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Abstract

Seifpour, Arezou (Ph.D., Chemical and Biological Engineering)

Molecular simulations of assembly of functionalized spherical nanoparticles

Thesis directed by Professor Arthi Jayaraman

Precise assembly of nanoparticles is crucial for creating spatially engineered materials
that can be used for photonics, photovoltaic, and metamaterials applications. One way to control
nanoparticle assembly is by functionalizing the nanoparticle with ligands, such as polymers,
DNA, and proteins, that can manipulate the interactions between the nanoparticles in the medium
the particles are placed in. This thesis research aims to design ligands to provide a new route to

the programmable assembly of nanoparticles.

We first investigate using Monte Carlo simulation the effect of copolymer ligands on
nanoparticle assembly. We first study a single nanoparticle grafted with many copolymer chains
to understand how monomer sequence (e.g. alternating ABAB, or diblock A Byx) and chemistry
of the copolymers affect the grafted chain conformation at various particle diameters, grafting
densities, copolymer chain lengths, and monomer-monomer interactions in an implicit small
molecule solvent. We find that the size of the grafted chain varies non-monotonically with
increasing blockiness of the monomer sequence for a small particle diameter. From this first

study, we selected the two sequences with the most different chain conformations—alternating

il



and diblock—and studied the effect of the sequence and a range of monomer chemistries of the
copolymer on the characteristics of assembly of multiple copolymer-functionalized
nanoparticles. We find that the alternating sequence produces nanoclusters that are relatively
isotropic, whereas diblock sequence tends to form anisotropic structures that are smaller and
more compact when the block closer to the surface is attractive and larger loosely held together

clusters when the outer block is attractive.

Next, we conduct molecular dynamics simulations to study the effect of DNA ligands on
nanoparticle assembly. Specifically we investigate the effect of grafted DNA strand composition
(e.g. G/C content, placement and sequence) and bidispersity in DNA strand lengths on the
thermodynamics and structure of assembly of functionalized nanoparticles. We find that higher
G/C content increases cluster dissociation temperature for smaller particles. Placement of G/C
block inward along the strand decreases number of neighbors within the assembled cluster.
Finally, increased bidispersity in DNA strand lengths leads a distribution of inter-particle

distances in the assembled cluster.

v



For my mother and sister.



Acknowledgements

Many people have contributed significantly to the completion of this thesis. First and
foremost, I would like to thank my research advisor, Dr. Arthi Jayaraman. I am indebted to her
for her patience, advice, and support for me. I appreciate her being my mentor and taking the
time to offer guidance both on research matters as well as personal. Additionally, I would like to
thank my thesis committee, Drs. Christine Hrenya, Wounjhang Park, Ivan Smalyukh, and Mark

Stoykovich for their insightful feedback over the years.

I would like to thank the National Science Foundation (CBET 0930940) for the financial

support of this thesis research.

I am grateful to the Jayaraman group members, who have all helped me throughout my
research (and who have each forced me to try new software or programming languages along the
way): postdoctoral fellows Drs. Nitish Nair, Steven Dahl and Eric Jankowski; graduate students
Robert Elder, Tyler Martin, Charles Starbird, and Hilary Marsh; and undergraduate students Phil

Spicer, Chris McKinney and Paul Dodd.

As he would expect, I thank Robert Elder a separate time for becoming one of my best
friends and making graduate school a very enjoyable time for me. Someday, we will turn the
Robertisms into a lucrative business venture. I thank all of the friends I have made in the
department for the many good memories here in Boulder, in particular, the times spent in the

North.

I would especially like to thank my sister for her unyeilding love and support.

vi



Finally, I would like to thank my mother, who had the foresight to bring her two young
daughters to this country where they would have an opportunity to excel. She sacrificed
everything for us and meanwhile had the energy to offer love, friendship and support. I am

immensely grateful for all that she has done for me.

vii



TABLE OF CONTENTS

LIST OF TABLES ...ouuotininntentinnennannsnenssnssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssasssns xi
LIST OF FIGURES ....uuiiiirientinneennenssensnnnsnessssssssssssssssssssssssssssssssssssssssssssssassssssssssssassssassss xii
CHAPTER 1  INTRODUCTION ...coviirrrrssrnnsannssnessnnsssnssanssssssssnsssssssassssassssssssssssassssssssassssns 1

LT OVERVIEW ..ot st s 1

CHAPTER 2  EFFECT OF MONOMER SEQUENCES ON CONFORMATIONS OF
COPOLYMERS GRAFTED ON SPHERICAL NANOPARTICLES: A MONTE CARLO

SIMULATION STUDY ..uuciiinsuinrensnnsaissenssesssnssssssessssssssssssssssssssssssssssssssssssssssssssssasssssssssssssssssssssas 9
2.1  INTRODUCTION......cotiitieiteieetete ettt sttt ettt sttt et e et esteenseeneesseenteeneenseense e 9
2.2 METHOD ...ttt ettt et b et e ne et et e et e neenteeneens 14

B R Y (a1 RSP SOSPRR 14
2.2.2  Monte Carlo SIMUIALION ........eoiiiiiiiiiiiiiieeeee e 16
B T N 1 V- | SRS 18
2.24  PATAMIGLEIS ...cuuiiiiieiiiiiie ettt ettt ettt ettt ettt et ettt e 19
2.3 RESULTS. ettt ettt et et b et e bttt ettt e bt et e saeenes 19
2.3.1  Effect of monomer sequence and monomer-monomer interactions....................... 19
2.3.2  Effect of particle size (curvature) and grafting density ..........cccceeeeeveniecieenivennnnne. 25
2.3.3  Effect of grafted copolymer chain length .............ccccoeoiiiiiniiiniiiie 35
2.4 DISCUSSION ..ottt ettt ettt ettt st b et ebt e st e bt st e nbeensesaeenees 39
2.5  REFERENCES .. ...ttt sttt ettt ettt et es 44
2.6 SUPPLEMENTARY INFORMATION......ccocitiieieiiierieniteteeiteeee et 46

2.6.1  Volume available per chain that is grafted on spherical particle and flat surface .. 46
CHAPTER3 ASSEMBLY OF COPOLYMER FUNCTIONALIZED

NANOPARTICLES: A MONTE CARLO SIMULATION STUDY ...ccceverecsercrecseecsassancans 49
3.1  INTRODUCTION......coiiiiititiee ettt ettt sttt st 49
3.2 METHOD ..ottt ettt sttt 54

3201 MOEL ettt 54
3.2.2  Monte Carlo SImulation.........cocuoiiiiiiiiiiiie e 56
3.2.3  ANALYSIS.cutiiiiiii et et e et e e e b e e etaeeeaaeeebaeeeaeeeenreeeanraeens 58
3.2:4  PaATAMELETS ....ueieiiiieiiiie ettt ettt ettt ettt et e et e e are e s eareeeas 59

viii



3.3 RESULTS ettt st e 60

3.3.1 Effect of monomer sequence for varying chemistries ...........ccceecvveerciieencieeeeneeenne, 60
3.3.2  Effect of particle diameter ........cc.eeeiiieeiiieiiiieeiee ettt 69
3.3.3  Effect of length of graft........cccoooiiioiiieii e 74
3.3.4  Effect of changing number of grafted particles at dilute concentration.................. 77
3.4 CONCLUSIONS ...ttt ettt ettt et e et e sttt e st e nteenseeatenbeensesseenseeneesseensens 79
3.5  REFERENCES ...ttt sttt et sttt st 82
3.6 SUPPLEMENTARY INFORMATION.....cccoitiiiiiiniieiteieniteieete sttt 85

CHAPTER4  MOLECULAR SIMULATION STUDY OF THE ASSEMBLY OF DNA-
FUNCTIONALISED NANOPARTICLES: EFFECT OF DNA STRAND SEQUENCE

AND COMPOSITION....couiiruinensensaicsenssesssnssssssessanssssssssssssssssssssasssssssssssssssssassssssssssssssssssassssssas 96
4.1 INTRODUCTION......ootiiiiiteieeieee ettt ettt ettt te st eseenaesseeseeneesseenseenee e 96
4.2 METHOD ...ttt ettt ettt et e b et e s aeenseenseeneenneas 100

4.2.1  Model and SImMUlation........c.ccoceiiiiiiiiiniiniiee e 100
422 ANALYSIS..iiiiiiiiieeiieie ettt ettt et e et e et e e b e e nnaeenteeeateebeennnas 103
4.2.3  PAT@mMELETS ...coviiiiiiiiiieieeit ettt sttt et e 106
4.3 RESULTS ...ttt ettt et b bttt e et e be b ebesaeeneenean 108
4.3.1  Effect of number of grafted DNA strands at 100% G/C content.............c..c......... 108
4.3.2  Effect of G/C content and partiCle SI1Z€.........ecceerireriieriieniieiiieieeeie e 111
4.3.3  Effect of G/C placement along the strand.............ccccceeviieiiiiiiienieniecieeeeeeee, 117
4.3.4  Effect of particle CONCENIIatioN.........ccueeruierieeiiienieeiieeie ettt 122
4.4 CONCLUSION ...ttt ettt ettt sttt et e e tesbesbesbesseeneeneas 124
4.5  REFERENCES.. ..ottt ettt ebe et eneeneas 125
4.6  SUPPLEMENTARY INFORMATION......cooiiiieiieieieeie et 127

4.6.1  Reduced model parameters used in the Molecular Dynamics code and method
details 127

4.6.2  Validation of in-house COAE ........coouiiriiiiiiiiiieiiece e 127
4.6.3  Melting curve prior to normalization for grafting density study ...........ccceuveen.e. 131

4.6.4  Melting temperatures determined from melting curve and from heat capacity, C,,

for grafting density STUAY .....cceeoiieiiieiieie et et 132
4.6.5 Inter-particle spacing determined by graft length..........c..ccooveeviiiiiniiiiniieee 132
4.6.6  Inter-particle spacing caused by various SEQUENCES..........ceeevveerireeercreeerireeerreeennn 133

X



4.6.7  Inter-particle spacing for varying G-C content and strand end-to-end distances,
<R.> 134

4.6.8 Effect of G-C placement for 67%, 33%, and 17% G-C content.............cceeennenne 136

4.6.9  Effect of G-C binding block placement on assembly thermodynamics and structure:
main paper Figure 4.8 with additional SEQUENCE .........c.eeevviieiiiiiiiieeieece e 139

4.6.10 Effect of concentration on assembly of G-C binding block placement systems .. 141

4.6.11 Relative Shape Anisotropy (RSA) ..ccueieoiiieieeeeeeeeeeee e 143
4.6.12  Mean square diSplacement..........cceereuieeriiieeriie et 152
4.6.13  Simulation box size for main paper tables..........ccceeeviieriiieeiiiierie e 153

CHAPTERS MOLECULAR SIMULATION STUDY OF THE ASSEMBLY OF DNA-
FUNCTIONALISED NANOPARTICLES: EFFECT OF BIDISPERSITY IN DNA

STRAND LENGTH ....uuuiiiiiiiiiiniinneicnniisnissnesssisssesssssssssssssssssssssssssssssssssssssssssssssssssssssess 154
5.1  INTRODUCTION. ... .ottt ettt ettt ettt et st e b e saaeeeeens 154
5.2 METHOD ...ttt ettt et s e et e st eebeesiteebeens 158

5.2.1 Model and STMULAtION........ooiuiiiiiiiii et 158
TN N 1 -1 ) TSRS 161
5.2.3  PATAMELETS .....eeiiiiieiiiie ittt ettt sttt et e e 164
5.3 RESU LT Sttt ettt et e st et e st e b e s abeebeesaeeeabeen 165
5.3.1  Effect of bisdispersity in DNA strand length at constant number of grafts and
NUMDBET OF G/C DEAAS ...ttt sttt e 165
5.3.2  Effect of varying number of G/C beads at constant number of grafts.................. 171
5.3.3  Effect of varying number of grafts at constant number of G/C beads................... 174
5.3.4  Effect of varying number of G/C beads and number of grafts ............cccceeverneen. 178
5.4 CONCLUSION ....ooitiiititeitetete ettt sttt ettt ettt st st e b et sbeenaeeaee e 180
5.5  REFERENCES ...ttt sttt st sttt st 181
5.6  SUPPLEMENTARY INFORMATION.....cccootimiiiiiiinieieeiesitenie et 183

CHAPTER 6 CONCLUSIONS AND FUTURE DIRECTIONS ....ccoverecruecsnnsecsaecsenes 185
6.1 COPOLYMER-FUNCTIONALIZED NANOPARTICLE ASSEMBLY ........cc...... 185
6.2 DNA-FUNCTIONALIZED NANOPARTICLE ASSEMBLY .....ccccevciiniviinieienene. 187
0.3 REFERENCES ...ttt sttt et 190

CHAPTER 7  BIBLIOGRAPHY ....uuiuiiiiiiisuenseicensecssecsnnsecssecsssssnsssessssssesssssssssssssssssssns 191



List of Tables

Table 2.1 The exponent and prefactor in <Rg2>1/ >=aN", where N is the grafted chain length for

systems:I=free chain,lI=six chains grafted on D=4 particle, IlI=six chains grafted on D=12
particles, IV=sixteen chains grafted on a flat surface with grafting density same as II, V= two
chains grafted on a flat surface with grafting density same as III. Empty cells indicate that the

data did not fit the scaling relationShipP. .......cccuveieiiiiiiiiee e 37
Table 3.1 Chemistry of AB copolymer grafted chains. This is also the legend for x-axis values in
the figures showing <N>, <Rg,cluster2>1/ 2 and metal fill fraction for various chemistries. ............. 55

Table 4.1 Grafted strand sequences with the left-most base grafted to the particle surface. ..... 107

Table 4.2 Parameters varied: (a) number of grafts, Ny, and corresponding grafting density o
(chains/nm?) for each particle size and (b and c) concentration of DNA-functionalised
NANOPATTICIES ..eeneiiieiiee ettt et e et e et e e e et e e steeesstaeesssaeesssaeensseeesseesnssaeensseesnseeennses 108

Table 4.3 Melting temperatures determined from the melting curves for the systems described in
the first two rows. For N,=8 systems, number of particles is 10, particle diameter is D=5 nm or
D=2 nm, each grafted with N,=8 strands of 12 bases with G/C content shown in the first column.
Error bars are calculated from the average of 3 trials. For Ny=1 systems, number of particles
shown in the second row each grafted with Ny=1 strand of 12 bases with G/C content shown in
the first column. Error bars are calculated from the average of 25 trials. Simulation box sizes
listed in supplementary infOrmMatioN. .........cceevieeiiierieeiiieie ettt 116

Table 4.4 Melting temperatures determined from the melting curves for the systems described in
the first two rows. For Ng=8 systems, number of particles is 10, particle diameter is D=5 nm or
D=2 nm, each grafted with N,=8 strands of 12 bases of 50% G/C content with G/C placement
shown in the first column. Error bars are calculated from the average of 3 trials. For Ny=1
systems, number of particles shown in the second row each grafted with N,=1 strand of 12 bases
of 50% G/C content and G/C placement shown in the first column. Error bars are calculated from
the average of 25 trials. Simulation box sizes listed in supplementary information. ................. 119

Table 4.5 Thermodynamic and structural aspects of various systems. Concentration, c, melting
temperature, T,,, average coordination number, <Z>, average number of strands bonded, <sy>,
and inter-particle spacing are averages of 3 trials. For top portion of the table, D=5 nm particles
are grafted No,=4, 6 and 8, number of strands with Npaes=12 and 100% G/C in a diblock
sequence. For outer and inner placement, D=5 nm particles are grafted N,=8 with Npases=12 G/C
content is 50% in a diblock SEQUENCE. ......c.eiiuiiiiiiiiiiiee e 123

Table 5.1 Sequences studied for each ratio of short to long strand length, Nghori:Niong and G/C
content of Ny, relative to the particle diameter, Ng,or/D. Strands are grafted to the particle
surface starting from the left nucleotide of each sequence. ............cccevieniiiiiiiniiniiiiniic, 164

X1



List of Figures

Figure 2.1 A schematic of model of AB copolymer grafted particles with alternating and diblock
sequence for grafted chain length N=8. Also shown are the various monomer sequences—
alternating or -(A;Bj)n, multiblocks: -(A3B3),, -(A¢Be)n, and diblock or -(A,»Bn,)—for the
grafted chain length N=24. ...ttt ae et e e e bae b ens 14

Figure 2.2 a) Radius of gyration and b) number of attractive monomer contacts as a function of
monomer sequence for six AB copolymers of length N=24 grafted on a spherical nanoparticle of
diameter D=4, at athermal interactions (no symbols solid line), and monomer-monomer
attractive interaction strength=0.2 kT (circles), 0.5 kT (down triangle) and 1 kT (up triangle).
Open symbols-dashed lines correspond to systems where A monomers are attractive and filled
symbols-solid lines correspond to systems where B monomers are attractive. Monomer sequence
1 refers to alternating, 2 refers to (A3B3)4, 3 refers to (A¢Bg)2, and 4 refers to diblock copolymer.
....................................................................................................................................................... 20

Figure 2.3 Average number of monomers N(r) at increasing radial distance from the surface of
the particle, r, for particle diameter D=4 with six a) alternating copolymer and b) diblock
copolymer grafted chains of length N=24 at athermal interactions(black solid line), and
monomer-monomer attractive interaction strength = 0.2kT (circles) and 1kT (triangles). Open
symbols- dashed lines correspond to systems where A monomers are attractive and filled
symbols- solid lines correspond to systems where B monomers are attractive. ..........cccceceeeueeee. 23

Figure 2.4 Radius of gyration, R,, as a function of monomer sequence for AB copolymers of
length N=24 grafted on a spherical nanoparticle of diameter a) D= 8 and b) 12, at athermal
interactions (black solid line), and monomer-monomer attractive interaction strength = 0.2kT
(circles) and 1kT (triangles). ¢) Number of attractive monomer contacts for D=4 (circles), D=8
(triangles) and 12 (squares) at monomer attractive interaction strength=1kT. Open symbols-
dashed lines correspond to systems where A monomers are attractive and filled symbols- solid
lines correspond to systems where B monomers are attractive. ........c.cceccveeeeieeeeieeeiieesiieeeieeenns 26

Figure 2.5 Representative simulation snapshots (best seen in color) for alternating and diblock
AB copolymers of length N=24 grafted on a spherical nanoparticle of diameter D=4, 8 and 12 at
eaa or egg=1 kT. For alternating sequence we show snapshots only for gspa=1 kT because the
chain conformations are similar for both gaa=1 kT and egg=1 kT. D=4 exhibits intra- and inter-
chain monomer aggregation, and D=12 exhibits mainly intra-chain aggregation only. D=8 shows
purely intra-chain aggregation for diblock copolymer and A block attractive, and a combination
of intra- and inter-chain aggregation for alternating and diblock and B block attractive............. 28

Figure 2.6 Radius of gyration, Ry, as a function of monomer sequence (x-axis) for AB
copolymers of length N=24 grafted on spherical nanoparticles of size D=4, 8, and 12nm, at
grafting density 0.03-0.04 chains/nm” and at athermal interactions (black solid line), and
monomer-monomer attractive interaction strength = 0.2kT (circles) and 1kT (triangles). Open
symbols-dashed lines correspond to systems where A monomers are attractive and filled
symbols-solid lines correspond to systems where B monomers are attractive. ...........cccceeceenneenee. 30

Xil



Figure 2.7 Radius of gyration, R,, as a function of monomer sequence for AB copolymers of
length N=24 grafted on a flat surface at decreasing grafting density, at athermal interactions
(black solid line), and monomer-monomer attractive interaction strength=0.2 kT (circles) and 1
kT (triangles). Open symbols-dashed lines correspond to systems where A monomers are
attractive and filled symbols-solid lines correspond to systems where B monomers are attractive.
....................................................................................................................................................... 33

