)] Electrostatic interac-
tions are modelled using Coulomb’s Law. The terms &;;, Ruin(ij), 7i; and ¢ refer to the
Lennard-Jones well depth, the minimum interaction radius for atoms i and j, the distance

between atoms i and j and the dielectric constant respectively.

Atomic Detail of the Force Fields

Atomic detail in a large macromolecular system is often not essential if only a description
of macroscopic behaviour is sought. This is the case for polymers which are almost entirely
made up of identical repeat units, such as dendrimers. As atomic detail comes at great
computational expense,-models employed in early dendrimer computer simulations tended
to avoid such details and apply various approximations. A popular approach is to describe
the dendrimer in terms of a coarse-grain model, where individual particles do not represent
atoms but instead represent a collection of atoms. {8] This collection is usually one or more
monomer units of the dendrimer. [8] This method is frequently used in conjunction with
a diamond lattice model, where the positions of the particles are restricted to a defined
lattice or grid, resulting in all bond lengths and angles of the dendrimer being of equal
value. [8] This too results in a substantial reduction in simulation costs. However, with
the coarse-grained model, all atomic detail is lost and with such large approximations in
place, care has to be taken with the interpretation of the results.

An alternative approach is to combine the hydrogen atoms with their neighbouring
heavy atom. This is commonly referred to as an extended or united atom force field. For
example, in chloroform models the hydrogen atom is often not explicitly represented: the
hydrogen and carbon atoms are united and are represented a single CH group, centred at
the carbon atom. The carbon force field parameters are adapted to incorporate the effect
of the absorbed hydrogen. (In the all-atom approach, all atoms, including hydrogens, are
explicitly accounted for.) An advantage of the united atom method is to signiﬁcantly
reduce the number of atoms, which in turn results in fewer non-bonded interactions and

allows for a larger dynamics integration step size because the small hydrogen atoms require



2.2. Molecular Dynamics Simulations 31

smaller time steps. Disadvantages include difficulty with accurately representing hydrogen
bonding, the loss of dipole and quadrupole moments which can effect the accuracy of
interactions with neighbouring groups, loss of steric effects and shape associated with the
hydrogen atoms and loss of hydrogen coordinates, which can be used in comparison with

various analytical methods, including NMR and neutron diffraction studies.

Water Force Fields

There are a number of water models that are extensively used in computer simulations of
aqueous polymer solutions. The most popular models include SPC (simple point charge)
force field of Berendsen et al. (SPC, [148] SPC/E [149]) and the TIP (transferable inter-
molecular potential) FF of Jorgensen (TIP3P, [150] TIP4P [151] and TIP5P [152]).!
Jorgenson’s TIP3P model was selected for this thesis because the dendrimer force field
originated from a carbohydrate force field that was specifically parameterized for, and
extensively tested with, TIP3P. Further, the TIP3P water model adequately reproduces
most experimental measurements under the operating conditions of the simulations in
this thesis. Furthermore, although the SPC models achieved good results in pure water
simulations, this was achieved by over estimating the water-dimer interactions, thereby
upsetting the balance between the solvent-solvent, solvent-solute and solute-solute inter-
actions. [149] There are more sophisticated water models available, such as the TIP5P
model of Jorgensen which has shown an exceptional fit with experimental data over an
extensive temperature and pressure range. [152,153] The TIP3P model is a 3-atom or
3-sited model that comprises only the hydrogen and oxygen atoms while in TIP4P and
TIP5P extra “particles” or sites are included to shift the negative charge from bei.ng cen-
tred on the oxygen atom. Hence, the TIP3P model in comparison is a relatively simple
model. However, the extra computational overheads of the four-site and five-site models

were beyond our computational resources at this time.

2.2.2 Truncation of Long-Range Forces

The number of non-bonded interactions is of the order of the square of the number of
atoms in the system. This is computationally expensive. However, it is not necessary to

calculate the interactions between every pair of atoms in the system, as Van der Waals

10lder water FF such as BNS and ST2 were not considered for this thesis.
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Figare Z.i. By periecheaity replicating a singie celi, an infinite iattice I8 ereated. In
the figure, the sobid red particle exits the primary sinulation cell to the left (arrow) and
its tmage re-crters on the right. The rciveie indicates the closest tmage particies used
to calenlated the non-bonded fnberactions with she solid rod particle by applying the

minimuin image convention and a cut—off iess than haif the lengrh of the periodic cell,

method of chioice, as 1t 1s the most “correct” way to accarately include all effects of he Jong-
range forces mro the simulations, [124] Alternative techmiques include the reaction ficld
f167] and the cell maltipole [154 -160] methods. In vhis thesis, all the moleeular systoms
were of neytral charge, hence long-range methods such a5 these were not implemented due
0 their substaptiai eomputational expenses. However, in Chapter 4, we briefly investigated

the offect of Ewald sumnations on the onteoms of the sinmnlarion.

2.2.3 Periodic Boundary Conditions

I solvared dendrimer simmlations one is mostly inforested in the propertics of the den-
drimer in bulk solytion, Interactions with the coutainer waild nuet be mmoved becanse
thia will resyle in the system being dominated by surfarc artefacts. In essence, boundary
conditions define what happens to an atom or molccule when it reaches the boundary of
the simulation cell.

The methed of periedic boundary conditions s & comumon way to define cell boundaries,
The algorithm is relatively simple and we shall consider the casze of a cuble sinnilazion cell;

if a particle crosses the boundary from the primary cell, its coordinates are modified so
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that it reappears on the opposite side of the primary cell. Effectively it appears as though
an identical image of the particle has moved into the box from the opposite neighbouring
cell. The resulting effect is that of an infinite lattice of image cells identical to the primary
cell, as shown in two dimensions in Figure 2.1. When using this method it is only necessary
to store the details for the primary cell.

Non-bonded interactions are calculated using an analogous algorithm to that used in
the periodic boundary conditions, namely the minimum image convention (Figure 2.1).
In the minimum image convention, each atom interacts with only the closest image of
every other atom in the system. [128] However, care must be taken to ensure that a
particle does not interact with its image in a neighbouring cell. Special attention needs
to be taken when dealing with long-range interactions, such as electrostatic interactions
involving ions or dipolar molecules. Typically methods such as Ewald summations, [156]
are used in such cases.

Geometrically there are a limited number of space-filling polyhedra which can form
an infinitely repeating periodic system. In this thesis, the two most popular periodic
systems, namely the cube and truncated octahedron, have been employed. Each has its
own advantages; the cube is the simplest method to simulate and implement, while the
truncated octahedron increases the distance between adjacent cells compared to a cubic
system with the equivalent number of particles.

Although periodic boundary conditions remove surface and other boundary effects,
they introduce periodicity into the system. Further, as real world isolated systems (NV E)
are confined to vessels which in turn disrupt linear momentum, periodic boundary condi-
tions artificially add the extra constraint of constant linear momentum, P, which results
in a loss of 3 ciegrees of freedom (P;, Py, P.). Furthermore, it is not possible to simulate
fluctuations with wavelengths greater than the length of the cell, as these are suppressed.

Hence, great care still needs to be taken when employing a method which avoids
boundary constraints. In general, the errors resulting from periodic boundary conditions

are considered to be negligible compared to other systematic errors. [134, 135]

2.2.4 Ensemble Sampling

In addition to the selection of a suitable force field and method of integration, an additional
factor to consider is the description of the simulation environment. There are a number

of macroscopic thermodynamic states, or ensembles, suitable for MD simulations. In
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this work the microcanonical (NVE), canonical (NVT) and isothermal-isobaric (NPT)
‘ensembles were used.?

The canonical ensemble is appropriate for use during the heating and equilibration
phases of the simulation. In this ensemble, the velocities of all the particles are altered
in order to reach and maintain the desired temperature. One method is to scale the
velocities by a factor of the ratio of the actual temperature of the system and the desired
temperature of the system. [134] Alternatively, the velocities can be re-assigned according
to a Maxwell-Boltzmann distribution. The advantage of the second approach is that it
ensures an even distribution of kinetic energy in the system and prevents non-isothermal
mixing from occurring, i.e., regions of hot and cold temperatures are prevented from
forming. The frequency at which the velocities are reassigned is an important factor to
congider. Artificial behaviour in the dynamics system will occur if this process is performed
too frequently, while prohibitively long periods of equilibration are necessary for infrequent
velocity assignments. [128]

When modelling solute-solvent systems, the solute may undergo a substantial change
in conformation which results in a significant volume change. Such an effect may occur
for the unfolding of a branch of a dendrimer and this may create an unrealistic increase
in the local density around the unfolding arm. This would in turn artificially raise the
energy barrier for this conformational change. To avoid such computational artefacts from
occurring, an isothermal-isobaric (NPT) ensemble may be used. Andersen’s extended
pressure-coupling method is employed in this thesis. [{161] Andersen assigned the system
an additional degree of freedom - namely the volume. An analogy can be made to a piston
and cylinder, where the potential energy applied by the piston is related to the pressure
and volume of the eylinder or system. The kinetic energy of the system is related to the
“mass’ of the piston and the square of the rate of change of the volume. The “mass” of the
piston in this case is the degree of coupling with an imaginary external pressure reservoir.
The overall Hamiltonian includes the effects of this piston. The selection of the coupling
constant is important. If the piston is assigned an infinite mass, the isothermal-isobaric
ensemble is essentially a canonical ensemble. The volume of the system varies in order to

meintain a balance between the internal pressure and the external pressure reservoir (the

#The thermodynamic constants, N, P, V, E and T are the number of particles, pressure, volume,

energy and temperature respectively.
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latter is set at the desired pressure value).

The method of temperature control used in sampling the isothermal-isobaric ensemble
was developed by Nosé and later extended by Hoover. {141, 142] This method utilises
essentially the same concept as the Andersen method, except now the notion of & “piston”
is more abstract. It represents the “inertia” of the artificial thermal reservoir with which
the system is in contact. The velocities are scaled in a similar manner to the way that the
coordinates are scaled in a pressure calculation. Similar to the constant volume system,
there are also kinetic and potential energy terms associated with this degree of freedom.
Despite the fact that the final form of the energy operator is non-Hamiltonian, the overall
energy is conserved and the ensemble samples the isobaric-isothermal phase space. This is
an advantage compared to alternative methods, such as Berendsen’s method, which does
not represent any standard thermodynamic ensemble.

Once the system under investigation has been equilibrated, a microcanonical ensemble
can be used to sample phase space and thus various transport and relaxation properties
can be calculated (this is the procedure used in this thesis). The result is that a constant-
energy surface of phase space is sampled ensuring that the coordinates and velocities are
not artificially altered in any way, allowing direct correlations of the Newtonian dynamics

of the system to be investigated. [134]

2.3 Statistical Mechanics of Dendrimer Simula-

tions

Analysis of MD or MC simulation data allows one to determine macroscopic behaviour
from microscopic behaviour, such as the diffusion and molecular relaxation properties of a
dendrimer. However, in order to calculate macroscopic properties it is necessary to ensure
that the phase space of the polymeric system has been sufficiently sampled in order to
gain a true representation of the behaviour of the system. Central to this condition is the
ergodic hypothesis. [134] This states that for a system undergoing a stationary random
process containing N particles, the calculated time average, t, of a particular property A

(which is a function of the momentum, p and coordinates, r) is related to the macroscopic



2.3. Statistical Mechanics of Dendrimer Simulations 37

observable value, Ag,” as follows

1 [» »]
Aohs = / / A(ry,py)e VRPN drydpy = Jim - / Alen(t)pa(t))dt  (2.7)
y - 0

For even a very small system of 100 atoms it is impossible to sample all available
phase spé,ce in a single simulation. However, there is a significantly lower probability of
sampling points in phase space that have relatively high energies. Hence a large proportion
of the configurations of the molecular system are extremely unlikely, such as the situation
where two atoms are superimposed. More formally stated, the probability of sampling a
particular point on an isothermal surface of phase space, E(r,p), at a temperature T, is

related to the Boltzmann distribution factor (kg) through the partition coefficient,

g= e~BE(r,p) (2.8)

where 8 = 1/kgT. Since the contribution of energetically disfavoured areas of phase
space to ensemble averages is extremely small, they can be neglected. Hence, it is not
essential to sample every possible conformation of a dendrimer during a simulation.

It is important to evaluate statistically whether phase space has been sufficiently sam-
pled. From the central limit theory, [135] as long as the sampling is random, a relatively
small sample of phase space is sufficient to form a statistically representative set of con-
figurations. There are several methods for conformational sampling, ranging from the
Metropolis Monte Carlo method (the most stochastic sampling method) to molecular
dynamics (the most deterministic sampling method). The deterministic nature of MD
becomes essentially chaotic through molecular interactions because the correlation times
of the velocities and coordinates are relatively very small. [135]

The main difficulty when sampling by both Monte Carlo and MD simulations is that
if large energy barriers exist which split configuration space into disconnected regions,
it is very improbable that a short simulation will be capable of crossing such barriers.
Therefore, a short time average may not represent complete sampling. Moreover, it is
possible that the simulation will appear to have converged (in terms of average properties),

while instead it has only converged within some local minimum. It is important to be aware

3The use of the symbol 'A’ as that for a generic parameter should not be confused with

Helmholtz Free Energy.
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of such problems - one simple method to check for this is to start several simulations from
different configurations.

When comparing the sampling methods, the most significant advantage of MD over
purely stochastic methods is that time dependent properties, such as diffusion coefficients
or atomic relaxation times, can be calculated and compared to experimental data. In this
thesis, we employed only varieties of MD integration methods - no stochastic methods were
applied. However, to calculate free energies of the molecular system, the entire potential
energy surface must be taken into account, including the improbable high energy regions.

To sample such high energy regions, non-Boltzmann MD is required.

2.3.1 Non-Boltzman MD Free Energy Calculations

The calculation of properties that are functions of entropy including the chemical potential
energy and Gibbs and Helmholtz free energy, is one of the most challenging areas in
computational chemistry. Unlike pressure and internal energy, free energy cannot be
defined in terms of a time average over the samples of phase-space and hence cannot be
calculated directly. [135] This is because free energy requires the inclusion of high-energy
regions of phase-space as well as the low energy regions. A standard MD simulation would
inadequately sample high energy regions and the time average of the free energy would
not give an accurate true free energy of the molecular system.

Entropically-based properties are functions of the canonical partition coefficient, Q.
For a system where N, V and T are independent, the Helmholtz free energy is simply

defined as:

A= —kTInQ (2.9)

where k is the Boltzmann constant and T is the temperature of the system.

One method for calculating the free energy differences of a system is via thermody-
namic integration. The dependence of a thermodynamic property involving an indepen-
dent variable (for example T or P) is determined from the integration of the appropriate
Maxwell relation. [135] Another popular method is the free energy perturbation method.
Both methods require several simulations along a reactant-product mutation pathway.
This pathway need not be an actual physical pathway since free energy is a state function.
The main disadvantage of such free energy difference calculations is that they only yield
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function for the next iteration of the simulation. This is done by modifying the unbiased
Hamiltonian of the system (H;) such that H = H; 4+ U(r). For each successive iteration,
histograms of the biased population distributions are combined using Weighted Histogram
Analysis Method (WHAM). [166] WHAM is an iterative algorithm that determines an op-
timal estimate for the actual unbiased distribution function by combining overlapping
distribution functions of several iterations of biased simulations. This is done by deter-
mining the optimal weighting factors for the weighted sum of the biased distributions.
The convergence criterion is that the maximum difference between the weighting factors
is less than a particular tolerance level, typically 0.001. Once the WHAM algorithm has
cbnverged, the potential is smoothed to avoid discontinuous or sudden changes in the um-
brells potential and is extrapolated to previously unsampled regions. The extrapolation
should direct the simulation into unsampled regions without introducing additional local
minima into which the system could become trapped. [167] The method to extrapolate
the umbrella potential to unsampled regions emulates the system of Bartels and Karplus
but in a single dimension. [168] The unsampled regions are set to the maximum value of
the umbrella potential. To ensure a smooth transition between explored and unexplored
areas, the unsampled bins /that are directly adjacent to a sampled bin are set to the average
value of the neighbouriné bins. The unsampled cells adjacent to the cells bordering the
sampled region regions are set to the average of the surrounding cells plus half the dif-
ference between the average and the maximum values. In this way, sharp discontinuities
in the umbrella potential were avoided. Any remaining discontinuities in the new um-
brella potential are removed by smoothing the potential at least twice using the following
smoothing function [168]

U;',- = = (~0.3Uk-2; + 1.3Uk-1, + Uk + 1.3Uk41 i — 0.3Uk42,4) (2.11)

QO

where UI’:J new smoothed umbrella potential of cell k of iteration i.

When the iterative procedure to calculate the umbrella potential is completed, the
combination of the umbrella potential U(r) and the true potential W(r) is a flat potential,
thereby allowing even sampling of the reaction coordinate. This process is illustrated in
Figure 2.2. The system is deemed to be converged when the sampling is essentially uniform
along the reaction coordinate. In this thesis we considered the system converged once the
ratio of the population of most sampled region and the population of the least sampled

region was less that 1.5. The exact converged umbrella potential would be —W (r) with
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the probability distribution of such a potential described by:

P(r) = eV UVFT (2.12)

In this thesis, W is the function of a scalar parameter (end-to-end distance) which
indicates how difficult it is to stretch or compress a dendrimer in a particu.ar solvent.

However, the same iterative algorithm can be applied to any multidimensional parameter.



Chapter 3

Analytical Methods

3.1 Introduction

An important feature of computational chemistry is that properties computed from a
simulation can be compared directly with measured values from physical experimental
techniques, such as small-angle neutron and X-ray scattering (SANS and SAXS) or nu-
clear magnetic resonance (NMR.) spectroscopy. Comparison of experimental measurements
and computational calculations allows not only molecular mechanics models to be vali-
dated and improved, but also the interpretation of experimental data in terms of detailed
atomic models obtained from simulations. For chemistry in general, the combination of
experimental with computational techniques has resulted in an increased understanding
of macromolecular structure and dynamics.

A number of physical techniques are routinely employed to investigate dendrimers
including SAXS and SANS and a variety of NMR and rheology techniques. [8] However,
NMR is most frequently used to provide detailed information on primary, secondary and
even tertiary conformations of dendrimers. [17,85,105,106,108,109,111-113] The advantage
of NMR over other experimental methods, such as X-ray crystallography, is that we can
determine both structural detail and atomic motions. This is especially relevant in the
case of dendrimers, where crystal structures have proved challenging to obtain and where
solution properties are of most interest.

There are a variety of analytical methods use to analyse computer simulations of MD
simulations. In MD simulations, the time evolution of the system simulated is recorded as

a series of snapshots of the atomic configuration, usually in the form of a simple collection

42
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of atomic coordinates. The simulation is typically written to disk and analysed separately
at a later date. The frequency at which the frames of molecular position are recorded is
a compromise between accuracy ahd computational resources. It is impractical for every
frame of a simulation to be recorded, as the storage requirements would be prohibitively
large, especially in the case of nanosecond simulations of large solvated polymeric systems.
Further to ensure statistical accuracy each framg used in analysis must be independent
from the next frame. Further, the computational time, power and memory required for the
analysis of large data sets would make thorough analysis of these simulations impractical.
The alternative is to record a subset of the trajectory frames of the simulation, sampling
at a regular frequency. However, the smaller the frequency of sampling, the greater the
risk of producing erroneous analysis due to disregarding the finer detail of the simulation.
Simple analyses can be performed on a trajectory file first to check that the simulation
is valid or that it has reached a desired point before commencing with éxpensive detailed
analysis.

In the previous chapter we addressed the theoretical aspects of simulating solvated
dendrimer systems in a computational environment. This chapter describes the computa-
tional analytical methods applied in this thesis. First we describe methods for calculating
structural properties of a molecular system. These include the radius of gyration and
moments of inertia to describe the size and shape of a dendrimer; radial and spatial distri-
bution functions to analyze the distribution atoms about a central point; calculations of
the solvent accessible surface to illustrate which regions of the dendrimer are most easily
accessible by the solvent and finally, Voronoi analysis to give detailed description of the ge-
ometric arrangement of the pure solvent. This is followed by a description of the methods
for calculating dynamical properties. These include correlation functions used to deter-
mine relaxation rates; mean squared displacement of each layer of a dendrimer to classify
whether the motion is restricted (solid-like) or unrestricted (liquid-like); diffusion coeffi-
cient and intrinsic viscosity measurements of a dendrimer to describe its overall transport
properties in the various solvents. Where possible, we make comparisons with physical
NMR measurements of our calculated NMR properties, such as diffusion coefficients and

longitudinal relaxation times.
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3.2 Molecular Structure

3.2.1 Radius of Gyration

The radius of gyration, Ry, is the simplest measure of molecular size of macromolecules.
A time series of the Ry is commonly used to analyse an MD trajectory to determine when
a dendrimer has reached a stable conformation. The dendrimer is said to be equilibrated
when there is no change in mean R, over an extended period (tvpically several hundred
picoseconds) except for small fluctuations about the mean. R is defined as the mean

squared displacement of a set of N atoms each of mass m; from the centre of mass, reom :

TN milri - Feom)?
o= \/ TiLimi &y

Thus R, is easily computed from a simulation time series. The values obtained from
computational models can be compared with Ry measured from & number of techniques.
[92,96] For example, for small scattering angles in SANS measu-ements, the scattering
intensity of an isolated particle can be expressed as a function of the radius of gyration,

according to Guinier’s approximation [169] :

In(l} = In(lp) — E%i)—?- _ (3.2)

where [ is the absolute intensity of coherent scattering. g is the scattering vector (which
is a function of scattering angle) and Iy is a function of the contrast of the scattering length
of the solvent and the partial volume of the solute. Alternatively. Ry can be calculated
from the diffusion coefficient measured from viscosimetric measurements or NMR pulsed
field gradient (PFG) and diffusion ordered spectroscopy (DOSY) techniques. For Einstein
spheres (spherical non-interacting solvent molecules) ths hydeodvnamic radius, Ry, is
related to the limiting diffusion coeflicient of the dendrimsr, Dy, according to the Stokes-

Einstein relation :

kgT
ﬁﬂnDo

where kp is Boltzmann’s constant, T is the temperature and v is the viscosity of the

Ry = (3.3)

solvent. For a spherical dendrimer of uniform density, R, is relatec to Ry by a factor of

3/5. (90,95, 96, 170]



3.2. Molerular Structure ) 45

vimme ol Distribusicn of e depdrimer's mass about 9 principal axes. where [, < f <

£

The debate over the structure of dendrimers centres around the density distribution
within the dendrimer, the location of the terminal groups and whether the dendrimer iz
folded {ar contracted) or unfolded (extended). However no formal definifion has been
given to define when the dendrimer 15 “contracted” or “extended”, We use the radius of
gyration {Hy) as o quick method fo quantitatively identify when the dendrimer is folded
e unfolded, In this thesis we define the dendrimer &0 be completely folded or contractoed
when its conformation (or R, ) is similar to that of the average cquilibriun conformation
of the dendrimer in the vacuum Mealecntar Dvnamics similations, The dendrimer is said
ter be completely unfolded when the dendrimer bas an R, equal 16 the encrgy winimized
conformation of the dendrimer in vacnnm. The vacnum simulstion is used as the basis
af this definition as each conformation i3 only dependent on dendrimer foree fisld and is

independent of solvent effects,

22,2 Moments of Inertia

‘Lhe principat momnents of inertia for a dendrimer are closely related to B, These can be
used to sualvze the distribution of a macremolecule’s mnss along its principal axes with
respect to its centre of mass (Figure 2.1} Calenlation of moments of inertia is employed
in a wide range of upplications in macromolecuiar confermational analysis, [171} including
dendrimers. [24,27, 171 ] :

The wmoments of inertia for a molecule can be calewlated from o simalation in the

followng way. For each frame of the simulation, the memPnt of inertis tenser, I, i
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calculated about the centre of MAss Eoom, Honms Zean OF the polymer [Equation (3.4)}. This
tensor is subsequently transformed to align with its prineipal axes by diagonalizing I with
its eigenyvectors, X, and the inverse thereof { Equarion (3.5)), In the resulting diagonal
matrix, B, the non-zoro disponal terms wre the principal moments of inestin, whers we

define 14 < ig < 40
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The ratios of ihe principal moments, I /T4 and T4/ Ty, indicate the asphericity and

aeylindicily of a degdrimer, [5]

3.2.3 Radial Dhustributions

The K, and the moments of inertis do not provide any stenelural information for o moleenle
other than ils siae amd overall shape, Qften one is interested in the position of side chains;
in the cose of dendrimers, the positions of the wedge. The radial disposition of monomeric
groups within o dendrimer can be desciibed by adapting the standard radial distrioution
function (RIDF) definition. In general the radial distribution funetion, gir). is o standard

method for analyzing the looal stenctiee of o solvend and = typically defined o

or) = 12 <sz{r rsj1> (36)

v A7
g(ry relates Lhe probability of finding a palr of aloms ab distance ¢ oapart aned is wor-

malised by the prebability of all the atoms being evenly distiibuted o the system at the
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T

Figara n.2 Schematic dlsgram of the radial distribution fenetion gis) for a deodrimer
ar a particuler ¢ vatue. The parsicle depsity is evaluated within a thin spherieal shetl of

vadina v cenired or the point of neercst.

same densily. Not only does gfr) provide insight into the structure of a ligueid (eommonky
referred to s pair distribution funetions or PIYFA) but it alsc can be waed to caloulate
the ensembie average for any structurst pair, for example the distribution of the aryl
rings of the dendrimer. lo addition, radial distributions eonstitute Ao integral part of
potential of mean foree caloelations (Section 2.3.11. Henee, radially averaged deusity dis-
tributions, RDFs, are arguably the most cominon method used to describe the structure
of dendrimers. RDFs arc not only wsed to characterise the density distributions within
dendrimers and 10 ideutify Tegions of bvw congestion suitable for hosting guest molecules,
they are also nsed to identify the loeation of the terminal groups, ther distribution within
ihie pudvmer and subsequently the degree of hackfoldine, g(r} con alse be compared with
experimentaibv-determined values. To SAXS and SANS measuremonts a varioly of pair
distribukion functions, inchading (he centre-nfmass probability diseribetion, yf}ﬁ}f ¥, od
senveral orlentationsl probability distribubions can be calewlaied fromn s Fourer-myorszon
of the gtrociire factor.

The radial density distribution function for a solute wolecute differs slightly from that
aof the sobvent 1 that the distribotion of the monomers of the dendrimer soe alt with respect
to the focal point or eore of the dendrimer. I ore assumes that the core is at the seometric

ceutre of the polymer, then this too can he comnpared with scattering exporiments i a
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similar manner to that used for g r) of the solvend, except in this case the Fouricr-inversion
generates the shape funcrion T{r). [93]

If the distribution is not normalised by the volumes of each shell, then the padial
distribnlion is of Lhe population o the aumber of atoms within each shell. Uhis i relerred
dir as Lhe nnmber density funcrion (NDE), N{r]. To avoeld conlusion and to highlight the
diflerence in Lhe padial disteibulion functions vsed in the analysiz of dendviter structure,
we refer to the radial density disleibution as ple). Mere specifically, the dislribaidion of the
total density of o dendrimer is referred to as pri(r) amd an individual topelogical laer's
density distribudion as gp(r). Furthermere, £r) Is the nber density normalized by | he
Lkl mursber of aloms e the population, e, a percentage of the total population. The
integradion of Lhis curve represents the radial accumulalion of aloms oy we progress to Lhe

periphery of £ac dendrimer,

3.2.4 Spatial Distributions

A disadvindage of padial densily distributions s that fhey do not provide s olear indication
of exactly where each of the warious chernical groups of the moleeule is [oealad. Furiher,
wix make the sssumtion that the core of the molecule is lecated at the geomelric centrs
al the dendrimer and it will be shown Lhal this 15 nol alsays ihe case, In order to
Better underatand the structure of dendrimets, 1 three dirmensional probability distribution
funetion designed for studying selvated polysacchacides [172] s modified specifically for
dendrimets.

In this method, each rame of an MD teajectory s traosladed and votated to alipn the
core atoms about a commoen orientation, The density of selected afoms, in this case Lhe
carbon arcms of the pheny] rings, are summed inoa 30 histogram {Tizure 3,31, Usiog the

fellowing 3D Gaussian distribution ;

glr) = (%)3;2 exp {—or”) (3.7

the density of the atoms are distriburted over neighbouring bing such that 90% of
the binned density for an atom iz within its van der Waals radivs. This is determined
by appropriate sclection of the comstant e for each atom,  The resultent histopram is
aubsequently normalised with respect to the bulk density of the polymer, The advantage
of this method aver the methods mentioned thus far s that radially averaved errors are

elitninated. An identical appeech can be nsed Lo ook ad dhe surocture of the sohyeot,
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Figure J.4: Scoematic diagram of she procedure used 1o calculats the sarialiy svorazed
distribution of the layers cormisponding to different generarions of a dendrimer during MDD
gimulerions. The polvmer is placed within a regular three-dimengional grid and the particle
rdensity ealontated for each coll within the goid, allowing for a eontoured representation of
the mean density over the simulatdon. The eontours are rendered vsiog the opensmires

software gOpenMol |173, 174|



3.2. Molecnlar Structure &0

I k.

0.80

Gl

(]

Fignre 3.4: Cotplanes throueh the SDF of the teraans! and core lavers of & dendrimer.
The key repregents (he probability distributions: from bulk probability or greator {mod) to

zern probability{blee).

except that in this ease the density distribution of the solvent i normalised by ita bulk
density. {170]

While the overall structure of & dendrimer iz immediately clear, representing a 30
method in 28 makea the pereeption of depts very dithiculs, For exampte, in Figare 3.3, in
the SDF reprosentation of the dendrimer, the vertical diaplacement of the terminal groups
refative to the core i3 net clear. The resalt is thar a group appesring direetby above the
e conlil be eithor a few aupstroms from the core or twenty o thirty angstroma form the
core. Furthermore, the internal features of the SDEPR are hideden by the owverall structars
af the dendrimer. Therefore, SDFs are best viewed in telation with cotplane through the
centre of the SDF [Figure 3.4) or to show she SDF of each layer oo an individoad basis
{Figure 3.5).