Figure 2.8 log(R,) as a function of log(N), where N is the length of the grafted or free copolymer
at a) athermal conditions, b)alternating copolymers at A-A monomer-monomer attraction
strength is 1 kT, and c) diblock copolymers at A-A monomer-monomer attraction strength is 1
£ LRSS 36

Figure 3.1 (a) Ensemble average number of particles in clusters <N>, (b) radius of gyration of
the clusters, <Rg,cluster2>1/ 2and (c) metal fill fraction within the clusters formed from the assembly
of 10 copolymer grafted particles (in a 100x100x100 nm® simulation box) with particle diameter
D=4nm and six grafts of 24 monomers arranged in either an alternating (black solid lines) or
diblock sequence (green dashed lines). X-axis denotes the monomer chemistries and the values
correspond to the TOWs 1N Table 3. 1. ....cooiiieiiie e 60

Figure 3.2 Histogram of frequency of coordination numbers, Z, within clusters formed from the
assembly of 10 copolymer grafted particles (in a 100x100x100 nm’ simulation box) with particle
diameter D=4nm and six grafts of 24 monomers arranged in either an alternating (black solid
lines) or diblock sequence (green dashed lines) with varying monomer chemistries corresponding
to a) rows 1-3, b) rows 4-6, ¢) rows 7-9, d) rows 10-12, and e) rows 13-15 in Table 3.1. The
symbols for weak, moderate and strong attraction strength are square, circle and triangle,
TESPECEIVELY. Leneiiiiietie ettt ettt ettt ettt e et e et e et e e s tbeesbeesseeeaseeeabeenbeaesbeeaseeenbeenseennbeenseas 62

Figure 3.3 Simulation snapshot from one of the trials showing representative equilibrium
clusters formed from the assembly of 10 copolymer grafted particles (in a 100x100x100 nm’
simulation box) with particle diameter D=4 nm and six grafts of 24 monomers arranged in either
an alternating or diblock sequence. The rows in the figure, as labeled, correspond to the varying
monomer chemistries 1N Table 3.1, . ... 64

Figure 3.4 (a) Ensemble average number of particles in clusters <N>, (b) radius of gyration of
the clusters, <Rg,cluster2>1/ 2 and (c) metal fill fraction within the clusters formed from the assembly
of 10 copolymer grafted particles in a 100x100x100 nm’ simulation box with six grafts of 24
monomers arranged in either an alternating (left panel) or diblock sequence (right panel) and
particle diameters D=2nm (solid black square), 4nm (dashed purple circles) and 12nm (dotted
orange diamonds). X-axis denotes the monomer chemistries and the values correspond to the

FOWS 111 TADIE 3.1ttt ettt a et e eee e et eeeeeeeneseeenenennnnnnnnnns 70

Figure 3.5 Simulation snapshots from three trials showing clusters formed from the assembly of
10 copolymer grafted particles (in a 100x100x100 nm’ simulation box) with particles diameter
D=12nm (top and middle) and D=4nm (bottom) with six grafts of 24 monomers arranged in
diblock sequence. The monomer chemistries correspond to row 15 (top), row 9 (middle) and row
LT3 10710711 SO PSRUSRPS 73

xiii



Figure 3.6 (a) Ensemble average number of particles in clusters <N>, (b) radius of gyration of
the clusters, <Ry, cluster2>1 2 and (c) metal fill fraction w1th1n the clusters formed from the assembly
of 10 copolymer grafted particles (in a 100x100x100 nm’ simulation box) with six grafts of 48
(solid black square), 24 (dashed purple circles) and 8 (dotted orange diamonds) monomers
arranged in either an alternating (left panel) or diblock sequence (right panel) on particle
diameters D=4 nm. X-axis denotes the monomer chemistries and the values correspond to the

FOWS 111 TADIE 3.1ttt ettt e et eee e et eeeeeeeeeseeenenennneennnnns 75

Figure 3.7 Same as Figure 3.4 but for 20 copolymer grafted particles in a 100x100x100 nm’
SIMULALION DOX. ..ottt ettt et sttt et st sb e et sbe e bt et et e beeanes 78

Figure 4.1 Schematic of our coarse grain model. In this model, a nucleotide on each strand is
represented with one coarse-grained bead, and the hydrogen bonding sites on the bases are
represented with sticky patches on the coarse-grained beads. Each nanoparticle is grafted with N,
number of DNA strands (Ng=6 in this figure) of a given length, Npases (Npases=6 1n this figure).100

Figure 4.2 Schematic of oligonucleotide sequences with varying G/C placement indicated by
grey-dashed box. We show only a single strand per particle for clarity..........cccocceeveieniennennnen. 107

Figure 4.3 (a) Normalised melting curves, (b) number of free nanoparticles, (c) average
coordination number, <Z>, and (inset) average number of strands bonded per particle, <s,>, as a
function of reduced temperature, T, for 10 particles, in (100 nm)® box, each of diameter D=5 nm
and grafted with N,=4 (red triangle, dotted line), 6 (blue circle, dashed line) and 8 (black square,
solid line) strands of 12 bases each with a diblock (G¢Cs) sequence. Vertical dashed lines in part
(a) indicate T, for each system. (d) Radial distribution functlon at Tj0,=0.08. r g(r) for Ny=6 and
8 are shifted by 5000 and 10000 units in the y-axis from r’g(r) for N o4 for clarity............... 109

Figure 4.4 (a) Normalised melting curves and (b) number of free nanoparticles as a function of
reduced temperature, T, for 10 particles, in (100 nm)’ box, each of diameter D=5 nm and grafted
with Ng=8 strands of 12 bases each with sequence shown in legend. Error bars are calculated
from the average of three trials. ........cccviieiiiieiiicce e 112

Figure 4.5 (a) Normalised melting curves and (b) number of free nanoparticles as a function of
reduced temperature, T, for 10 particles, in (100 nm)’ box, each of diameter D=2 nm and grafted
with Ng=8 strands of 12 bases each with sequence shown in legend. Error bars are calculated
from the average of three trialS. .........cviieiiiieiiiece e e 114

Figure 4.6 Radial distribution function at T'=0.07 for 10 particles, in (100 nm)’ box, each of
diameter (a) D=5 nm and (b) D=2 nm and grafted with N,=8 strands of 12 bases with the
following G/C contents: 100% (particle-G¢Cs) (purple open circles, dashed line), 67% (particle-
A4G4Cy) (green open squares, solid line), 50% (particle-AsG3Cs) (red filled triangles, dotted
line), 33% (particle-AsG,C;) (blue filled circle, dashed line) and 17% (particle-A;oGC) (black
filled square, solid line). Error bars are calculated from the average of 3 trials......................... 115

Figure 4.7 Melting curves as a function of reduced temperature, T", for 2 particles, each of
diameter (a) D=5 nm and (b) D=2 nm, grafted with Ng=1 strand of 12 bases each with sequence
shown in legend. Simulation box is (25 nm)® for all G/C contents except for 17% where the

X1V



simulation box is (50 nm)3. Vertical dashed lines indicate T,, for each system. Error bars are
calculated from the average of 25 tr1alS. ......cccvieeiiiiiiiece e 117

Figure 4.8 (a) Number of free nanoparticles, and (b) average coordination number, <Z>, as a
function of reduced temperature for 10 particles, in (100 nm)’ box, each of diameter D=5 nm and
grafted with Ny=8 strands of 12 bases with 50% G/C content placed in the outer block (particle-
AsG3Cs) (red filled triangles, dashed line), middle block (particle-A3;G3;C3A3) (blue filled circle,
dashed line) or inner block (particle-G3C3;Aq) (black solid square, solid line). (c) Radial
distribution function at T},,=0.07. Error bars are calculated from the average of three trials.... 118

Figure 4.9 (a) Melting curves (not normalised), (b) number of free nanoparticles, and (c) average
coordination number as a function of reduced temperature, T, for 10 particles, in (100 nm)® box,
each of diameter D=5 nm and grafted with Ng=8 strands of 12 bases each with sequence shown
in legend. (d) Radial distribution function at Ty,w=0.07. Error bars are calculated from the
AVerage Of three trIaAlS. ....cc.eiiiiiiiiiie ettt ettt sttt e e eneeas 121

Figure 5.1 (a) Number of free nanoparticles, (b) ensemble average number of nanoparticles per
cluster, <N>, (¢) average coordination number, <Z>, and (d) radius of gyration of cluster as a
function of reduced temperature, T", for 10 particles, in a (100 nm)’ box, each of diameter D=4
nm and grafted with Ny=8 strands of with bidisperse strand length ratio shown in legend
(sequences listed in Table 5.1 for Ngpo/D=1). Also shown are monodisperse case for Nghort
(GGCC) and Niong (AAAAAAAAGGCC). Error bars are calculated from the average of 10 trials.
..................................................................................................................................................... 166

Figure 5.2 (a-c) Nanoparticle-nanoparticle number profile, N(r) versus r-D and (d-f)
ssDNA:ssDNA hybridization histogram at Tjow=0.08 for 10 particles, in a (100 nm)® box, each of
diameter D=4 nm and grafted with N,=8 strands of with bidisperse strand length ratio shown in
upper right corner of each plot (sequences listed in Table 5.1 for Ngpo/D=1). Error bars are
calculated from the average of 10 trials. For (d-f), x-axis s:s denotes short to short strand
hybridization, s:1 denotes short strand to long strand hybridization and 1:1 denotes a long strand to
long strand hybridiZAtION. ......cccuiiiiiiiiiiie ettt ettt e eibe e e ssaeenseas 168

Figure 5.3 Nanoparticle-nanoparticle number profile, N(r), versus r-D at Tjw=0.08 for 10
particles, in a (100 nm)’ box, each of diameter D=4 nm and grafted with N,=8 strands of with
bidispersity in strand lengths ratio Nghori:Niong=4:12 (sequence listed in Table 5.1 for Ngo/D=1)
as well as monodisperse Nghort (GGCC) and Nigng (AAAAAAAAGGCC). Each curve is shifted
0.45 units along the y-axis from the previous curve for clarity, started from bidispersity in strand
lengths ratio 4:12. Error bars are calculated from the average of 10 trials. .........ccccceceerienennens 170

Figure 5.4 (a) Number of free nanoparticles, (b) ensemble average number of nanoparticles per
cluster, <N>, (¢) average coordination number, <Z>, and (d) radius of gyration of cluster as a
function of reduced temperature, T", for 10 particles, in a (100 nm)’ box, each of diameter D=4
nm and grafted with N,=8 strands of with bidisperse strand length ratio shown in legend
(sequences listed in Table 5.1 for Ngpo/D=2). Also shown are monodisperse case for Nghort
(GGGGCCCC) and Nipng (A AAAAAAAAAAAAAAAGGGGCCCC). Error bars are calculated
from the average Of 10 tr1alS. .....oociiiiiiie e rae e s 172

XV



Figure 5.5 (a-c) Nanoparticle-nanoparticle number profile, N(r), versus r-D and (d-f)
ssDNA:ssDNA hybridization histogram at Tjow=0.08 for 10 particles, in a (100 nm)® box, each of
diameter D=4 nm and grafted with N,=8 strands of with bidisperse strand length ratio shown in
upper right corner of each plot (sequences listed in Table 5.1 for Ngpo/D=2). Error bars are
calculated from the average of 10 trials. For (d-f), x-axis s:s denotes short to short strand
hybridization, s:1 denotes short strand to long strand hybridization and 1:1 denotes a long strand to
long strand hybridiZAtION. ......cccuiiiiiiiieiie ettt ettt st et eeebe e b e snaeenseas 173

Figure 5.6 (a) Number of free nanoparticles, (b) ensemble average number of nanoparticles per
cluster, <N>, (¢) average coordination number, <Z>, and (d) radius of gyration of cluster as a
function of reduced temperature, T", for 10 particles, in a (100 nm)’ box, each of diameter D=4
nm and grafted with Ny=8 strands (dashed lines) and N,=16 (solid lines) of with bidisperse
strand length ratio shown in legend (sequences listed in Table 5.1 for Ng,o/D=1 and 2). Error
bars are calculated from the average of 10 trials. ........cccceeiieiiiiiiiniiceee e 175

Figure 5.7 (a-c) Nanoparticle-nanoparticle number profile, N(r), versus r-D and (d-f)
ssDNA:ssDNA hybridization histogram at T),,,=0.08 for 10 particles, in a (100 nm)’ box, each of
diameter D=4 nm and grafted with Ny=8 strands of with bidisperse strand length ratio shown in
upper right corner of each plot (sequences listed in Table 5.1 for Ngo/D=1). Error bars are
calculated from the average of 10 trials. For (d-f), x-axis s:s denotes short to short strand
hybridization, s:l denotes short strand to long strand hybridization and 1:1 denotes a long strand to
long strand hybridiZation. ..........cooviiiiiiiiiiece e e rre e e rae e saee s 176

Figure 5.8 Simulation snapshot from one of the trials at Tj,=0.08 for assembly of 10 particles in
a (100 nm)’ simulation box, with particles of diameter D=4 nm each grafted with Ng=8 (top 2
rows) or Ny=16 (bottom 2 rows) number of strands, an equal number of short, N, and long,
Niong, strands, number of G/C beads=4 (rows 1 and 3) or 8 (rows 2 and 4) for strand length ratio
indicated at top of €aCh COIUMN. .........cooiiiiiiiiiiiiie e e 177

Figure 5.9 (a) Number of free nanoparticles, (b) ensemble average number of nanoparticles per
cluster, <N>, (¢) average coordination number, <Z>, and (d) radius of gyration of cluster as a
function of reduced temperature, T", for 10 particles, in a (100 nm)’ box, each of diameter D=4
nm and grafted with Ny=8 strands (dashed lines) and N,=16 (solid lines) of with bidisperse
strand length ratio shown in legend (sequences listed in Table 5.1 for Ng,o/D=1 and 2). Error
bars are calculated from the average of 10 trials. ........ccccoeoiiiiiiiiiniiceee e 179

XVi



Chapter 1
Introduction
1.1 Overview

Encoding particles with information on how to arrange themselves into complex architectures is
the central theme underlying materials assembly. To assemble the particles, their surfaces are
chemically modified with ligands, e.g. polymers, DNA and proteins, to change the effective
inter-particle interactions. The quest for the optimal ligand needed for a given particle
arrangement is not simply to determine which ligands induce the functionalized nanoparticles to
attract or repel one another, rather in engineering ‘smart’ ligands which have additional assembly
instructions such as dimensionality of the assembled nanoparticle structure (e.g. 1D nanowires to
2D sheets to 3D gels or crystals) or the inter-particle distances within the assembled cluster (e.g.
compact clusters versus large loosely held-together clusters) etc., to achieve tighter control over
the final structure (e.g. coordination number). The catalogue of possible ligands is endless. For
example, within the family of polymers one could choose homopolymers or copolymers
composed of combinations of different monomers of varying molecular weight in a host of
solvents. In the case of DNA, strands of a given length can have many sequences of A, T, G and
C bases. Predicting a priori the assembly that results from a specific ligand can be challenging
since how the particles arrange themselves depends on a complex balance of entropic and
enthalpic driving forces. In addition, synthesizing each system in the laboratory to investigate
what particle arrangement results from functionalizing the particles with a given ligand and

placing them in a certain medium can be a time-consuming and costly process. Computational



tools can aid in scanning the parameter space of available ligands both rapidly and at lower cost.
This thesis research aims to investigate two of such ligands, namely copolymers and single
stranded DNA, using molecular simulation to determine the effect the ligands have on the
assembly of the spherical nanoparticles at various conditions such as grafting density, sequence

and chemistry of ligand, particle size, length of the ligand, and concentration of particles.

In Chapter 2, we describe our Monte Carlo simulation study of copolymer chains grafted
onto a single nanoparticle to determine how the conformation of the grafted copolymer changes
due to the sequence and chemistry (or monomer-monomer interactions) of the copolymer at
varying particle diameters, grafting densities, and chain lengths (molecular weight) of the grafted
copolymer in an implicit small molecule solvent. The conformations of the grafted copolymers
lead the nanoparticle surface to be either covered with grafted monomers or exposed. The extent
to which a particle surface is covered (exposed) determines how repulsive (attractive) the
nanoparticles are to one another, dictating the inter-particle interactions. Understanding the effect
of chemistry and sequence on the conformation of grafted copolymers is a first step towards
designing copolymer-grafted nanoparticles with tailored effective inter-particle interactions that
will then allow for better control of assembly of nanoparticles. Copolymer functionalization is an
attractive route for directing nanoparticle assembly because unlike homopolymer grafts where
the effect of the medium is homogenous throughout the homopolymer grafted chain, in a
copolymer the presence of two different monomer chemistries could allow us to control the
solvent effects non-homogeneously along the chain and thus the variation in the monomer
aggregation on the particle surface, changing the effective inter-particle interactions. We used
lattice Monte Carlo simulation to study AB copolymers with alternating, multiblock, or diblock

sequences, where either A monomers or B monomers have monomer-monomer attractive



interactions. Our focus was to show the nontrivial effect of monomer sequence on the
conformations of the grafted copolymers at various particle diameters, grafting densities,
copolymer chain lengths, and monomer-monomer interactions. When copolymers are grafted on
a spherical particle and one set of like monomers has an attractive interaction, either (i) all the
grafted chains aggregate to bring attractive monomers from all grafted chains together
(intrachain and interchain monomer aggregation) if the favorable enthalpy gained by doing so
can offset the conformational entropic loss, or (ii) each grafted chain folds onto itself to bring
attractive monomers along each chain together (pure intrachain monomer aggregation) if the
entropic loss from stretching of chains for interchain aggregation cannot be overcome by the
enthalpic gain. The implication of this on a system of multiple grafted particles is that the
conformations and spatial organization of monomers in the two scenarios (both intra- and
interchain versus purely intrachain monomer aggregation) will affect the effective interactions
between two copolymer grafted particles. We found on the smallest spherical particle we studied
that the radius of gyration varies non-monotonically with increasing blockiness of the monomer
sequence, and the copolymers have both intrachain and interchain monomer aggregation. At
larger particle diameters, however, the grafted chains transition to being mostly intrachain

monomer aggregation and the radius of gyration varies monotonically with monomer sequence.

For our next study described in Chapter 3, we select from the first study two of the
sequences with disparate chain conformations—alternating and diblock—and investigate the role
of sequence and chemistry of the copolymer graft on the assembly of multiple copolymer-
functionalized nanoparticles. We use lattice Monte Carlo simulations to study diblock or
alternating AB copolymer-grafted spherical nanoparticles placed in an implicit solvent to

establish how nanoparticles functionalized symmetrically with diblock and alternating



copolymers at low to medium grafting density assemble into nanoclusters of different sizes,
shapes and structures at varying chemistries, particle sizes, concentration of grafted particles and
grafted copolymer chain length. We have studied a range of monomer chemistries by varying
strengths of like-monomer (A-A and/or B-B) attractive interactions in the presence of relatively
strong or negligible unlike-monomer (A-B) repulsive interaction. We observe that while the
alternating sequence produces clusters that are relatively isotropic regardless of whether A-A or
B-B monomers are attractive in the presence of negligible unlike-monomer repulsions, the
diblock sequence produces clusters that are smaller and more compact when inner block
monomers (A-A) are attractive and larger loosely held together clusters when outer block
monomers (B-B) are attractive. In the presence of strong A-B repulsions the alternating sequence
leads to either particle dispersion or smaller clusters than those at negligible A-B repulsions
while the diblock sequence exhibit similar cluster characteristics in the presence and absence of
A-B repulsions. Additionally, diblock copolymer grafted particles tend to assemble into
anisotropic shapes despite the isotropic grafting of the copolymer chains on the particle surface.
We find that increasing particle size makes it more entropically unfavorable for grafted chains to
interact with adjacent grafted chains on the same particle leading to cluster formation only in
cases when the like-monomer attraction strength was strong enough to overcome the entropic
loss from stretching grafts during inter-particle contacts. In the dilute concentration regime a
small increase in the particle concentration does not change the cluster characteristics confirming
that the structure within a cluster is primarily governed by the copolymer functionalization
imparting a “valency” to the nanoparticle “atom.” This work illustrated how copolymer
functionalization and tuning the grafted copolymer sequence is an exciting route experimentalists

can take to tailor self-assembly of nanoparticles into target nanostructures.



In Chapter 4, we shift our focus to DNA ligands, where we exploit the specificity of
DNA hybridization through Watson-Crick base pairing to give the additional measure of control
of directionality over the nanoparticle assembly. In this study, we use molecular dynamics
simulations to study a system of a single population of DNA-functionalized nanoparticles that
assemble (without linkers) in an implicit solvent through hybridization of grafted strands which
are of a self-complementary sequence. In other words, when all particles in a system are grafted
with the same sequence, for the particles to assemble, the DNA strands should bind in a head to
tail manner. Thus, the sequence must be such that when placed in reverse, it is complementary to
itself (e.g. since G bases hybridize with C bases, particle-G-G-C-C can bind in a head to tail
manner with C-C-G-G-particle). Our goal is to understand the effect of chemical heterogeneity
in the DNA strands on the assembly of multiple DNA-functionalized nanoparticles. Specifically,
we determine the effect of the composition (G/C content) and placement of the G/C block within
the grafted strands on the structure and thermodynamics of the assembly at varying grafting
density and particle sizes. We tune the strength of the binding between two DNA strands by
varying the G/C content or by incorporating “non-hybridizing” spacer bases in the strand
between the G/C bases. It is important to find the optimal G/C content which is sufficient to
drive nanoparticles to assemble, yet not too high causing “stuck” or metastable assembled
structures. The optimal G/C content is not easy to predict a priori as it is depends in a complex
manner on nanoparticle shape and size, grafting density, nanoparticle concentration, etc. One
cannot easily predict how the enthalpic drive (G/C content) for nanoparticle assembly is
balanced by the entropic loss (particle translation, strand conformation) of a given system simply
from analysis of the building block itself. In addition to the G/C content, the placement of G/C in

the strand, i.e. the length of contiguous G/C or sequence of G/C with respect other bases in the



strand also affects the structure of the nanoparticle assembly and the cluster dissociation
temperature, primarily by affecting the entropy losses term in the free energy of cluster
formation. We find that at constant grafting density and G/C content, nanoparticles assemble
more readily when the G/C blocks are placed on the outer (far from the particle surface) or
middle portions of the strands than in the inner portion (closest to the particle surface) because of
entropic frustration in the latter case. Also, at constant G/C content, as the G/C placement along
the strand shifts closer to the particle surface the “valency” of the particle decreases. As particle
size decreases at constant grafting density and G/C placement the minimum G/C content needed

for assembly increases.

In Chapter 5, we continue using molecular dynamics simulations to study the assembly of
DNA-functionalized nanoparticles with equal number of short and long DNA strands on each
nanoparticle to understand the effect of increasing bidispersity in strand lengths on the structure
and thermodynamics of the assembled clusters. We vary short to long or bidisperse strand length
ratios along with the grafting density and the length of the G/C segment per strand in each
system. At constant number of grafts and number of G/C beads, as bidispersity in strand lengths
increases the average number of nanoparticles that assemble into a cluster as well as the radius of
gyration of the cluster increases and the average number of neighbors a nanoparticle has in a
cluster also increases. When number of G/C beads is constant and thus the enthalpic drive for
assembly is constant, the presence of long strands in the bidisperse systems helps alleviate the
entropic losses seen in tightly packed particles by hybridizing with the longer strands on
neighboring particles and increasing the inter-particle spacing. Inter-particle spacing in the
clusters assembled from particles with bidisperse strand lengths depends on the relative

frequency of the three possible ssDNA:ssDNA hybridization between particles, e.g. short strand



hybridizing to another short strand (short-short), short strand hybridizing to a long strand
partially (short-long), or long strand hybridizing to another long strand (long-long). In the case of
small number of grafts there are fewer short-short hybridization and mostly short-long and long-
long hybridization. In the case of larger number of grafts there are negligible short-short
hybridization and higher frequency of long-long hybridization versus short-long. As the number
of grafts increase, long strands hybridize to other long strands in preference to short-long
hybridization so that particle surface separation is increased to minimize entropic loss. While
higher number of grafts systems have negligible short to short strand connections, particles are
able to have short inter-particle distance via partial hybridization of strands. At high number of
G/C beads, an increase in number of grafts causes a sharp increase in the number of

nanoparticles that cluster.

In Chapter 6, we conclude by summarizing this thesis, noting limitations and challenges
of this work, and providing directions for future work in this project. In the study on copolymer
functionalization, we maintained particle-particle interactions and particle-monomer interactions
as athermal to isolate the effect of grafted monomer chemistry on the nanoparticle assembly.
Evaluating the role of particle-monomer interactions is important and has been the focus of a
recent study by Martin, McKinney and Jayaraman. Analogous to the limitation of our copolymer
work, in the study on DNA functionalization, we have not modeled non-specific interactions
between the bases and the surface, which could have an effect on the structure and
thermodynamics of the assembled clusters. Additionally we have not included electrostatic
interactions to mimic purely a high salt concentration condition where electrostatic interactions
are screened. Changing salt concentration will need explicit electrostatic interactions, and tuning

the strand flexibility. Some of the future directions could involve tackling these limitations.



Lastly, this thesis has focused only on spherical particles; therefore, a natural next step would be
to study mixtures of DNA-functionalized particles of various shapes (e.g. prisms, octahedral, and

rhombic dodecahedra) to produce assemblies with unique 3D shapes.



Chapter 2

Effect of monomer sequences on conformations of
copolymers grafted on spherical nanoparticles:
A Monte Carlo simulation study

Adapted from: J. Chem. Phys. 132 164901 (2010)

2.1 Introduction

Precise assembly and ordering of nanoparticles mediated by a solvent or a polymer matrix is
extremely important for creating spatially engineered materials that can be used for photonics,
metamaterials, photovoltaic, and electronics applications. One way to produce highly ordered
nanoparticles assembly is by functionalizing the nanoparticle surface with ligands, such as

1-19 20-28 L2932
polymers, = DNA, and proteins,

that can then manipulate the interfacial interactions
between the nanoparticles and the medium the particles are placed in, and thus control their
assembly. Past theoretical and experimental work on homopolymer functionalized nanoparticlesl'
11318 has established that the chemistry of the grafted polymers, nanoparticles and the medium
(solvent or polymer matrix) play a critical role in dictating the spatial organization of the
nanoparticles. For example, experimental studies'®'® have achieved migration of the polymer
grafted nanoparticles from one domain in the matrix to another domain simply by thermally
changing the composition of grafted homopolymers on the nanoparticle, and thus the
compatibility of the grafted polymer and matrix. Another important parameter that dictates the
effective inter-particle interactions and therefore the particle assembly is the polymer grafting

density, defined as the number of grafted polymers per unit surface area. The grafting density
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and molecular weight dictate the conformations of the grafted copolymers. At high grafting

L3337
density,

the grafted polymers extend due to crowding, and form a brush like conformation on
the particle surface. A particle carrying a polymer brush on its surface can disperse (assemble) in
medium that acts as a good (bad) solvent for the polymer brush; for example homopolymer
grafted particles placed in a homopolymer matrix, where matrix chemistry is identical to the
grafted polymer, disperse (aggregate) if the molecular weight of matrix homopolymer is lower

(higher) than that of grafted homopolymer.*® ** At low grafting density’ '>'%- 4046

the grafted
polymers do not face any crowding from monomers of adjacent chains and as a result do not
stretch into brush like conformations. The surface of the nanoparticle that is exposed versus the
surface of nanoparticle covered by the grafted monomers dictates interparticle interactions. Such
homopolymer-grafted nanoparticles at low grafting densities have been shown to assemble into a
variety of nanostructures. Glotzer and coworkers have conducted detailed studies of polymer-

13-15, 42, 46-48

tethered nanoparticles of various shapes and demonstrated the presence of gyroid-

phase in mono-tethered spherical particles. Jayaraman and Schweizer' *'

used Polymer
Reference Interaction Site Model (PRISM) theory with spherical nanoparticles with one-four
homopolymer grafted chains to obtain order-disorder transition curves. Szleifer and coworkers®
have used single-chain mean field theory to show the effect of surface curvature and surface
geometries on homopolymers grafted on spherical and cylindrical particles, at athermal
conditions. While most of the above studies establish the effect of various molecular parameters
on behavior of homopolymer grafted nanoparticles either in solvent or in a polymer matrix, the

behavior of copolymer grafted nanoparticles in a solvent or polymer matrix remains largely

unexplored.
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This paper focuses on AB copolymer chains grafted on spherical nanoparticles placed in
an implicit small molecule solvent, and establishes the effect of monomer sequence on the
conformations of the grafted copolymers at various particle diameters, copolymer chain length,
at low grafting densities. A and B monomers in an AB copolymer can be distributed in regular
(non-random) sequences, such as that found in diblock copolymers, multi-block copolymers and
alternating copolymers, or in random, yet correlated, sequences, such as that found in blocky
random copolymers and purely random copolymers. This study is restricted to non-random
monomer sequences, e.g. alternating, multiblock and diblock. The motivation for this study
stems from the behavior of proteins consisting of hydrophobic (say A) and polar (say B) residues
placed in water, where the composition and sequence of the residues dictates the secondary
structure of the proteins.”® Just like proteins, conformations of fiee (ungrafted) copolymers in a

51-54

solvent depend on the chemical composition and monomer sequence and the solvent

55, 56

quality. Molecular simulations™ have shown that the monomer sequence of a copolymer

b

containing “sticky” monomers dictates the pathway to copolymer collapse. Copolymers with
uniform monomer distribution abruptly formed a compact, nearly collapsed ordered intermediate
core-shell state, while copolymers with random distribution formed intermediates with “fluffy”
monomer shells over a wider temperature range. Monte Carlo simulations®’ of copolymers with
varying sequences—alternating and diblock—grafted on flat surfaces at moderate to high surface
grafting density show that if all parameters (temperature, grafting density, and interaction
energies) are kept constant, the monomer sequence affects the coil-to-globule transition
temperature, with the alternating copolymer having the sharpest coil-to-globule transition. In

contrast to copolymers grafted on flat surfaces (zero curvature) heteroarm star polymerssg'62 have

copolymer chains grafted to a small core (infinite curvature). Most of the past work on heteroarm
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star polymers has focused only on arms with diblock copolymer sequence, and provide great
insight into the conformations of the block copolymer arms tethered to the star core. Atomic
force microscopy studies on polystyrene-poly(vinyl pyridine) star block copolymers® show that
the solvent-block interactions dictate the overall conformation of the star polymer. If the solvent-
inner block interactions and solvent-outer block interactions are comparable, then the star
polymer takes on a uniform spherical shape, while increasing difference in solvent-inner block
and solvent-outer block interactions leads to a “Janus-like” conformation. Molecular simulations

on heteroarm star polymers”*->* !

also confirm this behavior that the insoluble blocks collapse in
strongly selective solvents, and the soluble and insoluble blocks separate to form an overall
Janus-like structure. Since the core of the star polymer is negligible, it allows for the polymer
arms grafted to the small core to more freely adopt energetically favorable conformations than
polymers grafted to a solid spherical particle of non-negligible diameter where the excluded
volume of the spherical particle inhibits certain conformations. This motivates us to study the
conformations of copolymers with various sequences grafted onto solid spherical nanoparticle
with a non-negligible curvature (or diameter), and contrast that to the past work on heteroarm

star polymers (negligible diameter or infinitely high curvature) and copolymer chains grafted on

flat surfaces (zero curvature).

In this paper we use lattice Monte Carlo simulations to study copolymers grafted on a
spherical nanoparticle surface, and understand the effect of various molecular parameters, such
as monomer sequence and molecular weight (or chain length) of the grafted copolymer, particle
size (or curvature), and chemistry (or monomer-monomer interactions) on the conformations of
the grafted copolymers. We observe that the monomer sequence, particle diameter and grafting

density dictate whether (a) the grafted chains aggregate to bring attractive monomers from
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multiple grafted chains together (inter-chain and intra-chain monomer aggregation) if the
enthalpy gained by doing so offsets the entropic loss caused by stretching of chains, or (b) each
grafted chain folds onto itself to bring its attractive monomers together (purely intra-chain
monomer aggregation) if the entropic loss from inter-chain aggregation cannot be overcome by
the enthalpic gain. For six copolymers of chain length N=24 grafted on a spherical particle of
diameter D=4, inter-chain and intra-chain monomer aggregation occurs where the radius of
gyration varies non-monotonically with increasing blockiness of the monomer sequence. At
larger particle diameters the grafted chains transition to purely intra-chain monomer aggregation.
The radius of gyration varies monotonically with monomer sequence for intra-chain monomer
aggregation because as the sequence becomes blockier (like-monomers are grouped together),
the copolymer chain has to fold less compactly to maximize the enthalpically favorable contacts
while maintaining high conformation entropy. The radius of gyration of alternating and diblock

Y2=N", with the prefactor, o,

copolymers scale with chain length, N, through a power law, <Rg2>
and scaling exponent, v, varying with monomer sequence and monomer-monomer attraction
strength. Understanding how these molecular parameters affect conformations of grafted
copolymers is simply the first step towards designing copolymer- or protein-grafted

nanoparticles with tailored effective interparticle interactions that will then allow for better

control of assembly of nanoparticles in a solvent or a polymer matrix.

The paper is organized as follows. In section 2.2 we describe our model, simulation
method and parameters used to quantify conformations of the copolymer grafted nanoparticle. In
section 2.3 we present conformations of the grafted copolymers as a function of monomer

sequence, grafted chain length, particle size, and grafting density, and contrast the copolymer
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grafted nanoparticles to star copolymers and copolymers grafted on flat surfaces. We conclude

with a discussion about the observed results and the future directions.

2.2 Method

2.2.1 Model

We model an AB copolymer grafted nanoparticle (Figure 2.1) as a hard sphere particle of
diameter D with a finite number of grafted symmetric AB copolymers with a chosen monomer

sequence.

alternating
(A3B;),
(AgBe),
diblock

Figure 2.1 A schematic of model of AB copolymer grafted particles with alternating and diblock
sequence for grafted chain length N=8. Also shown are the various monomer sequences—
alternating or -(A;B)n, multiblocks: -(A3B3),, -(A¢Be)n, and diblock or -(A;Bn,)—for the
grafted chain length N=24.

Figure 2.1 shows a schematic of two such copolymer grafted nanoparticles, one with alternating

monomer sequence and another with a diblock monomer sequence for chain length equal to 8
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monomers. The symmetric AB copolymers used in this paper have chain length, N =24 to 96,
and one of four sequences (bottom panel of Figure 2.1)—alternating or (A;B)n/2, multiblock
(A3B3)ne and (AeBe)n/i, and diblock or (AnzBnrs) sequence. Each grafted copolymer chain is
modeled as a freely jointed chain on a cubic lattice with each monomer bead of size d of the
order 1 nanometer. Since we work with a cubic lattice, in case of six grafted copolymer chains
the first monomer is placed symmetrically 1d away from the six poles of the spherical
nanoparticle; in case of fourteen grafted chains, the chains are grafted symmetrically 1d away
from six poles and 1.4d away from the centers of the surfaces representing the octants of the
sphere. In all systems the AB copolymer chains are grafted such that the first monomer grafted to
the particle surface is an A monomer. The identities of the second, third and higher monomers in
each grafted chain depend on the chosen sequence. We also note that since we work with a cubic
lattice the nanoparticle sphere is modeled as a collection of beads that are placed less than or

equal to D/2 distance from the location of the central bead of the nanoparticle.

The interaction potentials, Uj(r) between one set of like-monomers is chosen to be
attractive, while all other interactions are maintained as athermal. A real system that our model
polymer and interactions mimic is a polymer made of hydrophobic (A) and hydrophilic (B)
residues placed in water/organic solvent. When such a polymer is placed in water, corresponding
to our system when Upa is attractive, the A-A attractions (hydrophobic interactions) will
dominate the physics of the system. The attractive interactions are modeled as square well
potentials, characterized by a well depth &;, between an i" bead and its j"" nearest non-bonded
neighbor (where j=1, 2, ... 18) on the cubic lattice. AB copolymers are characterized by Flory
Huggins interaction parameter yap ~z[ea-1/2(eaa + €sB)J/kT, where ¢; is the attractive well

depth between i and j beads and z is the coordination number. The higher the value of y g, larger
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is the effective repulsion between the A and B monomers. . We consider the following cases for
this study: 1) €;=0 kT for all i and j (purely athermal), 2) eaa=-0.2 kT and &;=0 kT for all other i
and j, 3) egg=-0.2 kT and &;=0 kT for all other i and j, 4) eaa=-0.5 kT and &;;=0 kT for all other i
and j, 5) egg=-0.5 kT and &;=0 kT for all other i and j. 6) eaa=-1 kT and &;=0 kT for all other 1
and j, and 7) egg=-1 kT and €;=0 kT for all other i and j. We note that in case of free (ungrafted)
copolymers in a solvent we expect cases 2 and 3 to have identical yp and cases 5 and 6 to have
identical yap; when copolymers are grafted to a surface the monomers near the surface could
have a different environment compared to the monomers away from the surface, depending on
the grafting density and chemistries involved, therefore the yag may not be the same for cases 2

and 3, and cases 5 and 6.

2.2.2 Monte Carlo simulation

We use lattice Monte Carlo simulation for this study since it is extremely fast and provides a
good mimic for large scale conformations of polymer chains. The first step of our simulation is
to grow the initial configuration of the copolymer grafted nanoparticle. We fix the center of the
nanoparticle of the desired size at the center of the simulation box. We then fix the first
monomers of the grafted chains at the predetermined symmetric sites on the sphere (as described
in the previous section). Next, the second monomer of each grafted chain is grown in one of the
five lattice sites adjacent to the first monomer of that grafted chain. During this growth process if
an i monomer cannot be grown because all neighboring sites of (i-1)™ monomer are occupied
by other monomers, then all the monomers are subjected to local moves till a vacancy is created.

This is repeated until all the grafted chains are grown to the desired chain length, N.
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After the initial configuration is ready the simulation proceeds in three stages:
initialization, equilibration, and production. In the initialization stage the system runs through
100000 Monte Carlo (MC) steps; a MC time step is defined as N random monomer moves,
where N is the grafted copolymer chain length. In one monomer move, we first randomly pick a
monomer (with the exception of the first bead that is fixed) on a randomly picked grafted chain,
and then move that monomer using a randomly chosen move- “crankshaft”, “kink” and “end”
(last bead only) ®*. The center of the particle is fixed at the center of the simulation box through
the simulation. After attempting N such randomly picked moves, the moves are accepted or
rejected based on the Metropolis algorithm®; since attractive interactions are not turned on until
the equilibration stage, all the initialization-stage moves are made under athermal conditions and
accepted if no overlaps occur during the move. This initialization stage helps us avoid any bias
that might arise due to the nature of the initial configuration of the grafted chains. In the
equilibration stage, attractive interactions are turned on (except for the purely athermal system
where there are no attractive interactions), and the system goes through 40 million MC steps with
N moves in each MC step, and the moves during each MC step is accepted or rejected according
to Metropolis algorithm.® We collect data on the thermodynamic property of interest over 1000
MC steps and calculate the block averages for every 100 000 MC steps. After the 40 million MC
steps we check if the system has equilibrated; equilibration is said to be achieved when 5
consecutive block averages of energy, U, are within 5% of each other. Once the system has
reached equilibrium, in the production stage we collect the ensemble average of the block
averages of the equilibrated system. For each system we repeat 10 trials of simulation where the

10 trials are marked with different random number seeds. We obtain error bars for every data
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point presented in the results sections from the ensemble averages collected from 10 such

simulations.
2.2.3 Analysis

To quantify the equilibrium conformations of the grafted chains we calculate average radii of
gyration of the grafted copolymers. In each simulation we obtain the ensemble average for

squared radius of gyration, <Rg®>, where Rg” is calculated as follows.