The best option proved o be & combination of the complete set of 3BFs for a derdrimoer
together witlh a series of cutplanes through the SDFs. To simplify this representatinn and
beeaase the location of the terminal groups is of primary interest, onby the terminal layer
and the core (for otientation pumoscs) are congidered in the cutplares. Any region where
the probability is grester than that of bulk deesisy I8 represented in red while lower

probabiliny levela are indleated in the kev in Figare 3.4
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Figure 3.5 The stepwise iuclusion of the SDFs of each [aver of 8 G5 dendrimer revrafing

its foternal structure,
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3.3 Solvent Structure

Radial and spatial distributions are commonly used methods to describe the structure
of a pure solvent. Voronoi Analysis can also be used to investigate !_;he structure of a
liquid. Voronoi analysis is the tessellation of the simulation coordinate space with Voronoi
polyhedra (VP). A VP is defined as the region of space (described by a convex polyhedron)
surrounding an atom that is closer to this atom than any other atom in the system.
Therefore, it is a means of unequivocally defining the space occupied by each particle and
describing its coordination with its nearest atomic environment. It is a purely geometrical
approach and is not restricted to particles in a particles first coordination shell. A VP
usually includes particles belonging to the second or third solvation shell. [176]

In this thesis, Voronoi Analysis is used to describe the structure of various solvents.
The VP are formed from the centre of mass of each solvent molecule. From Voronoi
analysis a variety of data can be obtained. V; is the volume of the polyhedra of the it
solvent molecule and indicates the space belonging to this molecule, while/the reciprocal
is & measure of the local density around the molecule in questi(in. The number of faces
of the VP indicates the number of neighbouring solvent molecules, while the area of each
face indicates the distance to that neighbour. Therefore, the shape of the VP reflect the
arrangement of the molecules about the each other. The shape of the VP ig described
in terms of its asphericity parameter, n, which quantifies how much the shape of the VP
differs from a perfect sphere where n = 1. The number of faces is an indication of how
structured the surrounding structure is: the larger the number of faces, the larger the
larger the number of neighbouring particles and the larger the local density. The area of

the 7" face A; is defined as :

w1

= 2 17— 7y x (72, — 7)) (3.8)

Nl—‘

8 (t)
1

where n, is the number of vertices pertaining to the i** face, 7 (')

and 7,41 are the
vectors of the first, j** and j + 1 vertex of the i*® vertex respectively. The total volume,

V, surface area, S, and asphericity parameter, 5, of a polyhedra are calculated from
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N! n(‘)_l
Z oD <7/ (3.9)
z-l F=2
Ny
S=Y A (3.10)
=1
S3
= 36xv2 (3.11)
(3.12)

respectively. [176] The probability distribution function, P(r), of each of these calcu-
lated values allows the solvent environment to be quantitatively characterised. Exponential
tails of the distribution of a property of the VP, for example the volume of the VP, indi-
cates a deviation from structural uniformity, while a Gaussian-like distribution indicates

a uniform arrangement of points. [177]

3.4 Dynamical Properties

3.4.1 Correlation Functions and Transport Properties

MD generated configurations are connected in time, hence time-dependent properties such
as diffusion coefficients, rotational times and similar transport properties can be extracted
from a MD trajectory. A correlation function provides a numerical value that quantifies
the strength of correlation of a property at different times in the simulation. The use of
correlation functions links the trajectory of a MD simulation to fundamental statistical
‘mechanics and hence to experimental measurements. Using correlation functions, analysis
of statistical errors is also possible. In general, an autocorrelation function, C(t), for a
time-dependent equilibrium variable, A(t), sampled at equal time intervals of 7, is given

by:

T
O(t) = Jim /0 At + T)A(r)dr (3.13)

This equation is more commonly written in the ensemble average form:

C(t) = (A(0)A(t)) (3.14)
Using the direct method, for a trajectory containing N points, C(t) can be evaluated

by the following summation:
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. N—t/6t

0 = (y=im) X A (3.15)

Here 4t is the duration of a time step, ¢/t accounts for the end of the simulation where
Aiyt/5¢ 18 not defined and A; is the value of 4 at time step 4. [178] Uncorrelated properties
average to zero, while correlated properties can either be positive or negative. The decay
of the time series to zero indicates how quickly the properties become uncorrelated. This
decay is usually assumed to be exponential with the general form Ae'lta where 7 is known
a8 the correlation time. Frequencies of regular motion may be obtained from calculating

the power spectrum of the correlation function by Fourier transformation. [175]

Mean Square Displacement Time Series and Diffusion Coeflicients

One of the simplest correlation functions is the mean square displacement (MSD) time
series:

N

Ar?(t) = ‘JIV 3 ) - r(O)? (3.16)

i=1
We employ two MSD time series in this thesis. The first is the time series of the
average MSD of each topological layer of the dendrimer, with respect to the core, i.e.,
the overall translational diffusion of the dendrimer is removed by reorientating each frame
of the trajectory using the core of the dendrimer as the frame of reference. From this
series, the dynamics of the internal generations of the dendrimer can be characterised as
fluid-like or solid-like. [135] A group of atoms (such as a monomer of a dendrimer) is said
to have solid-like behaviour when the MSD increases over a very short period, thereafter
remaining constant at this value for the remainder of the time series. This is indicative
of constrained dynamics where the group is confined to specific volume, for example the
unit cell in a crystal. On the other hand, if the MSD continues to increase, the dynamics
are said to be liquid-like and not constrained to a particular volume. This is illustrated in
Figure 3.6.
The second MSD time series utilised in this thesis is the MSD of the centre of mass
of the entire dendrimer. A dendrimer’s diffusion coefficient may be determined from this
time series by calculating the velocity autocorrelation function of the centre of mass of the

dendrimer. From the Green-Kubo relation,
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Figure 3.6: A schematic representation of solid-like (solid line) and liquid-like (dashed

line) mean squared displacement (MSD) time series profiles.

1 o0
D=3 fo (v(t).v(0)) dt (3.17)

the equilibrium diffusion coefficients can be calculated, which in turn can be compared
to experimentally derived values. For very long time series, the Green-Kubo relation is

simplified to the Einstein relation,

(@& -r)P)
D= tl—lglo T 6t

(3.18)
where D is related to the slope of the mean squared displacement autocorrelation
function of the centre of mass of the diffusing molecule.

For a simulation containing N solvent molecules, the statistical accuracy of the self-
diffusion coefficient is greatly improved by calculating the average, D, over all N molecules,
ensuring that their positions have not been adjusted by any periodic boundary effects. [134]

In calculating a dynamical property, it is important to ensure that the sample time
is sufficiently long for the Ergodic assumption to hold (Section 2.3). This is especially
true in the case of the diffusion of a single molecule. The calculation should be performed
over a very long simulation period (typically at least 0.5 ns) to remove any non-Brownian
type motion. Illustrated in Figure 3.7 are two possible paths taken by a solute molecule.
The diffusion coefficient for these two paths would differ substantially, suggesting that

the molecule diffuses at different rates. To prevent this, one must either perform the

measurement over a longer period or in the case of the diffusion of the solvent, calculate
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By, (B} L8]

Figure 3.7 The importance of a sufficiently lorg sample perind for the ditfusion calenla-
tion. {A) gives the impresson of o very slow tate of diffusion while (B) gives the opposite
unpreasion. (1) Shows a more acourate represectation of the diffusion if the simulation is

taken erver o safhciently long pectod,

the average value for many medecules, preferabily all the solvent molecules.

The ditfuston of the solvent within the dendrimer is also of intezest. Docs the solvent
move freely within the channels of the dendrimer as sugeeated from Copnolly audfaces of
dendrimers 24 or does the solvent Temain trapped within the dendrimer? One approach
i t0 calculate the difusion coefficient of the solvent aa a funetion of the distance from the
eore. Howsver, if Frécher dendrimers are not spherically symmetrical and the assumption
i that the core is ol the geomoetric centre of the dendrimer then this approach is potentially
Hawed. An alternative is to calculate the spatial distribation of the diffusion coeflicients
tw using a nodified version of the spatial distriborion fnetion discnssed earlier (Section
3.2.4}. In this case the istogram records the selvent diffasion coefficients about the solate
ingtead of the solvenf density. {175}

With the advent of pulsed NAME. technigues over two decades ago. pulsed field gradient
apitt echo [PFG-SE) techrigues have hecome the method of choice for the measurement of
diffusion eoefficients {113, 114]. The diffusion coefficient, 12, is determined from the slope
of ammplitinde of the Fourier transform of a4 series of acquired signals, 4. in the gradient

field with respect to the field pradient strength, (2, as illnatrated below: {3.19)

It Ag = f{. G, 8. A)D +In Ag (3.19)

Here Ag 13 the ccho amplitude without g magoetic fiedd gradient and £ s a function
af =, the pyromagnetic atio of the nucleus, A, the gradient pulse interval and &
An alternative method of measuring diffusion ccetlictents s psing Diffusion-crdered

NMR speetroscopy (DOSY), [179-151 DOSY NMH i similar to PFG-SE NMR. technignes
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Spinning

x  Tumabling

Figure 3.4 The snisotropie rotational relaxation modes of a molecule with a (s, axis of

symmetry (for exanple, chloroform)

in that the sigral decays expenentially accomding the diffusion behaviour of individeal
molecules. However, the THISY spectritn is a two dimension NME spectrum where the one
dimension represeuts the chemical shitt aml the other represents the ditfusion coetficient.
An adwantage of this techmgue over PFG-5E INMR is that the sample can contain a
mixturs of moleenles, The chemical slofts of similar moleculss which noroially overlap in
ome ditngtimionad NMR become separated on the diffusion coetficient axis, This is abin a
means of defermining if the sample has any Impuorities from incomplete reactions dering

the svothetic process.

3.4.2 Rotational Relaxation

Anciher method to quantify the accoracy of @ solvent model 35 through o comparison of
its caleulated reorientational behaviour with available experimental and OM data. Thess
rotational relaxation times [7.,) sre caleulsted from integration of the time sorretation
funetion of an brank Legendre polynomial for the rotation of a selvent moleculs about o

rofcrenes vector,

ift) = (Pleos@{fi]) (3.20)
-1
T = f il ydt {30}
i
For a symmetric top moleculs (o molecule with a oy symmetric #xis), such as chlo-

roform, the rotational motion with respeect to the top axis is anisotropic; the mution

perpendicular to the top axis (tumbling) is londeared to a diffcrent extent from the motion
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parallel (spinning) to its top axis (Figure 3.8). These relaxation modes can be measured
using infra-red, Raman and NMR techniques.

The overall correlation time, 7., for the l-rank spherical harmonic is a function of §
(which is the angle between a reference vector and the top axis) and the integral correlation

times, 7(;,mm), Of the normalized time autocorrelation function of the spherical harmonic

Yim(6, ).

Teq = €08 0710+ sin®fry (3.22)

1
T2 = (3 cos? 8 — 1)?my 0 + 3 cos® @ sin® Oy 1 + 2 sin® 07y 5 (3.23)

By setting the reference vector parallel or perpendicular to the top axis, the anisotropic
effects from spinning and tumbling can be determined. For contribution from tumbling
motion, Equation 3.22 and 3.23 simplify to 719 and 73 respectively. [182] The spinning

contribution is characterized by n,, where m # 0.

Internal and Overall Orientational Relaxation

Longitudinal or spin-lattice relaxation (T}) and spin-spin or horizontal relaxation times
(T3) along with nuclear Overhauser enhancement (nQOe) factors () for 1*C is dominated by
the fluctuating dipolar interactions between the heteronucleus and the directly attached
proton. The dipolar coupling itself is directly dependent on the motion of the internuclear
ryx g vector. Therefore, the relaxation rate can be described by an angular autocorrelation
function of the rx g vector which is expressed in terms of a power series for the fluctuating

X — H dipole moment:

C(t) =< Popxpu(0).uxnu(t) > « (8.24)

One solution for this power series is with a second-order Legendre polynomial Py =
1/2(3x — 1)2. Here, z = cos~y and ~ is the angle between the dipole moment unit vectors.
Hence, C(t) is dependent on v only.

The spectral density, from which the‘ relaxation parameters will be determined, is

calculated from the Fourier transform of Equation 3.24.

J(w) =2 /0 ” O(t) cos widt (3.25)

The T} relaxation rates are given by the following well established relations:
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Tyt = 7D (Jwn — wx) +3J(wx) + 6 (wx +wn) (3.26)

Here, wy and wge are the Lamour frequencies and D is the dipolar coupling constant
which is a function of the distance between the nuclei X and H, rxy and their respective
magnetogyric ratios, vy and vo. Equivalent equations exist for 7% and nOe calculations.

A practical difficulty arises for calculating NMR relaxation parameters from a sim-
ulation where the correlation function C(t) in Equation 3.25 does not decay to zero in
the time over which it can be reliably calculated. To overcome this difficulty, the correla-
tion function is factored into contributions of slow molecular tumbling (Co(t)) and rapid

internal motions Cr(¢):

C(t) = Co(t)Ci(t) (3.27)

C(t) is represented by Equation (3.24). Cy(t) is represented by an exponential decay
of e# where T is the rotational correlation time of the dendrimer evaluated from &
vector rigidly fixed to the core of the dendrimer,

T; relaxations can be measured using inversion recovery pulse sequence (Figure 3.9).
The equilibrium nuclear magnetization is inverted with a 180° pulse followed by short
delay time of 7. During this period the nuclei undergo partial spin-lattice relaxation. This
is followed by a 90° pulse which rotates the remaining vector onto the y axis where it is
measured. This process is repeated for a number of 7 and the intensity of the peaks I(r)

against their delay 7 is a simple exponential

I(r) = I(0) [1 - 2e-f/T1] (3.28)

3.4.3 Intrinsic Viscosity

The intrinsic viscosity,! [r], of dendrimers is probably the most common property reported
in literature due to the curious “ball bearing” effect as described in Chapter 1 of this thesis.

Briefly, the intrinsic viscosity of a polymer is the capability of this polymer to increase

 According to the IUPAC naming convention [n] is formally referred to as the reduced viscosity.

However, in literature {5} is most commonly referred to as the intrinsic viscosity
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-

i) i i

Figure 3.9: The inversion recovery pulse sequence. The nucleus magnetization vector,
M, (blue arrow) is inverted by a 180° pulse followed by a an interval 7 where the nucleus
undergoes partial spin-lattice relaxation. This is followed by a 90° pulse which rotates M
into the XY plane. The free induction decay is then acquired and Fourier transformed
to determine the peak intensities for the various 7. {(A) The vector representation of M
during the pulse sequence. (B) The pulse sequence. (C) Observed peak intensity as a
function of the delay (7 ).
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the viscosity of the solution. The intrinsic viscosity is the value in the zero limit of the

polymer concentration :

7= lim E; 2;7'0@] (3.29)

where p is the concentration of the dendrimer and 7y and 5 are the viscosity of the
pure solvent and the viscosity of the solution respectively.

In the literature, several methods have been employed to calculate the viscosity based
on a single average conformation of a polymer. [25,30,32,34, 126,183, 184] More precisely,
most of these methods are used to calculate the size of the dendrimer based on measured
[n]. However, the simplest means to calculate [n] is to assume that the dendrimer is a
rigid, non-interacting, non-draining spherical polymer which can be represented by an
equivalent impermesable hydrodynamic sphere of radius Ry and then apply the Einstein,
Flory-Fox or Mark-Houwink equations. [183] However, this approach is error prone espe-
cially for branched polymers. [183] A more sophisticated popular approach to calculate [n)
for dendrimers is in terms of a hydrodynamic tensor. [30] Mansfield and Klushin used this
approach to defined both the upper bound and lower bound limits of [} for a dendrimer
(the Zimm and Fixmann relations respectively). [30] Here, the dendrimer is described in
terms of identical hydrodynamic beads representing segments of the dendrimer. After
calculating the preaveraged hydrodynamic interaction tensor and [n], the overall hydro-

dynamic radius of the dendrimer, R,, is evaluated as follows:

10w Ry
=52

where M is the molecular mass of the dendrimer and is often used in reverse, ie.,

(3.30)

determine R, from measured (7] values. {120] This model is essentially the Rouse-Zimm
or “bead per residue” approach. [185] Representing segments of the dendrimer as hy-
drodynamic beads is useful in that they radically reduce the complexity of the tensor.
Additionally, the implementation of the Rotne-Prager tensor reduces inaccuracies of over-
lapping beads. [185] Mansfield and Klushin explicitly avoid overlapping beads by strictly
enforcing excluded volume repulsions. [30] However, there are several disadvantages to this
approach. The performance of the bead per residue approach to calculate the intrinsic
viscosities is not well understood. [185] Further, by explicitly excluding overlapping beads,
bias is introduced into the selection of the conformation of the dendrimer that isused in the

calculation instead of using an average equilibrated conformation. In addition, the model
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implements a single type of bead to describe every segment of the dendrimer. Therefore,
the radius of this generic bead has to be carefully selected to adequately represent all types
of segments within the dendrimer. Further, distortions of the shape of a bead depending
on its unique environment is not considered in this model. The result is that the atomic
detail of the polymer is lost. Finally, Cai and Cheng showed that the simplification of
replacing the hydrodynamic tensor of each frame of the MD trajectory with the ensemble
average leads to overestimation of [n]. [33] To avoid these difficulties and uncertainties
associated with calculated the hydrodynamic radius, in this thesis, we employ a slightly
different approach: the radius of hydration is calculated from the dendrimer’s diffusion
coefficient by employing the Stoke-Einstein relation (3.3).

In this thesis we make use of each analytical method detailed in this chapter to describe
the structure and dynamics of each system in question. However, the true power of
these techniques becomes evident when they are used conjunction with one another. This
allows us to draw relationships between the structural and dynamical properties of the
system. In the chapters that follow, we adopt this approach where possible, to enhance

our understanding of each system modelled.



Chapter 4

Force Field Parameterization and

Validation

4.1 Introduction

Computer simulations of solvated polymer systems are substantially more complex than
the corresponding simulations in vacuum. The size of the solvated system (number of
atoms) dwarfs that of the vacuum system. Complications arise when inaccuracies or small
errors that may have gone undetected in the vacuum systems accumulate and increase
proportional to the number of atoms in the solvated system thereby producing a signif-
icant source of error which will severely affect the accuracy of the system. Examples of
such inaccuracies include small rounding errors, poorly selected convergence criteria and
integration step size, inappropriate method for truncating long range interactions espe-
cially in charged systems or the use of an ineffective method for integrating the equations
of motion. These can all contribute to the non-conservation of energy within the simulated
system. [135] Additionally, there are complex issues arising from the competing forces at
play in the solvated system, i.e., solvent-solvent and sclute-solute interactions compet-
ing with the solvent-solute interactions. [128, 183] Hence, prior to simulating a solvated
polymer system, it is essential that both the solvent and polymer models are valid and
the combination of the solvent and dendrimer force fields used to describe the solution

environment is also valid.

63
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Solvent Parameterization There are a number of methods used to describe the sol-
vent in macromolecular force field simulations. In dendrimer simulations, s common means
of accounting for solvent effects is to represent the solvent implicitly, for example through
a continuum solvent model. [44] A method to model an infinitely good solvent environment
in a vacuum simulation is to apply a purely repulsive Lennard-Jones poteﬁtial. [44,54] In
addition, a frictional coefficient in combination with a stochastic interaction term can be
added to the equations of motion. These terms can be manipulated to change the effective
solvent quality without explicitly including solvent particles. This process is in essence
replacing standard MD with Langevin MD. [44,135] Computer simulations of dendrimers
in vacuum or in continuum solvent models have proved very popular because the compu-
tational requirements are significantly less than if the solvent is explicitly included. [135]
However, the accuracy of continuum models are debatable. [135] The alternative approach
is to explicitly include the solvent molecules, using either the unified atom or the all-atom
approach (Section 2.2.1). Until recently, condensed phase polymer simulations have not
been feasible without the use of super-computing facilities. Rapid increases in computa-
tional speed and capacity of data storage devices has moved the use of explicit solvent
models in condensed phase computer simulations from the exotic to standard practice.
While reliable water models are in routine use for the simulation of biopolymers, the de-
velopment of equally reliable solvent models for the simulation of organic and inorganic
solutions continues.

The aim of this thesis is to determine the behaviour of dendrimers in solution. This
includes the folding of a dendrimer, which requires the simulation of dendrimers in an
explicit poor solvent environment. Fréchet dendrimers are soluble in a range of solvents
with varying degrees of solubility. [118,186] Four solvent environments are studied in this
thesis: vacuum, water, chloroform and tetrahydrofuran (THF).

Vacuum simulations of Fréchet dendrimers [2] are representative of an implicitly poor
solvent environment and in this thesis are used as the basis from which to compare existing
work reported in literature. Water can be considered to be an explicitly poor solvent
environment, on the basis of solubility parameters. A solute with a solubility parameter of
8, is described as being insoluble in a solvent with a solubility parameter 4, if (6, —d;)* < 4.
[187] Jeong et al. suggested a Fréchet dendrimer has a d, between 18.2 and 18.4MPal/2,
[118] Water has a &, of 47.9MPal/2. The difference of the solubility parameters of the

Fréchet dendrimer and water far exceeds the limit stated above. In addition, polystyrene,
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which is often used as to represent the linear analogue of Fréchet dendrimers, is extremely
insoluble in water and further confirms that water is a poor solvent for Fréchet dendrimers.
We selected Jorgensen’s TIP3P model for our water simulations because the original force
field from which our dendrimer force field was derived was specifically parameterized for
TIP3P (see Chapter 2 for a discussion of the various water models available).

The selection of a good solvent suitable for the simulation of large macromolecular

systems is based on several criteria:

1. The macromolecule must be readily soluble in the solvent.
2. It is preferable if the solvent is commonly used for analytical measurements.

3. A simple molecular mechanics force field should be able to accurately represent the

solvent.
4. The solvent and polymer models should be of the same functional form.

5. Experimental data must be available to validate the solvent model.

Chloroform and THF represent good solvents as they both meet the criteria listed
above; Fréchet dendrimers readily dissolve in chloroform and chloroform’s deuterated iso-
topomer is the analytical solvent of choice for NMR measurements of these dendrimers;
THF is used as a solvent medium in the synthesis [4] and viscosimetric measurements
[118,120] of Fréchet dendrimers. However, from viscometric measurements it appears that
the folded structure of Fréchet dendrimers in these two solvents differs significantly and
the reason for this is not clearly understood. [118] It has been suggested that THF is a
superior solvent to chloroform for Fréchet dendrimers and that these dendrimers remain
unfolded in THF and fold in chloroform. [118] However, this seems unlikely considering
the similarity of the chemical and physical properties of the chloroform and THF, partic-
ularly their solubility parameters (19.0 and 18.6 MPal/2 respectively). MD simulations
of the dendrimers in these two solvents could provide clarity in this regard. However, it
is important to first detail the characteristics of the chloroform and THF and establish
any differences between the pure solvents. Any significant differences in the behaviour of
the pure solvents could account for the differences in the behaviour of the dendrimer sol-
vated in THF and chioroform. Therefore, this thesis begins with MD analysis of suitable
chloroform and THF force field models in which to model Fréchet dendrimers.
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There have been numerous computational studies of liquid chloroform, ranging from
the Reference Interaction Site Model (RISM), [188] MD [189-196] and MC simulations,
[197,198] to hybrid QM/MC simulations. {199] As a result, there are numerous empirical
models available, mostly variations of the five-site rigid model (where all five atoms are
included) or of the fully relaxed four-site unified atom model (where the proton is absorbed
into the carbon atom to form a new CH “atom”). However, some of these models do not
compare favourably with experimental results [200] and the use of a rigid geometry or
the use of a four-atom CH united atom model has limitations. [196] A detailed review of
available literature yielded no appropriate model for a fully relaxed five-site representation
of chloroform. Hence, we developed a fully relaxed all atom model for chloroform by
combining several existing models which is described Section 4.2.2.

For THF there exist several simple force fields, including united-atom and all-atom
models, along with limited experimental data. [201] Girard and Miiller-Plathe recently
applied the simplex optimization algorithm [202] to refine several popular THF models
so that they more closely reproduced experimental data. [201] For our investigatibn we
considered the best of the full atom and united atom models. The advantage of a united-
atom model in this case was clear: the number of atoms would be halved which would result
in a substantial reduction in the number of intramolecular bond stretch and angle bending
calculations and intermolecular interactions resulting a significant gain in computational
speed. In addition, the use of a CHz united atom in place of explicitly modelled hydrogen
atoms does not significantly change the overall shape or dynamics of the molecule. We
selected Girard and Miiller-Plathe’s modified Helfrich-Hentschke united atom model [127]
to represent THF as it gave the closest overall match with experimental data, including

the full atom models and is analysed in detail in Section 4.2.3.

Dendrimer Parameterization The majority of dendrimer computer simulations
have been performed using course-grained models, with relatively few atomistic level sim-
ulations reported for dendrimers. [8] . A variety of force fields have been utilized in
the atomistic simulations, including CHARMM, [133] AMBER, [130] MM3, [146] Dreid-
ing [203] and CVFF [147]. The majority of these force fields were employed “as is” and
were not specifically modified to ensure accurate representation of the dendrimer. We
use a CHARMM-like force field developed in our laboratory specifically for accurate rep-
resentation of .poly (benzyl phenyl ether) dendrimers. {2, 10] This force field was derived
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from the protein force field published by MacKerell and co-workers. [204] The advantage
of basing the dendrimer model on an existing force field is that the parent force field has
been through several iterations of development and testing and has been widely used.
Therefore, the likelihood of such an extensively tested force field producing any abnormal
or unrealistic behaviour is significantly reduced. Hughes et al. identified the ether linkage
connecting the aromatic rings of the dendrimer as the most important factor affecting the
rigidity and overall conformation of the dendrimer. [10] More specifically, they identified
the central torsion angle of this ether linkage as the principle factor in determining the
degree to which back-folding may occur in a dendrimer. Therefore, Hughes et al. focused
their attention on this torsion angle and through extensive modelling obtained a good
match with the equivalent ab initio profile. However, our investigations showed that fur-
ther parameterization of the ether linkage was necessary and is the focus of Section 4.3 of

this chapter.

Solution Parameterization Once the solvent and solute force fields have been inde-
pendently tested and validated they are combined to produce the solute force field. When
" combining the two force fields it is necessary to ensure the interaction strengths between
the most important structural elements in the molecular system {such as aromatic rings of
the dendrimer and a methylene group of THF) are of comparable strength with the equiv-
alent quantum mechanically or experimentally derived values. Benzene was selected a8
the representative functional group of the dendrimer. Since aryl rings comprise over 70%
of the mass of the dendrimer, we are confident that benzene is 8 good representative of the
dendrimer. An advantage of using benzene as the representative unit of the dendrimer as
opposea to an alternative model unit (for example benzyl alcohol), is the wealth of related
QM data that exists in literature for benzene. These include studies of the interactions
of benzene with chloroform, methane, ethers and water. [205-207] Thus, we were able to
source from literature independent, high level quantum mechanical interaction strgngths
involving benzene in our systems.

However, it is not only important that the interaction strengths in the force field are
of the correct magnitude, it is important that the sequence of the interactions arranged
according to their strengths (i.e., from weakest to strongest) are the same for MM and QM
series. If the MM and QM series differ, the validity of the MM simulation is questionable.

The following example illustrates the point: S; and P; represent the ith solvent structural
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entity (for example CHy of THF) and the j* polymer structural entity (for example
the aryl ring of the dendrimer) respectively. §;S;, P;P; and S;P; are the strengths of
the solvent-solvent, polymer-polymer and solvent-polymer interactions respectively. If the
QM-derived interaction strengths are in the following order, P;P; > S;S; > P;Si, then it
is likely that the folded conformation will be preferred as the homogeneous interactions
(P;P; and S;8;) are stronger than the non-homogeneous interactions P;S;. However,
if the equivalent MM interaction strengths were in the opposite order PjP; < §;8; <
P;S; then it is likely that the unfolded conformation will be preferred in the force field
simulations because the homogeneous interactions (P;P; and $;S;) are weaker than the
non-homogeneous interactions P;5;. Therefore, the outcome of the force field simulation
will be invalid. Note that this is the likely outcome; only enthalpic contributions have been
considered and entropic contributions, such as the number of possible arrangements, have
not been accounted for. [183] Secondly, addition factors such as the shape of the minima
(the breadth of the energy well) has not been considered. However, by considering the
magnitudes and the order of the interaction strengths, it is possible to identify the most
significant sources of error. This is discussed in more detail in Section 4.4.

Factors that are used to describe the simulation environment can also affect the out-
come of the simulation. These include the temperature of the simulation, the method for
treating long range non-bonded interactions and the ensemble sampled during the simu-
lations. In Section 4.4.1 we investigate the effects that such factors have on the outcome
of the simulation.

In this chapter we begin with a description of the development of a novel chloroform
model suitable for our simulation requirements. This includes a brief discussion of both the
intra- and intermolecular structural and dynamical details of chloroform and a review of
existing force field models. This is followed by a description of the development of the new
chloroform model and detailed structural (PDF, SDF and Voronoi analysis) and dynamical
analysis (diffusion coefficients and rotational relaxation times) including comparisons with
experimental data where possible. Thereafter, we discuss the THF model employed in this
thesis. As we did not develop this model, we focus on the novel structural analysis of THF
that we performed and compare with those of chloroform, in particular SDF and Voronoi
analysis. Thereafter we discuss the parameterization of the dendrimer ether linkage. The
analysis of the combination of the solvent and solute force fields follows. The chapter closes

with a detailed look at simulation variables other than the force field that could affect the
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overall conformation of the dendrimer, including factors such as temperature, ensemble
sampling methods, integration time step, methods for handling long range interactions

and periodic boundary conditions among others.