1 M N
2 2 2 2
Rg_N*MZZ(xi,j_xcm,j) +(yz,]_ycm,]) +(Zj,j_Zcm’j)

Jj=l i=l

where N is the length of the grafted copolymer chain, i the monomer number, M is the number of
grafted chains, j is the chain number, and Xcmj, Yemj and z.mj are the coordinates of the center of
mass of the jth grafted chain. For each chain we first calculate the center of mass coordinates
(Xemyj> Yemj and Zemj), then calculate the square of the displacement of each monomer from the
center of mass, and average that over the number of monomers in each chain. After this is
repeated for all grafted chains, we obtain the average radius of gyration per chain. The radius of
gyration values presented in the next section are the square root of this ensemble average,

<Rg>12

To understand the spatial organization of the monomers on the particle surface we collect
data on the average number of graft monomers (both A and B), N(r), present within the spherical
region r-0.5 and r+0.5 with r being the radial distance from the nanoparticle surface. We also
track the ensemble average number of favorable contacts, i.e. the number of monomer contacts
that contribute to the energy of the systems. In addition, we also visualize the conformations of

the grafted chains by collecting spatial coordinates of all components in these systems. These
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simulation snapshots help in interpreting the trends seen in the radius of gyration and monomer

profiles.

2.2.4 Parameters

In a copolymer grafted spherical nanoparticle there are a large number of molecular parameters
that could affect the conformations of the grafted copolymers. The first and the main focus of
this study is varying monomer sequence in the grafted copolymers, which we choose from
alternating or (AB)n/2, multiblocks: (A3Bs3)ns, (AsBe)n/i2, and diblock or (AnzBnj2) copolymer
sequences (Figure 2.1). The next parameter is the particle diameter, D=4, 8§ and 12; since D is
scaled in terms of monomer diameter and the monomer diameter is of the order of 1 nm, the
particle diameters D=4, 8 and 12 correspond to 4 nm, 8§ nm and 12 nm, respectively. The third
parameter is the grafting density, defined as number of chains per unit particle surface area. For
six grafted chains on the particle diameter D=4, 8 and 12 nm, the surface grafting density is 0.12,
0.03, and 0.01 chains/nm? respectively. Since varying particle diameter with six grafted chains
leads to variation in curvature and grafting density, to study the sole effect of curvature on the
conformations, we maintain a constant grafting density by grafting 2, 6 and 14 chains on particle
size D=4, 8 and 12, respectively. We also consider varying lengths of the grafted copolymers
N=24, 48, 72 and 96; the length is chosen to be an even multiple of the block length in order to
maintain symmetric composition of the grafted copolymers (equal number of A and B beads in
each copolymer chain). In the next section we present the results showing the effect of varying

each of the above parameters on the conformations of the grafted copolymers.

2.3 Results

2.3.1 Effect of monomer sequence and monomer-monomer interactions
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In Figure 2.2a we present the effect of various monomer sequences at purely athermal
interactions and at monomer-monomer (A-A or B-B) attractive interaction strengths of 0.2 kT,
0.5 kT and 1 kT, on the radius of gyration of six copolymers of length N=24 grafted on a

nanoparticle of diameter D=4 nm.
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Figure 2.2 a) Radius of gyration and b) number of attractive monomer contacts as a function of
monomer sequence for six AB copolymers of length N=24 grafted on a spherical nanoparticle of
diameter D=4, at athermal interactions (no symbols solid line), and monomer-monomer
attractive interaction strength=0.2 kT (circles), 0.5 kT (down triangle) and 1 kT (up triangle).
Open symbols-dashed lines correspond to systems where A monomers are attractive and filled
symbols-solid lines correspond to systems where B monomers are attractive. Monomer sequence
1 refers to alternating, 2 refers to (A3B3)s, 3 refers to (AgBg)2, and 4 refers to diblock copolymer.

The error bars are shown in all figures, and in most cases the size of the error bars is
approximately the size of the symbols used. In case of purely athermal interactions, for all
2,172

monomer sequences the ensemble average radius of gyration, <Rg™"" is ~2.7 nm. This is

because at purely athermal conditions the simulation cannot distinguish energetically between A
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and B monomers, and treats all grafted copolymers as grafted homopolymers. When the
monomers (A-A or B-B) have weak attractive interactions of strength 0.2 kT, the radius of
gyration of all four sequences is less than the purely athermal case because the grafted
copolymers change conformations to bring attractive monomers together to maximize favorable
enthalpic contacts. As the like-monomer attractive interaction strength is increased to 0.5 kT and
then 1 kT, the radius of gyration, R, decreases further, because the copolymer chains collapse
more to allow the attractive monomers to aggregate more strongly and maximize the favorable
interactions. Furthermore, for attraction strength=0.5 kT or 1 kT, R, of the grafted copolymers
when A-A interactions are attractive (dashed lines), R, (eaa), 1s different from the average R,
when B-B interactions are attractive (solid lines), R, (egg). The monomer sequence dictates
whether R, (€44) is higher than R, (egp) or vice versa. For all cases the chains are grafted by the
A monomer. For all monomer sequences the grafted copolymer chains maximize favorable
attractive monomer contacts by either coiling up to bring attractive monomers within one grafted
chain together (intra-chain monomer aggregation) or by stretching to bring attractive monomers
on themselves and other grafted chains together (intra-chain and inter-chain monomer
aggregation). The choice between purely intra-chain monomer contacts and combination of intra-
and inter-chain monomer contacts is dictated by the placement and number of the grafts, and the
sequence of attractive monomers along the copolymer chain which can either facilitate or deter
the attractive monomers aggregation. We will start this discussion with the diblock copolymer

sequence, followed by alternating and multiblock sequences.

At monomer attraction strength > 0.2 kT the diblock copolymers have the highest radius
of gyration as compared to other sequences (Figure 2.2a) because the sequence along the

copolymer favorably places attractive like-monomers together, and facilitates aggregation of
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attractive monomers without the grafted chains having to lose many conformations (entropy).
This is confirmed by the highest value of average number of attractive monomer contacts for
diblock copolymer at all monomer attraction strengths (Figure 2.2b). The number of attractive
monomer contacts plotted in Figure 2.2b includes all attractive monomer contacts, intra-chain
and inter-chain, that contribute to the energy of the system. The grafted diblock copolymers
exhibit both intra- and inter-chain attractive monomer aggregation for attraction strength 1 kT
because the enthalpic gain by doing so can easily overcome the conformational entropic loss (as
seen in simulation snapshots). The entropic loss of conformations is also dictated by how far the
attractive monomers are from the particle surface; therefore in case of diblock copolymers
whether g4 is attractive i.e. block closer to the particle surface is attractive, or epp is attractive
i.e. block farther from the particle surface is attractive, plays a major role in deciding how easily
the grafted chains can form inter-chain contacts. When the outer block is attractive (egg>0), the
six grafted chains are able to easily bring their B monomers together, as compared to when the
inner block is attractive (gax>0). This is confirmed in Figure 2.2b by the higher number of
favorable contacts for egg>0 versus that for gs4>0, for all attraction strengths. The copolymers
need to stretch more to bring attractive A monomers on all chains together than to bring
attractive B monomers together, leading to the radius of gyration being slightly higher for gaa
attractive case as compared to epp attractive case. These conformations agree with the past work
on heteroarm star polymers containing AB diblock copolymers arms,*” which show that if the A
monomers that formed the block closer to the star core (inner block) were attractive they
collapsed to form an A-core while the outer block formed by the B monomers dangled away in
the corona of the star polymer, and if the B monomers forming the outer block were attractive

they aggregated to form B domains on the outer rim of the star polymer. It was also seen that if
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the arms were long enough all the aggregated B-domains collapsed together, analogous to our

inter-chain aggregation.

In contrast to the diblock copolymer, the alternating copolymer has a frustrated
symmetric sequence that inherently separates every like-monomer along the copolymer chain.
Therefore the alternating copolymers have to aggregate more compactly to bring attractive
monomers together. This is confirmed by the lower radius of gyration (more compact) in Figure
2.2a, and also a lower number of favorable intra- and inter-chain monomer contacts in Figure
2.2b for alternating sequence as compared to the diblock sequence. Also, unlike diblock
copolymer, for the alternating copolymers simulation snapshots show that the chain
conformations and spatial arrangement of monomers around the particle surface are similar at
eaa=1 kT and egg=1 kT. To quantify the spatial arrangement of monomers on particle surface for
alternating and diblock copolymers in Figure 2.3 we present the average number of monomers

N(r) at various radial distances » from the particle surface.
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Figure 2.3 Average number of monomers N(r) at increasing radial distance from the surface of
the particle, r, for particle diameter D=4 with six a) alternating copolymer and b) diblock
copolymer grafted chains of length N=24 at athermal interactions(black solid line), and
monomer-monomer attractive interaction strength = 0.2kT (circles) and 1kT (triangles). Open
symbols- dashed lines correspond to systems where A monomers are attractive and filled
symbols- solid lines correspond to systems where B monomers are attractive.
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For alternating copolymers (Figure 2.3a) as the strength of attraction increases, the accumulation
on the surface increases, with the accumulation on the surface being only slightly higher for
eaa>0 kT versus ggg>0 kT. In contrast, in the case of diblock copolymer grafted nanoparticles
(Figure 2.3b), when A monomers (the block closer to the surface) are attractive, the
accumulation of monomers on the surface is significantly higher as compared to when B
monomers (block away from the surface) are attractive. This difference is more prominent for
attraction strength ~1 kT. This can have implications on the assembly of such grafted-
nanoparticles. The attractive A monomers that crowd the nanoparticle surface shield the surface
from direct nanoparticle-nanoparticle contacts. The attractive B monomers (Figure 2.3b solid
lines), that accumulate away from the surface, leave the particle surface exposed for direct
particle-particle contacts. This can control the structure and inter-particle spacing within the

assembled nanoparticle clusters.

With regards to the multiblock cases, (A3B3), and (A¢Be)s, despite the expectation that
the multi-block copolymers would exhibit behavior that lies in between those of the alternating
and diblock copolymers, we see an interesting non-monotonic trend in R, (Figure 2.2a) for
attraction strength greater than 0.2 kT. As stated earlier, the sequence on the grafted copolymers
dictates a) how compactly the monomers can be brought together within the grafted copolymer
(intra-chain) or between some or all grafted copolymers (intra- and inter-chain) and b) whether
the system has purely intra chain attractive monomer aggregation or both intra- and inter-chain
attractive monomer aggregation. For the -(A3;B3)- sequence, at egg=1 kT while the number of
favorable contacts (Figure 2.2b) is comparable to corresponding diblock copolymer case, the R,
is much lower than diblock sequence. At eaa=1 kT both the number of favorable contacts and R,

are lower for the -(A3;Bj;)- sequence than the diblock sequence. We conjecture that a subtle
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balance of the entropy and enthalpy dictates the amount of inter-chain contacts and how much
the chains have to stretch to achieve those contacts. At monomer attraction strength of 0.5 kT
both the Ry (eaa=0.5 kT) and R, (eaa=0.5 kT), and the corresponding number of attractive
monomer contacts are lower than the values for diblock copolymers. The -(A3;Bj3)- sequence
shifts towards purely intra-chain contacts as the monomer attraction strength decreases, evident
from a lower number of attractive contacts for 0.5 kT and 0.2 kT versus 1 kT. For the -(A¢Be)-
sequence, the trends are similar to -(A3;Bs3)- with the absolute values of R, and number of
contacts always higher for the -(A¢Bg)- sequence. This is because the attractive monomers are
favorable placed closer together in the -(A¢Bg)- sequence than the -(A;Bs)- sequence, and the
chains can stretch less to bring more attractive monomers together in the -(A¢Bg)- sequence than

the -(A3B3;)- sequence.

We expect that as particle size increases (next section) at constant graft length N=24 or as
the grafted chain length decreases at constant particle diameter D=4, all four sequences will
prefer purely intra-chain aggregation versus a combination of intra- and inter-chain aggregation
because the grafted chains will not be long enough to wrap around the particle surface to allow
inter-chain aggregation. With only intra-chain monomer aggregation, we expect the effect of
monomer sequence on bringing together attractive monomers within a grafted chain or the
“folding” of the grafted chains to exhibit a monotonic trend in R, versus sequence. In the next

section, we present the results for increasing particle size at constant graft length.

2.3.2 Effect of particle size (curvature) and grafting density

Figure 2.4 a and b present the average radius of gyration of the six copolymers of length N=24
grafted on particles of size D=8 and D=12, respectively, as a function of monomer sequence and
increasing attractive interaction strength.
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Figure 2.4 Radius of gyration, R,, as a function of monomer sequence for AB copolymers of
length N=24 grafted on a spherical nanoparticle of diameter a) D= 8 and b) 12, at athermal
interactions (black solid line), and monomer-monomer attractive interaction strength = 0.2kT
(circles) and 1kT (triangles). ¢) Number of attractive monomer contacts for D=4 (circles), D=8
(triangles) and 12 (squares) at monomer attractive interaction strength=1kT. Open symbols-
dashed lines correspond to systems where A monomers are attractive and filled symbols- solid
lines correspond to systems where B monomers are attractive.

For purely athermal interactions and for weak attractive interaction strength of 0.2 kT we do not
see any effect of D on the radius of gyration. At 1 kT, Rg(eaa=1 kT) > R, (egg=1 kT) for D=4
(Figure 2.2a), while Ry(ean=1 kT) <R, (egg=1 kT) for D=12 (Figure 2.4b). For D=8 diblock and
—(A3B3)- copolymers exhibit Ry(eaa=1 kT) < R, (egg=1 kT) while —(ABg)-exhibits Ry(eaa=1
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kT) > R, (egg=1 kT) (Figure 2.4a). Monomer sequence plays a critical role in the transition from
D=4-like conformations to D=12-like conformations. As mentioned in the previous section for
D=4, the monomer sequence dictates if grafted chains bring attractive monomers on all chains
together (intra- and inter-chain) or by purely intra-chain contacts (when each chain folds onto
itself). For particle size D=12 the enthalpic gain is unable to overcome entropic loss of stretch
since the chains of constant length N=24 have to stretch more when grafted on D=12 than on
D=4; therefore the chains prefer to fold onto themselves and have intra-chain contacts only. The
monotonic dependence of Rg on varying monomer sequence at D=12 (Figure 2.4b) when there is
only intra-chain monomer aggregation is because the monomer sequence becomes blockier,
going from A;B; (alternating) to A3;B; to A¢Bs to A2Bi; (diblock), the copolymer needs to be
less compact (higher radius of gyration) to maximize attractive monomer contacts. Figure 2.4c
shows that the number of favorable contacts for D=12 is lower than the corresponding system on
D=4 and D=8, proving the chains exhibit purely intra-chain aggregation. For D=8 and gxa=1 kT
the number of contacts is in between those of D=4 and D=12 for alternating copolymer, but as
the sequence becomes blockier, the number of contacts for D=8 approaches the D=12 limit
(Figure 2.4c). The behavior is completely different for D=8 and egg=1 kT, whereas the sequence
becomes blockier the number of contacts for D=8 approaches the D=4 limit. This is because the
chains are grafted such that A monomers are always placed closer to the surface than the B
monomers; so each grafted chain has to stretch more (loses more conformational entropy) to
bring A monomers from multiple chains together than to bring B monomers from multiple chains
together. Therefore, for all sequences other than alternating sequence, on D=8 particle at egg=1
kT the grafted chains exhibit intra- and inter-chain aggregation (higher contacts) and at gaa=1 kT

the grafted chains exhibit purely intra-chain aggregation (fewer contacts). This behavior is also
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seen in the simulation snapshots presented in Figure 2.5 for alternating and diblock copolymers

grafted on increasing particle sizes, D=4, 8 and 12 for monomer attractive strength of 1 kT.

=4 D=8 D=12

Alternating
copolymer

Diblock copolymer
B block attractive

Diblock copolymer
A block attractive

Figure 2.5 Representative simulation snapshots (best seen in color) for alternating and diblock
AB copolymers of length N=24 grafted on a spherical nanoparticle of diameter D=4, 8 and 12 at
eaa or epp=1 kT. For alternating sequence we show snapshots only for gspa=1 kT because the
chain conformations are similar for both gaa=1 kT and egg=1 kT. D=4 exhibits intra- and inter-
chain monomer aggregation, and D=12 exhibits mainly intra-chain aggregation only. D=8 shows
purely intra-chain aggregation for diblock copolymer and A block attractive, and a combination
of intra- and inter-chain aggregation for alternating and diblock and B block attractive.

All the results presented so far are for six chains grafted on nanoparticles with increasing
diameter. When we increase the particle diameter at constant number of grafted chains, we are
simultaneously decreasing the curvature of the grafting surface and the grafting density.

Decreasing grafting density leads to increasing the overall volume available around each chain
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as the chains are grafted farther apart. Decreasing curvature leads to decreasing overall volume
available to each chain (see supplementary information). The available volume around each
chain is important because the higher the volume around each chain the higher the number of
conformations the chain can sample thus a higher conformational entropy. Since decreasing
curvature and decreasing grafting density cause opposite effects on the available volume around
each chain, it is important to study how curvature alone affects the radius of gyration of the

grafted chains while the grafting density is maintained constant.

We present in Figure 2.6 ensemble average R, for increasing particle size (decreasing
curvature) at constant grafting density of approximately 6=0.03-0.04 chains/nm’ for grafted
chain length N=24. Figure 2.6a is for two chains grafted on D=4 particle, Figure 2.6b is for six
chains grafted on D=8 particle, and Figure 2.6¢ is for fourteen chains grafted on D=12 particle.
At this low grafting density, changing the curvature at constant grafting density does not affect
the R, at athermal interactions or weak monomer attraction strength 0.2 kT. This will not be the
case at high “brush-like” grafting densities (high ), where even if the area per chain (1/ o) is
small, it can be compensated by the higher volume per chain possible at high curvatures, thus
leading to a significant difference in R, with increasing curvature. At attractive monomer
strength of 1 kT the effect of changing curvature on the radius of gyration of the grafted

copolymers has a non-trivial dependence on the monomer sequence of the grafted chain.

29



a) 3T T

Athermal

T T
2 chains on D=4

02KT-

1.5

—
o

3T T

Sequence

3 4

b)

Athermal

I
6 chains on D=8

1.5

—
o

Sequence

3 4

) 3T T
Athermal

I I
14 chains on D=12

1.5

—
o -

Sequence

Figure 2.6 Radius of gyration, Ry, as a function of monomer sequence (x-axis) for AB
copolymers of length N=24 grafted on spherical nanoparticles of size D=4, 8§, and 12nm, at
grafting density 0.03-0.04 chains/nm” and at athermal interactions (black solid line), and
monomer-monomer attractive interaction strength = 0.2kT (circles) and 1kT (triangles). Open
symbols-dashed lines correspond to systems where A monomers are attractive and filled

3 4

symbols-solid lines correspond to systems where B monomers are attractive.
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For diblock copolymers, at constant grafting density as curvature decreases the R, increases
slightly, but at all curvatures Ry(egg=1 kT) > Ry(eaa=1 kT). For A¢B¢ sequence, as curvature
decreases R,(egg=1 kT) does not change, but Ry(eas=1 kT) increases, such that there is a reversal
in dependence of R, on egg and exa around D=8. For the A3B; sequence as the curvature
decreases Ry(epp=1 kT) decreases but Ry(eaa=1 kT) increases, such that at the lowest curvature
considered here (D=12) Rgy(egg=1 kT) becomes equal to Rg(eaa=1 kT). For alternating
copolymer as curvature decreases both R,(egg=1 kT) and Rg(eaa=1 kT) increase, exhibiting a
maximum around D=8 and then decrease. Decreasing curvature at constant grafting density A)
decreases volume available to each chain forcing the chain to extend more, leading to higher R,,
and B) allows for chains to more easily (less stretching) bring attractive monomers (especially
those away from the surface) on multiple chains together, leading to lower R, The monomer
sequence and whether the A monomers (closer to the surface) or B monomers (away from the

surface) are attractive dictate the balance the two scenarios.

To understand the effect of changing grafting density at constant curvature we compare
the results for D=4 particle in Figure 2.4a (0.12 chains/nmz) and Figure 2.6a (0.04 chains/nmz),
and for D=12 particle Figure 2.4c (0.01 chains/nm”) and Figure 2.6¢ (0.03 chains/nm?).
Decreasing grafting density leads to increasing distances between the chains grafted on the
surface, which in turn should reduce the inter-chain attractive monomer aggregation because the
chains have to stretch more to aggregate with another grafted chain, making it entropically
unfavorable for inter-chain aggregation. Therefore, decreasing grafting density leads to purely
intra-chain attractive monomer aggregation, where the radius of gyration is dictated mainly by
how a sequence facilitates the folding of the chains that maximizes favorable enthalpy while

maintaining a higher entropy. For both cases, D=4 and D=12, decreasing grafting density makes
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Rg(egg=1 kT) > Ry(ean=1 kT) because when egg=1 kT the A monomers closest to the surface do
not provide any energetic gain by being part of the folded compact coil, and act as spacers that
keep the coiled up globule away from the particle surface, thus leading to larger R, when egp=1

kT than when gaa=1 kT.

So far the chains were grafted on spherical particles ranging in particle diameter (D) from
4 to 12 or in curvature from 1/4 to 1/12. As the curvature increases to infinity we will reach the
star copolymer limit® and based on the agreement between the D=4 results for diblock
copolymers with the results on heteroarm star polymers®* we expect the star copolymer trends for
other copolymer sequences to be similar to that at D=4. As the curvature decreases to zero we
approach the flat surface limit. In Figure 2.7 we present the effect of monomer sequences and
grafting density on the conformations of N=24 chains grafted on a flat surface. Note that the
results on the flat surface presented in Figure 2.7 are at the same grafting density as that of six
grafted chains on D=4, 8 and 12, respectively (Figure 2.4) in order to fairly compare the results
from curved surfaces (chains grafted on particles) to that from a flat surface. The two significant
differences between the curved surfaces (Figure 2.4) and the flat surfaces (Figure 2.7) are: 1) in
most cases differentiation in R, at egg=1 kT (solid lines) and esa=1 kT (dashed lines) is reduced
on a flat surface than in the corresponding system on spherical particles, and 2) if the radius of
gyration varies non-monotonically with monomer sequence in case of spherical particle the

corresponding flat surface results show a monotonic dependence on monomer sequence.
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Figure 2.7 Radius of gyration, R,, as a function of monomer sequence for AB copolymers of
length N=24 grafted on a flat surface at decreasing grafting density, at athermal interactions
(black solid line), and monomer-monomer attractive interaction strength=0.2 kT (circles) and 1
kT (triangles). Open symbols-dashed lines correspond to systems where A monomers are
attractive and filled symbols-solid lines correspond to systems where B monomers are attractive.
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At athermal conditions, if the grafting density is higher than the critical grafting density,
oc*=1/ (nRzg,athermaLonechain), where the grafted chains begin to touch each other, the higher volume
per chain provided by the curved surface as compared to flat surfaces at that grafting density (see
supplementary information) becomes important in dictating the R, of the grafted chain. For
N=24, the athermal single chain has an ensemble average R,~2.75 nm, and c*=0.042
chains/nm”. A surface grafting density of 0.12 chains/nm” is greater than o* for N=24, and
therefore the lower available volume per chain in case of flat surface leading to chains being
more extended, causes the R, to be higher for the flat surface (Figure 2.7a) than for D=4 (Figure
2.4a) at purely athermal interactions. A surface grafting density of 0.03 chains/nm?” is lower than
the o*of 0.042 chains/nm?, therefore the R, of the grafted chain is not affected by the difference
in available volume per chain on a D=8 spherical nanoparticle and on a flat surface. We expect
as curvature decreases and at grafting lower than 6*=0.042 chains/nm? the corresponding curved
and flat surface R, should be same. But at grafting density of 0.01 chains/ nm’ the radius of
gyration of chains grafted on D=12 (Figure 2.4¢) is slightly higher and not equal to that on a flat
surface (Figure 2.7c). Perhaps the higher error bar in case of flat surface suggests that the

difference is not significant compared to the noise in the data.

At weak attractive monomer interaction strength of 0.2 kT (circles) the trends of radius of
gyration with varying sequences is similar for curved surfaces and flat surfaces at the lower
grafting densities of 0.03 and 0.01 chains/nm?®. At 0.12 chains/nm® we observe two main
differences between the chains grafted on spherical particles (Figure 2.4a) and on flat surfaces
(Figure 2.7a): 1) the values of radius of gyration are higher for the flat surface than spherical
particles (as seen at the athermal conditions), and 11) for flat surface the Ry(gaa=0.2 kT) is

slightly higher than R,(egg=0.2 kT) for all sequences, while for spherical particles the monomer
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sequence dictates whether Ry(eaa=0.2 kT) is higher or lower than Ry(egg=0.2 kT); for -(A3B3)-
sequence Ry(eaa=0.2 kT) is slightly higher than Ry(egg=0.2 kT); for diblock Ry(gaa=0.2 kT) is
slightly lower than R,(egg=0.2 kT); for alternating and —(A¢Bs)- sequences Ry(eaa=0.2 kT) is
equal to R,(egp=0.2 kT). At attractive monomer interaction strength of 1 kT and surface grafting
density 0.12 chains/nm? the radius of gyration of chains on flat surfaces is higher than those on
D=4 particle for all sequences, by approximately the same amount as the athermal and 0.2 kT
cases. This can be explained based on chains stretching on flat surface due to excessive

crowding.

2.3.3 Effect of grafted copolymer chain length

In Figure 2.8 we plot the effect of grafted chain length on the radius of gyration for athermal
(Figure 2.8a), alternating copolymer at eaa=1 kT (Figure 2.8b) and diblock copolymer at gxa=1
kT (Figure 2.8c). The four values of chain lengths used for these results were N=24, 48, 72 and
96. We plot log(Ry) versus log (N) and capture from the linear fits on the data, the exponent v

2>1/2

and prefactor o of the relationship <R,>"“=aN". Like the scaling relationship developed for

athermal star polymers <R,“>~N? £("*)

where N is the arm length and f is the number of arms of
the star, we expect that the R, will scale with N and grafting density (number of grafted chains
per unit surface area). In addition as seen in previous sections, R, is also affected by the
monomer sequence, strength of monomer-monomer attraction and placement of the attractive
monomer with respect to particle surface. We have focused this discussion simply on how R,
scales with graft length N for each monomer sequence, and expect the prefactor and exponent to

capture the collective effects of the remaining molecular parameters on R, and how it scales with

chain length.
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Figure 2.8 log(R,) as a function of log(N), where N is the length of the grafted or free copolymer
at a) athermal conditions, b)alternating copolymers at A-A monomer-monomer attraction
strength is 1 kT, and c) diblock copolymers at A-A monomer-monomer attraction strength is 1
kT.
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The data was obtained from five systems: (I) a single free chain, (II) six chains on spherical
particle D=4, (III) six chains on spherical particle D=12, (IV) 16 chains grafted on a flat surface
(same grafting density as six chains on D=4) and (V) 2 chains grafted on a flat surface (same
grafting density as six chains on D=12). In Table 2.1 we have tabulated these exponents and

prefactors obtained using linear fits to the data points in the plot of log R, versus log N.

Table 2.1 The exponent and prefactor in <Rg2>1/ ’=gN", where N is the grafted chain length for
systems:I=free chain,lI=six chains grafted on D=4 particle, IlI=six chains grafted on D=12
particles, IV=sixteen chains grafted on a flat surface with grafting density same as II, V= two
chains grafted on a flat surface with grafting density same as IIl. Empty cells indicate that the
data did not fit the scaling relationship.

Athermal 0.61 0.66 0.63  0.65 0.60 0.68 0.79 0.53 0.61 0.64
Alternating (eaa=1 kT)  0.28  0.85 032  0.87 041 0.70 0.60 0.63 - -
Alternating (egp=1 kT)  0.28 0.84 0.30 091 044 0.67 0.63 0.60 - -
Diblock (eas=1 kT) 0.55 0.67 0.53 0.72 0.57 0.64 0.65 0.63 - -

Diblock (egp=1 kT) 0.54 0.69 0.53 0.70 0.50 0.75 0.57 0.69 - -

All linear fits had a residual value greater than R*=0.99, showing a good fit. In cases where the

linear fits of log R, versus log N data had a residual value <0.95 we concluded that the system

2>1/2

does not fit the <R,>""=aN" relationship.
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At purely athermal interactions (Figure 2.8a and Table 2.1 row 1), for free polymer the
radius of gyration scales with N through an exponent of 0.61, which agrees with the scaling
exponent of 3/5 for unperturbed self-avoiding walks.® The exponent of free chain is similar to
the six chains grafted on particle D=4, and on particle D=12. The chains grafted on flat surfaces
at a high grafting density (same as that for six chains grafted on particle D=4) have a different
exponent and prefactor from that of free chain and chains grafted on spherical particles at the
same grafting density. On flat surfaces as grafting density decreases (IV to V) below the critical

grafting density, o*, the scaling relationship approaches that of free polymers.

For free alternating copolymers (rows 2 and 3 and column I) the exponent at monomer
attraction strength gxa=1 kT (also Figure 2.8b) and egg=1 kT is close to the exponent of 1/3 for
dense polymer globule formed in a bad solvent. There is no difference between the exponents at
monomer attraction strength gaa=1 kT and egg=1 kT for free alternating copolymer chains, as
expected the corresponding yap are equal. For alternating copolymers grafted on D=4 particles
(row 2 and 3 and column II), the exponents are close to those seen at free copolymers, with a
marginal difference in the exponents at monomer attraction strength esa=1 kT and egg=1 kT.
This suggests that how R, scales with N for the free copolymers is similar to that for the
copolymers grafted on a highly curved surface because the volume available per chain is similar
for free copolymers and copolymers grafted on small spherical particles. As the curvature of the
surfaces decreases from D=4 to D=12 to flat (column II to III to IV), the exponent deviates from
the corresponding collapsed free copolymer (column I), and the difference in exponents at
monomer attraction strength gspa=1 kT (row 2) and eggg=1 kT (row 3) also increases. At lower
grafting density, two chains on flat surfaces (system V), the data did not fit the <Rgz>1/2=0LNV

relationship (Figure 2.8b). Although the grafting density for 16 chains grafted on a flat surface
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(column IV) is equal to 6 chains grafted on a D=4 particle (column II), the exponents are not the
same, implying that at the range of grafting densities considered in this paper (not a brush), the
curvature plays a bigger role than the grafting density in deciding the scaling exponent.
Interestingly, the exponents for all attractive cases on flat surface (column IV row 2 and 3)
approach the “athermal free chain” value of 0.60, while the corresponding flat surface results at

athermal conditions (column IV row 1) is ~0.80.

For the diblock copolymer systems (Table 2.1 rows 4 and 5) the exponents for the free
chains and chains grafted on D=4 (column II) are approximately the same, as seen for alternating
copolymers. For chains grafted on surfaces with low curvature, D=12 and flat surface (columns
III and IV) the difference between the exponents at monomer attraction strength esa=1 kT and
epp=1 kT is larger for the diblock copolymer systems than the corresponding alternating
copolymer system. This is not surprising considering that in case of diblock copolymers the
block of A monomers is closer to the surface than the other block of B monomers, while in
alternating copolymers the A and B monomers are placed alternately from the surface. For a
grafted diblock copolymer, the volume available to the block A (the block closer to the surface)
is much less than the volume available for block B (the block away from the surface), leading to

different scaling behavior.

In case of the multiblock sequences -(A3B3)- and —(A¢Bs)-, the R, data at attractive

interaction strength of 1 kT for all five systems lead to a non-linear log(R;) versus log(N) graph.

2.4 Discussion

We have presented a detailed study on AB copolymer chains grafted on spherical particles to
show the non-trivial effect of monomer sequence, on the conformations of AB copolymers
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grafted on spherical particles of varying diameters. We have compared the conformations of
copolymers grafted on spherical nanoparticles to that of free copolymers, heteroarm star
copolymers (copolymer arms tethered to a small core) and copolymers grafted on flat surfaces to
establish the effect of curvature on the dependence of grafted chain conformations on monomer
sequence. When copolymers are grafted on a spherical particle and one set of like-monomers
have an attractive interaction either (i) all the grafted chains aggregate to bring attractive
monomers from all grafted chains together (intra-chain and inter-chain monomer aggregation) if
the favorable enthalpy gained by doing so can offset the conformational entropic loss, or (ii) each
grafted chain folds onto itself to bring attractive monomers along each chain together (pure intra-
chain monomer aggregation) if the entropic loss from stretching of chains for inter-chain
aggregation cannot be overcome by the enthalpic gain. The implication of this on a system of
multiple copolymer grafted particles is that the conformations and spatial organization of
monomers in the two scenarios (both intra- and inter-chain versus purely intra-chain monomer
aggregation) will affect the effective interactions between two copolymer grafted particles. For
example, in the case of intra- and inter chain monomer aggregation the attractive monomers form
a crowded layer around the nanoparticle surface (snapshots in Figure 2.5), either symmetrically
(as in diblock) or in an anisotropic fashion (as in alternating). This crowded monomer layer near
the surface could cause a repulsive potential of mean force close to the particle surface when two
identical copolymer grafted particles approach each other. Furthermore, the asymmetric
crowding of monomers on one side of the particle could lead to a directional anisotropic

effective particle interactions.

At a constant chain length, whether the copolymer grafted nanoparticle exhibit pure intra-

chain folding or a combination of the intra-chain and inter-chain monomer aggregation is
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dictated by the monomer sequence, particle diameter and grafting density. For six copolymers of
chain length N=24 grafted on a spherical particle of diameter D=4, the latter dominates because
the grafted chains are long enough and the particle small enough for the chains to find attractive
monomers on other grafted chains. For N=24 and D=4 the radius of gyration, which quantifies
the conformations, varies non-monotonically with the monomer sequence going from alternating
to diblock, with the smallest radius of gyration seen for -(As;Bs)- sequence. The monomer
sequence also dictates whether the radius of gyration for attractive A monomers is higher or
lower than the radius of gyration for attractive B monomers. The trends seen for diblock
copolymer sequence match those seen in previous work on star block copolymers (analogous to a

copolymer grafted particle where the particle size is infinitely small).

As the particle diameter is increased, while maintaining the same grafted chain length,
the six grafted chains transition to purely intra-chain monomer aggregation because the
conformational entropic loss from the chains trying to stretch around the large particle to find
attractive monomers on other grafted chains is high, and cannot be overcome by the enthalpic
gain. The monomer sequence dictates the critical particle diameter where the copolymer chains
change from intra- and inter-chain aggregation to pure intra-chain aggregation, because the
monomer sequence affects the balance of enthalpic gain by bringing monomers from multiple
chains versus the conformational entropic penalty in doing so. When the grafted chains exhibit
purely intra-chain monomer aggregation, the radius of gyration varies monotonically with
monomer sequence, with the lowest radius of gyration for the alternating copolymer and the
highest radius of gyration for the diblock copolymers. This is because as the sequence becomes
blockier (the like monomers are grouped together), the chain has to fold less compactly to

maximize the enthalpically favorable contacts while maintaining high conformation entropy.
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The radius of gyration of alternating and diblock copolymers scale with chain length

*>2=gN", while the multiblock sequences do not follow that

through a power law, <R,
relationship. For a constant sequence, the scaling exponents obtained from plots of log (R,) as a
function of log N are similar for free copolymers and chains grafted on highly curved surface
(spherical particles), and completely different for chains grafted on flat surface and curved
surface at same grafting density. These results demonstrate that at the low grafting densities
considered here, the available volume per chain, dictated by the curvature of the grafting surface,
is more critical than the grafting density in affecting the size of the copolymer chain, at a
constant monomer sequence. It is important to note that we work at the low to medium grafting
density rather than the brush-like high grafting density because we expect that the effect of the

monomer sequence on the chain conformation will diminish at brush-like grafting densities

where the excluded volume interactions will dominate the conformations the chains adopt.

It is important we point to the potential impact of this work and some of the limitations of
this study. Although the motivation of this work came from the effect of peptide sequence on the
folding of proteins, and the use of polypeptides and proteins for guiding assembly of
nanoparticle, the model we have used to mimic a protein is a simple AB copolymer which does
not include the complexities in real proteins, such as side chain structure in the residues,
competition or cooperativity of hydrogen bonding and hydrophobicity, electrostatic interactions,
etc. This work is simply meant to be the first step towards understanding the complex protein
driven assembly of nanoparticles and to present the basic physics behind how monomer
sequences affect conformations of proteins grafted on spherical nanoparticles. The
conformations the grafted copolymers adopt can predict the effective interactions and inter-

particle spacing between two such copolymer grafted particles, thus guiding us in assembly of
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multiple copolymer grafted nanoparticles. However, we only focus on a single copolymer grafted
particle in this paper. In case of single copolymer grafted particle the conformations of each
grafted chains are affected only by the other chains in the same particle. During assembly of
many such copolymer grafted particles the conformations of chains on one particle could also be
affected by the chains on another particle because attractive monomers on chains grafted on
multiple particles could aggregate leading to particle assembly. Understanding the effect of
molecular parameters on assembly of multiple polymer grafted particles is the focus of our next
study and will be presented in a future publication. In addition to providing guidelines for
designing new materials through assembly of such grafted nanoparticles, we expect this work to
impact the biomedical field because copolymer grafted nanoparticles can be used for drug
delivery®” ®* . One can create drug or protein carriers by grafting on nanoparticles stimuli-
responsive polymers, such as thermosensitive polymers (e.g.poly(4-vinylpyridine)) or pH-
sensitive polymers (e.g.poly(N-isopropylacrylamide)), that can exhibit sharp changes to variation
in temperature, light, salt concentration or pH. Stimuli sensitive copolymers grafted particles can
then load or trap drugs or proteins in one environment e.g. when the like-monomers collapse due
to strong attraction, and release the drugs at the target site when the environment neutralizes the
monomer attraction leading to open conformations. Although we do not address the dynamics of
conformational changes, and in turn the kinetics of drug or protein release, this work is useful in
predicting how varying monomer sequences in the stimuli responsive copolymers are capable of
different conformational changes and in turn different mechanisms of loading, delivery and

release.
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2.6 Supplementary Information

2.6.1 Volume available per chain that is grafted on spherical particle and flat surface

The surface grafting density, o, is defined as number of chains per unit surface area. In other

words the surface area available per chain is 1/ o. If a curved surface and a flat surface have the

same grafting density (and therefore the same area available per chain, shown in Figure 2.9 by

the shaded region around the grafting site) the volume available per chain can be compared.

For a flat surface the volume available per chain, V, is equal to height of the chain times

the surface area (1/ o), assuming it is a cylindrical space around each chain. Since the grafting
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densities in this paper are low, at athermal conditions we can approximate the height to be about

twice the R, of an unperturbed self-avoiding walk. This leads to V=2Rg/c.

Figure 2.9 Schematic of volume occupied by chains for curved (left) and flat (right) surfaces at
the same grafting density.

For spherical particles the volume available to each chain, V, is the volume of the shell
around the spherical particle (the shell thickness is the height of the grafted chain) divided by
number of grafted chains, assuming symmetric grafting as done in our simulations. We can
approximate the height to be about twice the R, of an unperturbed self-avoiding walk, since we
work at low grafting densities. The number of grafted chains is grafting density, o, times the

surface area of the particle, 47R%. This leads to V= [(R+2Rg)3-R3 V[3R%s].