4.2 Solvent Parameterization

In this section we investigate the two good solvents used in this thesis, namely chloro-
form and THF. The MD simulation methods employed for both solvents were essentially
identical, the details of which and the analytical methods employed are described in the

following section:

4.2.1 Simulation conditions

The CHARMM program was used for all simulations. [133] Chloroform was simulated in
a cubic box of 65.34 A containing 2112 chloroform molecules positioned in a regular cubic
lattice (density 1.489 g.cm™3) that was minimized to reduce any unfavourable interactions.
THF was simulated in a 46.1 A cubic box containing 729 molecules at 293.15 K (density
0.899 g.cm™3). Each system was heated to 293.15 K with 5 K increments every 10 ps by
scaling the velocities and equilibrated at this temperature for the remainder of 200 ps.
Data was collected over 1ns, performed using the micro-canonical ensemble (NVE). For
all stages of the simulation, the Leapfrog integrator with a time step of 1fs was employed
and periodic boundary conditions invoked. [134] The covalent bonds between hydrogen
and carbon in chloroform were restrained with the SHAKE algorithm. [134] Non-bonded
interactions were truncated using a switching function applied on a neutral group basis
between 10.00 and 12.00 A.

Ana.l&sis of each solvent’s structure, in particular their coordination shells, and dy-
namics was conducted over the final 200 ps of each simulation. PDF, SDF and Voronoi
analysis of each solvent were calculated with computer software packages written within
our research group. [166,175] The diffusion coefficient of each solvent was calculated for
the average of the mean square displacement (MSD) of the centre of mass for all the sol-
vent molecules using the Einstein relation (see Section 3.4, Equation (3.18)). Relaxation
times (7,;) for chloroform were calculated using the C-H bond as the molecular reference

vector (Section 3.4.2).
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4.2.2 Chloroform

Chloroform is a simple yet versatile solvent and has been the topic of numerous studies
detailing its inter- and intramolecular static, dynamic, chemical and physical properties.
[189] Interest in this solvent is due not only to the synthetic applications of chloroform but
also its wide use as an multi-purpose analytical solvent. Chloroform has a relatively small
dipole moment (Table 4.1) and a belongs to the Cs, symmetry group. Together, these
characteristics give chloroform the rare analytical property of approaching an Einstein
sphere (a non-associating spherical solvent) which affords some unique structural and

dynamical properties.

solvent dipole moment, D
benzene 0.0
chloroform 1.15

THF 1.63
methanol 1.70

water 1.87

Table 4.1: Dipole moments of some common solvents

The structure of liquid chloroform has been extensively detailed in a series of small
angle neutr‘on and X-ray scattering experiments, published in the late 1970’s and early
1980’s by Bertagnolli, Zeidler, Leicht and Chieux. [208-212] Chloroform’s molecular sym-
metry (termed a symmetric top) significantly simplified the experimental structure deter-
mination, since its scattering patterns are less complicated than similar molecules with
lower symmetry. Chloroform’s symmetry also makes the determination of chloroform’s
rotational correlation times simpler. [182] The scattering patterns are further simplified
by the large difference in the coherent scattering lengths of the 3°Cl and 37Cl isotopes,
which result in appreciable differences between the neutron-diffraction patterns for iso-
topically enriched chloroform samples. [208] Bertagnolli and co-workers reported in detail
the inter- and intramolecular structure of liquid chloroform, including meolecular orienta-
tion and pair correlation functions. [208-212] The authors showed, among other results,
that the head-to-tail (HCCls - - - HCCl3), or parallel orientation of chloroform dimers is not
favoured and that a series of head-to-head (Cl3CH - - - HCCl3) and tail-to-tail orientations
(HCCl3 - - - C13CH) are preferred. More recently, Takahashi, Yano and lijima performed
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energy-dispersive X-ray diffraction studies of liquid chloroform and confirmed the lack of
long range structure of chloroform. [213] They also suggested a nearest-neighbour distance
(5.1 A) slightly longer than reported by Bertagnolli and co-workers (4.84).

The dynamic behaviour of chloroform has been investigated via classic rheology and
NMR-PFG SD measurements, [182,189,214] while the relaxation behaviour of chloroform
has been studied in great detail by numerous spectroscopic techniques including inﬁared,
Raman and Rayleigh scattering and NMR. [182, 189, 215)

The chloroform model that we required should be appropriate for investigating the
solvated structural, dynamical and folding properties of neutral macromolecules (with
negligible overall dipole moments), which require long simulation times (in the order of
nanoseconds). Therefore, it is essential that not only does the model accurately represent
the physical, dynamical and chemical properties of the solvent but is as simple as possible
in order to maximize the sampling time. It has been shown that the local structure of
chloroform is primarily a result of packing or steric effects. Thus it can be regarded as a
normal non-associating liquid. [188] For this reason, it has been found that simple MM
force fields are effective in modelling chloroform; features based primarily on quantum
effects, such as electron donor-acceptor terms or pelarization models, have been found
to be unnecessary. Nevertheless, there have been models developed which include these
effects. Examples include the hybrid QM/MM study by Luque et al. [199] (and their sub-
sequent development of a self consistent reaction field model (SCRF) for chloroform) and
the polarizable potential of Chang and Dang [192,193]. However, the contribution of the
polarization energy to the total interaction energy was reported by Chang et al. to be rel-
atively insignificant. The authors concluded that bulk properties of liquid CHCI3 could be
adequately reproduced by considering only Lennard-Jones interactions. They did suggest
that the polarizable potential may be a significant factor in heterogeneous environments
such as vapour-liquid interfaces. For charged solutes (with particular reference to ions)
the suthors noted the effect of polarization was appreciable. Luque et al. confirmed the
polarization effect of chloroform on small solute molecules where they observed a small
yet non-negligible increase in the dipole of a small solute molecule. [199]

Several simpler empirical models for chloroform exist of the same functional form used
to describe the dendrimer model. {189,196, 197] A summary of these models is listed in
Table 4.2. However, in order to permit longer simulation times, these models are either

rigid models or united atom models or both. The use of a rigid geometry or a ynited atom
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Non-bonded terms

Modal o et ep 9@ qct L7 T Lrel oy
Evans [216] 0.087 0.300 0.023 0.131 -0.083 0.056 3.20 3.50 2.78
Kovacs et al. [191) 0.087 0.300 0.023 0.32 -0.14 0.10 330 350 476
Chang et al, [193] 0.137 0.275 0.030 0.5809 -0.1686 -0.0661 3.41 3.48 2.81
Gratlas st al. [190] 0.080 0.300 - 0.420 -0.140 - 3.800 3470 -
Diets et al. [194) 0.102 0.209 0.0198 0.179 -0.087 -(0.082 3.40 3.44 2.2
Bond terms
Model Koo boc o) Kooy bo(c- 1)
Evans [218] - 1.758 . 1.100
Kovacs et al, [191] - 1.768 - 1.100
Chang et sl [192] - 176 - 1.07
Gratiss ot al, [190] 314.0 1.768 - 1.100
Diets et al. [194] - 1.758 - 1.100
Angle terms
Model Kon-c-cty  fom-c-on  Kewci-c-on  Opci-c-cny  Type
Evans [216] - 107.47 - 111.3 AR
Kovacs et al. (191] - 107.47 - 111.3 AR
Chang ot al. [182] - 107.6 - 111.2 AR, P
Gratias ot al, [190] - - 85.0 111.3 U, F
Diets et al. [104] 107.47 - 111.3 AR

Table 4.2: Bonded and non-bonded parameters for existing chloroform force fields. The
three values reported in the Non-bonded terms section of the table are ¢/kcal.mol™?,
Rmin/A and q/e. The Bond Terms section’s values are Ky /kcal.mol™'A? and by/A. The
units in the Angle terms section of the table are Kg/kcal.mol~'deg? and 6/ deg. The Type
column denotes whether the model is rigid (R) or flexible (F), united atom (U) or all atom
(A) model and includes polarizable (P) details. Only models that use a 6-12 Lennard-
Jones potential (the same functional form as the dendrimer force field) are considered.

Therefore, models such as Béhm and Ahlrichs’ exp-6-1 model are not included.

model has limitations [196] and in order to obtain the most realistic behaviour possible
for the solvent model, in particular one used in conjunction with a fully relaxed all atom
polymer force field, it is desirable to remove as many constraints from the solvent model
as possible. As no single chloroform model met our simulation requirements, we developed

a fully relaxed all atom chloroform model by combining several existing models.

Description of the new chloroform model

From the available chloroform models, we selected the Dietz and Heinzinger’s rigid five-site
chloroform model [194] as the basis of our flexible model as it closely matches available
experimental data, both static and dynamic i)roperties, while employing a simple potential
to model non-bonded interactions. [196] Their model employs partial charges centred on
the atom positions and non-bonded interactions modelled by an effective pair potential

consisting of 6-12 Lennard-Jones and Coulomb terms. Their non-bonded Lennard-Jones
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and partial charge parameters were supplemented by intramolecular pprameters for the
relevant bond stretch and bond-angle bendiﬁg interactions. These intramolecular param-
eters were obtained from existing chloroform force fields as well as from similar structural
elements available in the CHARMM force field. {133, 190,191, 194] Both the bonded and
non-bonded parameters are listed in Table 4.2.2. Energies associated with distortions of
improper dihedral angles were unnecessary since the symmetric top symmetry is easily

maintained by the other parameters.

Non-bonded terms

site ¢/kcal.mol™! Rpin/A q/e
C -(.102 1.908 .32
Cl -(3.299 1.964 -0.14
H -(3.0198 1.543 0.10

Bonded terms

bond Kp /keal. mol~1A2 ba/A
C-Cl 314.0 1.758
C-H 340.0 1.100
angle Kg/kcal.mol~ldeg?  6g/deg
H-C-Cl 46.0 107.47
CIi-C-Cl 100.0 111.30

Table 4.3: Bonded and non-bonded parameters for the new chloroform model. This is
based on the Dietz and Heinzinger five-site rigid model, [194] modified by Kovacs et al. [191]
We extended their model by including the relaxation constants derived from similar terms

in other force fields. [133, 190]

Analysis of the new chloroform model

Despite the parameters being sourced from several different force fields including extended
and united atom models, this model was independently tested by another group [217] who
confirmed that our new model offers the closest match of available models fo experimental
values, including diffusion coefficients, density (1.46gcm—3) and dielectric constant (4.3).
Furthermore, the dipole moment of 1.10D is in good agreement with the gas-phase value
of 1.01D (see Béhm [195] and the references there in). To fully characterise the structure
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of the chloroform liquid we calculate the pair and spatial distribution functions to describe
the arrangement of the solvent and compare with X-ray and neutron scattering data. We
use Voronoi analysis to analytically describe the geometric characteristics of the solvent’s
structure. For the dynamical properties, we calculate the rotational correlation times and
the diffusion coefficient of chloroform which we compare with NMR, infra-red and Raman

spectroscopic data from literature. We found the following:

Structural Properties The calculated PDFs illustrated in Figure 4.1 correspond well
with neutron scattering data. [210,212]. The slight differences between the computed and
experimental data are within error limits attributable to both techniques. [194, 195] The
PDFs quantitatively match those reported by Kovacs et al. [191] and Chang et al. [192]
The first coordination shell represented by the go_c(r) peak, centred at 5.45 A, is larger
than the experimental value of 4.8 A reported by Bertagonolli and co-workers, [210] yet
more closely matches the value of 5.1 A reported by Takahashi et al. [213] This peak at
5.45 A is very broad and includes a slight shoulder at 4.8 A which was also observed
by Kovacs and co-workers. [191] This shoulder suggests that at least 2 orientations are
favourable in the first solvation shell. From a comparison of these PDFs it is possible
to speculate on the relative orientation of the chloroform molecules in the first solvation
shell. The two most important arrangements for a chloroform dimer are the parallel and
anti-parallel arrangements (Figure 4.2).

In the chloroform PDFs it appears that the anti-parallel orientation is favoured. The
first maximum of go_qi(r) (3.75 A) in combination with that of gu-u(r) (5.1 A) suggest
that the tail-to-tail orientation (HCCls---Cl3CH) is mbre likely than the head-to-head
orientation (Cl3gCH - .- HCCl3). A small gopu(r) peak at 3.2 A suggests that the parallel
orientation is possible although it is less favourable as the orientation associated with the
second gai-u(r) peak (5.65 A). Excluding gc-c(r), there is no long range ordering in the
other PDF profiles. This is agreement with the findings of scattering data. [213]

Spatially averaged distributions functions (SDF) present a clearer representation of the
solvent structure about a central solvent molecule (from here on referred to as the “solute”
molecule). Bertagnolli, Goller and Zweier [197] calculated isodensity contours in their MC
study of chloroform. However, this form of representation of the solvation of chloroform
has not previously been reported for MD simulations. We interpret the position of the

SDF's relative to the solute molecule using a spherical polar coordinate system (r, § and
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Figure 4,1: Pair correlations functions of the new chloroform model. The non-cross torms
are represented in part {a} while the cross terms are shown in part (b, As the carbon
alom in chlorolorm is a useful physical indicator of the approximate contre of mass of the
molectile, the intecral of ge_g(v), represented by the dotted line in both cases, indicates
the overape number of chloroform molecules that lie with ctheir centre of tmass within a

ghell of radius ¢ from a central chlorofuren maolecule,
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{a) {b)

Tigure 4.2 The two prineipal arramcements for a chloroforn dimer are the (a) parallel and
(1) anti-parallel arranpements, The termes parallet and anti-parallel refer Lo the relaiive
alignment of the dipole moments of cach molscule. Dipole moments arc indicated by

indicaled by the watertiark arrows.

) (Figure 1.3}

The results frrm our spatially averaged digiributions of duoroform (Figure 4.4) are
anualitatively similar to Bertagnolli’s study, However, additional information is cvident
from our series of SDFe. In partienlar, there are two distinet eomponents of the firag
solvation shell {Figure 4.4} a “strongly bhonrd” shelt visible at 50% above bulk density
and a “weakly bound” shell visible at 25% ahove bulk density.

The “stromgly bound” region of the firse solwalion shetl cncapsulales the solule chle-
roform moleenle in a stageercd conformation, bisccking the angle borween the chloring
atoms, je, at ¢ = 6071807 and 2407 Seven molecules form this strongly cocrdinared
shell. This is in excellent agrecment with experimental data siggesting the firaf solvation
shell consists of hetween 6 and 8 nesrest neighbours. [208, 213

Three covrdinating modecules form a plane at an acule angle of ¢ = 547, which lies
above the solute hydrogen at = 1.99A. A further three molecules form a distorted planc
with the solute chlorine atoms at r = 5.37A and an average angle of ¢ = 115.5°. The
final coordinating molecule lies below the plane of the solute chlorine atoms at r = 1514,
slightly offset from the Oy, axds at # = 1T In contrast. above the solate hydrogen
atom ({ = [} there is a notable void in the density distribution. Tlis remains vacant oven
at very low probabilities, where the aecond solvation shell becomes visible (Fipure A1.6),
T'he result is a spherical asyvmmedrical solvent rage above and helow the axis of symmelry.
The asyvmmeiry of the first solvation sbell was also observed by Bertagnolli et al, [197]
They concluded that the paralic] orientation of ClCH - ClyCH is not the proferred mode
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Figure 4.3 Courdinate systemn for onentation of nelghbouring solvent molecules with
respect to the solute chloroform, The C-H bond (and dipole moment; lies along the z-axis
and oue of the chlorioe atoms lies 1o the X7 plape. The red sphere represenrs the carbon
atom of the neighbouring chloroform molecule. » represents the distance beiween the
two carbon atrms, s the angle formed between vie proton and carbon of the roference
malecule with the carbor atom of the neighbouring medecule and @ 8 the angle between
the plane formed H — O — C and the XZ plane, Le., a quantifative measure of the degres
to which the neighbouring melecule i3 in & staggered or eclipged podition relative bo the

reference molecyle,

of association. liustead an anti-parallel erientation (Figure 4.5a) is more bikely, Note that
this s the stromngesi dinole-dipole interaction.

The crientation of the sirongly hoind solvent moleaitles relative to thefsolute hecomes
interpretable hy including the hydrogen and chlonne sodematies (Figure 4.4h), Ju the
case of the thres molecules forming the acote plane with the selute Cs. axis, the chlorine
sodensity surfaces line the interior of the carbon isodensities, with the hydrogen surfaces
tiring the extarior. Hence these solvent molecules arc orientated with their dipole momoents
at an acute angle to that of the solute (Figure 4.6b). The vricotation of the remaining
four strangly hound molecules is less clear. 'The hydrogen and chlorine sodensitios suggest
there 8 po prefevential alipnment, Rather, a combination of orientations occurs; the
cothalpically favoured anti-paratiet onentation (Figure 4.5a) proposed by Bertagnolll [197)
and a “diagonal ortentation” {Figure 4.5b}. In this disgonal arangement. the sywmetric
top axis of a neighbouring chloroform mulecute Hscets the Cl — C — H angle of the solute
chloroform molecnle. 1drisi recently showed similar results from MDD simulations, [218] The

anthor found that the anti-parallel conformatien {# = [70°} s most probable af 7 = 3.8
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CIiCh 3
Cinigntation

(u) ' {h)

Figure 4.4: spasially aversged density distributions for elioroform of {a) earbon oniy
repregent in yetiow and {6 all atom svpes with chlortoe represented in green and hydrogen
in hine. For the carbon SUEs {a) black spheres tepresenting the maxima within SDE
{indicating the most {ikely pusition for a earbon atom} are neluded.  “Top® {(# — (7}
represents 2 view down the gymmesry axie from the hydropen atomn, while “hottom”
(# = 1807} 1= the view froen chiorine atoms, The “sraggered” view i= perpendicalar oo the
top axis (# = D07}, bismcting & Cl — C — {1 angle {$ = 6{°} while che “eclipsed” view is
directly in line with & chlorine atom (6 = (F)]. The probability fevel of each izndensity

relative to balk demsity is recorded above cach eolimn.
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Figure 4.5 Orentation of the chloroform molecuies. (a) represents Bertagnolli and co-
workers most favourabie anti-parallel configuration while (b rebresents our proposed
“dizgonal aliznment™ and (¢] represents the relative oricotations of a shice through the
strongly bound hrst solvation shell inclnding sngeested rotational modes of molecules to
account for tho sodensity distribution. Dipole woments are indicated by indicated by the

watermark arrows.

and the 45° alignment up to 1.4 A. 218 [n this orientation the symmetric top axis through
the solute chlorine atoms bisects the meighbouring chloroform's C1 — C —H angle. This
alignment seems likely considering the anpular probability fanctions, piR, ) reported by
Bertagnalli, [197] where & répresents the anpgle betwoen two neighbouring moleole’s Oy,
axeq. It was shown that the hiphest probsbibity was found with © botwoen 637 and 1207,

A supuested arrangement e a civster of chloroform molacnles representing a slice
taken throngh the “strongly bound” region of the first selvation sheli is illustrated in
Figure 4.50c). This arrangement s a combination of the “diagonal alipnment” (Fignre
4.5(h)) and the anti-parailel orientation proposad by Bertagnolli (Fisure 4.5¢). [197]

The “weakly bound” region of the first sobation shell comprises three chlarpform
moleenles.  These lie in eclipsed positions relative to fhe solute chlorine atoms ot an
average distance of v — 6.33 A. Thest solvent molecules form a plane just below the
solute crrbon at @ = 100.3°, The combination of she “strongly bound” and “weakly
bemnd” shelis account for the broad profiie of the fivst solvation shell of gecf{r]. This is
in gowd agreement with experimental data, which snggests a body centered enbie (BCC)
arrangeinent of the first solvation shell at 6.24. [213] The “weakly bound” first sohmtion

shell associates in a similar fashion to that seen for the strongly bound region. However,
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in thiz case those profiles are not as well defined as the “strongly hound” regions, boecause
the “weakly bound” malerules exhibit greater coordination freedom.

The second salvation shell {Figore 4.6) begins to appear at prubabilities just above
that of batk. The average position of the maxima, st 10.14 A, closely matches that of
ge—c(r} (Figure 4.1}, However, the second sobvation shell clearly tacks significaut order
compared to that observed for the fivst sobvation abell and po evidence of higher solvation

ghella was ohserved. This is in agreement with experimental observations, [213]

(a} (D)

Fignre 1.6: Chloroforun’s carbon tagdensity surface at 10% above Dulk density. (s} is a
view down the symmetric axis from above the hvdrogen atom while (b) 1= viewed perpen-

ilistlar to the top axis bisecting ane of {1 — O — (] avgles,

Varouot analysis i3 an additional analyticsl merhod used to peometrically characterise
the solvent structure. (176 The size aud shape of the polybedes formed by the central
moleesihe's eareat neigithours are indicative of the local intermolecular arrspgement. From
tiris purely geometrcat approach, several propettics of the polyhedea are available, includ-
ing the volane (V), area {A ], nmamber of nearest neighbours (N), the loeal number density
andd asphenicity {7, o gquantitative measure of the distortion of the shape of a polvhedron
from a spherel. Altbougls this has been caleulated for tumerous solvents, [176] chlornferm
is & uokable exeepliou.

The walues caleulated for owr chiberoform model are detailed in Table 1.2.2 and in
Figure 4.7 along with those of water, methanol, argon [176] which are inchuded for com-
parative purposcs. The similarities between arpon (a reference non-associating Houid} and
chioroform is striking, There is a distinet Caussian distribution of the wolumes of the

priyhedra aboat the average. The relatively narrow distributions suggest only a sipgle
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and methanol are taken from Jedlovsky [174)]
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Solvent n N V /A3
Chloroform 1.47+40.06 14.61+ 147 133.34 4 10.87
Argon 144 +0.05 14.46+1.34 47.5844.27

- Water 1614010 1506+181 2780+264

Methanol 1744013 15.53+1.97 66.23 £ 10.73

Table 4.4: Mean values and standard deviation of the averages of some of the psope-ties

of Voronoi polyhedra for chloroform and some comparative solvent systems.

type of polyhedron is present. In comparison, the hydrogen-bonded systems (water and
methanol), where there are chain and tranched-chain networks, have asymmetrical distri-
butions. As n and number of nearest neighbours (N) are almost equal for chloroiorm and
argon it suggests that the shape of the solvent structure about a central solvent molzcule
Jor atom in the case of argon) for th2se systems are identical. This confirms tha: our
model effectively behaves as a non-asspciating sphere, as is suggested from expsrimental

evidence. [176]

Dynamic properties To test the dynamic behaviour of our new model, a compari-
son was made with reported self diffusion coefficients of chloroform obtained fiom NMR
measurements and from existing computational models.

The diffusion coefficients for chloreform are liszed in Table 4.5. There is some discrep-
ancy within the literature, not only between the calculated values but also between the
experimental values. The average of the NMR-PFGSD measurements suggest that the
diffusion is of the order of 2.4 cm?~?. [182,195,214,219-221] In comparison tc the other
models, the value predicted by our wodel is close to the experimental values. Jur model
predicts a diffusion coefficient of 2.57 cm?.s! which differs from the average experimental
value (2.44 cm?.57!) by only 5.3%. This is within acceptable limits, especially when one
considers the poor predictions of many models of other solvent systems. Fcr example,
some water models deviate from the experimental values by as much as 400% [153]

We further characterise the accuracy of our model through calculated reorientational
behaviour in comparison with availeble experimental and computational date. Table 4.6
contains the relaxation times of our model in ccmparison to available experimental data

and existing computational models. Evans has shown that, experimental data presented
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Reference T/K D/ x10°m?s!
Simulation
Kovacs, Kowalewski and Laaksonen [191] 288 3.38
Evans [216] 203 4.00
Bohm and Alhrichs [195] 293 24
Chang and Dang [192] 298 3.5
Dietz and Heizinger [194] 295 2.6
Tironi et al. [196] 205 2.5
This work 293 2.57
Measured
Kovacs, Kowalewski and Maliniak [182] 298 2.45
Bshm and Alhrichs [195] 203 2.37
Bender and Zeidler [219] 293 2.32
Bartusseck [220] 295 2.26
Sandhu [214] 295 2.8

Table 4.5: Comparison of self-diffusion coefficients (D) from both simulation and experi-

mental methods at a variety of temperatures (T).

contradictory evidence about the nature of the relaxation modes and also highlighted the
large differences of the reported data for both the first- and second-rank orientational
autocorrelation functions. [189] However, the most recent experimental evidence suggests
that the situation is no longer quite as unclear. [191] Our model lends support for a
shorter tumbling relaxation than a spinning relaxation. More importantly, our model
presented here offers the best overall agreement with the available experimental data.

[182,189,215,219)]

4.2.3 Tetrahydrofuran (THF)

There are two principal conformations for THF: envelope and twist (Figure 4.8). [222,223]
The twist conformation is the lowest in energy. [222, 223] Due to ring puckering and
subsequent conformational changes, the average structure of a THF molecule during MD
~ or MC simulations is planar. [224] The result is that a Co, symmetry axis is created through

which the average dipole moment passes. This is illustrated in Figure 4.9, where we define
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Simulation

. Temp 71(2) Ti(zy) m2(2) T (zy)
Reference /K / ps / ps / ps / ps
Bohm and Ahlrichs [195] 203 - - 13 1.65
Evans [189)] 293 3.6 - 1.3 1.5
Dietz and Heinzinger [194] 293 3.6 3.8 1.2 1.3
Kovacs et al. [196] 293 4.9 5.3 1.7 2.1
Jorgensen et al. [196] 293 3.1 3.6 1.1 1.4
This work 293 3.498 3.612 1.274 1.365

Experimental
Temp 71(2) Ti(zy) T2(2) T2(zy)

Reference /K / ps / ps / ps / ps
Huntress [215] 293 - - 0.92 1.8
Kovacs et al. [182] 298 - - 1.59 1.92
Evans [189] ~208 23t040 - 1.3t015 1.4to024

ments

Table 4.6: Chloroform rotational relaxation data from simulation and physical measure-
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Rel. Enenmy/
tklimal)
LiF BiLYP
planar m 14,27 16,69
envelope v 1,40 .55
twisl .00 HELY

i rure AR Conformations of THE and their melative enersies frome ob fnfflo calenta-
tions with HF /6 31G*™ or BALYP/6 — 341G, The planay mummam was obtained by

coustrainiug the ring ro a planar conformation, {¥igure 2 inrefercnce [201])

a coordinate systemm for THF. This provides a ugefnd frame of reference ro deserihe the
molecufe’s structure, and the mlathve arrangement and orientation of THE melecules in
the condensed phase.

Tu comparizon with chloroforss, the pmount of experimental data mvailabic for THY
iz limited, For cxample, the diffusion coefficiont of THF has ondy been reported twice in
literature [229, 230] and speetrescopie ssudics of THF, including Raman, infrared. NMR
and X-ray and nentron seattering measurements [241-237] are not as exwensive as the
equivatent studies on ellorotorm. Several M, [201, 222 223, 234,285, 2390 MDD {127, 201,
240, 2417 and M (225 242,243 studies have been performed on 'THE. As a resaly, several
situple force fields exise of the same functional form as vur dendrimer force ficld. These
include fully relaxed anired-ator and all-atern models, [201] A sommary of these foree
ficids’ parameters are listed in Table 1.7, [201] The selection of an appropriate THE model
that et ot simnlacion reqguirernents was stmplified by the recent review articke of THF
wiadels by Girard and Maller-1*lache who Incladed improvements to these models to obeaino
a hetter maich with experimental dars, [202]

For our investigation we comsidercd the best of the all-atom and upired-atom maodels.
The advantage of a united-atom woedel in this cage was clear. The number of atoudc
interacrions wirild be balvédd adonp wish o sobstantial reduction iz the npumber of wera-

and imtermodecular force field calenlations, In addition, she use of & CHsz unized atom 1n
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Tl

Head

Figure 4.9 THE coordinate svstem scheme for the united atom model used in this work,
The oxypetr atom (charge (L5401 18 shown in red, while the (Ha united atoms €01 and
C4 {charge +1.231), and C2 and CF {charge H061) are representsd 10 blue and yellow
respentively. In albatom THE modets, hydrogen atoms HLl, H2, H3 and H4 are bonded to
earbon atorns 1, 02, OF and C4 respectively. Hotation ahour fhe Cup svmmetzy axia 18

indicated by the green srrow, The dipole moment sdndicated by the watenmark arrow.

plage of explicitly modelled hydmogen afomns does not auygnitcantly chanpe the overall shape
of the molecute and 15 expected fo Inferact I an equivalent manner wich the dendimer
as arl all-atom model. Gigard and Muller- Piathe's modified Helfrich-Bentsehile anitesd-
aton madel [ 127 was sclected as it gave the closest oversll match with experimental dats,
The Helfrich-Hentschle force field [127] was basced on parameters from the AMBER foree
field, [244] We fally characterise THF in comparison with chloroform by calenlaring rhe
structural charactensties {ipeluding PDE, SDF and Vorouol polyhedra) and dynasnical

characteristics. Our Brdings are as follows:

Analysis of the Girard’s modified Helfrich-Hentschke THF mode]

Structural properties  Pair correlstion functions have been reported for various
THF wnodels. (200,224, 225, 24i, 243] However, the Helfrieh-Hentschke model has only heen
evaluaterd by the radial distrilntion of the centte of mass of the THE moiecitles m the
systotn. Therefore we caleulated the mdial dismibution for all possible combinations of
atouns within this modei {Figure 4.10) and the centre of mass of the THF molecules for
connpleteness| Figure 4.11).