We have tabulated the volume per chain, V, (nm’/chain) for N=24 (whose Ry free
atherma~2.75) at athermal conditions grafted on spherical particles with increasing diameter D or
grafted on flat surface in Table S.2.1. If a curved surface (say, D=4) and a flat surface have same
grafting density (~0.11 chains/nm?), the volume available per chain decreases with decreasing

curvature (curved to flat).
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Table S.2.1 Volume per chain, V, (nm*/chain) for N=24 for varying grafting density, o, and
diameter, D, or flat surface.

c D A=l/o \%
0.11 4 9.09 313.54
0.03 4 33.33 | 1149.65
0.03 8 33.33 553.88
0.01 12 100 910.97

0.01 2000 100 416.98

0.01 Flat 100 396.00

0.11 Flat 9.09 49.50

At constant curvature (say D=4) with decreasing grafting density the available volume

per chain, V, increases, and so does the surface area per chain A (or the inter-chain spacing).

As the curvature decreases (or D increases) the available volume approaches the flat

surface limit.
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Chapter 3

Assembly of copolymer functionalized nanoparticles: a
Monte Carlo simulation study

Adapted from: Soft Matter 7 5952-5964 (2011)

3.1 Introduction

Precise assembly and ordering of nanoparticles mediated by a solvent or a polymer matrix is
extremely important for creating spatially engineered materials that can be used for photonics,
metamaterials, photovoltaic, and electronics applications. One way to produce precise
nanoparticle assembly is by functionalizing the nanoparticle surface with ligands, such as

2% that can then manipulate the interfacial interactions

polymers,'?* DNA,”*! and proteins,
between the nanoparticles and the medium the particles are placed in, and thus control their
assembly. Past theoretical and experimental work on homopolymer functionalized nanoparticles
has established that the chemistry of the grafted polymers, nanoparticles and the medium (solvent
or polymer matrix) is one parameter that controls the spatial organization of the nanoparticles.
For example, experimental studies'®'® have achieved migration of the polymer grafted
nanoparticles from one domain in a polymer matrix to another domain simply by thermally
changing the composition of grafted homopolymers on the nanoparticle, and thus the
compatibility of the grafted polymer and matrix. Another important parameter that dictates the
effective inter-particle interactions and therefore the particle assembly is the polymer grafting

density, defined as the number of grafted polymers per unit surface area on the particle. At high

grafting density the grafted polymers extend due to crowding, and form a brush like
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conformation on the particle surface. A particle carrying a polymer brush on its surface can
disperse (assemble) in medium that acts as a good (bad) solvent for the polymer brush.
Additionally the molecular weight of the graft could also play a role in deciding whether the
grafted particles disperse or aggregate. For example homopolymer grafted particles placed in a
homopolymer matrix, where matrix chemistry is identical to the grafted polymer, disperse
(aggregate) if the molecular weight of matrix homopolymer is lower (higher) than that of grafted

homopolymer.*® ¥ At low grafting density” '*'> #>*

the grafted polymers do not face any
crowding from monomers of adjacent chains and as a result do not stretch into brush like
conformations, and the inter-particle interactions are governed by how much of nanoparticle
surface is exposed versus covered by the grafted monomers. Such homopolymer-grafted
nanoparticles at low grafting densities have been shown to assemble into a variety of
nanostructures. Glotzer and coworkers have conducted detailed simulation studies of polymer-

. . 13-15, 50, 54-58
tethered nanoparticles of various shapes > ™

and demonstrated the presence of gyroid-
phase in mono-tethered spherical particles. Jayaraman and Schweizer” ** * % ® have used
Polymer Reference Interaction Site Model (PRISM) theory on spherical nanoparticles grafted
with few homopolymer grafted chains to obtain order-disorder transition curves in dense
solutions and melts of grafted particles and to understand phase behavior of these lightly grafted
particles in a dense homopolymer matrix. While most of the above studies establish the effect of
various molecular parameters on behavior of homopolymer grafted nanoparticles either in
solvent or in a polymer matrix, the behavior of copolymer grafted nanoparticles (with more than
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just one graft) has been studied to a much smaller extent. This is surprising considering

recent synthetic advances to make copolymer-grafted nanoparticles through atom transfer radical
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polymerization (ATRP)'' and Z-supported reversible addition—fragmentation chain transfer

(RAFT) polymerization.®

Copolymer functionalization is an attractive route for directing nanoparticle assembly
because unlike homopolymer grafts where the effect of the medium (solvent or matrix) is
homogeneous throughout the homopolymer grafted chain, in a copolymer the presence of two
different monomer chemistries could allow us to control the solvent effects non-homogeneously
along the chain and thus spatial variation in effective inter-particle interactions. This was proven
in recent work by Jayaraman and coworkers,” who used Monte Carlo simulations to study
copolymers of varying monomer sequences grafted onto a single solid spherical nanoparticle and
showed the non-trivial effect of monomer sequence, particle diameter, grafted chain length and
grafting density on the grafted copolymer conformations. They showed that monomer sequence,
particle diameter, grafted chain length and grafting density dictate if (a) the grafted chains
aggregate to bring attractive monomers from multiple grafted chains together (inter-chain and
intra-chain monomer aggregation) if the enthalpy gained by doing so offsets the entropic loss
caused by the stretching of the chains, or (b) each grafted chain folds onto itself to bring the
attractive monomers together (purely intra-chain monomer aggregation) if the entropic loss from
inter-chain aggregation cannot be overcome by the enthalpic gain, but the energetically favorable
intra-chain contacts compensate for the loss of conformational entropy accompanying the
monomer aggregation. A follow up study by Nair and Jayaraman® showed how this complex
interplay of monomer sequence, particle diameter, grafted chain length and grafting density
affects effective inter-particle interactions. They developed a self-consistent PRISM theory-MC
simulation method to study potential of mean force (PMF) between copolymer —grafted

nanoparticles at infinitely dilute concentration in a polymer matrix. This study showed that the
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monomer sequence (alternating and diblock) in the grafted chains dictates how the attractive
monomers aggregate and how those aggregates help or hinder matrix-induced direct contacts
between the grafted particles, and thus the strength and location of attraction or repulsion in the
PMF between two grafted particles. While alternating copolymer-grafted particles exhibit a PMF
similar to athermal homopolymer-grafted particles, diblock copolymer-grafted particles exhibit
interesting behavior different from homopolymer-grafted particles. For the diblock copolymer-
grafted particles if the monomers in the block closer to the surface are attractive the PMF is
repulsive at contact and weakly attractive at larger inter-particle distances; if the monomers in
the outer block are attractive the PMF is attractive at contact and repulsive at larger inter-particle
distances. Since these two studies have established that grafting copolymers on nanoparticles and
varying monomer sequence affects grafted chain conformations, and in turn helps tune the
magnitude, nature and location of attraction or repulsion in the PMF, which is needed for the
tailored assembly of these functionalized nanoparticles, we are now motivated to investigate this

tailored assembly of copolymer grafted nanoparticles.

In this paper we use lattice Monte Carlo simulations to study diblock or alternating
copolymer grafted spherical nanoparticles placed in an implicit solvent with the goal to establish
how nanoparticles functionalized symmetrically with diblock and alternating copolymers at low
— medium grafting density and varying chemistries, particle sizes, concentration of grafted
particles and grafted copolymer chain length assemble into nanoclusters of different sizes, shapes
and structures. We observe that while the alternating sequence produces clusters that are
relatively isotropic regardless of whether A-A or B-B monomers are attractive in the presence of
negligible unlike monomer repulsions, diblock sequence produces clusters that are smaller and

more compact when inner block monomers (A-A) are attractive and larger loosely held together
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clusters when outer block monomers (B-B) are attractive. The monomer sequence dictates the
role of like-monomer attractions in the presence of strong unlike A-B repulsions. For example, in
the alternating case strong A-B repulsions lead to either particle dispersion or smaller clusters as
compared to negligible A-B repulsions but for diblock case strong A-B repulsions and negligible
A-B repulsions exhibit similar cluster characteristics. Diblock copolymers with strong inner
block (A-A) attractions lead to anisotropic clusters like nanowires which are of interest for

optical applications.®”®

We also investigate how the cluster characteristics are affected by
varying particle diameters, grafting densities (low-medium), copolymer chain lengths, and
copolymer grafted particle concentrations. We find that increasing particle size makes it more
entropically unfavorable for grafted chains to interact with adjacent grafted chains on the same
particle leading to cluster formation only in cases when the like-monomer attraction strength was
strong enough to overcome the entropic loss from stretching grafts during inter-particle contacts.
Particle size and graft length affect the balance of enthalpic gain and entropic losses coming
from inter-grafted particle contacts and/or inter- and intra- grafted chain contacts in the same
grafted particle, and in turn affect the shape and size of the clusters. For example, at constant
graft length and when A-A attractions are stronger than B-B attractions, diblock copolymer
grafted particles form long “caterpillar-like” structures with large particle diameters and short
trimer or tetramer nanowires with smaller particle diameters. Upon increasing particle
concentration, while staying in the dilute concentration regime, the structure within the cluster
quantified by the coordination numbers, does not change, confirming that the assembly is
primarily governed by the copolymer functionalization imparting a valency” to the nanoparticle

“atom”, with the valency depending on the monomer sequence and the monomer-monomer

interactions within the functionalization. This work illustrates how copolymer functionalization
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and monomer sequence is a new design knob that experimentalists could use to tailor

nanoparticle self-assembly.

The paper is organized as follows. In section 3.2 we provide details of our model, the
simulation method and analysis techniques. In section 3.3 we present the results showing the
effect of varying monomer sequence and chemistry, particle size, grafted chain length and
concentration of copolymer grafted particles on the shape, size and structure of the aggregates
assembled from the copolymer grafted nanoparticles. We conclude with a discussion on the
observed general trends, limitations of this work, some future directions and the impact of this

computational work on experimental work in this area.

3.2 Method

3.2.1 Model

We model the system of AB copolymer grafted nanoparticles as hard sphere particles of diameter
D each with six grafted symmetric AB copolymers. Each grafted copolymer chain is modeled as
a freely jointed chain on a cubic lattice with monomer beads of size d of the order 1 nm, and the
first monomer is placed symmetrically 1d away from the six poles of the spherical nanoparticle.
The symmetric AB copolymers used in this paper have one of two sequences—alternating or
(A1B))nn, and diblock or (AnsBnz) sequence. In all systems the AB copolymer chains are
grafted such that the first monomer grafted to the particle surface is an A monomer. The
identities of the second, third and higher monomers in each grafted chain depend on the chosen

monomer sequence.

Particle-particle and particle-grafted monomer interactions are maintained as hard-sphere

interactions. The monomer-monomer interaction potential, Uj(r), between the i™ and jth non-
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bonded grafted monomers is described by a square well or square shoulder potential described in

equation (1):

oo r<d
U(r) = {&; d<r< V2d (1)
0 V2d<r

where r is the center-center distance between monomer beads, d is the diameter of the bead and
v/2d is the range of interaction, and gjis the strength of interaction. Attractive interactions are
characterized by a negative & and repulsive interactions are denoted by a positive . The €ap,

€aa, and egg we have chosen to mimic varying chemistries are tabulated in Table 3.1.

€as (KT) €an (KT) €gg (KT)
(1) 1.0 -0.2 -0.2
(2) 1.0 -0.5 -0.5
(3) 1.0 -1.0 -1.0
(4) 0 0 -0.2
(5) 0 0 -0.5
(6) 0 0 -1.0
(7) 0 -0.2 0
(8) 0 -0.5 0
(9) 0 -1.0 0
(10) 1.0 0 -0.2
(11) 1.0 0 -0.5
(12) 1.0 0 -1.0
(13) 1.0 -0.2 0
(14) 1.0 -0.5 0
(15) 1.0 -1.0 0

Table 3.1 Chemistry of AB copolymer grafted chains. This is also the legend for x-axis values in
the figures showing <N>, <Rg,cluster2>1/2 and metal fill fraction for various chemistries.

We choose these interactions to isolate the effect of monomer-monomer interactions on the

nanoparticle assembly.
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3.2.2 Monte Carlo Simulation

We use lattice Monte Carlo simulation to study the assembly of the grafted nanoparticles. In the
first step of the simulation we grow the initial configuration by creating a particle sphere in a
random position inside the simulation box. We then fix the first monomers of the grafted chains
at the predetermined symmetric sites on the sphere followed by placing the second monomer of
each grafted chain in one of the five unoccupied lattice sites adjacent to the first monomer of that

grafted chain. During this growth process if an i

monomer cannot be grown because all
neighboring sites of (i-l)th monomer are occupied by other monomers, then all the monomers are
subjected to local moves until a vacancy is created. This is repeated until all the grafted chains
are grown to the desired chain length, Ny This process is followed for all copolymer grafted
particles within the simulation box while ensuring no overlaps. After the initial configuration is
grown, the simulation proceeds to the initialization stage. The initialization stage helps us avoid
any bias that might arise due to the nature of the initial configuration. In the initialization stage
the system is subjected to 100,000 Monte Carlo (MC) steps with purely hard-sphere interactions
between all beads in the system. An MC time step is defined either as Ny *N, random monomer
moves, where Ny 15 the grafted copolymer chain length and N, is the number of grafts (=6 in
this study), or one copolymer grafted nanoparticle translate or rotate move. In one monomer
move, we randomly pick a monomer (with the exception of the first bead that is fixed) on a
randomly picked grafted chain of a randomly selected nanoparticle, and then move that monomer
using a randomly chosen move—*“crankshaft”, “kink” and “end” (for last bead only). In one
single copolymer grafted nanoparticle move, one copolymer grafted nanoparticle is randomly

chosen and the particle along with its constituent chains is translated or rotated. The moves are

accepted or rejected based on the Metropolis algorithm;’® since interaction potentials are not
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turned on until the equilibration stage, all initialization-stage moves are made under athermal

conditions and accepted as long as no overlaps occur during the move.

The initialization stage is followed by the equilibration stage. In the equilibration stage
the system goes through 20 million MC steps with a temperature annealing schedule’' going
from dimensionless temperature Tiyitia=3 to Trna=1 With a temperature decrement of 0.9 at every
i stage (T; = T;i.1x0.9), and 3 million MC steps per temperature stage. This annealing schedule
was chosen after rigorous testing to ensure equilibrium is reached at each temperature stage, and
the resulting configurations at temperature are independent of small variations in the annealing
schedule (e.g. 3million or 4million MC steps per stage). The moves during the equilibration
stage include the monomer moves (47.5%) and grafted particle moves (47.5%) described above
and cluster moves (5%). A cluster move is defined as a move of a collection of copolymer
grafted nanoparticles, where every grafted particle is making at least one monomer contact with
a monomer of another grafted particle in the cluster. During a cluster move we translate
randomly picked clusters and accept the move only when the cluster move does not lead to an
overlap or formation of a new cluster.”” If there are no clusters in the configuration the chosen
cluster move is rejected. We collect data on the thermodynamic property of interest over 10,000
MC steps and calculate the block averages for every 100,000 MC steps. Once the system has
reached Tgpa=1 and an equilibrium—when 40 consecutive block averages of energy are within
10% of each other—we collect the ensemble average of the block averages of the equilibrated
system. For each system we repeat 10 trials of simulation where the 10 trials are marked with
different random number seeds used in the growth of the initial configuration. We obtain error
bars for every data point presented in the results section from the ensemble averages collected

from 10 such simulations.
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3.2.3 Analysis
To characterize the shape, size and structure of the assembled clusters we calculate the ensemble
average of the following parameters. To quantify the equilibrium conformations of the grafted

chains we calculate the average radius of gyration of the grafted copolymer, Rgzz

M N 2 2 2
RZ — lzz (Xij = Xemj) + (Vij = Yemj)” + (21 = Zem)) )
& ML N;
=1 i=1
where M is the number of grafted chains, i is the monomer number, N;is the length of the i
grafted copolymer chain (=Ngaf), and Xemj, Yemj and Zeymj are the coordinates of the center of
mass of the j™ grafted chain. The grafted chain radius of gyration values presented in Sec. III are

>>12 We also calculate the radius of gyration of the

the square root of the ensemble average, <R,
cluster, Rg,clusterz, analogous to equation (2) with M being the number of clusters at the time step
when the Rg,clusterz is calculated, i is the nanoparticle index in the jth cluster, N; is the number of

nanoparticles in the jth cluster and Xcm j, Yemj and zemj are the coordinates of the center of mass of

the j™ cluster.

For the design of metamaterials or negative index of refraction materials it is important to
obtain simultaneous negative permittivity and negative permeability, which are in turn dictated

67,73

by the metal fill fractions in the nanoparticle cluster. Therefore we use the (Rg,clusterz)l/2 to

calculate the metal fill fraction in each cluster at that time step:

®-3(3)

4 .D
3T <(R§,cluster)2 + 7)

Metal Fill Fraction =

5 3)
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where N is the average number of nanoparticles in the clusters at that time step and D/2 is the
nanoparticle radius. To quantify the structure within the cluster we also calculate the distribution
of coordination number, Z, for the nanoparticles within each cluster during the simulation. This
distribution of Z within a cluster characterizes the structure and isotropy within each cluster. For
example, a system with clusters that show peak frequency of low Z suggests that either a) the
clusters are small and thus the nanoparticles within the cluster only have few neighbors or b) the
clusters are large and anisotropic with the constituent nanoparticles having neighbors only in
certain directions. One can interpret unambiguously which of the above is true by also studying
the size of the clusters, quantified by the ensemble average number of nanoparticles in the
clusters, <N>. While the ensemble average number of nanoparticles in the clusters,<N>, is
calculated only when clusters are formed and ignores the single grafted particles not participating
in clusters, the coordination number distribution takes into account all grafted particles in the

system whether or not they are part of a cluster.

In addition to the above quantitative characterization we also visualize the assembly of
the copolymer grafted nanoparticles by collecting spatial coordinates of all components in the

systems. Some of these simulation snapshots are shown in Sec. III and in the supplementary file.

3.2.4 Parameters

We study two sequences in the grafted polymers— alternating or (ABi)ngrf2 and diblock or
(Angraf2Bngrati2) sequence. We study the effect of varying monomer chemistries by changing the
like-monomer (A-A and/or B-B) interaction (eas and egg) and unlike monomer (A-B) (eap)
interaction strengths as shown in Table 3.1. We also vary the particle diameter, D/d=2, 4 and 12;

since the monomer diameter, d, is ~1 nm these particle diameters correspond to ~2 nm, 4 nm and
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12 nm, respectively. We keep the number of grafted chains fixed at six chains. Therefore by
changing particle diameter, D=2, 4 and 12 nm, we not only understand the effect of changing
curvature (1/2, 1/4 and 1/12) but also changing surface grafting density (0.48, 0.12 and 0.01
chains/nm?), albeit in a coupled fashion. We study two dilute concentrations of copolymer
grafted nanoparticles in the system ¢=0.0001 particles/nm® and 0.0002 particles/nm’, by
simulating 10 and 20 grafted particles, respectively, in a simulation box size of 100x100x100

3
nm .

3.3 Results

3.3.1 Effect of monomer sequence for varying chemistries
The results plotted in Figure 3.1 are for a solution containing 10 copolymer grafted particles in a
100x100x100 nm® simulation box, with particles of diameter D=4nm and six grafts of 24

monomers arranged in either an alternating or diblock sequence.
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Figure 3.1 (a) Ensemble average number of particles in clusters <N>, (b) radius of gyration of
the clusters, <Rg,clu5ter2>1/ 2and (c) metal fill fraction within the clusters formed from the assembly
of 10 copolymer grafted particles (in a 100x100x100 nm’® simulation box) with particle diameter
D=4nm and six grafts of 24 monomers arranged in either an alternating (black solid lines) or
diblock sequence (green dashed lines). X-axis denotes the monomer chemistries and the values

correspond to the rows in Table 3.1.
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We have systematically studied the effect of varying chemistries (shown in Table 3.1 and
indicated in the x-axis of Figure 3.1) to elucidate how increasing strength of like-monomer (A-A
and/or B-B) attraction affects the cluster formation and cluster characteristics, in the presence of

either a relatively strong or a negligible unlike-monomer (A-B) repulsion.

We first discuss results for monomer chemistries where the strength of A-A and B-B
attraction strength are similar, varying from 0.2 kT — 1 kT, in the presence of a relatively strong
A-B repulsion strength (1 kT) (x-axis values 1-3 correspond to row 1-3 of Table 3.1). As both
pairs of like-monomer attractions increase, for alternating (black solid) and diblock (green
dashed) sequences the copolymer functionalized nanoparticles assemble into clusters of
increasing size, as seen from increasing <N> and increasing <Rg,cluster2>1/2 in Figure 3.1a and
Figure 3.1b for x-axis values 1-3. An increase in cluster size with increasing like-monomer
attraction is expected because as the like-monomer attraction strength increases the copolymer
grafted nanoparticles assemble together more readily to make enthalpically favorable attractive
monomer contacts. At weak attraction strength (0.2 kT) both alternating- and diblock- grafted
particles rarely form clusters as seen from the peak frequency for Z=0 in Figure 3.2a and when
they do form clusters they form dimers as seen from <N>~2 (Figure 3.1). This is because the A-
A and B-B attraction strength is unable to overcome A-B repulsion and also unable to
compensate for the entropic loss from bringing these grafted particles together. With increasing
like-monomer (A-A and B-B) attraction strength, the attractive interaction between like-
monomers is able to overcome the strong repulsive interactions between the unlike monomers

(A-B) and overcome the entropic loss from assembly.
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Figure 3.2 Histogram of frequency of coordination numbers, Z, within clusters formed from the
assembly of 10 copolymer grafted particles (in a 100x100x100 nm® simulation box) with particle
diameter D=4nm and six grafts of 24 monomers arranged in either an alternating (black solid
lines) or diblock sequence (green dashed lines) with varying monomer chemistries corresponding
to a) rows 1-3, b) rows 4-6, ¢) rows 7-9, d) rows 10-12, and e) rows 13-15 in Table 3.1. The
symbols for weak, moderate and strong attraction strength are square, circle and triangle,
respectively.

Therefore at moderate to high attraction strengths (0.5 and 1 kT), we observe larger clusters both
for diblock and alternating grafted particles. However the clusters formed with diblock
copolymer grafts are larger than those formed with alternating copolymer grafts, as evident from
clusters of diblock copolymer grafted nanoparticles having larger <N> and/or larger
<Rg,c1uster2>1/ 2 for similar <N> than those for alternating copolymer grafted particles (Figure 3.1a
and Figure 3.1b). This is because in the alternating case the frustrated alternating A monomer-B
monomer placement forces the chains to pack more compactly to bring A-A and B-B attractive

monomers together. In contrast, as the diblock sequence topologically places A and B monomers
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separately in two blocks, the chain does not have to be compact and is a little more stretched than
alternating copolymers to avoid unfavorable A-B contacts and yet make attractive A-A and B-B
contacts. This is also confirmed in Supplementary Table S.1 which tabulates the radius of
gyration of the grafted chains. The <Rg,chain2>1/2 values (rows 2 and 3) for alternating copolymer
is lower than the corresponding values of the diblock copolymer. Clearly, for a constant
chemistry the monomer sequence affects the grafted chain conformations, and in turn the size of
the assembled cluster. Next we discuss how the sequence affects the shape of the cluster and

structure within the cluster.

For alternating sequence, as strength of like-monomer attraction increases (Figure 3.2a
black solid lines), the coordination number Z within each cluster shifts to higher values. An
increase in <N> (Figure 3.1a) and a corresponding shift in the coordination numbers to higher
values suggest that the clusters are becoming larger and isotropic as like-monomer attraction
increases. This is confirmed by the simulation snapshots shown in Figure 3.3 (top row).
However, the metal fill fraction in Figure 3.1c¢ does not increase monotonically for x-axis values
1-3 (black solid); the fill fraction is the highest for moderate strength (0.5 kT). We conjecture
that at larger like-monomer attractions (1 kT), monomers along the alternating copolymer grafts
on different particles are strongly pulled together and aggregate within the cluster leading to
increased spacing between nanoparticles at 1 kT than at 0.5 kT thus leading to lower metal fill
fraction for 1 kT than 0.5 kT. In contrast to the alternating sequence, for diblock sequence, as
strength of like monomer attraction increases from 0.5 kT to 1 kT the Z shifts to smaller values
(Figure 3.2a green dashed lines). Since the <N> is approximately the same for both 0.5 kT and 1
kT in Figure 3.1a, we believe that at 1 kT attraction the clusters are anisotropic while clusters

seen at 0.5 kT are isotropic.
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ALTERNATING SEQUENCE
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Figure 3.3 Simulation snapshot from one of the trials showing representative equilibrium
clusters formed from the assembly of 10 copolymer grafted particles (in a 100x100x100 nm’
simulation box) with particle diameter D=4 nm and six grafts of 24 monomers arranged in either
an alternating or diblock sequence. The rows in the figure, as labeled, correspond to the varying
monomer chemistries in Table 3.1.

This is confirmed from the anisotropic cluster shapes for 1 kT monomer attraction in Figure 3.3
(top row last image). We note that for these anisotropic cluster shapes the metal fill fraction is
inaccurate as the metal fill fraction is calculated assuming a spherical cluster shape, which is not
true for these anisotropic clusters. To ensure these highly anisotropic structures are indeed
equilibrium structures we studied from multiple independent trials both the simulation snapshots
and cluster characteristics data. In supplementary figure S.3.1 we show five of the ten

independent trials for the chemistries that lead to the most anisotropic structures; the similarity in

64



structures for all five trials of the same system confirms that the structures seen in Figure 3.3 are
equilibrium structures. Additionally we note that each of these trials starts at a very high
temperature where all functionalized nanoparticles are well dispersed and the system is cooled
slowly through gradual temperature decrements (see Sec. IIB) further ensuring that the

assembled clusters are not kinetically trapped metastable structures.

So far we have examined a system where both pairs of like-monomer, A-A and B-B,
attractions are equal in strength, and there is significant A-B repulsion (rows 1-3 in Table 3.1).
Next we mimic a chemistry where one pair of like-monomer (A-A or B-B) attraction dominates
and the other like-monomer attraction is negligible, in the presence of a relatively negligible or

strong unlike monomer-monomer (A-B) repulsion.

When B-B monomers attraction is much stronger than A-A monomers attractions and A-

B repulsion (rows 4-6 in Table 3.1), as B-B monomer attraction strength increases, for both

2172

sequences the cluster sizes increase as seen from increasing <N> and increasing <Rg ciysier >~ 10
Figure 3.1a and Figure 3.1b for x-axis values 4-6. At weak B-B attractions (0.2 kT) for both
sequences the grafted particles rarely form clusters (Z peaks at 0 in Figure 3.2b) and when they
do form clusters they form dimers with a high <Rg,cluster2>1/ ? suggesting loosely held together
dimers. At moderate B-B attractions (0.5 kT) for both sequences the <N> is approximately the
same (x-axis value 5 in Figure 3.1a) but the diblock copolymer grafted nanoparticles have a
larger <Rg,clu5ter2>1/ ? (Figure 3.1b) and lower metal fill fraction (Figure 3.1c) than the alternating
copolymer grafted particles. This is because while both alternating and diblock grafted particles

assemble by bringing B monomers on various particles together, the diblock sequence has the B-

monomers conveniently placed as the outer block in the graft which facilitates assembly by
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bringing attractive B-monomers together without much loss of conformational entropy of the A-
block. On the other hand in the alternating sequence when the B-monomers are brought together
the attached adjacent A monomers are also dragged along leading to tighter clusters. This can be
confirmed by the simulation snapshots in Figure 3.3 (second row) showing loosely held together
clusters for diblock copolymer grafted particles versus alternating copolymer grafted particles.
Additionally, the ensemble average <Rg,chain2>1/2 for diblock copolymer chains is higher than
alternating copolymer chains shown in Supplementary Table S.1. (rows 4-6 for alternating and
diblock). The coordination number distribution for 0.5 kT for alternating and diblock cases
(Figure 3.2b) show a shift to slightly higher values for alternating compared to diblock,
suggesting more isotropic clusters for alternating sequence than diblock sequence. At stronger B-
B attractions (1kT) the trends seen at 0.5 kT continue but the sequence effects are magnified,
which is most likely because of the reduced loss of conformational entropy seen in case of

diblock sequence as compared to alternating sequence.

When A-A monomers attraction is much stronger than the B-B attraction and A-B
repulsion (rows 7-9 in Table 3.1), at weak A-A attractive strengths (0.2kT) both the alternating
and diblock form dimers evident from <N>~2 (Figure 3.1a for x-axis values 7). However, at
moderate (0.5 kT) and strong (1 kT) A-A attractions the alternating case leads to clusters with
higher <N> and <Rg,c1uster2>” 2 but lower metal fill fractions than the corresponding diblock cases.
This is opposite to the trends seen when B-B monomers are stronger than A-A and A-B
interactions (rows 4-6). This is because in the diblock grafted particles since the A-block is
closer to the particle surface it is less easily accessible for making contacts with A-blocks on
another particle, leading to lower <N>, and when it does form inter-particle A-A contacts the

particles have to come closer together within the cluster causing higher metal fill fractions. This
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means when A-A monomers are attractive, and A-B repulsion and B-B attraction are negligible,
diblock copolymer grafted particles lead to tightly packed smaller clusters with some anisotropy,
also seen from Z shifted to lower values than the Z distribution of the alternating copolymer
grafted particles (Figure 3.2c). This also leads us to conclude that for diblock copolymer grafted
particles there are drastic differences between the cluster characteristics when A-A attraction
(attractive inner block) dominates as compared to when B-B attraction (attractive outer block)
dominates. In contrast, for the alternating case due to the frustrated alternating A monomer-B
monomer sequence there is no significant effect of type (A-A or B-B) like-monomer attraction.

Simulation snapshots in Figure 3.3 also confirm all of the above trends.

Next we discuss the effect of increasing the strength of one pair of like-monomer
attractions in the presence of a significant A-B repulsion. When the B-B attraction increases in
the presence of strong A-B repulsion (1 kT) and negligible A-A interactions (rows 10-12 in Table
3.1), for alternating sequence the presence of significant A-B repulsion reduces the cluster size,
evident from a lower <N> and lower <Rg,cluster2>1/2 (Figure 3.1a and Figure 3.1b, x-axis values 10
-12) than those seen with negligible A-B repulsion (x-axis values 4-6). The peaks at Z=0 in
Figure 3.2d also suggest that for B-B attractions strengths < 0.5 kT the strong A-B repulsion (1
kT) dominates, favoring the dispersion of alternating copolymer grafted nanoparticles. In
contrast, for the diblock sequence, since the diblock sequence separates the A and B monomers
topologically, the effect of A-B repulsion on the resulting nanoparticle assembly is minimal. This
is confirmed by similar values of <N> for diblock sequence (Figure 3.1a x-axis values 10-12 and
4-6) and similar Z- distribution (Figure 3.2d and Figure 3.2b) both in the presence of strong A-B
repulsion and negligible A-B repulsion. The only effect that the strong A-B repulsion has on the

assembly of diblock copolymer grafted particles is that it stretches grafted chains, evident from
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higher <R, chain>"~ in Supplementary Table S.1. in the presence of strong A-B repulsion (rows
10-12) as compared to negligible A-B repulsion (rows 4-6); the stretching of the grafted chains
increases the spacing between the nanoparticles in the cluster resulting in lower metal fill

12

fraction and slightly higher <R, cluster for interaction parameters 10-12 as compared to 4-6.

When the A-A attraction increases in the presence of strong A-B repulsion (1kT) and
negligible B-B interactions (rows 13-15 in Table 3.1) both sequences form small clusters, evident
from low <N> and low <Rg,cluster2>1/ 2. While the propensity to form clusters is low for both
sequences, the reasoning behind why that is so is completely different for both sequences. The
reasoning for alternating copolymer is similar to that discussed for rows 10-12, and for diblock

copolymer is similar to that discussed for rows 7-9.

As seen in most of the cases so far, much of the trends for varying monomer sequence
and monomer chemistry can be explained on how the placement of monomers (sequence)
facilitates bringing attractive monomer pairs together while keeping the repulsive monomer pairs
apart, and in turn how that balances the enthalpic gain from favorable monomer contacts and
conformational entropic loss. Since the alternating sequence has A and B monomers placed
adjacent to each other within each of the grafted chains, we see similar trends whether the A-A
interactions are attractive or the B-B interactions are attractive; in both cases the presence of
strong A-B repulsion drastically reduces the assembly as compared to negligible A-B repulsion.
On the other hand, since the diblock sequence separates the two monomers into blocks the trends
are similar both in the presence of strong A-B repulsion and negligible A-B repulsion but there
are large differences in assembled structures when the inner block (A monomers) is attractive

and outer block (B monomers) is attractive. Additionally, the anisotropy in the cluster shapes is
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similar in the presence of strong and negligible A-B repulsion (Figure 3.3 diblock column fifth
and third row, respectively), suggesting that the like-monomer attraction strength, and not the A-

B repulsion, dictates the shape of the cluster formed with diblock functionalization.

While the above results are for six grafts of length 24 monomers on particle size of 4nm, to
understand the effect of changing particle size (and thus the curvature and grafting density) on
the assembly of alternating and diblock copolymer grafted particles, we present the results for

particle diameters D=2 nm and D=12 nm in the next section.
3.3.2 Effect of particle diameter

In Figure 3.4 we plot the <N>, <Rg,cluster2> and metal fill fraction as a function of interaction
parameters (x-axis values correspond to the row numbers in Table 3.1) for alternating (left
column) and diblock (right column) copolymer grafted nanoparticles for varying particles sizes
D=2 nm (black squares solid line), 4 nm (violet circles dashed line) and 12 nm (orange diamonds

dotted line). We discuss alternating sequence first followed by the diblock sequence.

For alternating sequence when the monomer interactions are such that both A-A and B-B
attractions are equal in the presence of strong A-B repulsion (x-axis values 1-3 in Figure 3.4a)
the D=12 nm particles assemble only when the like monomer attraction strength is strong (1 kT),
while the D=2 nm and D=4 nm particles can assemble even for moderate attraction strengths (0.5
kT). To understand the basis for these trends we first explain how particle size and graft chain

length affect the chain conformations in a single polymer grafted particle.65
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Figure 3.4 (a) Ensemble average number of particles in clusters <N>, (b) radius of gyration of
the clusters, <Rg,cluster2>1/ 2 and (c) metal fill fraction within the clusters formed from the assembly
of 10 copolymer grafted particles in a 100x100x100 nm® simulation box with six grafts of 24
monomers arranged in either an alternating (left panel) or diblock sequence (right panel) and
particle diameters D=2nm (solid black square), 4nm (dashed purple circles) and 12nm (dotted
orange diamonds). X-axis denotes the monomer chemistries and the values correspond to the
rows in Table 3.1.

For alternating sequence when the monomer interactions are such that both A-A and B-B
attractions are equal in the presence of strong A-B repulsion (x-axis values 1-3 in Figure 3.4a)
the D=12 nm particles assemble only when the like monomer attraction strength is strong (1 kT),
while the D=2 nm and D=4 nm particles can assemble even for moderate attraction strengths (0.5
kT). To understand the basis for these trends we first explain how particle size and graft chain
length affect the chain conformations in a single polymer grafted particle.®® In the case of single
copolymer grafted particle with low grafting density (not a grafted polymer brush) as the Ngan/D

decreases the attractive monomers on the same graft aggregate together (intra-grafted chain
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contacts) much more than between grafts on the same particle (inter-grafted chain contacts)
because the spacing between the grafts is too large making it either impossible due to far
placement or entropically unfavorable for inter-grafted chain contacts to occur. In case of
multiple grafted particles in addition to the intra-grafted chain and inter-grafted chain contacts
found in the single grafted particle, there are inter-grafted particle contacts. For D=12nm and
Ngraft =24 the inter-grafted chain contacts within a grafted particle are less likely as the grafts are
not long enough or the particle is too big for the graft to make contacts with another graft on the
same particle (as seen in simulation snapshots in Supplementary figure S.3.2), and instead
favorable monomer contacts come from either inter-grafted particle contacts inducing assembly
and/or from intra-grafted chain contacts in the same particle. For inter-grafted particle contacts
to happen, the entropic loss from chain stretching during inter-grafted particle contacts has to be
overcome by the enthalpic gain from the favorable inter-grafted particle monomer contacts; for
D=12 and Ng,7=24 this only happens when the like-monomer attraction strength is strong (1

KkT).

When only one-pair of like-monomers (A-A or B-B) are attractive with negligible A-B
repulsion (x-axis values 4-9 in Figure 3.4a), all particle diameters assemble at moderate like-
monomer attraction strength (0.5 kT). It should be noted that although <N> is approximately the
same for all three particle sizes the <Rg,cluster2>1/2 is higher for clusters formed from larger
particles because of the larger particle diameter involved in the <Rg,cluster2>1/2 calculation. When
one pair of like-monomers is attractive in the presence of significant A-B repulsion (x-axis values
10-15 in Figure 3.4a) alternating sequence does not favor cluster formation for most particle
sizes because the A-B repulsive interactions and conformational entropic loss cannot be

overcome by the favorable attractive contacts from a single pair of like monomers.
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Supplementary figures S.3.3 and S.3.4 show the Z histograms for D=2 nm and D=12 nm
alternating grafted particles (black solid lines). We note that the coordination numbers within the
clusters exhibit surprisingly similar trends with increasing strength of attraction and between the

various set of interactions.

For diblock sequence at almost all chemistries as the particle size D increases <N>
increases. Additionally, for all particle diameters the cluster characteristics are dominated by the
strength and type (A-A or B-B) of like-monomer interaction and the role of A-B repulsion
(strong or negligible) is minimal. There are also clear differences between the three particle
sizes. While for D=2 nm and 4 nm particles the cluster size <N> depends strongly on the type
(inner or outer block) of like-monomer attraction at all attraction strengths, for D=12 the effect of
type (A-A or B-B) like monomer attraction on <N> is not as drastic. The reasoning behind this
trend is based on how the particle size and graft length affect the balance of enthalpic gain and
entropic losses coming from inter-grafted particle contacts and/or inter- and intra- grafted chain
contacts in the same grafted particles. For D=12 nm, as stated before, the particle is so large that
the grafts in the same particle are unable to make inter-grafted chain contacts within the same
particle irrespective of type of attraction; thus one of the driving forces behind the differences
observed between A-A (inner block) or B-B (outer block) attractions is eliminated. Therefore in
both cases (A-A or B-B attraction) the particles can only form inter-grafted particle contacts,
which is slightly easier to form when outer block (B-B) attraction dominates. Supplementary
figures S.3.3 and S.3.4 show the Z histograms for D=2 nm and D=12 nm diblock grafted
particles (green dashed lines), respectively. We note that the coordination numbers within the
clusters exhibit surprisingly similar trends for various particle sizes with increasing strength of

attraction and between the various set of interactions.
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Interestingly, for diblock copolymer grafted particles we observe a variety of highly
anisotropic cluster shapes for D=12 nm (Figure 3.5 top and middle rows), as seen for D=4 nm

(Figure 3.3 and also Figure 3.5 bottom row).

Caterpillar-like morpholggy

Figure 3.5 Simulation snapshots from three trials showing clusters formed from the assembly of
10 copolymer grafted particles (in a 100x100x100 nm® simulation box) with particles diameter
D=12nm (top and middle) and D=4nm (bottom) with six grafts of 24 monomers arranged in
diblock sequence. The monomer chemistries correspond to row 15 (top), row 9 (middle) and row
15 (bottom).