Prescuved in Figure 4.10 are the PDFs of each atornic combunations calealased o this

thesis, These IPDF profiles are qualisatively similar o those reported hy Jorgensern and
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Figure 4.10: Pair corvelations hunclions of THIY The noen-cross terms are represented in
part (a) while the eross teeos are showa in pact (b The integral of glr] of the centre of
mass is represented by the dotied line in both eascs, There are two types of carbon atoms
in THE - here €1 refers to atoms ©1 and €4 in Figure 4.9 and 2 relors to atoms €2 and
3 in Figure 4.9
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Table 4 7. Force lields {or THE and varlations thersof as veported by Givard and Miillar-
Plathe, (201} Fhe units of the columns are: ¢/ /kJmol™1, o/nm. g/c. Refor to Figure 1.9

frr atum labels,

co-workers [225, 240, 243, 245] Jorgensen et all veport a goole) peak beighi of approxi-
mtely 1,36 ventrod at 5.0 A. Drabowice repurts the same peak al 4.75 & with a height
of approximately 1.35. Our goo(r) peak is centred at 5.0 A but with a height of 153
‘Ihis peak ix broad, beginning at around 3.0 A with the adjacent minimum centred at 7.7
A, Fhis is approximsately 1 A hruader than the gerce () peak of ehdorofurm, This sugrests
that the firsl solvation shell comprises a variety of conlrmations e THE The other self-
similar profiles (o121 i) and goocs(r)) concur in this regard; geiciir) appears to be the
combination of two peaks, the first centred at 240 Aand second al 6.00 A, similarly with
goeea(r) which has a large peak centred at 5.60 A and a lelt shoulder cenired at 1,30 A,
[n each case, the two peaks making up the first sobvation shell could be the result of the
each ol the OHs profiles comprising two methylene groups, e, C1 and C4 for gomi(r),
and 2 and 08 for gooceir). The two peaks of each of these profiles contre at around &
A, 'The cross-terms we identify the C2-03 interaction as the most favoured interaction, 1.6,
a pussible haad Lo tail orientation,

The PDT {or the centre of mass of chlnoform and TTIF are remarkably similar; both
the peak heights and positions are almost identical. Howover, there are slight differenees
between the chloroform and TITF PI3Fs, such as the frst solvation shell for THF being
slightly meore delined than that of chlovoform, as its peak height and well depih are greater

than those of chloroform, The centreof mass profile fov TTIF suggests the first coordination
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Fiptre 4.11; Pair correlations fanctions of the centre of mass of THE and ehloroform.

shell s centred at 5.5 A with a peak height of 2.18 This is very similar to the centre of
miass peak of chloroform which i centred at 540 A and a height of 1.88. THE appcars
to have slightly grester loug-range oeder hecanse the sceoud selvation shell has a more
pronounce minimum at approximately 125 A in THFE than ehloroform, However, from
the centre of mass PDF, there appears to be ereat similarity between the inlermolecular
solvent structure of chloveform and THE,

In Figure 4,12 the SDF of pure THYF solvent arientated about o single THY maolecule is
present at 505 above bulk density, Here only the oxvegen distribution lias any oliservable
structure. As o comparisen. in chloroform all the atoms of the motecules forming the
strongly bound region exhibit some ordering at this probability. ‘This suggests that the
THE malecules in the firsk solvation shell hioe preater lexibility companed with ehloroform,
The maxima of the SDF suggest that the methylene meoups of the selute moeleculs are
surromncded by six solvent THF molecules. Briges et al. suggested from their caloulated
dimerization energy that there were foar strengly associated neighbours, [225] However, we
noted that if Brigos ek al. had constdered a slightly Targer reglon of integration to include
the full shoulder of THF 5 energy pair distributions {see Figuee 15 i reference [223]), the
marmher of neighbonrs for the complete shonlder Is approximately six

At 259 ubove bulk probability density, the complets structure of the first solvation shell

becomes visible [Figure 4,13). SBimikar to chlorofoerm, the sobation shell forms s sphese
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Top Side

Figure 4.12; The spatial distmibution of THF about a single solvert molecule at 50%
shive bulk density. Ouly the oxyveen avoms show any sipnificant order st this level, “Top”
represents & view perpendicalar to the five member ring while “Side” represcnts a view

paratlel t6 the ring,

argnnd the solvared THE molecuie rather than forming selvent chains similar to methanol.
The isedensity surfaces of the merhylene sroups line the interior of the axveen SDF near
the head of the solute {at the cxygen atomi) and conversety the exterior of the oxygen
isodensity surfaces near the tail of the motecule (at the weakly chiarged methylene groaps).
The 8BFs point to & combinasion of “lead-ro-tail” and “head-ro-side” alipnments of the
dipole moments of neighbouring molecules as depicted In Figare 414 Unlike chioroform,
at lower probability digeribations the second selvasion shell does not emerge. This appears
tor contradict the PDF of the centre of mass of THE and chloroform {Fignre 1.11], where
the second solvasion shell of THE appears to be slishely more well iefined shan chloraform.
One possible explanation is that although the second solvation shell in the centre of mass
IPDY is slightly more defined in THF than in chloroform, in THE the motecules forming
this shell express proster rotational freedom in comparison with the motecules o the second
sohvation shell of chiloroform. Hence the atomistic SDFs are not as weli defined in THF as
in chioroform.

Considering the similarities of the complete firat solvation shells for THF and ehloro-
form, it oot surprisiug thal the eheracieristics of the Voronor polvhedra of THE are very
simtlar to those of chloreform (sec Figure 4.15 amd Tabie 4.2.3), The differences betwoen
the VI of THF and chioroform are very smali: the number of neamest neighbours diffors by

tess than a single molecule (1461 sod 1447 for chloroform and THE respectively} while



4.2. Solvent Parameterization 91

THF | Oxygen only | All atoms | Carbon only
Chicntation

3T e ]

Figure .14 The spatial distribution of | HF about a single solvent moiecule at 25%
ahove hulk density. The oxyvgen atom i shown in red, while rhe CHy unired atoms (1
anet Cd, and O2 and €3, as identified in Figure 4.9, are represented in Bge and yellow
respectively . “Top™ roproscnts a view perpendicular to the five member sing white “Side”

repredents & view parallel to the ring,
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signre 114 A schematic diagram of the arraogement of the molecules making up the first
aolvation shell of TIIF as suggested by the SUFs in Figres 4.12 and 4.13, The moleeules
forming this shall do now e in the plane of the solvated molecule, rather they lie ar acute
angles our of the plane of the solvated THF molecule. Fhis diagram presents only half of
the molecules making up the solvation shell - a mirror image of these moleailes is reflected

helow e plone of the solvaw] THE molecule.

the averape volume of the VP (iffer by just over 1A% - 133.44A% and 1313947 for chlo-
roformn aud THF respectively. Even the distributions abour the mean values are almost
hlemtical, Therefore, the combinstion of the PDOFs, SDFs and VI strongly suggest tiat

the intermolecular structnre of liquid chloroform and THF are very similar,

Dynamical properties ln comparsen with chloroform, ooly limived experimental
data is svailable for THE. For exemple, ooly two cxperimental diffusion coefficients are
available in litetature and they differ by approximately 30% (2.45 % 10 %m%~* and
310 = 107 %em?s =), (2010 Therefure, it is dithicolt wo gauge the acenracy of the dynamics
of the Girard and bMiller-Plathe's modified Helfrich-Hentsehke unived-arom THE model
ernployedt in this thesis when compared to mailable independeat experimental data, Girard
et &l on the nther hand, showed that this model aceuraely reproduced orher physical and
shermodynamie propertics including density, heat of vaporization, sotbermal compress-
ibility and heat capacity ar constant pressure. [201] We calculared a Jdiffusion coetticient
265 % 1 %em®at which is slmost, identical to the value reported by Girard et al. for this
model. We are therefore confidenf that the Givard and Muller-Plathe’s modified Helfnich-
Hentschke united-stomn model employved in this thesls sufficiently represents the structure

and dynamics of liguxd THE
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Probabitity distribntion of the Vorouod propertes for THE, ehlorafoem,
[A} Nearest peighbour, {B)

Eigiwe 40450
argon. water and metharol {an extenston of Fignre 4.7},

pedytuadrs volmine and (C) aspherieity parameters. Valies for THE amd chloroloom were

calewlated from our MD simudations while argon, water sod methaosl are talen from

Jedlovsky [176°
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Solvent n N V(AT
THF 140+ 066 1447 4+ 146 18439 £ 11.82
Chloroferm 14T 4 006 1461 #1.47 13330 + 1087
Arean 1444005 14464 1.3 47084427
Whater el £0010 106+ 181 2730 4 264

Methanel 174043 15531197 6623 1073

Tuble 1.8: Mean values and standard deviation of the averages of sowme of the properties
of Vironoi polyhedrs, for chiloredortn, TTIT and some comparative solvent systems. This is

an extension of Table 4.2.2

4.3 Dendrimer Parameterization
2 )
W
D

Fignre 4.16; Benzyt phenvl cther used as the model “ditner” during parameterisation of

the cther lindeye.

The CHARAMM-like paly (beney] pheavt ether) dendrimer foree field epaplayed in this
thesis was developed by Hughes et al. [100 in our taboratory to imvestigate whether Fréchet
dendrimers gre suitable eatalytic supports. [2 Hughes ot al. identified the ether linkage
between the arotatic rvings of the dendrimer as the most important factor affecting the
rigitlity and overalt conformation of the dendrimer. [10] This ether linkage emprises three
dibeedral anglea (@, ¥ and 1), shown in Figure 4,16, OFf these throe dibedral angles, the
authors identified ¥ as the most important parameter for predictiog Fréches demdrimer
structure. (10 Hughes et al. used the model compound, bengyt phenyl ether (igare 4.16 )
tor manddel the dendrimer cther Bokage. They litted the eripiricat potential enerey profite fur
rotating ¥ through 360° in this molecule to s corresponding ob dndtio [HE/ /6-31G(d])
profite (Fignre 4.18). [10° Using a sialand-crror approach, Thughes o 2t chaoged the
torsion angle [orce constant (k) from an imitia] wlue of 0.27 kealmol ‘rad 2 to 015

kealmol rad 2 1o obtain the best match between the QM and MM profiles. [10;
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Fignre 4.17: "Fhe effect of the torsion angle ¢ on the structure of the dendrimer when ¥

is uot 18P, Transition from conformation (A) to conformation (B) represents the effect

of W un the desres of extension of the dendrimer as modelled by Hughes et al. while the

transition from conformation () to covformarion (D) represents the ettect of @ ou the

degree of extension of the dendrimer.
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Hughes ot al. assuried that the torsional angles (& and 2] sould have little affect on
the folding beboviour of the devdritmer. Az a result, litble attention was given to these
parameters. Howeveor, if we congider the possible combivations of % and &, as illustrated in
Figure 4,27, it becomes evident that the torsion angle @ can offect the overall eonformation
of the dendrimer, However, € only has an efficer on the conformation of the cther linkage
when T £ 180°, For example, if we st 0 to its global minimum of 180 (Figuee 4. 17(B)],
regardless of what € is, the cther linkage will remain extended. e, the tcrminal rings
will be at & maximu distance from the body of the dendrimer. Howeser, if 4 = 907 (a
loeal minimea, Figure 4,181, @ can determine whether the terminal group folds out [Figure
A4 17(B)) or folds in Lowards the parenl layer (Figure 4.17(D)),

Visnal inspection of the MDD trajectory lor a lirst generation wedge (WG1) suguested
thid rolations about & wore not possible. This was comfirtied drotn analysis of the dmes
evolution ol the dihedral angle € (shown in Figure 41947 o transibions about ® oeourred
during the entire 300ps, ndicaling that the force ficld prolibits rotations about ®. Since
& and 0 Lad not boen as cavelully parameterized as T and that it appeared rotation about
i was prolibited, it was important to determioe (0 ® and £ were parameterized correetly
by comparing Lhe foree feld and ab midie rotational enecgy profiles about these torsion

angles and correcting il need he.

Parameterization of ¥ and 7

We used the same model compound as Humhes et ol (hensy] phenyl alber, Figors 4.16)
to caleulete the potential enerey profile of rotations about € and £, starting from 07 to
180°% in 10% step sizes. Both dthe MM prolile, using Hughes et al’s force field, and the
(M profile, wsing HF/ /6-31G+ level ol theory and basis set combination, were caleulaged.
The results arc pressnted in Figure 4,18, Far £2, the MM and QM profiles are o vory close
maleh. The rotational energy barrier aboul £ 15 esseniially peclisgible in both Instances,
with the global maxima {(£2 — =107 are slighlly higher in the MM profile than the QM
profile by less than 0.5 keal mol™" . Therefors, £2 was nol allered in any way,

The ¢ torsion angle did not show as good & [ as & althouweh the positions of the
OM and MM minima and maxima corvesponded well, However, Hughes et al’s foree
feld overestimates the rotational energy barrier foc & by 100% in comparison with the ob
initio-derived Darrler height (Figure 4. 18], Woe altered dhe energy baccier height of @ b

aclding ar additional parameter for this dibedral angle to Lhe [oree lield, the valee of which
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Figure 4.18: &, ¥ and (} torsion rotation poteetint energy profiles for the fores 5004 oF

Huzhes ef al. {Hughes FF) and ab initio measurements (QM). The effect of our imnprove-

menits to @ roraion acgle is represented as (@ This Wark),

was determined using a trial-and-crror basiz. The eloscst MAL malel with QM profile was
obiained with a forcs eonstant -£1.5360 kealmol ™' .rad =2 of periodicity 2 and a phase shift
of 0%, The corrected rotational exerey peofile is included in Figure -L18 and shows a closs
match between the now force ficld and QM profiles. Additionally, 1he time saries of 4 for
& first wemeration wedps (WG emaploving the corrected foree field showed that rotations
about ¢ are now pussible (Fipure 4.19).

To test vhe offect of lowering the enerey barrier on 2, we performed two sels of ox-
periments. Firat we conducted MD sfumbations of wedees WG to WGE 1o waevum over
at least 1 ps using the Huoghos ot al's foree ficld. We then repeated these caloulations
ustng the modified foree field. The radius of gyration {#,) dme series for the two sets of
simulations are illustraied in Figure 4.20) and the average £, arc Hsied in Table 1.9.! We
chserved vo signifieany differences in the average atructure or hebaviowr of the dendritic
wexdpes with the modified foree fishl. Wedges W31 and W2 show greater Hesdbility usisp
ihe new foree Helld than the old foree field, I sheonatd be noted that in all cases the overall
conforoation of the dendrimer i3 not affectsd; wedze W0IT s extended while wedpes W2

o WGSE fold in vacuum. {The fulding behaviour of ihe WGT wedge s invessigaied

* Thieties sirumalations were pockarmerd on wedges ragheer tharn one Dl dedvirmers e order S0 rodoee

vhie size of sienudation (rmmber of atows) and allow a0 grester momber of toss 1o be condueted.
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Figure 4.20: A eomparison of the radius of pyratnion, #;, time series fnr wedges WG to
WG5S in vaceoem using (A} the moditied dendrimer force field and (B) Hughes et al's force

field. The averages of these time series age listed in Table 4.9,
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Woedpe

Generalion

Average B, [ A

Lughes el oal,

This worl

AR A

1
2
3

5

4.05
533
T.03
263
11.05

4.41
5.1
.24
=50
1086

-0.14
0.05
-.19
-0.07
S RYIE

Table 4.9 The average Ry from the B, time series for the wedges WG1 to WGEE as

iftustrabed in Figure 4 20, The sceond cofumn indicates the values calentated using Thighes

e ml s foree feld, while the thivd colnmn has walues calenlaled vsing onr moedifisd foree

fiedd. The lasl column indicates the difference betwest the bwo meodels

YWedge

Average H, { A

Generatton  Llughes et al.  This work AR, / A

b

443
706
141.21

442
Tioa
10023

.01
~).04
-fLE

Table 4.10: The average f, of the R, tiwe series (or Lhe wedges WG1 to WiG3 In vacuum

as ilfustrated In Fipuare 4.21

The sccond column inchides the valiues calenlaled using

Hughes ot al’s foree field, while the sceond column includes thes values calenlaled using

wir muedified force Aeld. The last column shows the difference betwesn the two wodels,
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Fipnre 4.21: A comparison of the Hy, time series for wedges WG to WG iu ebloreform

using (A)] the modited dendrimer force ficld apd (B) Huoghes ot al's foree field. The

averages of these time scries are listed In Table 4.10.
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detail in Chapter 6). There is a slight difference in the average Ry (Table 4.9) between
the force fields, with the new force field producing slightly lower R,.

The second test was to investigate the effect of lowering the barrier height of ® in an
explicit solvent environment. Therefore, an additional preliminary test was conducted us-
ing wedges WG1 to WG3 in chloroform (Figure 4.21 and Table 4.10). Again, no significant
differences were observed in the overall structure or radius of gyration in the two sets of
simulations. The effect of reducing the rotational energy barrier of ® was to increase the
frequency of rotations of the ether linkage (as is shown in the time series of ® in Figure

4.18). However, this greater flexibility did not affect the relative position of the aryl rings.

4.4 Solution Parameterization

With the individual components of the solution system successfully parameterised, it is im-
portant to ensure that no strange anomalies occur with the combination of the dendrimer
and solvent force fields. As discussed in the introduction to this chapter, one way o ensure
that the combination of the force fields is valid is to ensure that relative strengths of the
most common monomer-monomer interactions are valid. Monomer-monomer interactions
that we considered to be most important are listed in Table 4.11. As mentioned in the
introduction of this chapter, benzene is empioyed a8 the representative functional group
for the dendrimer. An additional simplification was made for THF-benzene QM interac-
tion. Because there is no suitable THF—benzene ab initio study available in literature, we
modelled the THF interactions using the closest analogue - the interaction of a methylene
monomer of an alkyl chain perpendicular to the benzene ring. [206] The dendrimer in
vacuum is the basis of this study and as the benzene-benzene dimer interaction represents
the dendrimer-dendrimer interaction, this interaction energy is used as the basis to rank
the strengths of the other interactions. In other words, all the interaction strengths are
normalised according to the benzene-benzene interaction. This is indicated in Table 4.11.
‘While there are clearly a great number of alternative interactions and orientations that
we could test, it is practically impossible to test all possibilities. Qur aim is not to test
every possible combination and orientation but to identify the most significant potential
sources of error and correct if required.
We consider each solvent-dendrimer system separately, and rank the interactions strengths

of each system with respect to the strength of the benzene-benzene interaction (Table
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Interaction MM Relative QM Relative

Type (kcal.mol™!) strength (kcal.mol™!) strength
Benzene dimer D-D -2.48 1.00 —2.30¢ 1.00
Chloroform dimer S-S -2.39 0.96 —2.66° 1.16
THF dimer S-S -3.10 1.25 -3.20¢ 1.39
Water dimer S-S -5.84 2.35 -5.00¢ 2.17
Benzene - chloroform S-D -3.96 1.60 -5.10° 2.22
Benzene - THF S-D -2.76 1.11 —-2.10¢ 0.91
Benzene - Water S-D -3.20 1.29 —-3.15 1.37

Table 4.11: Global minima for each interaction type (dendrimer-dendrimer (D-D),
solvent-solvent (S-S) and solvent-dendrimer (S-D)), and normalized with respect to the
benzene dimer global minimum. Equivalent QM values are included for comparative pur-
poses.(a) Hobza et al. [205], (b) Jorgensen et al. [246], (c) Chang et al. [192], (d) Briggs
et al. [225), (e) Tsuzuki et al. [206]

4.11). For each solvent system, the solvent-solvent interaction is referred to as the S-S,
solvent-dendrimer interaction (THF-benzene, water-benzene and chloroform-benzene) as
S-D and the dendrimer-dendrimer interaction is refer to as D-D.

We begin with the dendrimer-THF system. In this system, the largest discrepancy
between our MM calculations and QM literature results occurs for the SD interaction (an
overestimation of 31%). The sequence of the interaction strengths differs between the
minima of our MM calculations (S — $(1.25) > S — D(1.11) > D — D(1.0)) and QM values
(S - S(1.39) > D — D(1.0) > S — D(0.91)). From QM calculations, the SD interaction is
the weakest interaction, while in the force field the D-D interaction is the weakest. There-
fore, our force field overestimates the dendrimer-solvent interaction in the THF system
and could show bias toward the extended conformation of the dendrimer in THF.

In the dendrimer-chloroform system, the order of the interactions for our MM calcula-
tions (S — D(1.6) > D — D(1.0) > S — 5(0.96)) also differs from the QM literature values
(S - D(2.22) > S — §(1.16) > D — D(1.0)). However, this is expected to have little impact,
as the interaction strengths are only marginally different and the order differs among the
homogeneous interactions and should not have a significant effect on the folding the den-

drimer. The greatest difference between the QM and MM results is the relative strength
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of the S-D interaction. In the QM calculations the S-D strength is 220% of the D-D inter-
action while in the MM calculation, the S-D strength is only 160% of the S-D interaction.
This is most likely because of the lack of polarizable feé.tures in the CHARMM force field
which is the source of the substantial chloroform-benzene interaction strength. Therefore,
in comparison with the QM S-D interaction, the MM S-D interaction would show less
favour toward the folded conformation of the dendrimer.

In the dendrimer-water system, the sequence of the interaction strengths is the same for
our MM calculations (S — §(2.35) > S — D(1.29) > D — D(1.0)) and QM literature values
(8 —S(2.17) > 5§ -~ D(1.37) > D — D(1.0)). However, the water dimer interaction (S-S) is
slightly stronger in our MM calculations compared to the QM literature values. This could
result in the dendrimer folding slightly faster during the MD simulations.

In the literature it has been suggested that chloroform is a poor solvent for Fréchet
dendrimers. [118] Therefore, it was surprising to discover from a thorough review of the
literature that the interaction between chloroform with benzene is extremely strong. [206]
As detailed in Table 4.11, this interaction is in fact slightly stronger than the strength of
a hydrogen bond interaction in water (-5.1 kcal.mol™! and 5.0 keal.mol™? for chloroform-
benzene and water-water interactions respectively) (Table 4.11). [206] This is a result of an
induced dipole moment within the highly polarizable chloroform molecule (8.53A%) [192]
interacting with the delocalised cloud of electrons of the aromatic ring. It was also surpris-
ing that the THF-benzene interaction is relatively weak when compared to water-benzene
and chloroform-benzene interactions since THF is reported to be a very good solvent for
Fréchet dendrimers. [118] From the QM interactions reported in Table 4.11, it suggests
that chloroform is a better solvent than THF. This is contrary to the findings of Jeong et
al. who suggested that in chloroform Fréchet dendrimers fold by as much as 50% of the
extended conformation, while in THF, these dendrimers remain fully extended. [118] Our
simulations of Fréchet dendrimers in chloroform (Figure 4.21 and Chapter 5 ) indicate
that the dendrimer remains extended in chloroform. Initially, it was suspected that the
dendrimer-chloroform interactions in our force field where unrealistically strong. However,
as was demonstrated above, our force field underestimates the chloroform-dendrimer in-
teraction and therefore is already biased towards the folded conformation of the dendrimer
and should underestimate the extent of unfolding of the dendrimer in chloroform.

Nevertheless, in order to build further confidence in our force field and ensure that

additional factors had been considered, we attempted to force the dendrimer to fold in
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chloroform by altering the force field. In the CHARMM force field there are four param-
eters used to specify non-bonded interactions; the atomic charge, the NONBond (van der
Waal) parameters, the NBFIX parameters (to manipulate interactions between specific
atom pairs), and HBOND (hydrogen bond) parameters. We do not explicitly include hy-
drogen bond parameters in this force field as they are implicitly included in the CHARMM
parameter set in the electrostatic and van der Waal interactions. [133]. We reduced the
charges on the dendrimer aryl ring by 30%, increased the strength of the van der Waal
interactions by increasing the well depth by 30% and heavily penalized the dendrimer-
chloroform interaction by introducing specific terms to set these interaction energies to
zero. In this way, we had some success forcing the dendrimers to fold in chloroform. How-
ever, such a force field is unacceptable for the following reasons. Firstly, the dendrimer
force field originates from a force field which has been refined over several iterations and
has been thoroughly tried and tested by numerous independent research groups. Secondly,
earlier in this chapter (Section 4.2.2), the chloroform force field was shown to replicate the
physical measurements of chloroform. Thirdly, as discussed in this section, the force field is
already biased toward the dendrimer folding in chloroform in comparison with the QM in-
teractions. Fourthly, the changes to non-bonded parameters to force the dendrimer to fold
in chioroform had to be selectively applied to the chloroform-dendrimer systems and would
not be suitable for the water-dendrimer and THF-dendrimer systems. Hence, two separate
force fields would be necessary, one force field specifically for the dendrimer-chloroform
simulations and another for dendrimer-water and dendrimer-THF simulations. The use
of a non-transferable force field is a poor strategy. Further, we are unable to substantiate
why these large artificial constraints were selectively required for the chloroform-dendrimer
parameters. Finally, a solute with a solubility parameter of é; is described as being in-
soluble in a solvent with a solubility parameter §, if (§, — 6,)% < 4. [247] Jeong it et al.
suggested a Fréchet dendrimer has a &, between 18.2 and 18.4 MPa!/2, [118] The solubility
parameter of chloroform and THF are 19.0 MPa!/? and 18.6 MPal/? respectively. [118]
The difference between the 8, of chloroform and the dendrimer suggests that chloroform
is & very good solvent.

After due consideration, it was decided for the reasons mentioned above not to apply
any modifications to the force field. Therefore, the force field selected for the MD simula-
tions was the same force field developed by Hughes et al. with only the & dihedral angle

parameter modified. No alterations were made to the charges or Lennard-Jones parame-
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ters. Therefore, we sought an alternative source to account for the difference between the

results of the viscosity studies of Jeong et al. and our MD simulations.

4.4.1 Other factors affecting the conformation of dendrimers

The simulation environment can also affect the outcome of the simulation. Factors to

consider include the following:

e Temperature (15 — 45°C at 5° intervals) .

The ensemble used to sample phase space (NVE, NVT or NPT).

Method of integration (Verlet or Leap-frog) and integration step size (1fs or 2fs).

Size and shape of the periodic cell (truncated octahedron or cube).

Truncating methods for long range interactions (group-based versus atom-based

cut-offs).

Long range interactions (evaluated using Ewald summations).
¢ Dynamics of a wedge versus the dynamics of full dendrimer.

e Starting conformation of the dendrimer (folded versus extended).

A series of MD simulations were run to test each of these factors. As this was a prelim-
inary investigation to identify any significant errors, only limited analysis was performed
using the radius of gyration time series. If there was a notable change in this time series
due to a single variable change, further analysis would be applied. The radius of gyration
time series for each set of MD simulations are included in Appendix A. For specifics of
the computational details, such as cut-off lengths, please refer to Section 5.2. Any change
in the simulation environment for a series of simulations is specified accordingly.

To test the effect of temperature on the overall behaviour of the dendrimer, we sim-
ulated wedges WG1 to WG3 in chloroform for 500ps after an initial 100ps equilibration
phase to obtain the desired temperature. A total of seven sets of simulations were con-
ducted from (15 — 45°C at 5° intervals, Figure A.1). There was notable change in the
average R, within this temperature range. In each case, the dendritic wedge remained
fully extended. To test the effect of the type of ensemble used, we ran a further 500ps
on wedges WG1 to WG3 in chloroform at 20°C after an initial 100ps equilibration phase
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(Figure A.2), sampling from each one of the ensembles (NVE, NVT, NPT). Extensive use
of the NVE and NPT ensembles starting from both extended and contracted conforma-
tions respectively led to essentially equivalent structures (Chapters 5 and 6). Therefore,
the equilibrated conformation of a dendrimer was deemed to be independent of these vari-
ables. Various size and shape periodic boundary conditions were applied to the overall
dynamics of the dendrimer (see Chapter 5). No significant difference was observed between
the different simulation cells. Atom-based cut-offs resulted in non-conservation of energy
within the system with the overall energy of the system gradually decreasing. Therefore,
group-based cut-offs were applied uniformly throughout this thesis. The effect of includ-
ing Ewald summations, was limited to slightly increasing the rate at which the dendrimer
unfolded in comparison to the simulation without Ewald summations (Figure A.3).

A significant difference between Jeong et al.’s measurements and our dendrimer simu-
lations is that the viscosimetric measurements were conducted on wedges while our simu-
lations are performed on complete dendrimers. However, MD simulation of wedges WG1
to WG3 in chloroform (Figure 4.21) and dendrimers G1 to G5 (Figure 5.2) indicates that
in chloroform, both Fréchet dendrimers and dendritic wedges are fully extended.

The effect of the starting configuration of the dendrimer is also likely to have a con-
siderable effect on the equilibrium conformation of the dendrimer. From a series of MD
simulations of dendrimers G1 to G5 in chloroform, it was observed that the dendrimers
remained unfolded when initiated from an extended conformation and unfold when start-
ing from a contracted conformation. Therefore, although the initial conformations of the
dendrimer were of opposite extremes, the equilibrium conformations were both extended.
The folding of dendrimers is discussed in detail in Chapter 6.

Finally, physical stresses and strains that are inherent to an experimental environment
such as the viscosity measurements, are not accounted for in standard MD simulations.
These external forces may assist the dendrimer to overcome high conformational energy
barriers and explore conformations inaccessible in MD simulations. Calculating the po-
tential of mean force for 2 number of model dendrimer molecules, one can simulate the
effects of pulling terminal groups in to the core of the dendrimer. This is discussed in

detail in Chapter 6.
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4.5 Conclusion

In this chapter we have prepared a simulation environment suitable for performing nanosec-
ond MD simulations of Fréchet dendrimers in explicitly modelled chloroform and THF
solvents.

A new fully relaxed five-site chloroform model was developed, which improves on
existing models, offering closer correspondence with experimental data. Therefore, it is
the preferred choice over the existing chloroform models for the use in the simulation
of explicitly solvated dendritic systems. There are few differences between the structure
and dynamics of THF and chloroform. This was surprising considering the substantial
difference in the behaviour of Fréchet dendrimers in these solvents. [118] The similar
traits of the pure solvents suggests that the interaction between tae solvent and the solute
is the determining factor in the differences in their behaviour.

For the dendrimer force field, a correction was made to the ® dihedral angle of the ether
linkage. However, this had little effect on the overall behaviou- of the dendrimer. The
parameterization of the combined solvents-dendrimer force field to describe the solution
force field showed that the dendrimer-chloroform interaction biases a folded conformation
while the dendrimer-THF interaction biases the unfolded conformation. After considering
the relative strengths of the interactions in the dendrimer-solvent systems, we were unable
to identify the cause for the difference in behaviour of Fréchet dendrimers in THF and
chloroform. Further tests to investigate the effect of simulation conditions showed that
the equilibrated conformation of the dendrimer in chloroform is not affected by the tem-
perature, ensemble, integration step size, method of integration, starting conformation or
the size and shape of the periodic cell.

Therefore, after extensive testing of the force field we are confident that this force
field accurately represents the behaviour of dendrimers in chlorcform, THF and water. In
the following chapter we investigate the structural and dynamical properties of Fréchet
dendrimers in chloroform and THF and investigate the origin of their unique viscosity

characteristics.



Chapter 5

Dendrimer structure and

dynamics in good solvents

5.1 Introduction

Attempts to conclusively resolve the debate over the structure of dendrimers, particularly
the location of the terminal groups, the existence of internal voids and the overall den-
sity distribution within the dendrimer have proved challenging, both experimentally and
computationally. Numerous comparisons have been made between experimental measure-
ments and simulation results. However, in the majority of cases the comparisons were
made between measurements performed on dendrimers in good solvents and simulations
conducted in vacuum (i.e., a poor solvent). Some simulations have attempted to account
for solvent effects by applying effective potentials within the dendrimer. Most notable
is Murat and Grest’s attempt to mimic the quality of the solvent. [44] Some investiga-
tions have used the results of Murat et al. to infer that vacuum simulations are valid
for all solvent conditions. However, Murat and Grest’s investigation employed a coarse
grain model in vacuum and did not explicitly take into account atomic detail within the
dendrimer model nor did it explicitly include the solvent. Therefore, there are aspects
of solvation which cannot be realistically represented in their vacuum simulations. Hence
there i8 a need for explicitly solvated dendrimer simulations, in particular, to test the
findings of Murat and Grest. There is a growing number of dendrimer simulations that
include explicit solvent models. [60,62,65,68;70-72, 75] However, all of these simulations
have been limited to a few hundred picoseconds at most. This is partly due to the shear

109
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s.ze (number of atoms) of the simulation and complexities inherent to explicitly solvated
large polymeric systems. The computational resources required for such a study have,
until recently, only been available through super-computing facilities.

Despite the widespread commercial and academic use of Fréchet dendrimers, only ex-
plicit solvated simulations of PAMAM, PPl and glycodendrimers have been reported.
[60, 62, 65, 68, 70-72, 75] However, detailed analyses of vacuum simulations have been
reported. [2,77] Hughes et al. conducted a series of MD simulations of organic and
organometallic-terminated Fréchet dendrimers (G1 to G5) in vacuum. Their aim was
o0 investigate whether dendrimers were suitable catalytic supports. Hughes showed that
Zrom the time evolution of the radius of gyration, in vacuum the dendrimers fold rapidly (in
the order of tens of picoseconds) and remain contracted for the duration of the simulation.
From radial distribution profiles, the authors showed that all the dendrimers adopted a
“dense core” conformation. In addition, they suggested backfolding was equally prevalent
in the organic and organochromium dendrimers in the smaller generations (Gl to G3)
while in the larger generations (G4 and G5) the terminal groups of the organochromium
terminal groups do not penetrate to the core as readily as the organic terminal groups. The
authors concluded that despite the compact nature of the dendrimers, the terminal groups
were readily accessible to act as catalysts in a chemical reaction. Ortiz and co-workers
essentially repeated the simulations conducted by Hughes (G1 to G4). [77] However they
used the PCCF force field which allowed for the flexibility to treat electron delocalization in
aromatic rings. [77-79] Ortiz et al. observed similar radial distribution profiles to Hughes
et al. although the average radius of gyration calculated by Ortiz et al. were slightly larger
than those reported by Hughes et al. and reported significant backfolding especially in
the larger generations. From donor/acceptor distances and Forster energy-transfer rates
calculated as a function of dendrimer generation, Ortiz and co-workers demonstrated the
wrapping of peripheral groups to the core of the dendrimer was comparatively rare, yet
dominates the rate constant of energy transfer and leads to very short donor/acceptor
distances.

This chapter is an extension of Hughes and co-worker’s study of Fréchet dendrimers.
Here we present a detailed analysis of MD simulations of a series of explicitly solvated or-
ganic Fréchet dendrimers (G1 to G5). Chloroform and THF were selected as the solvents
of choice for this study and have been discussed in detail in Chapter 4. Where appropri-

ate, the results of the explicit solvent simulations are discussed in relation to previously
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o 56y e

Tup Side Below

Fipure 5.1: The coordinate syatem smployed In this thesis to deseribe the view of the
dendrimer. The core group bas been wdentificd in vellew, while the methyl group is purple
and the central ethylene atorm is colourad pvpie. The “Top™ of the dendrimer 13 defined
as view from the methyl svup (purple} down the alkyl bond to the ventral core atom
(hhuel, parperdicalar to the plare of the three ary] rings of the core, while the “Side” 15 a
view parallel to the plane of the core, and “Below” [3 the view from fhe central core atom

down the bond to the core methyd group,

reported atndies of the same series of dendrimers in vacuuam. [2, 77] This Chapter begins
with & description of the sipmlarion detaila, This is followed by a detailed analysis of the
structural properties mclading traditional anslytical methods, such as radias of gyration,
moments of nertia and radial distobation functions, This i follewed by the spatially
averapged analyaid of thesdendrimars. An analyvsis of the dynamics of the dendrimer follows
and are discossed in relation with measured sxperimental results reported in the literatnre.
This chapter closes with an apalysis of the solvent structure and diffusion in and amoined
the dendrimer. T assist with the description of the dendrimer and solvent stracture it the
spatially ayveraged analysis, we define a simple coordinate ssstem for a dendrimner, catred

at its core and detailed in Figure 5.1

5.2 Computational details

Al sirnndations in this chapter woere performed using the CHABMM maolecular modelling
program, [133] The foree fields nsed to describe the dendrimer and solvents are discussed in
Chapter 4. Gronp-based rut-offs were applied for long range interactions with a switching

function applied between 10 A to 12 A, A list of the nearest neighbonrs up to 11 A was
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Chloroform

Generation Solvent residues Dendrimer atoms Cell size /A

1 2081 164 65.54
2 2063 332 65.54
3 1954 668 65.54
4 2064 1340 93.88
5 2850 2684 93.88
THF

1 711 164 46.1

2 851 332 62.00
3 1324 668 72.00
4 1909 13490 82.00
5 2605 2684 92.00

Table 5.1: Simulation details of dendrimers G1 to G5 in chloroform and THF

maintained and updated every 10 steps of the simulation. Bonds between hydrogen and
heavy atoms were restrained using the SHAKE algorithm with a convergence tolerance
of 10710, [134] The equations of motion were integrated using the Leap-Frog method.
Periodic boundary conditions were invoked for the explicitly solvated systems and were not
invoked for the vacuum simulations. [134] For the solvated systems, dendrimers G1 to G3
were simulated using cubic periodic cells while dendrimers G4 and G5 were simulated using
truncated octahedron periodic cells. The details of the solvated systems are presented in

Table 6.1).

Starting conformations An initial coordinate set for each dendrimer was created
using an iterative CHARMM script to create extended conformations of the dendrimers.
[248] Each dendrimer was then minimized first using the steepest descent algorithm for
1000 steps, followed by further minimization using the Newton-Raphson algorithm until
convergence was achieved. This was used as the starting conformation for the vacuum
simulations.

In the solvated system, the primary periodic cell containing only the solvent wss equi-
librated for 500 ps. The dendrimer was included by placing it at the centre of the pri-

mary periodic cell and removing all solvent molecules that overlapped with the dendrimer
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(overlap was defined as when a solvent and solute atom are within 2.0 A). Thereafter,
the system was briefly minimized using the Newton-Raphson algorithm to remove any
remaining solute-solvent steric clashes. To avoid regions within the solvent approaching
unrealistic solid-like configurations, complete convergence of the minimisation procedure

wag prevented.

Simulation conditions For the vacuum simulations, we usec the protocol of Hughes
et al. [2] This entailed an initial heating phase of 15 ps (from 10C K - 293.15 K) followed
by a further 600 ps where the velocities were periodically rescaled to maintain the correct
temperature of 300 K, effectively resulting in a canonical ensemble. [2]

After deriving a starting configuration for the solvated system, this was followed by
an initial NVT heating phase where the température was raised incrementally from 100
K to 293.15 K by 5 K every 5 ps by periodically rescaling the velocities. Thereafter the
temperature was held constant (within 5 K of 293.15 K) for the remainder of the heating
phase (a total of 200 ps) and a further 200 ps of equilibration. F:nally this was followed
by five nanoseconds of simulation performed using a microcanonical ensemble (NVE).

Representative conformations of the average equilibrium strueture of the dendrimer
were derived by caleulating a coordinate set of the average position for every atom over a
selected period of the simulation, typically the final 200 ps. This coordinate set did not
necessarily represent a feasible conformation due to atoms overlapping or even superim-
posed on top of one another. Therefore, each frame of the trajectory was compared to
this average structure. Using a least squares criterion, the trajectory frame that offered
the closest match to the average structure was selected as the repmesentative equilibrium

conformation.

Analysis specific details All analysis (excluding T, relaxationm rates) was done with
computer software packages written by the author and within our research group. [166,175]
Longitudinal relaxation rates were calculated employing the Charmm NMR analytical
tools. [133]

Analysis of vacuur simulations was performed over the last 30U ps of the simulation.
For the solvated systems, the same analysis was carried out over the last 1 ns of the
simulation. For reasons of clarity, only the aromatic (;a.rbon atoms are considered in the
spatially average distributions. In the T1 analysis, the overall rotat-onal correlation time

was approximated using the Stokes-Einstein relation and the atomristic relaxation rates
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R,/ A
Generation Vacuum THF Chloroform
1 6.53+0.35 10.21+0.35 9.85+045

2 8354031 13384048 13.48+0.39
3 10.08 £0.25 16.45+0.50 16.74 £ 0.42
4 13.15+0.12 19.75+032 19.84+0.21
5 15.62+£0.12 22.19+0.20 22.20+0.13

Table 5.2: The average R, values calculated from the last 200 ps for the vacuum simulation

and for the last 1 ns from the solvated systems (THF and chloroform)

calculated over the final 500 ps.

5.3 Results and discussion

5.3.1 Dendrimer size and shape

This section opens with a discussion of the methods commonly used to analyse the shape
and size of dendrimers, in particular the time evolution of the radius of gyration and
the ratios of the principle moments of inertia. We discuss the radially averaéed distri-
bution functions and consider various forms in which the data can be presented and the
different perceptions that can result from such analysis. This section closes with the 3D

characterisation of the density distribution about the dendrimer.

Radius of Gyration

In Figure 5.2, the time evolution of Ry of the dendrimers in vacuum is compared with the
time series for the explicitly solvated dendrimers. Although the vacuum system rapidly
folds in less than 50 ps, after more than 5 ns, the dendrimers in THF and chloroform
remain extended. The average R, are detailed in Table 5.2

A comparison of the average equilibrium conformation (Figure 5.3 using G5 as an ex-
ample) for each simulation confirms that the dendrimers remain extended in THF and chlo-
roform. For the chloroform system, this apparently contradicts the conclusions drawn by
Jeong et al. from their intrinsic viscosity measurements of Fréchet dendritic wedges. [118]

(The viscosity measurements of dendrimers are discussed in detail in Section 5.4.1) Fur-
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(A} (B) {©)

Figitre 5.3: The average equitibrium conformations of G5 dendritner in {A) vacunm, {B]

THF auet () chloreform systems,

sher, our #, resnlts cortradiot the fodings of Aurat and Grear, who predieted from their
roarse grain model that the dendrimer wenld have a compact stoietuee tor all selvent con-
ditions. (4] This strongly suguests that the inciusion of solvent in simulations of Fréchet
dendriners makes a large contnbation ro the eonformation and dynamies of the gvstem.
Crnnparisons with experimental results in solution, preseated laber, suppord the resnlts ol
tained with oeplicit sodvenr sitmlations. However, vacuum simubations implicitly wodctling
a pood sodvent {such as considering only repilsive nonbonded mteractions) can produce
eonfurinations that approximate s desdrimer in an explicit good solvent, Throughont this

chapter, we note further differences berween the good sobvent and vaeuum sitnulations.

Moments of inertia

In oreler to assess the shape of she deodoimer systetn, che rarios of the principle moments of
lnersia of the dendrimers in yacuunt, THF and chitorotorm are shown in Figure 5.4, There
i3 a sindlar trend exhibited by the dendrimers in chloroform and THF, and vacunm, with
the notable exception of dendrimer G4 in vecunm. In general, the ratios of the principal
meonnent of inertia decreases aned approach unity as the size of the dendrimer increases,
Drendritner G4 i1 vacunm is & notable exception o the trend and this suggests that chis
dendrimer fids in an anisosroplc fashion, This 5 discassed later in this Chapter usiog
spatialiy averaged methods (Section 5.3.2). There are some smadd differenecs between the

THFE aned chiloreform simulations, the most notable dillerence vigible at G2, where the
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Fignre 5.4 The ratios of the principle momoents of inertia {aspect ratio} for the dendrimers
vacuum, chloroform and THE dendrimer systems, The orror bars reprosent the stanckarcd

deviation of cech of the time serics,

dendrimer in THF is more spherical than the dendrimer in chloroform (1.75 and 1.99
mospectively). In general, the smaller dendrimers adopt more sphesical conformarions in
THF than in chloroforme, while in the lazger dendrimers (G4 and G5, the dendrimers are
marginally mon: spherical in ehlorpform than in THF, However, it is difficult to gain a cloar
unrderstanding of the overall structane of she depdrimer from an analysis of the principle
mernents of nertia alone. Hence, in the following section, we analyae the distribmtion of

rronips within the dendrimer,

5.3.2 Dendrimer intramolecular distribution profiles

This section begins with a discussion of the methods commonly used to analyse the dis-
rribntion of the varions topological layers within rhe dendrimer and the radial depsity
distrilntion. [ particular, the uschilness of she ternupology of “hard shell” and “dense
core” density profiles is explored by consider the effect of the method used for normalis-
ing these distribntions and the various ways iv which tle data can be presented creating
significantly different perceptions. This scetion closes with the 3D characterisation of the

denstty distrilution within the dendrimer,
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Figure 5.5: HRadialty averaged distributions of the tetal density {pp{r]} of dendrimers

G 1-Ghin {A] weoumn, (3] THE and ((!) chloroform, These distribution profiles reprosent

the sum of the density eontributions from each topologiead layer within the dendrimers,

it exclude the contribution of the detsity of the core group fo avold ohscuring the ofeet

of hackfolding from the other topological layers to the core. See Fignre 5.7 and Appendix

I3 for the density profiles of the topological lavers the dendrimers.
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Radially averaged analysis

Yirst we consider the total radial density distributions of the dendmmers (the sum of the
contributions from each topological layer) for the three series of simulations. We refer to
the total density distribution as pr(r) and an individaal topological layer’s density distri-
bution as m(r) where v is the distance from the selected atom to the centre of the core of
the dendrimer, Hlustrated in Figure 5.5 are prir) of the dendrimers in vacunm, THF and
chlovoform. pr(r) of the vacuum simulations {Figure 5.34) have heen discussed previ-
ously. [248] Nevertheless, it is useful to briefly mention seme of the important features for
comparative purposes, The vacuun gr(r) are characteristically “dense core” {as defined in
the introduoction of this thesis) which is most prominent n dendrimer G3, This suggests
that the greatest degree of backinlding ocours in this dendrimer, pr(r] decressen from
the “dense core” out toward the periphery of the dendrimers: In dendrimers G4 and G5,
prir) does not decrease monotonically as suggested from eqnilibrium self-consistent mean
field calculations of model dendrimer svstems. |37] Instead, in these large dendrimers we
observe several local minima, the deepest minimwm centred at 11.8 A, with a poin/fimes
ratio of 75% and 53.6% for dendrimers G4 and G5 respectively, These ratios indicate
regions of lower density, such as cavities or channels within the dendrimer. These ratios
are gmaller than those reported for other dendvitic systems, especially for G5 [38] This
suggests that Fréchet dendrimers G4 and G5 are capable for hosting puest molecules even
in their folded conformations.

In contrast, the THE and chloroform solvated svstems (Figures 5.5 B and O respec-
tivelyh, exhibit a far more evenly distributed density profile, exhibiting “hollow core®
characteristics with a “dense shell” centred at approximately 15 A, The density profiles
for the dendrimers in THE and chloroform are almost identical, with the exception of
the prominent peak at 5.25 A in the G5 dendrimer in THF, which ix significantly smaller
for the same dendrimer in chloroform. This supgests that a higher depree of backfolding
occurs in THF than in chloroform. In hoth these solvents. there are minima in pp(r) of all
the dendrimers, most notably at 10.25 A, 1725 A and 22.35 A, with points of inflection
centred at 27.25 A and 32.23A, Because these minima {and points of inflection) are at
repylar intervals, and colncide with the end of the terminal laser of the smaller generation
dendrimer, these minima indicate the position of the junction [or ether linkape) between
two topologival layers. As these minima are repularly dispersed, they also strongly sug-

pest that the topolozical layers of the dendrimers form concentric shells as assumed by de
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Gennes and Herver, [0 The substantial difference hetwesn Lthe pr(r) of the vacuum and
solvated dendrimers further highlights the differences botwecn vacunm amd explicit solvens
simulations of Fréchet dendrimers.

However. radial density distributions peofiles 'pir)! should ae interpreled with cuce,
s fheir results maye be misleading. o) = Npre)/Vir), where V(e reprezents the volurme
ol Lhe shell (ol width Ar — l.jk]l nsed tooormalise ¥ ), the sample of the population ol
lapeer ) Lhiae lies wilhin the shel? b distance ¢ from the core. Vi) Inerease from the oo
gt b Lhe periphery. Therefure, o higher density near the core (e does not indicate
iogrealer munber of gooups within this tegion (fe., larmer Np(v)) o comparizon with a
low densily region at a greater distance from the core, plr] does nol indicase how mang
grimps contribute to i particular togion of density, For example, in Figure 5.6, we compare
Lhe warious radially averaged distributions (glr], Noir) and Fiir)) for cach layver of the
G5 dendrimer iu vacuum, [The complete set of radially sveraced distoibution funetions
for all dendrimers G to G5 o vacuum, THFE and chlorolorm is included in Appendix B,
From gupv) (Figure 5.8A), it Iz generally agresd Lhal bbe cendrimer undergocs substanl il
Liackfolding. [2] For example, giir) of the terminal layer has a large peak [men 3.5 A
spanning 1.0 A from which one could be tempted to asstme that there is a snbstantial
dezres of backltding of lenninal groups ie to the core apd as o tesult, the majority of
the terminal groups are locatod wear cthe core, Howewer, N o) (Figure 3.60) presents
a slenificantly different pictore of che diglrilation of the topolosieal Tayvers within the
dendeimer; Ni(v) ol the terminad laver indicates that o the g 'r], the lamge peak near
Lhe core comprises only o smoall sample of tae dolsl termingd sroup population. In the
integration of Fi(r) (Figuee 30600 this peak sccongols for approvimately 1Y% of the total
population of terminal groups, Nonetheless, this is notably more backlolding Lhan in the
explicit godvene ayslems. The nge ol number density luaelions = nol wovel. Gorman et al,
showed gimilar trends in their NDF and RDF unalvsis of Fréchet related dendrimers, [73]
Of particular interest is the similarity in the NDFs and BDFs of Gorman et al.'s &0 vapeat
toite desdbrimers wilh Lhe our eguivaless profiles in TIW and chloreform. This sugpests
thal in pn explicit good solveol, the dendrimer is extended aond the groups of cach lager
are snspendsd in the solvent inosuch o way as to constrain them to specitic reglons and
wive the eguivalent eflect ol SHH repeat anjts.

In peneral density distribution profiles are described qualitatively, 16, whether plr)

fitz & “depsze core™ or “lense shell” profile, In order to determine wheeher additionl hacle
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folding may ocour or if host melecules could be accommodated within the high density
regions, it would be nsehud IF there was a guantilative limnit available to indicate (ke density
beyond which no adcitional croups could be aceommaodated within the dendrimoer, Cur
vently, it is unclear whal this backlolding limiting density is, i€, what is Lhe maxiroare
number of terminal groups that the internal gemerations can accommodate, We suguest
Lhe following simple metbud Lo approximate che density limit; compare the density tho
dendrimer with densily of the Hagnid which most closely represents the repeat units of the
demdrimer, as il the repeat unils were able to frecly disperse within Lhe yolume of the
dendrimer amd wers aot constrained by the linlages between the dendeimer’s roonormnors.
For example, wo detine the density limit of Péchet dendrimers as the density of boazvl
ajeohod (1.043w.mol='). |249] For the G5 cendrimer in vacuum, the highest density necurs
within the g1 layer, up to 11,753 A (Figure 3.6A), The densily. caloulated from the sum of
all groups frien all topological lavers that e within hds repion, 35 0.555.mol ™!, Therefore,
this high density region within the dendrimer s approximately ondy H2% of the density of
benzyl aleohel. Therefore, the *dense core™ descriplion does non lndicate the existeuce of
arl impenetrable shell surronndiog core. This 1z somewbat surprising considering the com-
pact struetore of the averape conformation of this dendrimer in the vaeumn stoomlation,
[n Secltion 5.3 2, 1he 3D representation of the odistribution of che lavers of this dendrimer
givies o clearer pieture of the distribution of the groups about the ecore,

Jontinuing with the radially averaged analvsis, we make o comparizon of the variows
radially sveraped distribations of the vacunm and solvated systems. foeusing on the con-
tribution of cack internal layer of the dendrimer to the total density of the dencsimer,
a5 tllustrated in Figure 5.7 for dendrimer G5 1o vacuum, the “dense core” in priv) is
almost completely due to the terminal laver backfolding into the eore which is most clearly
vigible for dendrimers G2 o Gd [Figore BT The gir) of the intemal lavers becomes
tnowe evenly distributed thronghout the dendrimer for the outormest lavers of the den-
deimeyr, This results ta significant intermizing of lovers within the dendrimer in vacuum,
In ke solvated systems, pir) of the inner layers are localised within conecentrie shells,
patticuarly layers wl and g2 of the larper dendrimers G4 and G5 In contrast, pmie) of
the topalogical lavers closer to the periphery of the dendrimer (g3 to the terinal layer]
bocame broader and g0} Is evenly disteibinbed throughont bhe dendrimer.  These wall
defined lavers or concentric shells are particodarly visible o0 Ni(e) (Figure 3.8) and Fi(r)

(Figurc 5.9] of the dendnmers in THE and chlovoform. Although there appears to e
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a degree of backlulding in the solvated svstems, che platean of constant density in g (r}
that suggests an even distribution of these groups throughout the dendrimer. is o Gt
shown v Nplr) to be a proportional increzse in che nuniber of these groups 1o the distance
from the core. The majority of torminal grouse of a dendrimer in THE ancl chloroform
are located at the periphery ranging Gom approsimately 100% in Gl to 530% in G5 In
THF ane chloroform, the dendeimer tvpically tas aveweirmum of not more than 3% of the
terminal groups within the frst topological luser, even the large peak wisible in g(r) of
Gai o THF. This may be joterpreted as a small amount of back{olding, where the terminal
groups Aiffuse into the body of the denedrimer, However, Gorman and Smith showed that
the close association of terminal groups with the core could be accounted for by “hyper-
branching effects™ (Figure 3.10) - the successive branching in large stiff-chain dendrons
results in the terminal groups being brought nsar to the core. [73] Therefore. we suggest
that internal lavers of the dendrimer in a pood solvent behave asg if the repeat units are
comfined to apecific repions and are provented Ttom substantial overall displacements due
to the interaciions wich the siwrrounding solvenc and the connections with the groups'
parcnt and child lavers. This hypothesis is re=isited later in this chapter. Additionally,
the clear diflerence between the vacuwwmn and sulvated plr] s in disagrecment with the
findings of Murar and Grest, [44] They suggest, nsing inphicit solvent models, that the
difference in a dendrmer’s structure betweon o Ypood™ and Ypoor® solvert was that the
intensity of the constant density region decroared as the guality of the solvent increased,
The need for an explicit solvent environtinent seerns puavoeidable

There are two assumptions inherent to racally averaged methods, Fustly, the radial
distribution profiles are all relative to the position of the core of the demdrimer, [n other
words, it i3 assumec that the core is at the ceometrie contre of che dendritner, which
coincides with its centre of mass, Secondly, io 1t assimed that the dendrimers are tadially
svmrettical. These assumptions may be valid for dendrimers with highly courdinated
coves, such as the fully substituted benzene-core dendrimers of Hecht and Fréchet [17].
Hewever, it is doubtful that dendrimers with tri-substituted cores. such as these typi-
cal of Frichet dendrimers and the tertiary anmine core of the PAMAM dendrimers, are
spherically svmmetrical. The lower the degree of symmetry at the core, che less Bkely the
dendrimer will be sputially svmmetrical. I is ccrtain chat these assurnptions are ot valicl
for dendritic wedmes. However numerons exporimental messurements are basceo on these

assurnphions, ncluding scattering weasuremenzs, MMBE measurements and viscosimetric
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inerrarion o these dieributions, showing che accamuyplavior of each group within the

dendrimer as one progredses 1o the dewdeimer’z periphery,
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Figure 5.10: Schematic diagram depicting the inward folding of stiff-chain dendrons via
arigid branching angle that forces repeat nuits in tovward the molecular core (Gorman et

al. in Figure 6 of reference 73]

measurements. Therefore, it s still useful to describe the structure of dendrimers n teros
af radially averaged methods, as long as these assumplions are kept in mind. For & better
holerstanding of the structural nature of dendvimers, includiog the position of the core
group, their radial symmetry aned the peneral location of theit wrvious topelogical layers,

spatially average representations are the next obvious step.

Spatially averaped analysis

Spatially averaped distribution Rinetions of the solute provide a deseription of the 3D
structure of dendrimers. An exomple SDF s shown in Figure 5.11 of a G3 dendrimer
in chlowoform (solvent molecules are not shown). For reasons of elarity only aryl earbon
atoms (which make up approcimately 70% of the dendrimer by mass) were considersd.
All isodensities preseuted in this chapter are at bidk deusity (as defined o Section 3.2.4)
nnless othorwize stated,

Simultancously viewing of the cutive collection of STiE's of the topological layers of o
dendrimer can prove extremely challenging even when using modelling software [such as
gOpenmal) that is capable of easily rotating the 3DF of the dendrimer in thres dimemsions
in real time. [174.174) Analysing these 3D 5DFs in a 2D diagram Is even mote challenging
(wee Plgure 5,11 as an exarple). Thevefore, Tefore considering any specific details, we dis-
cuss the overal] size aud shape of the dendrimer as depicted by the SDFs. Ths is followed
by a deseription of the internal layers of the dendrimer and how cach layer contributes to
the overall strueture of (he dendrimer. However, the size of the colleciion of S0Fs poses

o sigmificant challenge: sach layer, of every dendrimer, in each solvent envirowment, was
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Fipure 5.11: The complete set of 5DF= of the topological lavers of a (33 dendrimer solvated
in chioroform (the solvent residues are not shown), For reasons of elarity, ooy arst carbon
atoms were considered, The colour coding for the topological layers used in the radiatiy
averaged methods 18 emploved here: the core i3 always indicated in yellow and the termninal
groupa n light green, while the inner penerations aze coded accordingly; g1 navy blue, g2
renl, g3 dark green, o4 ligh hlue und gb purple. All iscdensities are all bulk density as

defined in Section 3.2.4,

rendered at three different denaity distributions {50%, 100% and 200% of butk density of
gich laver ) from three different angles (above the core, side on 10 the core, and below
the core). The total number of S3DFs rendered is represented by a collection of over 500
fipures. To deseribe each fisire individually disivacts from the peneral trends thad, exiat
botween the dendnemers. Therefrre, we select the average sized dendrimer (GH) to dis-
cusy in detail amd no dlustrate the general trends observed for all the dendrimers. Aoy
significant differences 1o these trends for o dendrhiner are aldo discussed. For the commplotse

collection of SDFs, the reader is refoerred to Appondices C - F

(verall size and shape of the dendriser from the SDFs  The complete set of
SDFs of cach of the dendrimers (G1 1o G5} in vacnum, THF and chloroform are Hustraced
in Fipures 5.12 and 513 Frow these SDF4 it i clear thal in wacuun, the dedrimers
arc complotely folded, while in THF and chloroforin, the dendrimers are fully extended.
The vacuum 5DFs highlipht the asymmetrical conformation adopted by the dendrimer in
vacumn. Instead of the wedges folding suel that the groups are evenly distributed abou,

the core. in vacuumn the wedses of the dendrimer tend to fuld under the core. This iy
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« S

Ge

Figure 5.12: A view from above the SUFs of dendrimers (1 to G& in vacaum, THF and
chloroform at bilk density. SIFs of the dendrimers at half bulk density. bulk density and

twiee butl density are imeluded in Appendix C
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Vacuum THF Chlorofonm
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Fignre 5.13: Side view of the SDFs at bulk density of dendrimers Gl to G5 in vacuum.
THF aud ehloroform. SDFs of the dendrimers at half bulk density, bullk density and rwice
Laalk density are included in Appendiv C
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most clearly visible in Figure 5.13. Dendrimer G4 represents an extreme instance of this
asymmetrical folding. From the aspect ratios discussed earlier in this chapter (see Figure
5.4), the equilibrium conformation of the G4 dendrimer is not spherical. The SDFs of
this dendrimer in vacuum show that a prolate, or cigar-shaped conformation is adopted.
The reason for G4 dendrimer acquiring this folded conformation is not absolutely clear.
A side view of the SDFs (Figure 5.13) suggests that because of the rapid folding of the
wedges under the core, these wedges become entangled which results in the dendrimer’s
aspherical shape. This entanglement does not occur to the same extent in either the G3
(or smaller dendrimers) and the G5 dendrimer. One possible explanation is that in the
smaller dendrimers the wedges are smaller and have significantly greater steric freedom
than in the G4 dendrimer thus making it less likely for the wédges to become excessively
entangled. In the larger G5 dendrimer, the opposite is the case - the wedges are so
large that the steric crowding prevents the initial mixing of the dendritic wedges thus
maintaining a more spherical shape. The asymmetrical folding prevalent in the dendrimer
in vacuum results in the displacement of the geometric centre of the dendrimer away from
the core. In the 2D methods, the core is assumed to represent the geometric centre of the
dendrimer. The result is that instead of the core being encapsulated deep in the body of
the dendrimer inaccessible to the reaction medium, the core is at or near the surface of
the dendrimer. This is even the case for the large dendrimers (G4 and G5). The radially
averaged distributions suggest that the core is surrounded by a densely packed shell and
is inaccessible to the reaction medium. The SDFs show that the conformation of the
dendrimer in vacuum suggested by the radially averaged methods (i.e., the “dense core”
description) is inaccurate. Further, the fact that the core group is not at the geometric
centre of the dendrimer accounts for the low value calculated for the density of the “dense
core” region of G5 dendrimer as calculated earlier in this chapter.

In THF and chloroform, the groﬁps of the dendrimer are approximately symmetrically
distributed about the core, both radially, and above and below the plane of the core.
However, the dendrimer is not spherically symmetrical in either solvent. The core of the
dendrimer is accessible to the reaction medium in generations G1-G3, but in the larger
dendrimers (particularly G5 in THF) the core is encapsulated by the terminal groups. The
SDFs of the dendrimer are more well-defined in chloroform than in THF which is most
clearly visible in G3. At twice bulk probability density (Appendix C), the SDFs of all the

layers of the dendrimer are visible in chloroform, yet in THF, only the structure of the
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internal lavers is evident. This suggésts that the dendrimer exhibits greater flexibility in

its outer layers in THF than in chloroform.

SDFs of the topological layers of the dendrimer Here the the SDFs of each
layer of the dendrimer in the three solvent environments are compared to establish how the
structure of the dendrimer differs in these solvent environments as one progrésses from the
core out to the periphery. For this detailed analysis of the SDFs of each topological layer
of the dendrimer we use the average sized G3 dendrimer as our example from which we
- highlight characteristics common to the full ré.nge of dendrimers (G1 - G5). The SDFs of
each layer of the G3 dendrimer simulated in vacuum, chloroform and THF are illustrated
in Figure 5.14. For the complete set of SDFs the reader is referred to Appendices D, F, E

In all three solvents, the SDF of the first topological layer (gl in Figure 5.14) consists
of three well defined spheroids, each representing one of the three residues making up this
layer. These three spheroids form the first generation shell. The SDF of the gl layer, is
almost identical across all three environments and all sizes of dendrimers (G1 to G5) due
to linkage constraints.

The SDF of the second topological layer (g2 in Figure 5.14) consists of six well defined
spheroids, each representing one of the aryl rings making up this layer. In vacuum, the
dendrimer adopts a folded conformation where the g2 layer is not evenly distributed about
a spherical shell. Instead this layer lies beneath the core and overlaps with the shell created
by the first topological layer. In THF and chloroform, these high density spheroids lie at
approximately equal distance from the core, forming the second generation shell.

In the SDF of the pre-terminal layer (g3 in Figure 5.14) of the dendrimer in vacuum,
there is evidence of backfolding; the pre-terminal SDF intermixes with the SDFs of the
inner layers (gl and g2 in Figure 5.14) such that some of the pre-terminal groups are in
direct contact with the core group. The SDFs of the pre-terminal topological layer overlap
so that the SDF does not comprise separate spheroids, as in the case of the gl and g2
topological layers. However it is still possible to identify the most likely position of an
individual ring in the pre-terminal layer. For the dendrimer in THF and chloroform, the
SDFs of the pre-terminal layer differ substantially from their vacuum counterparts. In
THF and chloroform, the SDF of the pre-terminal layer is located near the periphery of
the dendrimer and does not consist of a collection of individual spheroids. Instead the

high density regions form surfaces where it is no longer possible to associate a particular
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figure 5.14: A ceinparison of the distribution of the topolorical layers of a G3 dendrimer
in vaenurn, THE and chloroform. The S0Fs are represenced at pulk densify. The averape

contormation of the dendrimer s included 1o place the SDFs in perspecrive.



5.3, BResults and discussion 134

Nacuur TUF Chloroform

T 030 o0

T
[

=
Lad

® & ¢

Firee 3015 A side viow of the S13Fs of the G dendrimer in Figure 5.14.

1



5.3. Results and discussion 135

ragion {cr surface) of the SDF with a particular aryl ring of the dendrimer. The SDF of
tne pre-terminsl layer is more defined in chloroform than ‘n THF.

The terminal groups of the G3 dendrimer (labelled “terminal” in Figp re 5.14)in vacuum
are located at the periphery of the dendrimer an distributed throughont the body of the
dendrimer, resulting in some groups coming inio direct contact with the core. This is
due to the dendrimer adopting a folded conformation. Although the dendrimer is in an
extended conformation in THF and chioroform, some of the terminal zroups are located
close to tke core. However, the outermost surface of the dendrimer is poplated completely
Ly the terminal groups.

The full range of dendrimers share several o the characteristics desailed for the G3
deadrimer of which some characteristics are are common to the dendrimers irrespective
o the solvent environment. In all the dendrimers the SDFs of the inner-nost layers of the
demdrimer show that tne groups that make up emch layer are located in clearly defined
regions, even at twice bulk density. Topclogical layers that are closer to tse periphery have
less well defined SDF's and it is difficult to associate a particular region of the SDF with
ar. individual ring. The fact that the groups of th= internal topological leyers are located
in well defined specific regions that become less well defined as we progsess to the outer
tooologicel layers, suggests that the location and diffusion of the groups making up each
iayer are ccnstrained by the position and dynamics of that' layer’s parent and child layers.
For example, in the G3 dendrimer, the region sampled by the terminal layer is dependent
on the location of its parent layer (the pre-terminal or g3 layer) while the region accessible
by the pre-terminal layer will be dependent on the location of the terminall and its parent
lay=r (g2 in our example dendrimer G3). In order for a groug of the pre-terminal layer to
cample 8 significantly larger region, it woild not orly require its child terminal groups to
glse be displaced but alsy its parent laye- to a lesser degree. Similarly, even more effort
would be required to displace a group from the g2 or gl layers. The Hexibility of each
layer is discussed quantitatively in Sectiom 5.4.1.

There are some of the characteristics which the full range of dendrimers share but
mwot &cross all solvents. For the dendrimars in vaomuum, with the exception of the first
tepological layer the internal layers of these dendrimers do not lie in a spherical shell ag
assummed by de Gennes and Hervet. Instesd, as a result of backfolding the groups of one
.aver mix with its parent layers. This mixing is most prominent in the cwzermost layers

of each dendrimer, pzi.rticula.rly the pre-terminal larer. Furtker, the dendrimers fold in
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vacuum such that the groups are not evenly distributed about the core because the the
wedges fold underneath the core. This is most clearly visible from the side profiles, as
illustrated in Figure 5.15. The result is that the core of the smaller dendrimers (G1 and
G2) is completely exposed to the reaction medium while in the larger dendrimers (G3
to G5), the core is less exposed as the terminal groups fold around to encapsulate the
core which is most clearly visible in dendrimer G3. Finally, the structure of the vacuum
SDFs are virtually independent of the probability density used to render the figure and
are identical from half of bulk density to twice bulk density. This suggests that once the
dendrimers have assumed a folded conformation, there are no significant conformational
changes for the remainder of the simulation. |

In chloroform and THF, the internal layers of the dendrimers form concentric shells
up to the forth topological layer in an analogous fashion as assumed by de Gennes and
Hervet. [9] From the forth topological layer onwards the effect of the hyperbranching of the
dendrimer becomes visible. This is the hyperbranching effect first suggested by Gorman et
al and is illistrated Figure 5.10. This results in the terminal groups of the larger generation
dendrimers coming into close proximity of the core by virtue of the branching inherent to
dendrimers. However, the close association of some of the terminal groups with the core
should not be confused with the backfolding of these groups as observed in vacuum. In
vacuum, the dendrimer folds in on itself to maximise the dendrimer-dendrimer interactions,
while in a good solvent, terminal groups lying close to the core are due to the branching
of the dendrimer. The SDF at half bulk density (Appendix C) illustrates the complete
surface that is sampled by the dendrimer during the simulation. From these SDFs and
from the Ry time series (Figure 5.2) it is clear that a dendrimer is equally extended in
THF and chloroform. However, the SDFs of the pre-terminal and terminal layers at bulk
density are more clearly defined in chloroform than in THF. The fact that the dendrimers
are equally extended in THF and chloroform yet thg SDFs of their terminal layer differ
significantly in these two solvents suggests that the solvent in which the terminal and
pre-terminal layer SDF's are less clearly defined, indicates the solvent in which these layers
exhibit the greatest flexibility. For example, in dendrimer G3 (Figure 5.14), the terminal
and pre-terminal layers are more clearly defined in chloroform than in THF suggesting
that the dendrimer exhibits greater flexibility in THF than in chloroform.

There is experimental and synthetic evidence supporting the open structure of den-

drimers and the accessibility of their cores to the reaction medium. The accessibility of
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the internal layers of the dendrimers have been exploited chemically and functionalised
with other organic or metallic derivatives and even dendrimers within dendrimers, where
new dendritic wedges are attached to the internal layers of the dendrimers. [23] Similarly
the accessibility of the core by the reaction medium is well documented, including the
numerous accounts of dendrimers with functionalised cores [17,102,106,107, 124, 250-252]
(as opposed to a functionalised periphery) and reports where the core itself has been

completely removed from the dendrimer [22, 253].

Location of the terminal groups As mentioned previously, including the complete
set of SDFs of all the layers of a dendrimer is difficult to establish the extent to which the
terminal groups diffuse into the body of the dendrimer. To overcome this difficulty and
analyse the location of the terminal groups in relation to the core, we compare cutplanes
through the SDFs of the G5 dendrimer in the three solvent environments. To readily es-
tablish the position of the terminal groups, these cutplanes are simplified and only include
the terminal layer and core group. (For the full series of SDFs and cutplanes, the reader is
referred to Figures G.1 to G.3 in Appendix G.) In vacuum, the cutplanes are very similar
among the different sized dendrimers in vacuum, with the greatest density lying beneath
the core. The result is that the core is afforded very little protection from the reaction
medium by the terminal groups which appear to be evenly distributed throughout the
dendrimer. In THF and chloroform, the terminal groups are located primarily at the pe-
riphery of the dendrimer forming what resembles a dense shell. From the top view of the
cutplane, it can be seen that the terminal groups diffuse into the core. However, the ter-
minal groups are not evenly distributed through out the dendrimer, but are concentrated
in specific regions giving the effect of spokes on a wagon wheel. This is most clearly visible
in G5 in THF. From the side view, the terminal groups are located in a dense shell at
the periphery of the dendrimer, yet there is a significant probability of locating a terminal
group near the core.

The conventional argument that the distribution of the terminal groups throughout
the dendrimer is due to backfolding as a result of congestion at the periphery, is a possible
explanation for the structure observed in the SDFs and cutplanes. However, the low
densities observed for the terminal groups in the SDFs suggest an alternative explanation,
namely Gorman’s “hyperbranching” effect. From the SDFs and cutplanes we propose that

the structure of the dendrimer can be described in terms of the schematic representation
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Fignre 218 A romparison of the top and side view of the eutplanes through the SDF
ol dendrimer (:5 ar bulk densiey i vacmm, THF and ehtorolorn. {The full SDFs arc
inelhided as & point of reference.} The cutplanes coly inchide the terminal laver and core
grontpr 90 that the location of the termlnat groups relative to the como can be more casiiy
identified withoat the added complexity of the internal lawers, The key represents the
density distribution within each cutpiane, red ropeesents aveas where flwe deosity of the
terminal or eore group iz equal to or grearer than bmidk density and Bine represents zero

probabilty. The cornplete series of entplanes is Hlustrated i Appendix G,
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in Figure 5.17. This schomatic represcntation of the lagersd structure of the dendrimer
accounty for the conflicting results that show that on the one hand the terminal groups
are at the surface of the dendrimer, while on the other hand the terminal groups arve i

clise proximity to the core, [57, 26

5.4 Solute dynamics

It the previots section, we showed that the dendrimers ave cqually extended in chloroform
ared THF. This is comtrary to cotclusions drawn from cxperimental meassurements of den-
drimers and dendritic wedges in THF and chlovoform, which suggests that dendrimers in
chloroform should be half as extended if the dendrimer was solvated in THF. [118] Further,
the 8DFs suggest that a Fréchet dendrimey is move Hexible in THF than in chloroform, In
this section we inveetizate the dynamics of the deondrimers in THF and chilovoform in an
attempt bo provide a siitable altevoplive sxplanation ms to why these dendrimers beliave
so differently in the THF and chloroform. We begin by calculating the overall diffusion
coeficients which 1= lollowed by a discussion of intnnsie viscosity calenlations. This section
closes by characterising the dyuamies of the internal layers of the dendrimer by calculat-
ing Lhe rate of diffision for each topological layer and the longitwdinad relaxation rates of

ittLportanl abomic eomponents within each layer.

5.4.1 Overall dendrimer dynamics

Diffusion Coefficients

in Figurc 5.19 we present a comparison of our calculated transiational diffusion cocth-
clents of Fréchet dendvimers in chlovoform and THE with measured diffusion coetficients
af soveral other dendritic systemes reported in lterature, Although none of the dendrimer-
solvent systems used as comparisons arc idemtical to our simulsted dendrimer-solvent
systems, they afford a degree of confidence in our simulations - the varicty of tvpes of
dendrimers in different solvents, pHs and temperatures have diffusion cocthicients within
the same grder of magnitude as o caleudaded valuss which sugprests that this is the Ly p-
ical range in which most dendvimers diffuse. The diffusion ceeficients calculated from
our simulations fall comfortably into this rapee. A sumimary of our caleulated diffusion

cocficiants is listed in Table 5.3
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Figure 5.18. Mcan squarcd displacernent {MSD) of dendrimers G1 e G5 in (A) TTIF ol

(B) chloroform. From this Figune 5,19 was generatoed.
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Figure 5.1% The caleulated translational diffnsion costfictent of Frécher dendrimers »n
THF and chloroform in comparison with a sclection of diffusion ceethivient profiles for other
dencdritic svstems where the Hoes represent the exponential Jt lor each series (see Flgure
518 tor MSD profiles). Rietveld 2000 - PPCSE NMR measurcments on PPI dendrimers in
methanol; [114] Newkome 1983 - DOSY NMR measurements of a selection of a variety of
PAMAM-type dendrimers in D9() under different 1:Hs; (111,113 Baille 2005 - PFG NMR

mesisurements on P11 dendrimers in DyCr [105]

[n general the ratc of difusion bas an inverse expouential relation with the stee of the
dendrimer, in both THFE aud chloroform. Surposivgly, the deodrimers diffnge faster in
chiloroform than in THE. One wonld expect the opposite to oveur as chleroform i almost
twice as dense as THF [although the viscosities of THF and chloroform are identieal),
The radins of bydration {Hy) was calenlated via the Stoles-Einstein relation {Eguation
{3.3)), In both chloreform and THY, particularly in the sinaller dendrimers, Ry, s stnaller
than Be. This is most likely due to the fact that the Stokes-Einstein relation is valid for
larye Brownian particles in a contimnous Hew. ie.. this relation is emploved hased on the
asgumptipng that the dendrimer is a8 pon-draining sphere and that it is significantly larger
than the selvent moelecitles - ag if the dendrimer was diffusing in a continmous medium, It
was shown from the aspect vatios of the dendrimers {Seection 5.3.1) that the dendrimers
are not spherical (partivntarly the smalter dendrimers) and from the SDFg (Section 5.3.2)
that the dendrimers are completely extended in Doth sobvents, with vavities and channels

readily accessible by the reaction medinm. However. Ry in THF shows an excellent fit
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Table 5.3: The diffusion coeficients (D} aud hydrodynamic radii {Ry) ealeulated from
our dendrimer simulations. Ry 18 the sverape radius of gyration (Re) calenlaled for a
dendrimer carlier in this chapter. ® Also incladed is the hydrodynamie radius (A) in the

parcntheses reported by Mourey ef al. for these dendrimors in THFE. [120]

with the measurements of Mowrey ot al. J1200 In THF, the hydration shell of a dendrimer
is larger than in chloroform, despite the By being essentially identical for & denddmer in
the two solvents. This suggest that i THF, the diffusion of the dendmmer is impeded by a
significantly larger solvation shell that in chloreform. From the STs of the terminal laver,
it. has been suppested that a Fréchet dendvimer is mote Hexible in THF than in chloroform.
Hence, fov iwo dendrimers of equal size and shape, the dendrimer that it most Jexible will

offer the greatest resislance o diffusion. We reluro to this poind in Seclion 549

Intrinsic Viscosity of Dendrimers

Fronn Tty the intringic viscosity ([n]) of each dendrimer was caleulated using the method
ernploved by Mourey ct al. (ie., Equation 3.30) and are illustrated in Figure 520, Experi-
mental data fov ig] is only available for Fréchet dendrimers in THF, i120¢ for which a close
match was obtained between the caleulated [#] and measured vesults. No exporimental
data is available in the literature for Fréchet dendrimers in chloroform. Howeser, oxpori-
menbal data is available for Fréchet dendritic wedges. [118| Jeong ot al. showed that the
dendritic wedges WGI-WGS o chlroform do not exhibit a maximam in [g] as is observed
in THE, Similarly, o maximum is obtained in the calculated [ of dendrimers G3 to G5
in vur chlorolorm simulations, However, there is an increase in [v] from dendrimer 41 to
G3. This trend, where [n] increases Ivom G1 to G3 and remains constant rom G3 lo G5

is gqualitatively similar to the trend veporied by Schevvenberp et al. for twe sets of PPI
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Figure 5.2(0k The caleulated intrinsic viscesity, [y]. of Fréchet dendrimers in THF and
chloroforn, preseoted in Table 5.4 2 Also wmcluded are the measurad intrinsic viscosity

in TH¥ reported by Mourvy ot al. [120] apd * Jeong ot al. 118]

dendrimers comprised different end groups in Dyt) and acetone. [21)]

The data present e thus far in thig chapter sugsests that the difference in the tranaport
properties of a Fréchet depdrimer in THF and chloroform (e, diffugion coefheient and
mtrinsie viscosity) i8 oot 8 function of the average conformation of the dendrimer but

depencds stremgly on the dyoasmie behaour of the dendriower i solution.

5.4.2 Dynamics of the layers of a dendrimer

We have sugecsted that the difference i bebavieur of the dendrimer in THF and ehblo-
roform could originate from the flexibility of the dendrimer i the solvents rather rhan
the degree to which the dendrimer is unfidded, Thercfore, we examine the dynamues of
the individual topodogical layers to identify any potalde differcuces o the bebaviour of the
cdlendrimers in chloroform and THF, We begin by deseribing the rolative diffusion of the
arvi rings of each layor, followed by a more detailed look at the atomic relaxation rates of

each layer,

Average mean sguare displacement of the topological layers

The aversge mean square disptacernent (MBD) of cach topological laver relative to the

core {ie., the rotativnal and trapslational motion of the dendrimer bas been romoved),
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7] fem® g~

Generation  Chloralorin THF"
[ 3284017 502=0.02 (1.4)
2 P | i R e o o R [5.2]

3 3.96 = (L5 593 £ 0,08 (5.6)
4 390 +0.29 564+ 060 (5.4)
5 393+ 040 431+ 0.65 (1.8)

Table 5.4 The calenlated intrinsic viseosity, 5|, of Fréchet dendrimers in THF and
chloroforn prescnted in Figure 5200 “ Also included in parentheses are the measured

intrinsic viscosities in TIF reported by Mourey ot al. [120]

was caloulated lor the last 500ps of each simulation (Figure 5.21), The MSD fime series
revenl g signthesnt differenes in the behaviour of the terminal layer compared with (he
interoal layers. The terminal laver exhibive typieal Sguid-like behaviour, while the internal
layera cxhibin sefid-fke bohaviowr (Scction 3.4.1) The first topological laver is the most
comstrained layer and each successive layer B progressively less constrained than its parent
Laver. Liguid-like behavioor 15 charanterised by asteady ineresse in the 8IS0 and indicates
lessss vestricted maotion. Gorman and Smith neded a stmilar trend 1o their dendritic syatems
and aceounted for the differonce in the mobility of the terminal groups as being due ko
the decreascd steric congestion at the swiace of the dendrimer, In comparison to the
interior. [73| Although this ts likely to be o contributing factor, we suggest that the bguid-
fike behaviour of the terminal groups ts bocause the dynamies of the terminal group are only
constrained by ite parent layer, whereas all othor lavers of the dendrimer are constrained
by the dynamics of its parent aml child Tnyers.

It general, there are consistent trends within M3Ds of the lavers of the dendrimers
of each aolvent syatemn.  Tiesely, the rerminal groups clearly have s ullgees etion o
nomparison to the other topological layers, Secondly, the MSD of the conseculive layers
of 1 single dendrimer increase inerementally.  This increments] inerease s a rosult of
the branching in the dendvimer where its internal motion is coupled to its child and
pareni, layers, For example, if the inner-most layer, gl, is displaced by a magnirade dig,,
then it children, layer g2, sould be displaced by dyg - dige. Shnilaly for the latter
bavers, with each layer expressing a sliphely greacer degree of mobilily than s parent, ie

thtan = dxgn_1. The ferminal laver shows che greatest maobility because is displacement is
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Frgure 5.22: A eomparison of the average diffusion coefficients fop-all the aryl rings {or
monomers) of the sobvated dendrimers, Dy, and intriasic viscosities, [3)], of the dendrimiers
Gl to G5, presented in Figure 5.20

a sum of the displacernents of all the ancestral layers and more impaortantly, the mobility
of this layer is not constrained by a child layer as all the ioternal layers are. While the
dendrimers in THF and chloroform exhirbit ginillar overall charneteristics of the dynamics
of the topological layers, the internal layers of a dendrimer svivated in THF exhibit more
ligquid-iike rrends than the same layers for the same size dendnimer solvated in chiloroform.
This suggests the dendrimers have greator confarmational freedom and are more fexible
in THF than in chloroform.

Emplaying the Einstean relation {Fquation (3.18)), we caleulate the average diffusion
vocthicient of the aryl rings {or monomers) of cach dendomer, Dy, These diffusion co-
cfficzeants are preseuted in Figure 522, Dy, is dominated by dynamics of the terminal
groups berause these yroups comprise half of the mass of the dendrier, sxhibit the least
constrained dynamics and, in comparison fo the inwrnal topological layers, dominate the
inveraction with the reaction medium. In Figure §.22, a comparison 8 made with the
intrinsic viseosities calewiated i the previous section (sce Figure 5.20) The similariny be-
twoen the frewds in Dy, and the caleulated viscosities is stoking, In THF, Dy, and |y
both exhibit an increase from G1 ro G3, howover, Dy, bas a maxinum at G4 followed Ty a
sudden decrease ar G5 whiie [ has a maximum ot G3 followed by more gradual decrease
in (G4 and G5, (o chloroform, there is an even closer match between Ly and |n). The
strnilarity of the overall rrends in Dy and [n] strongly smgeeses chat there is a correlation

hotween the flexibility of the dendrimer and {y]. Therefore, the following heuristic expres-
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gkon [s prapoged for intrinsic viseosily as a fanetion of the size, shape and Hexibility of L1he
i 1 L K

dendrimer:

= [l iR, B~ R Oy (5.1)

whera [5] [ng]l is the contribution to the infrinsic visvosity dependent on the sive
[ Fflg) and shape (1, Lhe principal meoments of inertia tensor} of the dendrimer, while P .0y
represenls Lhe contribution ol the Hexibility of the dendrimer to the overall intrinsic viscos-
ity. Ilere, F is a proportionalibty constant. An example of [1] [jo) ig 7] = €V derived
by Brenner [254] where C 15 a nonnegative funetion of the aspeet racio {ie., the shape of
the dendeimer) and V ois the volumoe of the dendrimer,

A means of verifving this hypothests is to measure the viscosicy of several Buckminster
fullerenes of various sizes (lor exammple, Cyn, O and Orgl. These molecules closcly tep-
resent the ideal hydrodynamic partiels, e, spherically symmetrical, non-draining rigid
tolecules, With the exception of their size, these molecules are esscnrlally chemically and

phovsically identical, including their Hexibility,

Atomic relaxation rates

The dynamics of the dendrimer ar an atoraie level are deseribed in terms of the langitadinal
relaxation tunes calculated for all CoH weclors of the dendrimers stravlated in THF and
chloroform. A summary of the relaxation timey iw fllustrated m Figure 5.23. In both
solvents, the relaxation rates of the terminal groups are substantislly longer than the
relaxation riles for the inlernal lavers by a factor of 4,90 on average in chloroform and
by a factor of 6.41 on average in TIIF. This supports the sugeestions made doring SDF
analysis of the dendrimers, that the terminel groups arc substantially more flexible than
the internal generations. The lenger relaxation rate of the terminal layer protons in
cotriparison 1o the interior protons is in agreement with experitnental measurements. [17]

Additionally, n both solvencs the relaxation vare of the revminal proups decreases as
Lhe size of the dendrimcr increeses. 'Uhis supgests greater sterie congeselon in the terminal
layer of the larger generation dendrimers and matches the trend in 77 mcasurcments of
the terminal layer of dendrimers, [100. 101,105, 255] The internal layers do not display this
trend aud Lhere s no veriation in the relaracion rates within the dendrimer as a function
of the size of the dendrimer. Thiz sugmests that the effect of steric congestion is localiserd

to the terminal growps.
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Tigure 5.23: Caleulated lonpituding]l relaxation rates of the dendritners simulated in
chioroform and THF, The CHsz row mefers to the relaxation rates of the berryl protons
in the ethor finkeee of each laver a dendrimer. The ortho, mefa and pars rows rofer to
the relaxation rates of the aromatic protons. The ipss position 8 that carbon which is
conrdinated vie the ether linkaee to the previous tonological laver. Only the core and

rerminal kavers are protonated st the meta position
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The most notable difference betwesn the relaxation times of 1he dendrimers in THF
aned chloroform is that the relaxation rales of the terminal groups in THF arc on AvCIAEe
a factor of 1.43 lunger than Lhe equivalent rate in chloroform, This supports the tindings
in the SDF analysis that the terinineal Loyer o THE iz moere Hexible than in chloreform.
The difference in relaxalion flimes of the terminal layers is musd prevalent jn the smaller
dendrimers, We were unable do idenlify a trend in the relaxation times analogous to thoese
of D in Figure 522 However. the difforence in the relaxation rimes of the terminad
gronps in chlovolorm and TIHF generally deereases as the size of (he dendrimer increases.
This trend 15 tol consistent in rthe relaxation scross all prolon environmeonts and i= most
prevalent in Lhe ortho and meta tevminal protons.

The relaxation vale ol the protons at the para position in the leriinal tayer have a
relaxation rate substantially faster thon the protons at the orthe and meta positions, by
 factor of 5.74 and 742 in chlovoform and THEY respectively, The cause of this differcnce
is unclear at this stage, but preliminary N oweasuremenls of Fréchet dendrimers in our
laboratury show a shindlar trend and we are confidenl that this s not an anomaly of the
simulation or eslealation of the relaxation rates, |256| One possible sxplatation Lo accognt
for the longer relaxation rates of the protons au the orlho and meta positions s due to
libwadions atuwal the axis of the lerminal ring - eseillations alrout the -1 axis [the axds
formed by the carbon atoms at the ipeo and paca positions} would lend Lo only affec) the
protows at the ortho and meta positions, In comparizon, this would bave ldle efac on
the relaxation of the proton i the para position. This ellect would only be noticeabls
in the torminal groups which have the greatest depree of Hexibilivy, This hypothesis s
supported by the fact that the relaxation rates of the protons of 1he indernal layvers at all
three positions are of comparable magnitudes. Librations abowt the -4 axis of vhe aryl
rings of the intornal layers would be significantly hindered due fa the rings coovditetion
with its pavent and chilel layers. This is the topie of costinued investizalion and forms the
branis ool Dafawe work.

A nnnbrer of NME relaxation shadies have been reported in Htevature documenting
the relaxation Limes of a variety of dendviers. 17, 86, 100-104, 103-107, 110,255, 257] In
all of those veports, where the avthors include detadls of the velaxation times of both Lhe
internal ad revminal layers, the terminal layver relaxation times ave typically at least two
fold longer thon those of the internal tayers, Some examples are lustraled in Flgure 5.24.

This lends support to onr caleulations, pacticulaely the study by Hecht and Fréchet whore
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Figure 5.24: Sotne examples of |he relnxalion times of cendvimers as reported in lterature,
(A} Proton relaxation rates of the wromntiv rings of Fracher dendvimors (row 3] and fully
coardinated benzene-core Fréchet dendrimesa [2h-2d). a-e representing internal relaxation
aud [ the terminal layers_ [17] (B) "C Relaxotion PAMAM dendrimers. [100] (€?) Prowon
relaxation rates for Fréchet dendrimers with paramagnetic cores (the solid and dashed

bowrs are for relazation rades at 25°C and 40°C respectively).
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Hrgure 5250 (A} A eomparison of the relaxation times of a G3 dendrimer in chioroform as
catenlated trom our simmlations and messured Ty Heelit and Frécher. |17 (B] The schame

of GJ indicatizge the positton of che proton types (Schome 3, Figure 2 in Reference [17]).

they wensured the relaxation rates of & G4 dendrimer in chloroforin (row 3 i Figure 5244
in addition to the relaxation rates of o simtlar fully coordinated benzenccore dendrimer.
In Fieure 5.25 wo compare the measuned relaxation rates reported by Heehr and Fréchet
willt our caleuiared relaxation raves for the C3 dendrimer in chioroforme. This ¢lose wateh
helween dependeontly measured values and our caleubated valees lends furcher confidence
i our strmulations.

It Figure 526, the effect of the Hexibility of a dendrimer on i6s diffusion through the
systean 18 ilustrared. This can gihve the impression of a larger bydrodynamic volume. If
the dequdrivner is rigid, iv can diffuse through the syswom as a stople hyvdrodynamic end ity
Herwenror, i the dendrimer is Hexible iv cannot be deseribed as a single rigid panticle aud
is comprised several dyvnamic aaits. In dendrimers, these dynamic units would moest [ely
comprise woesdees or sub-wedges. This could account for the difforence n the viscosiinetric
teagurenents as reported in literasure. Further, i the denedrimer is dynamic on the timne
soale of diffusion, theo the approximation of a rigid body is not vabid and the situation is

more Comtlex.
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1A)

(B)

Figure 5.26: Schematic disgram of (A} a dendrimer in chloroform diffusing as a singie
hwdrodimamic element and { B the same dendrimer in THF dithiging as a Hexibie molecals
where the wedges act as the hydrodynamic siements. The yellow Tings indicate the hy-
drodynamic clements and the black arrows indicate the rotation or displacement of these
elernents. The eyan arrows indicate the displacewent of the dendrimer over cgual time

periods of At The vesult i3 the Aexible dendrimer diffuses slower than the rigid dendrimer,

5.5 Solvent structure in and around the dendrimer

The difference in the dynamics of identical dendrimers simolated in THF and chleroform
under identical simulation conditions poiot to a difference in the interaction and arrange
ment of the solvent in and about the deadrimer. The spatial arrangerment of the solvent
abont the dendrimer I8 a qualitative weans of identifving avy sigmificant differences in
the distribution of the solvent within the dendrimers. The SDFs of the sabvents at 50%
above bulle density of the solvent sre illustrated in Figures 5.27 and 5.28. Thess SDFs
indicate where the solvent has o 5U%: higher probability of been found in comparison with
the hulk sobront probability distoibution. It 15 clear that both sobvents penstrate into the
core of the dendrimer. Further, the SDFs sugpest that as the dendrimer diffuses thyough
the solvent, the solvent near the core diffuses together with the dendrimer. However, the
similarity in the sotvent SI0Fs indicates that the arrangement of the solvent within the
dendrimer is approvimately squal in THF and ehloroform. Considering the similarity of
the PDFs and SDFs of the pure solvents (see Section 4.2) i+ 18 not sarposing the spatial
arrangeruent of the solvent within the dendrimner s similar across the solvents, In THF,

there are additional pockets of high density regions oo the periphery of the dendrimer,
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However this only indicates that solvent is likely to be found in this region and does not
necessarily indicate that the same solvent molecules comprise these regions (i.e., these
regions do not reflect the diffusion of the solvent within the polymer).

The spatial representation of the diffusion profile of the solvents in and about the
dendrimer indicates the greatest resistance to diffusion or flow of the solvent within the
dendrimer. Figures 5.29 and 5.30 detail the diffusion profile of the solvents at half the
diffusion rate of the bulk solvent. Although these diffusion profiles are also very similar,
chloroform’s diffusion profiles show greater detail within the dendrimer than in the THF
diffusion profiles. This is most clearly visible in dendrimers G3 and G4 and indicates
that the while the solvent may diffuse in to the body of the dendrimer, the flow of the
solvent close to the dendrimer itself is more impeded in chloroform than in THF. This
could account for lower mobility of the terminal layer in chloroform than in THF, while at
the same time accounting for the essentially equal probability of locating solvent within

the body of the polymer.

5.6 Conclusion

In this chapter, it has been shown that while a dendrimer folds in vacuum, in an explicitly
modelled good solvent dendrimers remain extended. It can be concluded that vacuum sim-
ulations (without any implicit solvent model) do not adequately represent the behaviour
of a dendrimer in solution as some empirical simulations have suggested. In addition, it
has been shown that particularly in the folded state the core of the dendrimer is not at
the geometric centre of the dendrimer and the overall distribution of groups about the
core is asymmetrical. Additionally, depending on the method used for normalising the
radial distribution a completely different perception can be created of the distribution of
the topological layers of the dendrimer about the core. Hence, the results from radially
averaged methods must be interpreted with care. Further, it was illustrated using a simple
comparison between the density of benzyl alcohol and that of the “dense core” region that
the “dense core” analogy did not indicate that the core was surrounded by an impenetra-
ble shell that could not accommodate any additional groups such as terminal groups due
to backfolding or guest molecules. It was shown that spatially averaged distribution func-
tions more clearly illustrate the structure of a dendrimer in three dimensions. With such

3D methods, it is not only possible to gain a clear picture of the overall shape and size of
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Figure 5.27: Solvent SDF at 50% above bulk density of each solvent iHusteating e
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Figure 5.28: A side view of the solvent SDF at 150% of bulk density of sach sobvent

dlustrating the distritmtion of the solvent about the dendrimer.
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Figure 5.28: Spatial representation of the diffusion profile of $he solvents in and
about the dendrimer at half the dithision rate of the bulk solvent.
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Figure 5.30; A sule view of spatial representation of the diffusion profile of the

solventts in and about the dendrimer at half the diffusion rate of fhe hulk solvent,
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the dendrimers, but it is also possible to analyse the internal structure of the dendrimer,
It was also illustrated that the hyperbranching inherent to dendrimers can account for the
distribution of the layers of the dendrimer as observed in both the spatially and radially
averaged methods. However, the contribution of backfolding in the classical sense (where
the terminal groups diffuse into the bddy of the dehdrimer) to the distribution of the
terminal groups close to the core cannot be ruled out completely.

Analysis of the dynamics of the dendrimer revealed that the internal structure of the
dendrimer is rigid and the internal motion of the dendrimer is isolated to the terminal
groups. It was observed that the terminal layer of a dendrimer in chloroform expresses far
less mobility than in THF. The flexibility of the dendrimer in a solvent has been shown to
be a major contributing factor to the oversll dynamic behaviour of the dendrimer in solu-
tion. A new relation for the intrinsic viscosity was proposed which includes contributions
of the size and shape of the dendrimer along with the flexibility of the dendrimer in a
particular solvent. The flexibility of the dendrimer accounts for the difference in the mea-
sured intrinsic viscosities of Fréchet dendritic wedges in chloroform and THF. Confidence
in the simulations is provided by the close match between our calculated Ty relaxation
rates and available experimental data in the literature.

The spatial arrangement of the solvent about the dendrimers and the spatially averaged
diffusion profiles of THF and chloroform within the dendrimers indicate that while the
arrangement of the solvent within the dendrimer is approximately equal in THF and
chloroform, chloroform experiences the greatest resistance to diffusion close to the internal
surface of the dendrimer. This could account for the decrease in flexibility of the dendrimer
in chloroform in comparison with the flexibility of the dendrimer in THF.

Recently in literature, it was suggested that dendrimers in good solvents were char-
acterised as ultrasoft flexible molecules with dense cores and all other models should be
ignored. [26,57] This conclusion was derived from a comparison of scattering data with
computer simulations of dendrimers in vacuum. The results from our simulations contra-
dict this viewpoint. Considering the significant number of opposing views of the structure
of dendrimers available in literature, it is most likely that it will be sometime before the
debate over the structure of dendrimers is conclusively resolved. In this chapter we have

suggested tests to validate our simulations which would help in this end.



Chapter 6

Dendrimer Folding Dynamics

6.1 Introduction

In the final chapter of this thesis we investigate dendrimer folding dynamics. The aim
of this chapter is two-fold: to validate the solvent simulations presented in the previous
chapter and to gain insight into the folding dynamics of the dendrimer. Note that a
complete study of the folding dynamics of dendrimers is beyond the scope of a single
chapter in a thesis; the aim of this study is to prepare the foundation for future work.

Before proceeding, it is useful to reiterate our definition of whether a dendrimer’s
conformation is classified as folded or unfolded (Chapter 1). We use the radius of gyration
(Rgy) as a quick method to quantitatively identify when the dendrimer is folded or unfolded.
In this thesis we define the dendrimer to be completely folded, or contracted, when its Ry
is equal to that of the average equilibrium conformation of the dendrimer in the vacuum
molecular dynamics simulations. The dendrimer is said to be completely unfolded when
the dendrimer has a R, equal to the energy minimized conformation of the dendrimer
in vacuum. The dendrimer in vacuum is used as the basis of our definition as it is only
dependent on the dendrimer force field and independent of solvent effects.

In the previous chapter of this thesis, analysis of nanosecond MD simulations of Fréchet
dendrimers in chloroform and THF established that the dendrimers remain equally ex-
tended in both solvents. Confidence in these results was given by the analysis of the
solution force field in Chapter 4 and the close match of the simulated results with ex-
perimental data reported in literature. However, the outcome of MD simulations using

standard Boltzmann sampling can be dependent on the starting structure of the solute

160
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molecule. [128,135] Therefore, it is possible that the dendrimer remains unfolded in chloro-
form MD simulations because using an extended conformation as the starting conformation
could bias the outcome of the simulation to favour an extended state. This bias could be
the result of significant resistance to conformational changes which would hinder greater
dendrimer-dendrimer interactions, thus preventing the dendrimer from folding. Therefore,
it could be argued that for the dendrimer to overcome such resistance to conformational
change would require simulations in the order of hundreds of nanoseconds or even millisec-
onds, i.e., the simulations in previous chapter were simply not long enough for folding to
occur. However, simulations of this magnitude are beyond the capabilities of our compu-
tational resources. As an alternative, we run a series of simulations of dendrimers (G1 to
G5) in chloroform, with the dendrimers starting in folded conformations. In addition we
run a series of dendrimers (G1 to G3) in water, starting from the unfolded conformation
to test if the dendrimer will fold in an explicit poor solvent environment. The choice of
water as the poor solvent was based on solubility parameters; a solute with a solubility
parameter of J, is described as being insoluble in a solvent with a solubility parameter d,
if (85 — 6p)® < 4. [187] Jeong et al. suggested a Fréchet dendrimer has a §, between 18.2
and 18.4 MPal/2. [118] Water has a 6, of 47.9 MPa!/2, Additionally, polystyrene, which is
often referred to as a linear analogue of Fréchet dendrimers, [118] is extremely insoluble in
water which supports the use of water as a suitable poor solvent for Fréchet dendrimers.
From these two series of simulations we compare the folding and unfolding mechanisms.
This forms the first part of this chapter.

The second part of this chapter focuses on calculating the free energy of folding for
various important structural groups within the dendrimer (Figure 6.1). The aim is three-

fold:
o To identify the smallest component of the dendrimer which is likely to fold.
e To establish how differing solvent conditions modify the vacuum free energy profile.

e To determine if there are any significant differences between the free energy profiles
of the dendritic systems in chloroform and THF that could account for the difference

in the dendrimer dynamics as observed in Chapter 5.

The potential of mean force (PMF') of folding for a series of structural elements of the
Fréchet dendrimer was calculated in four solvent environments: vacuum, water, chloro-

form and THF. The vacuum free energy profiles are the foundation of this investigation -
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all solvent effects are removed and the free energy profile is solely a function of the char-
acteristics of the polymer. Vacuum simulations represent a poor solvent because there are
no solute-solvent interactions to compete with the solute-solute interactions. [2] Therefore,
the PMF in vacuum will be a function of the dendrimer’s intramolecular forces only and
the difference in the PMF in an explicit poor solvent and vacuum establishes the effect of
an explicit poor solvent.

The difference in the flexibility of the dendrimers in THF and chloroform can be
analyzed quantitatively using free energy calculations. The models used in our PMF
calculations are illustrated in Figure 6.1. The benzene-benzene dimer interactions (Figure
6.1A) represent the simplest and most common type of intramolecular interaction in a
Fréchet dendrimer which is the interaction of terminal groups of neighbouring wedges.
There have been several PMF calculations performed on the benzene dimer in a variety
of solvents, including water, chloroform and pure benszene. [246, 258-261] These PMF
profiles were computed using several different methods, with a combination of statistical
perturbation theory and umbrella sampling in the context of both MD and MC simulations.
The PMF's were defined as the distance between the centre of mass of the benzene rings
for the stacking and T-Shape arrangements, as well as thé conversion between the two,
[258,261] and the orientationally averaged conformations where the two benzene molecules
were allowed to rotate freely depending on the torques acting on them. [246, 259, 260].
Despite the diverse methods used to calculate the PMFs, all the PMFs have a global
minimum between 4.3A and 5.5A (the distance from the centre of mass of the benzene rings
as the reaction coordinate), usually accompanied by local minima at further separation
distances. Therefore, if this global minimum is significantly different in the PMF of our
model systems, it is due to the connectivity of the dendrimer - the branching that connects
the aryl rings.

As the bengene dimer interactions have been thoroughly studied we computed the
PMFs for a series of Fréchet dendrimer related compounds as illustrated in Figures 6.1B
to D. The first model (Figure 6.1B) represents the basic repeat unit found throughout
the dendrimer and represents the smallest unit capable of folding (the backfolding of one
topological layer). For this PMF, we define the reaction coordinate as the distance between
the centre of a terminal phenyl ring and the parent benzyl ring. We used this PMF as the
starting point of our investigation - what is the PMF energy profile of the terminal group

folding back toward the parent generation?
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folding hack two topological layers to the eove of rhe dendrimer, (D) Finally, alt three
wodwes are inecluded in the meodel [(a fall G deadrimer) to guantify the affeer (i any)
of a coordinated folding botwoen the throe wedges, 'The arows indhicate the increase o

compiexity of the each model.
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For the second model (Figure 6.1C), we extended the first model by attaching a first
generation wedge to a Fréchet dendrimer core group (1,1,1-tris(4-hydroxyphenyl)-ethane).
On the core, the two remaining sites that are usually coordinated to wedges are instead co-
ordinated with hydroxyl groups. This makes the PMF calculation far simpler and removes
the added complication of the influence of neighbouring wedges of the full dendrimer. Us-
ing this PMF we investigated the folding of the terminal group of the first generation
terminal group in to the central core atom. The reaction coordinate is defined as the
distance between the para carbon atom of a terminal phenyl ring and the central core
atom. This is also equivalent to the folding back of two dendritic layers.

A third model (Figure 6.1D) was also investigated which once again builds on the
previous model, this time all three wedges are coordinated to the core. The same reaction
coordinate was used in the second model. With this model the aim was to determine if
the three wedges exhibit some cooperative behaviour in their folding dynamics to create
a synergistic effect, i.e., do the three wedges collectively aid each other in folding, thereby
lowering the total energy of a dendrimer’s folded conformation? A further aim was to
identify and differences in chloroform and THF systems. Despite more than 600 ns of
sampling from the vacuum system, this PMF showed no signs of converging as the sampling
over the whole of the reaction coordinate was extremely erratic. Hence we abandoned
this attempt as it was computationally too expensive for the PMF to converge with the
resources currently available. Anm alternative PMF to investigate is the PMF of pulling
together the terminal groups of two neighbouring wedges. However, this is also beyond

our computational resources at this time and is the topic for future work.

6.2 Computational Details

All simulations in this chapter were performed using the CHARMM molecular modelling
program.! The force fields used to describe the dendrimer and solvents are discussed in
Chapter 4. Group-based cut-offs weré applied for long range interactions with a switch-
ing function applied between 10 A to 12 A. A list of the nearest neighbours up to 14 A

was maintained and updated every 10 steps of the simulation. Bonds between hydrogen

IThe general simulation details such as cut-off distances, temperature, method of integration,
update frequencies and the method for equilibrating the systems are the same as those specified
in Chapter 5.
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and heavy atoms were restrained using the SHAKE algorithm. [134] The equations of
motion were integrated using the Leap-Frog method. [134] The general simulation pro-
cedure involved first equilibrating the pure solvent cell for 500 ps after which a solute
molecule (either a dendrimer or a model dendrimer unit) was included by placing the so-
lute molecule at the centre of the primary periodic cell and removing all solvent molecules
that overlapped with the solute. Thereafter, the system was briefly minimized using the
Newton-Raphson algorithm to remove any remaining solute-solvent steric clashes. This
was followed by an initial NVT heating phase for 200 ps before commencing with NPT
sampling in the folding simulations or the 500 ps NVE equilibration before beginning the

iterative procedure in the PMF calculations.

Folding dynamics simulation details The starting conformation of the dendrimers
for the unfolding simulations (i.e., dendrimers in chloroform) were those of the lowest
energy conformation in the vacuum dynamics while in the folding simulations (i.e., den-
drimers in water), the energy minimized conformation of the dendrimer in vacuum was
used as the starting conformation (i.e., the same starting conformation as the simulations
in the previous chapter). The folding and unfolding simulations sampled from an NPT
ensemble. This was to avoid the possibility of a sudden increase in local density at the site
where a dendrimer would undergo a significant conformational change such as the unfold-
ing of a dendritic wedge. In a constant volume ensemble, a sudden increase in local density
resulting from a substantial conformation change could prevent the dendrimer from under-
going such a transformation. An NPT ensemble allows the volume of the simulation cell to
adjust slightly, to reduce such regions of high density. We use Andersen’s method [161] as
implemented in CHARMM, with the pressure of 1 atm and the temperature of 293.15 K
maintained with pressure and thermal pistons masses of 500 amu and 1000 kcal.mol~!ps?
respectively, both with a collision frequency of 5 ps™!. All water simulations were con-
ducted using truncated octahedron periodic cells. The size of the truncated octahedrons
were based on the size of the cubic simulation cells used for the chloroform simulations.
Only dendrimers Gl to G3 were investigated. The G3 dendrimer in water represents
the limit of our computational resources. The number of atoms required for G4 and G5
simulations would have far exceed this limit. In the chloroform simulations, dendrimers
G1 to G3 were conducted using cubic periodic cells while dendrimers G4 and G5 were

simulated using truncated octahedron periodic cells (see Table 6.1) In the unfolding sim-
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ulations, to accommodate the longer simulation tirres necessary for the larger dendrimers
(G4 and G5), the simulations of the smaller dendrimers (G1 to G3) were stopped after
the dendrimer had not expanded for at least 1 ns.

Representative conformations of the average ecuilibrium structure of the dendrimer
were derived by calculating a coordinate set of the average position for every atom over
a selected period of the simulation, typically the £nal 200 ps. This coordinate set did
not necessarily represent a feasitle conformation b=cause of atoms overlapping or even
superimposed on top of one another. Therefore, each frame of the trajectory was compared
to this average structure. Using a chi-squared test, the trajectory frame that offered
the closest match to the average structure was selecsed as the representative equilibrium

conformation.

PMF Calculation details For the PMF calculations we implemented adaptive um-
brella sampling (Section 2.3.1) with a histogram bin size of 0.1 A. After the 200 ps NVT
heating phase after adding the solute molecule to the solvent cell, 500 ps of NVE sam-
pling was run to ensure the system was equilibrated before commencing with the PMF
calculations. The first iteration of the simulation aprlied a completely flat potential (the
simulation was unbiased). Successive iterations applied the umbrella potential calculated
from the previous iterations which were combined using the WHAM algorithm (Section
2.3.1). The starting conformation for each iteration was that of the final conformation of
the previous iteration. The iterative procedure to generate the free energy profile followed
and comprised a series of 10ns NVT simulations. This iterative procedure continued until
the entire reaction coordinate was evenly sampled during a 10ns simulation.

The WHAM algorithm and calculation of the umbrella potential were determined using
custom software written within our research group. [166;262] The umbrella sampling was
performed by modifying the USERE subroutine in CHARMM. This was modified in such a
way that the energy from the umbrella potential was added to the energy of the specified
atoms. For the first model, the first generation wedge (Figure 6.1B), this energy was
applied to the centre of mass of the aryl ring and was evenly distributed among the ring
carbon atoms. The range of the separation distance (r) was dependent on the steric clashes
at short ranges and the maximum stretching distances of the groups as was possible, the
latter governed by the connectivity of the dendrimer. The simulation, binning, WHAM

and smoothing procedure were automated.
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Dendrimer folding - chloroform

Generation Solvent residues Dendrimer atoms Cell size /A

1 2081 164 65.54
2 2053 332 65.54
3 1994 668 65.54
4 2964 1340 93.88
5 2850 2684 93.88

Dendrimer folding - water

1 2630 164 55.1

2 3726 332 62.00

3 5842 668 72.00
PMF - First generation wedge

Water 1110 42 41.0

Chloroform 262 42 41.0

THF 249 44 41.0

PMF - Second generation wedge

Water 1520 82 45.1
Chloroform 335 82 45.1
THF 380 82 45.1

Table 6.1: Simulation details of folding and PMF calculations

For the first two model systems (Figures 6.1B and C) in the vacuum simulation, more
than 140 iterations each of 10ns were conducted for each model resulting in a combined
simulation time of over 1.4 ms. The large number of iterations were performed in order
to test the long term sampling and convergence of the free energy surface. In general,
after approximately 10 iterations a near perfect distribution of the sampling was achieved
and no significant change in the energy surface was observed. In the explicit solvent
simulations, typically between 10 and 30 iterations (100 to 300ns) were required before
uniform sampling of the reaction coordinate was achieved. In the case of the third model
system (the full first generation dendrimer) only 20 iterations were conducted. This system

. showed no signs of convergence and no further simulations were conducted.
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6.3 Results and Discussion

6.3.1 Folding Dynamics

We Liegin by investigating the-overall folding dynawics of demdrimers. Speaficaily we in-
vestigate how Frécher dendrimers fold in water {an explicis poor solvent suvironteent) and
how their equilibrinm conforation in water cotepare with their equilibrinm conformarion

iT1 VRCAIALIL.

(A} 5
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Time / ns

G K 200 300 400 500 600
Time /ps

Fieure 6.2 Rading of eyration { B,) time scries of (A) G to C8 in cxpiicit wator aud (by
Gl to G5 in vacaum, (2] In vacoum, the dendrimers take loss than 48 s to fld wlale .
water, the dendrimers take in the order of nanoseconds to fold to the same exrent as the

dendrimers i vacuum,

The vime series of the radius of pyration (A;) of dendrimers G1 to G3 in water (Figure
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Vacuum TIP3P
Generation R, /A t/ps He fR 6 I._J‘!n_
i G, 66 04 f.50 Tl
2 B.52 #4 8.90 R
3 10,22 33 10.83 4088

Table 6.2; A comparison of the average equilibrium radius of gyration (R,) for dendrimers
{21 to G in vacnum {ealeulated over the final 500 ps) and water (caleulated over the final
Ing), including the time taken to reach the equilibvium 2, While the A, values are very
similar for each pencration (the R, in water is slightly larger], the time taken to reach
this cquilibrium value 5 significantly slower in water (in the order of nanoscconds) than

in vaenuum (in the order of tens of picoseconds).

6.24) iz comparcd to that of the dendrimers G1 to Gb in vacuum [Figure 6.23). From (his
time series, it s clear that the dendrimers fald to approximately the same extent in water
as inovacuunl, althoueh in water the dendrimers [old at s much slower rake chan m vacguin
{Tshlc 6.2). The slw rate of folding is likely & combination of effects which are all present
in the water simulations but abeent in the vacunm slinulations. These include solvent and
solute frictional forecs, the disruption of solvent shells surrounding the various groups of
the dendrimer and the focmation of partially folded mtermnediate equilibeiun structures.
In the water time series, initially the dendrimer does not undergo any folding and requires
a few hundred pieoseconds before the dendrimer beging to [old. This is most clear]y visible
in dendrimer G1. No folding occurs in this dendrimer over the first 355 ps. However, over
af the next 220 ps, the dendrimer rapidly folds. This time series (Figure 6.24) suggests
that o specific arrangement of the solvent around the dendeimer has to be achieved or that
the dendrimer has Lo attain a speelfic conformation befure the overall folding may begin,
Once this conformation has been attained. the dendrimer folds and, within a few hundred
pieoseconds, assumes a completely folded stale (e, the squilibrinm conformation of the
vacuum simulation). To the larger penerations there are stable intermediates which hinder
the immediate progression to o completely folded conformation.

A comparison of the average &, for the water and vecuum simulations [Table 6.2)
reveals the dendrimers fold to the same extent in watcr as in vacuum; the f, of the
dendrimers in vacuum are ouly marginally smaller than the A, in water. The diffcronces

in R, of the vacuwn and water simulations sre s result of the dendrimers assuming slishtly
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Gil 2

A}

®

Figure t.d The folding of dendnimers Gl to (i3 I water starting frotp (A} the enerigy
minitnized extended siruciures {the common starting conformations for both the water
and vacuum simulations] s0{13) the represemiative equilibrim folded strueture for the
last. lms of the sinmlatiotn.  For comparalise parposes (O], the vacinm represcntative
euilibrinm folded atructure of shese dendrimers 19 included. The chioies of eolour coding

for the wadoes hag no gpnificance other thap euge of identibicalion of the individnal sedges

more clongated eonformanious in waler as compared with the vacuum stmulatioms where
the dendrimners are more spherical, (This is illustrated in Figure 6.3, where the average
conformations of (he dendrimers in water aud yaenum sre compared.) The rate at which
a dendrimer folds {Table 6.2) in vacnum s inversely relaterd to its sizge, while in water the
converse 15 Lthe case. Inspection of the MD trajectories reveals that initially the dynamics
of the dendrimer are very sindtar to shat of the dendrimer in she chloroform aud THE
simunbations; the dynamics of the internst lavers of the dendrimer are constrainet with no
ewverall mintion while the terminal groups exhibit a greater depree of frecdom of mobility.

We obaerved the terminal sroups frequently fold back te their parent layer and rapadiy foid
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Simaee Bk Trne 2enes of the 7y for dendrimers G to G5 unfolding in chloroform
atter starting from a fobded conformation, Lo accommnodate the longer ssmulation times
necessary for the larger dendrimers (G4 and G5), the sinmbationsof the smaller dendrimers

((1 to G}) were stopped after the dendrimer had not expanded for at least 1 ns.

back out again. The folding of each forminal group is random and is pob coordinated with
ferminal groups of neizhbonring wedges which has bitrle effect on the overatl conformation
of the dendrimer. In addition, we observed what appears to be the cooperative interachion
of velghbouring wedges, as suggested earlier in from the R, time series, A single wedpe
s unlikely to fold in to the core on itg own. However, if the wedge interacts with the
ncighbouring wedges, the entire dendrimer rapilly folds up on itgelf. The result 13 a pinrer-
like effers, where two wedges entrap the third wedge. This is most clearly visihle in 31 and
(32 in water (Figore £i.3). Further, in the water simufationg we obgerved that the wedges
cxchange positions by the dendrimer expanding slightly awd adopting a wore unfolded
conformation, allowing the wedges to Teortentate such that ove of the outer wedges becaines
locked in middle. The result 8 a constant interchange between conforuations and po oke
spectfic folded conformation is preferred. However, in she vacuum simulation we did oot
obscrve this cxchange in position among the wedges, The dendrimers remiained o their
tizhtly folded conformation,

To examine the wnfolding process of the dendrimer, we performed the opposite o
periment, in chioroform - start the depdrimers from a folded conformation and ohearved
them unfolding. The radius of gyration time series (Figure 6.4) clearly shows that the
dendrimers begin to unfold almost instantancousty aml eomtione to expand thromghout

the simzlation, until they arc flly cxtended. For example, dendrizner G1 remains con-
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R, /A
Generation  {&) {B)
Qa6 1077
2 1351 12.16
3 16504 1602
il 19.68  [9.32
o 2250 20.48

Table 6.3: A comparisen of the aversge equilibrated R, of the dendvimer in ehloroform
starting from (A) an extended conformation {(ic., the simulations in Chapter 5) and (B} a
todded eontormation. The dendrimers cither completely unfold or are slightly folded (the

difference in A, marginadly greater than 1 A at the most).

tracted for the fivst 200ps, thereafior it rapidly cxpands over the nest 550ps and is fully
sxtended for the remainder of the simulation, A comparisom of the wverape averape R,
{Table i3] fur the linal 1ns of the unfolding simulations with the averape equilibrium R,
of the simulations in Chapter 3 shows that only G1 nufelds completely. G2 to G5 adopt
slightly folded conformations. Howewver, It s unlikely that these are the linal conformations
it the nnfolding process, Tt iz expected that with additional simulation time, the G2 to
G5 dendrimers would unfold to the same cxtent a5 the dendrimers in the simnlations that
gtart [rom an extended conlovmation. igure 6.0 compares the averape conformation of
the dendrimer unfelded in chloroform for the Tost nanosecond of the simulation with the
average structure of the dendrimer in chlovoform but stmulated initially from an extendesd
conformation (Chapter 5). From the average conformations (Figure 6.5) and the time
serics of Ay (Figure 6.4), there is little doubt that the dendrimers unfold in chloroform.
In the simulations in the previcus chapter we observed ne folding of the dendripeers
during the Sns sitmulations, Given subfcient sipeulation time, we are condfident that Jden-
drimers G2 to G5 would completely nntoedd in a similar Fashion to G1 and that unee Lhe
dendrimers hayve fully unfolded in chloroform, they do not feld at all - the equilibrium
conformation of Fréchet dendrimers in chloroform is completely unfolded, Howewver, for
the practical applications of Fréchet dendriners it is not cesentdal that the dendrimer com-
pletely unfolds; even o a partially unfolded state, all layers of the dendrimer are castly

aceessible by the reaction medinm, as is visikble in Figure 6.5
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31

‘Al

Cigure 6.50 'The uniolding of dendrimers GI te G5 starting from {A) the folded con-
tormation to (B} the representative eguilibrinm anfolded structure for the dendmmers n
chloroform, For comparative purposes, (O} the representative cquilibrinm structure from
the simelations of thege dendrimers in chioroform starting from a wnfolded conformartion
iz included. As i Frgure 6.3, the choice of colour coding for the wedges has no sipnificance

other than case of identification of the individaad wedges.
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Rate (ps)
Generatinn  Folding  Unfolding
| TRO 435
2 1275 1116
3 4088 JRR0

Table 6.4: A comparison of the rate at which the dendrimers fold and unfold. The rates
are in the same order of magnitude with the dendrimer unfolding laster in chloroform {a

good sulvent) than it folds in an water {an explicit poor solvent).

In Table 6.4, we make a comparison of the folditng and uafeldine rates of dendrimers
G1 to 3. The rate of unfolding was anticipated to be far stower than that of the folding
process {by an order ol magnitude or more] becauss the solvent has to diffuse into the
paolymer and effectively pry the dendrimer open by disrupting the dendrimer-dendrimer
interactions, In the folding simulations, the hydrophobic effect would result in the water
pushing the dendrimer in onte Hself Tlowever, from Table 6.4, it 15 clear that this as-
sumption was incorrect; both the unfolding and folding processes oceur at similar rates,
with the unfolding process marginally faster than the folding process. Decawse the rates
are similar, this implies that the dendrimer can vapidly fold and unlold ai approsimately

the same rate depending on spesitic envirenmental conditions.

6.3.2 Frce Energy of Folding

Tn the previows section, the flding and unfolding simulations indicate that our dendrimer-
sulvent systers readily underego conformational changes resulting from a change in solvent
gquality,. In thiz section we investigate the [ree energy profiles of some model systems
(Figure 8.7) which represent important stroctural components of Fréchet dendoimers. We
describe the PMFs in terms of the energy required to pull the two rvings together. The
solvent PMIy are described in terms of general solvation principles by defining the two
rings as two separate solute particles and asswming that the ether linkage has a small to

negligible effect on the solvation shells, ag illustrated in Figure 6.6,
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(A) (B) {C)

Figure fif: A schematie diagram of the change in the solvation shells about the two aryl
rings { black spheres) as they are pulled logether. The red and blue rings in {A)] reproseni,
the solvent shedld of each ring in a solvent separated arrangement, which merge to form a
solvent shered arrangement (B) with a common solvent shell represented in purple, (€
reprasents the contact pair minimum where the shared solvent shetl between the rings has

beon remmoed,

First generation wedge PMF

Onr smallest folding model is the a fitst peneration wedge (Figure 6.7A), which reprosents
the smallest upit in a Frécher dendrimer thae is capable of harldolding in thiy case one
topological iaver deep, We define the parent ring as the bepsy] ring w which the two phenyl
rings {child rings) are conrdinated; in a full Bt generation dendrimer, the parent ring
woidd be the Hrsi topological laver and the child rings would he the terminal layer. First
wi deseribe the poor solvent PMFE, where it s expeetecd for hackfolding to predominate.
The PMF of the first gerneration wedge in yacuum and water exhibit only a aingle
minimum, when the two rings are 11.0 A apart. Therefore, the extended conformation of
the wedpe is preferred in both poor solvent environuments, Tn vacaum, the platean between
9.5 A and 6.5 A helow 1 keal.mol 1 snpgests that folded conformations are possible.
However, the steric clashes hefween the methyl protons of the ether linkeage an the protons
the parcnt henzyl ring male these folded conformations less favourable than unfolded
eontormarions. The effect of the explicit poor solvent on the folded stare is quantified by
the differenees hetween the water and vacazim profiles. In water, at 10 A the two rings
each e their own solvation shells. As the tings draw closce. these shells interact, anrd
repel vach other resalting o o steady illcrease in cnergy as they draw rloser. Between
7.0 A and 5.8 A, the shells merpe to form a single solvent shared avstein. Note that in
the vacamn syseem the epergy rises over the same range (T.0 A to 58 A), sngresting
that the formation of a single, shared soivent shell eompensates for the increase cnergy

in the intramolecular sterie clashos as diseussed eartier. Between 5.8 A and 1.0 A, the
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Figure 6.7: (A) The PMF the rerminal group of a firs, generation wedge folding back to
the parent layer in vacnum (black), water (blue), THF (brown) and chloroform (green).
(B) The PMF of the terminal group of a first gencration wedye folding back to the core
af the dendrimer (B).
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energy increases as the rings are pulled together, as the solvent shell system transforms
to & contact pair minimum with no solvent shell betweeh them. This increase in energy is
interpreted as a combination of disruption of the shared solvent shell and the steric clashes
within the molecule because the vacuum PMF (which is independent of solvent effects)
also increases over this range. The formation of solvent shells and contact pairs have
also been observed for the benzene dimer in water. Jorgensen and Severance reported a
solvent shared local minimum at 7.5 A for the benzene dimer in water PMF and a contact
minimum centred at 5.5 A, which was the global minimum. [246]

From the vacuum and water PMFs, we conclude that even in poor solvent conditions
the first generation wedge favours an extended conformation. Therefore, the first genera-
tion wedge is not the smallest component of the dendrimer capable of folding. Backfolding
of one topological is possible, however this folded conformation is not the most energet-
ically favoured and this folded state is unlikely to persist longer than a few picoseconds
and will not contribute to the sustainable overall folding of the dendrimer. This was con-
firmed during testing of the dendrimer force field in Chapter 4 (Figure 4.20) where the first
generation wedge did not assume a folded conformation for longer than a few picoseconds
during vacuum MD simulations. v

The PMFs of the first generation wedge in the good solvents (chloroform and THF)
are almost identical. The PMFs share the same global minimum with the vacuum and
water PMFs at 11.0 A and the PMF's increase at a similar rate to the water PMFs as the
rings are drawn together. However in the THF and chloroform PMFs, there is no plateau
due to the formation of solvent shared or contact pair arrangements. There is an almost
perfect inverse linear relation between the free energy and the distance between the two
aryl rings. The only observable difference between the THF and chloroform systems is
between 7.5 A and 4.5 A, where the interaction free energy in THF is fractionally lower
than that in chloroform (by 0.3kcal.mol™! at maximum). It is unlikely that this small
difference in energy is the cause for the substantial difference of the dynamics of the full
dendrimer in THF and chloroform (Chapter 5).

The second generation PMF

From the PMF of the first generation wedge it has been established that the dendrimer is
unlikely to fold back one topological layer. However, the G1 dendrimer folds in vacuum and

water (Figure 6.2). Therefore, we investigate a slightly larger system to the first generation
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wedge, by attaching a first generation wedge to a Fréchet dendrimer core (Figure 6.1C).
The free energy surface for this model is shown in Figure 6.7B. As with the first generation
wedge PMF, we begin by discussing the poor solvent PMFs.

In vacuum, the global minimum in the free energy profile is at 6.9 A, i.e., a folded
conformation is energetically favoured in vacuum. This global minimum is separated
from a shallow and broad local minimum at 13 A (an unfolded conformation) by a small
barrier of 0.2 keal.mol™!. Therefore a terminal group of a Fréchet dendrimer in vacuum is
capable of folding back two internal generations without the assistance of a neighbouring
wedge and a folded conformation is the lowest energy conformation. For the water PMF a
minimum representing the folded state also at 6.5 A is not the global minimum. Instead the
global minimum is the unfolded state at 14.5 A. This is surprising as the first generation
dendrimer folds in both vacuum and water (Figure 6.2). However, the barrier height
between the global and local minima in water is only 1.3 kcal.mol™!. Therefore it is
possible that the complete first generation dendrimer folds in water (despite a single wedge
preferring an unfolded conformation) because the three wedges fold in a collaborative
manner, thereby lowering the overall energy of the folded conformation.

The PMFs of the two good solvents (chloroform and THF) are very similar; they share
the same global minimum at 15.0 A (an unfolded conformation) and the only noticeable
difference between the PMF's is that the relative energies of the PMF's interchange between
11.0A and 5.5 A, i.e., from 11.0 A and 6.9 A the free energy in chloroform is slightly lower
than that for THF (a maximum difference of 0.3kcal.mol~! at 8.2 A) and between 6.8 A and
5.5 A the THF PMF is lower in energy than chloroform PMF. However, considering each
PMF independently reveals subtle characteristics in the profile. The THF PMF increases
linearly from 15.0 A to 7.5 A where it reaches a plateau. We identify this plateau as the
formation of a contact pair as this plateau falls over the same distance as the vacuum
global minimum. The linear increase in the THF PMF up to the formation of the contact
pair (at 7.5 A) suggests that in THF there is no stable intermediate, such as a solvent
shared arrangement. The chloroform PMF is essentially identical to the THF PMF up to
approximately 9.5 A (the chloroform PMF is marginally lower than the THF PMF from
11 A). Thereafter, two distinct regions in the chloroform PMF are visible. The first is a
flattening of the PMF from 9.5 A to 8.2 A after which the PMF rapidly increases again
fo 6.5 A, at which point the PMF flattens slightly until 5.5 A. The first region (9.5 A to

8.2 A) is likely to be a result of the formation of a solvent shared system between the core

A
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and the terminal groups while the second region (6.5 A to 5.5 A) is the formation of the
contact pair. These subtle differences in the PMF of chloroform and THF are unlikely
to be the sole reason for the difference in the dynamics of thé dendrimer in solution.
However, these PMFs do suggest that a Fréchet dendrimer is more likely to form solvent
shells in chloroform than in THF which is not surprising when one considers the strong
chioroform-benzene ring interaction as described in Chapter 4. The formation of solvent
shells in chloroform could restrict the dynamics of the dendrimer terminal groups whereas
in THF the terminal rings do not form solvent shells as readily as chloroform snd therefore

the solvent does not impede the dynamics of the dendrimer to the same extent.

6.4 Conclusion

From the unfolding simulations of Fréchet dendrimers in chloroform we have shown the
preferred equilibrium conformation of a Fréchet dendrimer in chloroform is an unfolded
conformation and this is independent of whether the dendrimer is initiated from s folded
or unfolded state. We have shown that the dendrimer folds in water (an explicit poor
solvent) and the equilibrium conformation of the dendrimer is comparable with that of
the vacuum equilibrium conformation. Therefore, vacuum simulations of dendrimers best
represent dendrimers in poor solvents and do not adequately represent the dendrimer in a
good solvent environment. Hence, drawing conclusions from comparisons between vacuum
simulations and experimentsl measurements conducted in & good solvent, such as those
that have recently appeared in the literature, [57] should be done so with great care.

We have shown that a dendrimer folds and unfolds at approximately the same rate and
is typically the order of several nanoseconds. The rapid (un)folding of the dendrimer could
have numerous useful applications. These includes catalysis, where a sensitive catalytic
group could be shielded from the reaction medium when placed within the body of the
dendrimer which remains folded until a specific step in the reaction process at which
point the dendrimer could unfold and expose the catalyst. Thereafter a change in the
solvent quality of the reaction medium could trigger the dendrimer to collapse around the
catalyst to continue to shield it. In drug delivery it is desirable that the guest molecule
to be released from the dendrimer host molecule as close to the target site as possible.
The more rapidly the dendrimer responds to folding and unfolding triggers (such as pH

changes), the more accurately specific regions in the body can be targeted. Alternatively,
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dendrimers could be used to mop up specific pharmacological toxins; if the specifically
designed dendrimer came into contact with the target toxin, the dendrimer would have
to fold around the toxin to encapsulate it before the toxin diffused away. The quicker the
encapsulating process is performed, the greater the chance of entrapping the toxin.

From the PMFs calculated for our first dendrimer model (the first generation wedge),
we have shown that the first generation wedge is not the primary source of folding within
the dendrimer, i.e., the sustainable folded conformation is not generated from the back-
folding of one topological layer. Secondly the folding back of the terminal group to the
parent layer in THF and chloroform is identical and cannot account for the difference in
the dynamics of a Fréchet dendrimer in THF and chloroform. From the PMFs of our
second model (the first generation wedge attached to a core group), we showed that the
dendrimer is capable of folding back over two topological layers. More importantly, a
subtle difference between the PMFs of this model in THF and chloroform suggest that
the difference in the behaviour of the dendrimer in THF and chloroform is a result of the
formation of a solvent shells in chloroform which are absent in THF.

With the advances in computational power keeping pace with Moore’s Law (the com-
plexity of integrated circuits doubles every 18 months) [263], it is likely in the very near
future that it will be possible to achieve convergence of the third model (a terminal group
of a full first generation folding back into the core) and even more complex models may

be investigated. This is a topic for future work.



Chapter 7

Final Conclusions and Future

Work

In this thesis, the structure and dynamics of dendrimers in solution have been studied
through nanosecond atomistic MD simulations of explicitly solvated Fréchet dendrimers.
The properties of these dendrimers have been investigated in four solvent environments:
vacuum and water (representatives of poor solvents), and tetrahydrofuran (THF) and
chloroform (representatives of good solvents). To establish the efect of the quality of
the solvent on the conformation of the dendrimer, additional nanosscond MD simulations
were performed, with the dendrimers starting from both initially folded and unfolded
conformations. Free energy calculations of model dendritic units were employed to provide
an energetic rational for the folding behaviour of these dendrimers.

To ensure these simulations were as accurate as possible, the dendrimer and solvent
force fields were scrutinised in detsil. A detailed review of available literature yielded
no appropriate model for a fully relaxed five-site representation of chloroform. Hence,
we developed a fully relaxed all atom model for chloroform by combining several existing
models. The radially and spatially averaged distribution functions of liquid chloroform
were fully characterised using the new chloroform model developed in this thesis. The
SDFs revealed a first solvation shell comprised two parts; a strongly bound and a weakly
bound region. At lower probabilities, the second solvation shell could be observed. Dy-
namic properties calculated for the new chloroform model, includirg diffusion coefficients
and rotational correlation times gave an excellent fit with experimental data. For THF

a suitable force feld was selected from several models available in literature. This THF
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force field was not modified in this thesis, however the calculation of the spatially averaged
distributions and Voronoi polyhedra for the THF solvent were novel. A comparison of the
RDFs, SDFs and Voronoi polyhedra suggest that the intermolecular structure of chloro-
form and THF are very similar. The dendrimer force field was obtained by modifying an
existing force field developed in our laboratory. This modification involved the lowering of
the rotational energy of the ether linkage. The ether linkage is the most important factor
affecting the rigidity and overall conformation of a Fréchet dendrimer. Lowering this ro-
tational energy barrier allowed‘for greater flexibility of the dendrimer but did not impact
its overall conformation. The dendrimer and solvent force fields were combined without
further modification to produce the solution force field employed in this thesis. Analysis
of simulation conditions, such as the temperature and ensemble sampling, revealed that
none of the factors investigated had any significant effect on the equilibrium conformation
of the dendrimer. Therefore, we are confident that the MD simulations of dendrimers in
solution presented in this thesis accurately represent the behaviour of Fréchet dendrimers
in solution.

The effect of solution on Fréchet dendrimers was explored through MD simulations
in vacuum, THF and chloroform. In literature it has be shown that dendrimers fold in
vacuum. However, we showed that in an explicitly modelled good solvent (THF and chlo-
roform), the dendrimers remain fully extended. It was concluded that vacuum simulations
do not adequately represent the behaviour of a dendrimer in solution as some early coarse
grain simulations have suggested. In addition, particularly in the folded state, the core
of the dendrimer is not at the geometric centre of the dendrimer and the distribution of
the groups of the dendrimer about the core is asymmetrical. Further, interpretation of
radially averaged distributions was shown to be dependent on the method of normalisation
employed. Hence, the results from radially averaged methods must be interpreted with
care. Radially averaged analysis is commonly used to describe the structure of dendrimers
as “dense core” or “dense shell”. However, a simple comparison between the density
of benzyl alcohol and that of the “dense core” region of a dendrimer, showed that the
“dense core” analogy did not indicate that the core was surrounded by an impenetrable
shell. Rather the “dense core” region can accommodate additional groups, whether these
groups are from the terminal layer due to backfolding, or guest molecules. Spatially av-
eraged distribution functions more clearly illustrate the structure of a dendrimer in three

dimensions. Employing SDFs it is not only possible to gain a clear picture of the overall
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shape and size of the dendrimers, but it is also possible to analyse the internal structure
of the dendrimer. The distribution of the layers of the dendrimer as observed in both
the spatially and radially averaged methods can be accounted for by the hyperbranching
inherent to dendrimers. However, the contribution of backfolding in the classical sense
(where the terminal groups diffuse into the body of the dendrimer) to the distribution of
the terminal groups close to the core cannot be ruled out completely.

Analysis of the dynamics of the dendrimer, revealed the internal structure of the
solvated dendrimer to be inflexible. The flexibility of the dendrimer is isolated to the
terminal groups. In this thesis a close correlation was obser\;;ed between the flexibility of
a dendrimer in a particular solvent and its dynamics in that solvent. The terminal layer
of a dendrimer in chloroform is notably less flexibility than in THF. This difference in
flexibility of the dendrimer in THF and chloroform accounts for the difference between
the measured intrinsic viscosities of Fréchet dendritic wedges in chloroform and THF
as reported in the literature. As a result, a new expression for the intrinsic viscosity
was proposed. This expression is a function of the standard contributions of the size
and shape of the dendrimer and is also a function of the flexibility of the dendrimer in
a particular solvent. The dendrimer simulations in this thesis were verified through a
close match between independently measured longitudinal relaxation rates reported in
literature and the relaxation rates calculated in this thesis. The relaxation rates of the
terminal groups of the dendrimer are substantially longer in comparison with the relaxation
rates of the internal layers. Further, the relaxation rates in THF were longer than those in
chloroform. Hence, these relaxation rates support the conclusions that the terminal groups
are substantially more flexible than the internal generations and that the dendrimer has
greater flexibility in THF than in chloroform. The increase flexibility of the dendrimer in
THF in comparison with chloroform can be accounted for from the spatial arrangement of
the solvent about the dendrimers and the spatially averaged diffusion profiles of the THF
and chloroform solvents within the dendrimers. These profiles indicates that while the
arrangement of the solvent within the dendrimer in THF and chloroform is very similar,
chloroform experiences the greatest resistance to diffusion close to the internal surface of
the dendrimer, thereby reducing the flexibility of the dendrimer.

The unfolding simulations of Fréchet dendrimers in chloroform showed that the pre-
ferred equilibrium conformation of a Fréchet dendrimer in chloroform is an unfolded con-

formation and this is independent of whether the dendrimer is initisted from a folded
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or unfolded state. Further, the dendrimer folds in water (an explicit poor solvent) with
an equilibrium conformation of the dendrimer comparable with that of the vacuum equi-
librium conformation. Therefore, vacuum simulations of dendrimers best represent den-
drimers in poor solvents and do not adequately represent the dendrimer in a good solvent
environment. Hence, drawing conclusions from comparisons between vacuum simulations
and experimental measurements conducted in a good solvent, should be done so with
care. In addition, in this thesis it was shown that a dendrimer folds and unfolds at ap-
proximately the same rate and is typically the order of several nanoseconds. The rapid
(un)folding of the dendrimer could have numerous useful applications. An example is
using dendrimers as catalytic scaffolds - a sensitive catalytic group could be shielded from
the reaction medium when placed within the body of the dendrimer which remains folded
until a specific step in the reaction process. At this point the dendrimer could unfold in
response to a environmental change (such as solvent quality) and expose the catalyst to
the reaction medium. Thereafter, a change in the solvent quality of the reaction medium
could trigger the dendrimer to collapse around the catalyst to once again protect the cat-
alyst. An additional example is in drug delivery. It is desirable that the guest molecule is
released from the dendrimer host molecule as close to the target site as possible. The more
rapidly the dendrimer responds to folding and unfolding triggers (such as ionic strength
or pH changes), the more accurately specific regions in the body can be targeted. Al-
ternatively, dendrimers could be used to mop up specific pharmacological toxins; if the
“designer” dendrimer came into contact with the target toxin, the dendrimer would have
to fold around the toxin to encapsulate it before the toxin diffused away. The quicker the
encapsulating process is performed, the greater the chance of entrapping the toxin.

The folding simulations provided a qualitative description of how the dendrimer con-
formational changes occur. A quantitative analysis of the folding of the dendrimer is
obtained from free energy calculations of model dendritic units. These provide an ener-
getic rational for the folding behaviour of the dendrimers. One dimensional PMFs of the
model dendritic systems show that sustainable backfolding was unlikely to occur one gen-
eration deep, even in vacuum or in an explicit poor solvent. Backfolding of the terminal
groups is only energetically favoured in vacuum when folding back over two generations.
However, this is not the case for the dendrimer in water, THF or chloroform (although in
water the local and global minimum are separated by a small energy barrier). The PMFs
of terminal groups folding back in chloroform and THF are almost identical. However, the
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subtle difference between the PMFs of the terminal group folding back two generations
in THF and chloroform suggest that the difference in the behaviour of the dendrimer in
THF and chloroform is a result of the formation of more strongly bound solvent shells in
chloroform than in THF. The knowledge of the free energy surfaces of &dditional dendritic
models is key to understanding the micro- and macroscopic properties of dendrimers. Free
energy calculations provide valuable insight into the molecular details of the dynamics and
dendrimer properties. In this thesis, the PMF of a third model (the folding back of a ter-
minal group of a complete G1 dendrimer in to the core of the dendrimer) which included
the effect of the neighbouring wedges was attempted but showed no signs of converging
in a reasonable period with existing computational resources. However, with the rapid
developments in computer hardware the calculation of this PMF could be feasible in the
near future. This PMF would enable the quantitative measure of the effect of the neigh-
bouring wedges on the folding of the dendrimer. An alternative PMF to calculate is the
free energy profile of drawing together two terminal groups from neighbouring wedges
within the same dendrimer. This could highlight the difference in the behaviour of the
dendrimer in chloroform and THF.

In our laboratory, preliminary NMR investigations are underway on dendrimers G1
to G3 in dg-THF and CDClz. These measurements include 2H T; relaxation rates and
diffusion coefficients employing ‘the inversion recovery pulse sequence and DOSY NMR
respectively. However, these measurements present significant challenges to overcome, in
particular isolating the various resonances of the infternal generations of the dendrimer.
Further, the effect the concentration of the dendrimer solution and impurities from in-
complete and side reactions during the synthetic process have yet to be established. The
injtial results, although preliminary, are encouraging - the relative diffusion rates of the
dendrimers indicate that the dendrimers diffuse faster in chloroform than in THF. Further,
T analysis of the terminal aromatic protons indicates that the protons in the para position
have a relaxation rate of approximately a third of that of the protons in the ortho or meta
positions. Furthermore, the relaxation rates for the protons in THF are approximately
twice that for the same proton in chloroform. These measurements correspond well with
the trends observed in the calculated results presented in this thesis. However, it is too
early to draw final conclusions from these preliminary measurements which remain the
focus of future work.

The progress of computational studies of dendrimers will largely be dependent on the
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availability of sufficiently large pérallel computing systems. Such systems will enable large
complex dendrimer simulations to be routinely investigated. The obvious extension of
this thesis is to study other dendrimer-solvent systems, to calculate the free energy pro-
files of more complex dendrimer fragments and to study how two or more dendrimers
interact in solution. However, more exotic studies include non-equilibrium MD simula-
tions of solvated dendrimers, for example dendrimers under flow. This will enable the
behaviour of the dendrimeré to be established under more realistic environmengs; den-
drimers acting as catalytic supports are under constant mixing in a reaction medium,
while dendrimers acting as pharmaceuticel delivery agents are under constant flow within
the human body. Therefore, it is crucial that we understand how dendrimers behave un-
der such conditions and how their behaviour differs from the systems discussed in this
thesis. However, the practical applications of dendrimers are likely to be the driving force
for the direction of future simulations of solvated dendrimers. A greater understanding
of the behaviour of dendrimers in solution may ultimately enable “designer” dendrimer
systems to be produced with specifically crafted characteristics for applications of these

hyperbranched polymers in new and exciting fields.
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tonological laver (gl - g6t of dendrimers G1 to G5 In vacunm.
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Figure 12.4: The SDFs at buik deusity of cach topological laver {gl - i) of dendsiniers

{1 to Ob in vacuun.
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Figure 0.5 A side view of the SDFs at bulk densite of each topolorical lover (g1 - pbi

of dendrimers GG1 to G5 in vacuum,
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Figure 10.6: A view from betow the core of the SD#s at hulk densuy of each topological

laver {gl - g of demdnirners (61 to G5 m vacuum,
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Figire 1.7 The SDFs at twice tulk density of each topoiogicad layer fel - gf) of aui-

drimezs G1 to GE i vacoion,
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Figure D.&; A side view of the 3DFs at twice bulk density of each wopological laver (f -

ofi} of demirimers GG to GG in vacoum.
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Figure [19: A view from below the vore of the 5DFs at twice bulk density of each

topolorical laver (g1 - 26) of dendrimers Gl to G5 in vacuzn
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Figure E.1: The SDFs at hall bulk density of each topological layer (21 - gh) of

dendrmers Cri to G5 i chioroform.
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Figure E.2: A sile view of the 5DFs at halt hulk density of ench topological laver

{21 - of) of dendrimeers G1 to G5 in vacnurm.
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Figure E.3: A vicw from below the core of the SIDDFs at half bulk density of each

topological layer (gl - g8) of dendrimers Gl to G3 in chicroform.
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Figure .4: The SDFs at bulk density of each topological layver {gf - g} of aen-

drirners (31 to (33 in chlorotorm,
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Figure .5 A side view of the SDFs at bulk density of each ropelogical lxyer (gl -

mi) of dendrimners 1 to G5 in vacunm.
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Figure E.6: A view from below the core of the SDFs at bulk density of each topo-

logical laver (g1 - g6) of dendrimers G1 to G35 m chloroform.
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Figmre E.7: The SDFs at twice bulk densny of each topological layer (gl - g6} of

dendrimers (31 ta (35 in chlorolorm,
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Figure .6 A side view of the SDFs it twice bulk density of each fopological 1ever

(gl - gb) of dendrimers (G1 to G5 in vacium,
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Figure E.9: A view from below the core of the SDFs at twice bulk density of eact:

topological laver (gl - g6) of dendrimers G1 to (G5 in chiorotorn:.
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Figure F.1: The SDFs at balf baik density of each topolomical imyver {21 - g6) of dendrimers
Gl to Ghin I'HF,
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Firure ¥.3: A side view of the SDFs at ball Imlk density of esch topological laver (=1 -

w6 of dendrimemns G1 tn0 G5 m THF.
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Figure F.3: A view from below the core of the SDFs at hadf balk density of esch topological

lawer (gl - g} of dendrimers G 1 to G5 in THF.
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Figure F.4: The SDFs at bulk densitv of cach topnlogical laver (2l - g6 of dendriners
1 to G5 in THF.
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Figure F.3: A sude view of the SDFs at hulk density of each sopological layer {g] - g6) ot
detdsimers GI to G5 in THF.
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Figure F i A view from below the core of the SDFs at tnilk density of each topological

laver (g1 - g6} of dendrimers 1 to G5 in THF.
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Figiwe 1.7 The 5DFs at twice bulk depsity of each topoiegical lever igi - g6 of der-
drimers 51 to b in THF.
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Figure F 3. A side view of tho 81Fs twiee an hutk density of each topological laver (u] .

6] of dendrirers G1 to G4 in 'THF,



Appendix F, SDFs of topolegical layers of dendrimers - THF 262

6l (2 G G4 5
* e 0.9 9.0 9.
it 0 Y . e ‘.

» ‘.n. :ﬁt

é

v
' -

4
- -

@
%
- »

T 53 A 4N S8

' 4
&
&%

Fioore F9: A view from below the core of the SDFs at twice bmik desary of sack:

ronolomceal laver (] - o6 of dendrisners Gl to % in THF.
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Figure G.1: Cutplanes through the 8DFs of dendrimers G1 vo 55 in vacuum. { A)Spatially
averaped density functions (S5} of the vacunm series at bulk density conteining only the
core and the terminal lavers. (B) represents a cutplane sbrough the SDF the plane of the

three core phewyl rings” and (O] a curplane orthoganol 9 the first cutplane, The key ia
veprescited in Figure 3.4,



Fignre GG.2: The equivalent scries of SDFs and cutplanes as Figue G.1 for the THF

BOTiE
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Figure (3.3: The cquivaleot series of SDFs and cutplanes as Figurc G.1 for the chlaroform

T IR,