Figure 3.5 top and middle rows show snapshots from three trials (out of the 10 trials) of D=12
nm systems that exhibit one such anisotropic cluster shape that we characterize as “caterpillar-
like” or nanowires. Supplementary figure S.3.2 shows the morphologies of cluster assembled
with D=12 nm grafted particles for all chemistries. These anisotropic morphologies shown here
in Figure 3.5 top and middle row are only seen when the inner A block is strongly attractive
either in the presence of negligible or strong A-B repulsion (row 15 and 9 in Table 3.1). These

anisotropic structures are of tremendous interest because these string-like structures are useful
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67. 375 This anisotropy is also seen for the same chemistry for

for designing metamaterials.
D=4nm particles (Figure 3.5 bottom row), but the length of the strings or “caterpillars” is much
smaller for D=4 than D=12, and restricted mostly to trimers. In contrast, when the outer B block
is attractive we do not see these anisotropic structures and observe more isotropic web-like
cluster formation. These isotropic structures are not surprising considering that for large particles
of size D=12 with only six grafts of length 24 monomers and “sticky” outer blocks, we are
essentially designing patchy particles. Past theoretical and computational work by Sciortino and
co-workers and Glotzer and co-workers on patchy particles with sticky interactions has
characterized both their equilibrium nanostructures’® and provided some valuable understanding
on formation of “stable equilibrium gels”.”” In contrast to this past work, where the authors have
assigned patchy spots on the particle surface to impart directionality in interactions and

assembly, we have shown here how an experimentalist could engineer some patchy particles

using copolymer functionalization.

3.3.3 Effect of length of graft

We discuss next how the assembly of copolymer grafted particles is affected with varying graft
length Ngrari. In Figure 3.6 we plot the <N>, <R, cluster2>1/2 and metal fill fraction as a function of
interaction parameters (x-axis values correspond to the row numbers in Table 3.1) for 10
alternating (left column) and diblock (right column) copolymer grafted nanoparticles of
diameters D=4 nm with grafts of length Ng.;=48 (black squares solid line), 24 (violet circles

dashed line) and 8 (orange diamonds dotted line).
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Figure 3.6 (a) Ensemble average number of particles in clusters <N>, (b) radius of gyration of
the clusters, <Rg,cluster2>1/ 2 and (c) metal fill fraction within the clusters formed from the assembly
of 10 copolymer grafted particles (in a 100x100x100 nm® simulation box) with six grafts of 48
(solid black square), 24 (dashed purple circles) and 8 (dotted orange diamonds) monomers
arranged in either an alternating (left panel) or diblock sequence (right panel) on particle
diameters D=4 nm. X-axis denotes the monomer chemistries and the values correspond to the
rows in Table 3.1.

For alternating grafted particles, as the grafted chain length Ngq,q increases, at constant D
and monomer interactions, the number of particles in a cluster <N> increases and the
corresponding size of the cluster <Rg,clu5ter2>1/ 2 also increases. This is expected because for longer
grafts it is easier to make enthalpically favorable contacts with the long grafts on other grafted
particles. As expected for all interactions the metal fill fraction decreases with increasing Ngrafi;
this is because the number and volume of monomers that are placed between the particles
increases with increasing Nn.n thus reducing the metal fill fraction in a cluster. For diblock

grafted particles, we see a more rich behavior with increasing Ngrg at constant D, with the trends
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being dependent strongly on which block of the diblock copolymer is attractive. When the outer
block is more attractive than inner block (x-axis values 4-6 and 10-12), the longer grafts form
clusters much more readily than the shorter grafts even at low attraction strength (0.2 kT). This is
because longer grafts have a longer inner block that presents the longer outer block more readily
to outer blocks on other grafted particles. When the inner block is more attractive than the outer
block (x-axis values 7-9 and 13-15), either the shorter grafts form clusters more readily than the
longer grafts (e.g. x-axis values 9 and 15) or all lengths have equally low propensity to form
clusters. When the inner block is attractive, the particle cores have to be closer together to bring
attractive monomers together, which in turn can confine the outer blocks and lead to loss of
conformational entropy. Therefore only the shortest graft at the highest attraction strength is
capable of gaining favorable enthalpy that can overcome the entropy loss of the confined outer B
block. Longer grafts lose more conformational entropy and no amount of attractive monomer
contacts can overcome the entropic loss. Irrespective of the interaction set, the size of the cluster
<Rgclust¢r2>l/2 always increases with increasing Ny due to larger number of monomers in a
cluster for the longer grafts. Metal fill fractions also tend to be the highest for the smaller graft
because of less number and thereby less volume of monomers between the metal particle cores.
Simulation snapshots of clusters formed by D=4 nm particles with Ngn =24 and 48 at varying

chemistries are shown in supplementary figure S.3.5.

The question we pose next is the following. Could the trends in <N> and Z histogram as
a function of monomer interactions be similar whether we increase Ngnp at constant D or
decrease D at constant Ng,q? To answer this, we compare first the trends in <N> with increasing
Ngrafi/D in Figure 3.6 to that in Figure 3.4. For alternating copolymer grafted particles as Ngras

increases from 8 to 48 for D=4 nm (Figure 3.6a), we observe qualitatively similar trends in <N>,
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average number of particles in the clusters, as that seen for decreasing D from 12 to 2 nm for
constant Ny, =24 (Figure 3.4a). The only minor difference is that for x-axis values of 3 and 6,
when N =24 the D=2 nm case (highest Ny.n/D in Figure 3.4a) has a lower <N> than D=4 and
12 nm, while when D=4 nm the Ng.;=48 case (highest Ng,n/D in Figure 3.6a) has <N>
comparable to Ny =8. We show the coordination number distribution for alternating copolymer
grafted particles in supplementary figure S.3.6 with the top panel in Figure S.3.6 showing
decreasing D at constant Ng,p and the bottom panel showing increasing Ngrnn at constant D.
There are only minor differences in the trends in structure with varying chemistries whether we
increase D at constant Ngpn or decrease Ngnn for constant D. For diblock copolymer grafted
particles we see similarity in results whether Ngp increases from 8 to 48 for constant D=4 nm
(Figure 3.6b), or D decreases from 12 to 2 for constant Ngan =24 (Figure 3.4b). The only
noticeable difference is that when B-B interaction is weak (0.2 kT) and either equal to A-A
attraction or much stronger than A-A (x-axis values 1, 4 and 10) we see that Ng,q=48, D=4 nm
(highest Ngrar/D in Figure 3.6b) forms cluster much more easily than the corresponding Nr.n=24,
D=2 nm system (highest Ngnn/D in Figure 3.4b). The metal fill fractions and Z distributions
(supplementary figure S.3.7) are remarkably same as N.p increases from 8 to 48 for D=4 nm or
as D decreases from 12 to 2 nm at constant Ny =24. These results suggest that if the monomer
sequence and monomer chemistry is fixed, the ratio of Ng,i/D balances the entropic and

enthalpic contributions that govern the cluster formation, shape, size and structure.

3.3.4 Effect of changing number of grafted particles at dilute concentration
In this section we present the results for cluster formation for 20 grafted particles of size D=2, 4
and 12 nm with graft length of 24 monomers placed in a 100x100x100 nm® volume. In Figure 3.7

we plot the <N>, <R, cluster2>1/2 and metal fill fraction as a function of interaction parameters (x-

77



axis values correspond to the row numbers in Table 3.1) for alternating (left column) and diblock
(right column) copolymer grafted nanoparticles of diameters D=2 (black squares solid line), 4

(violet circles dashed line) and 12 (orange diamonds dotted line).
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Figure 3.7 Same as Figure 3.4 but for 20 copolymer grafted particles in a 100x100x100 nm’
simulation box.

For both diblock and alternating copolymer grafted particles at all particle diameters how <N>
and <Rg,c1uster2>1/2 change with varying monomer interactions (x-axis) and particle diameter D is
same for 20 grafted particles (Figure 3.7) as it is for 10 grafted particles (Figure 3.1). The absolute
values of <N> and <Rg,cluster2>1/ 2 at each monomer interaction for 20 grafted particles in Figure 3.7
is higher than the corresponding values for 10 grafted particles in Figure 3.1. This is particularly
true for monomer interactions where the attraction strength between like monomers is strong,
leading to all particles in the solution aggregating to form a cluster. To compare the internal
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structure of the clusters formed by assembly of the 20 grafted particles and 10 grafted particles
we compare the Z distribution of the clusters for 20 grafted particles (see supplementary figures
S.3.8, S.3.9 and S.3.10) with the corresponding results discussed before for 10 grafted particles
(Figure S.3.3, Figure 3.2 and Figure S.3.4). For a few monomer interactions, especially those with
strong like-monomer interactions, the Z distribution for the 20 polymer grafted particles is
shifted slightly to higher neighbors, but for the majority of the interaction sets considered here
we see very similar trends in Z distribution with monomer chemistry, suggesting similarity in the
structure within the clusters formed by 20 and 10 grafted particles. This suggests that the
structure within the nanoclusters is a function of the characteristics of the grafted copolymers and
not the number of grafted particles. This is remarkable as it confirms that by tailoring the
copolymer functionalization we are able to control assembly, in a reproducible manner. By
designing the copolymer functionalization, the monomer sequence, chemistry and grafting
density, we have imparted in essence a “valency” to the nanoparticle “atom”. These results also
confirm that the “valency” solely depends on the monomer sequence and the monomer-monomer
interactions within the functionalization and less on number of “atoms” available to “bond”, as
long as we remain in the same concentration regime. We note that both 10 and 20 grafted
particles in a simulation box 100x100x100 nm’ represent dilute concentrations, and we expect
higher concentrations could change these trends due to increased crowding effects which should

reduce the role of grafted chain conformational entropy on the grafted particle assembly.

3.4 Conclusions
We have conducted Monte Carlo simulations to study copolymer grafted spherical nanoparticles
placed in an implicit solvent to establish that functionalizing nanoparticles with copolymers at

low grafting density and varying monomers sequence and chemistries, particle sizes, and grafted
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copolymer chain length allows us to tune the assembly of nanoparticles into nanoclusters of
varying sizes, shapes and structures. The insight from this computational work could guide
experimentalists trying to design clusters of functionalized particles targeted, say towards
metamaterial synthesis where controlling shape and structure of the cluster is more important

that having crystalline order.?”- ®®

The effects of monomer-monomer interactions on the assembly of copolymer
functionalized nanoparticles is dependent on whether the grafted copolymer has an alternating or
diblock monomer sequence and on how the chemistry of the monomers affects the gain in
enthalpy and loss in conformational entropy of the grafted chains during nanoparticle assembly.
Alternating sequence produces clusters that are relatively isotropic regardless of whether A-A or
B-B monomers are attractive in the presence of negligible unlike monomer repulsions. Strong A-
B repulsions lead to either particle dispersion or smaller clusters as compared to negligible A-B
repulsions. In contrast, diblock sequence produces clusters that are compact and small when
inner block monomers (A-A) are attractive, and clusters that are loosely held together and large
when outer block monomers (B-B) are attractive. The characteristics of clusters formed with
diblock copolymer grafted particles do not change whether the A-B repulsions are strong or
negligible compared to the like-monomer attractions. While alternating copolymers lead to
isotropic structures, diblock copolymers with strong A-A attractions lead to anisotropic clusters,
e.g. long or short nanowires. The size of the anisotropic clusters depends on the graft length and
particle size. We find that increasing particle size makes it more entropically unfavorable for
chains to form inter-graft contacts on the same particle leading to cluster formation only in cases
when the like-monomer attraction strength is strong enough to overcome the entropic loss from

stretching grafts during inter-particle contacts. Particle size and graft length affect the balance of
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enthalpic gain and entropic losses coming from inter-grafted particle contacts and/or inter- and
intra- grafted chain contacts in the same grafted particles. Upon increasing particle concentration,
while staying in the dilute concentration regime, we find the trends of cluster structure is similar
to the lower particle concentration case confirming that the structure within a cluster is primarily
governed by the copolymer functionalization imparting a “valency” to the nanoparticle atom,

rather than the number of particles to “bond” with.

It is important to discuss some of the limitations of this work. While in experiments there
are competing particle-particle attractive interactions, we chose to keep particle-particle
interactions and particle-monomer interactions to be athermal, so as to isolate the effect of
grafted monomer chemistry on the nanoparticle assembly. If one chooses particle and monomer
chemistry such that particle-particle interactions dominate over monomer-monomer interactions
we expect grafted chain sequence and chemistry to play a smaller role than presented in this
paper. Additionally, by keeping the number of grafts fixed at six grafts and changing particle
diameter we have not decoupled the role of curvature and grafting density. By changing particle
diameter, D=2, 4 and 12 nm, we understand the coupled effect of changing curvature (1/2, 1/4
and 1/12) and changing surface grafting density (0.48, 0.12 and 0.01 chains/nm?). It would be of
interest to isolate the effect of curvature and grafting density. Since there is growing interest in
densely grafted diblock copolymer functionalized particles, how the microphase separation of the
densely grafted diblock copolymer chains induces or hinders particle assembly would be an
interesting investigation. Lastly, the coarse-grained model used here is simple and assume
similar monomer sizes and similar flexibility in backbones for the two blocks (in case of diblock
copolymer). To better link to poly-peptide or protein grafted particle assembly78 we will need to

incorporate size variations in monomers and electrostatic interactions.
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The highlight of this work is that it illustrates how tuning copolymer sequence in the

polymer functionalization is an exciting route for experimentalists to use for assigning a desired

“patchiness” or “valency” to nanoparticles. This computational work is timely considering the

growing advances in synthetic chemistry that allows one to create polymers with controlled

monomer sequences and graft nanoparticles with a variety of ligands. Combining this new tuning

parameter, copolymer sequence, with varying particle shapes (e.g. tetrapods) or copolymer

composition (e.g. asymmetric diblock copolymers) or grafting pattern (e.g. Janus-like grafting)

will provide endless opportunities to obtain target nanostructures.
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3.6 Supplementary Information

Table S.3.1 Radius of gyration <Rg,chain2>1/2 (in nm) of the alternating (top) and diblock (bottom)

chains grafted on particles of size D=2 nm, 4 nm and 12 nm, and varying interaction parameters
(also rows in Table 3.1 in the main text).

D=2nm D=4nm D=12nm
ALTERNATING Average Error Average Error Average Error
Interactions

1 2.934 0.004 2.905 0.006 2.892 0.003

2 2.442 0.011 2.438 0.007 2.397 0.004

3 2.334 0.011 2.433 0.028 1.834 0.011

4 2.505 0.004 2.495 0.003 2.501 0.003

5 2.341 0.022 2.392 0.020 2.058 0.006

6 2.325 0.020 2.386 0.018 1.848 0.013

7 2.509 0.003 2.510 0.002 2.503 0.003

8 2.346 0.016 2.347 0.013 2.050 0.004

9 2.270 0.013 2.353 0.025 1.825 0.016

10 3.043 0.003 3.016 0.005 3.001 0.004

11 2.821 0.005 2.801 0.005 2.797 0.003
12 2.309 0.013 2.328 0.017 2.140 0.007
13 3.055 0.003 3.009 0.006 3.004 0.005

14 2.844 0.007 2.806 0.006 2.805 0.005

15 2.325 0.007 2.316 0.012 2.130 0.008
DIBLOCK Average Error Average Error Average Error

Interactions

1 2.881 0.008 2.812 0.004 2.771 0.004

2 2.959 0.025 2.893 0.020 2.670 0.018

3 2.743 0.015 2.729 0.013 2.499 0.017

4 2.604 0.008 2.583 0.004 2.597 0.003

5 2.779 0.018 2.813 0.020 2.807 0.020

6 2.674 0.021 2.680 0.027 2.758 0.018

7 2.683 0.002 2.625 0.002 2.573 0.004

8 2.758 0.009 2.718 0.009 2.456 0.005

9 2.751 0.014 2.687 0.012 2.408 0.006

10 2.954 0.005 2.928 0.004 2.914 0.005

11 2.974 0.014 2.989 0.019 2.997 0.012
12 2.916 0.018 2.904 0.021 2.928 0.010
13 3.002 0.005 2.957 0.005 2.904 0.003
14 3.018 0.010 2.985 0.011 2.766 0.003
15 2.999 0.016 2.925 0.013 2.681 0.005
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DIBLOCK SEQUENCE
D=4, 10 PARTICLES Trial 1 Trial 2 Trial 3 Trial 4 Trial 5

A

Row 12

gap =1
€an =-1
egg =0

Row 15

Figure S.3.1 Simulation snapshots from five trials showing representative equilibrium clusters
formed from the assembly of 10 copolymer grafted particles (in a 100x100x100 nm’
simulation box) with particle diameter D=4 nm and six grafts of 24 monomers arranged in
diblock sequence. The rows in the figure, as labeled, correspond to the rows in Table 3.1.
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ALTERNATING SEQUENCE DIBLOCK SEQUENCE

Rows 7-9

gp=1
€,,=0

epp = -0.2 2 -1.0
Rows 10-12

Rows 13-15

Figure S.3.2 Simulation snapshots from one trial showing representative equilibrium clusters
formed from the assembly of 10 copolymer grafted particles (in a 100x100x100 nm’
simulation box) with particle diameter D=12 nm and six grafts of 24 monomers arranged in
alternating and diblock sequence. The rows in the figure, as labeled, correspond to the rows in
Table 3.1.
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Figure S.3.3 Histogram of Z coordination numbers characterizing the structure within clusters
formed from the assembly of 10 copolymer grafted particles (in a 100x100x100 nm’
simulation box) with particle diameter D=2 nm and six grafts of 24 monomers arranged in
either an alternating (solid lines) or diblock sequence (dashed lines) with varying monomer
chemistries corresponding to a) rows 1-3, b) rows 4-6, ¢) rows 7-9, d) rows 10-12 and e) rows
13-15 in Table 3.1. The symbols for weak, moderate and strong attraction strength are square,

circle and triangle, respectively.
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Figure S.3.4 Histogram of Z coordination numbers characterizing the structure within clusters
formed from the assembly of 10 copolymer grafted particles (in a 100x100x100 nm’
simulation box) with particle diameter D=12nm and six grafts of 24 monomers arranged in
either an alternating (solid lines) or diblock sequence (dashed lines) with varying monomer
chemistries corresponding to a) rows 1-3 b) rows 4-6, ¢) rows 7-9, d) rows 10-12 and e) rows 13-
15 in Table 3.1. The symbols for weak, moderate and strong attraction strength are square, circle

and triangle, respectively.
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Figure S.3.5 Simulation snapshots from one trial showing representative equilibrium clusters
formed from the assembly of 10 copolymer grafted particles (in a 100x100x100 nm’

diameter D=4 nm and six grafts of 24 monomers or 48
monomers arranged in diblock sequence.
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Figure S.3.6 Histogram of Z coordination numbers characterizing the structure within clusters
formed from the assembly of 10 copolymer grafted particles (in a 100x100x100 nm’
simulation box) with varying particle diameter (top panel) and six grafts of varying length
(bottom panel) arranged in alternating sequence with varying monomer chemistries
corresponding to a) rows 1-3, b) rows 4-6, ¢) rows 7-9, d) rows 10-12 and e) rows 13-15 in Table
3.1. The symbols for weak, moderate and strong attraction strength are square, circle and

triangle, respectively.
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Figure S.3.7 Histogram of Z coordination numbers characterizing the structure within clusters
formed from the assembly of 10 copolymer grafted particles (in a 100x100x100 nm’
simulation box) with varying particle diameter (top panel) and six grafts of varying length
(bottom panel) arranged in diblock sequence with varying monomer chemistries corresponding
to a) rows 1-3, b) rows 4-6, c) rows 7-9, d) rows 10-12 and e) rows 13-15 in Table 3.1. The
symbols for weak, moderate and strong attraction strength are square, circle and triangle,
respectively.
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Figure S.3.8 Histogram of Z coordination numbers characterizing the structure within clusters
formed from the assembly of 20 copolymer grafted particles (in a 100x100x100 nm’
simulation box) with particle diameter D=2 nm and six grafts of 24 monomers arranged in
either an alternating (solid lines) or diblock sequence (dashed lines) with varying monomer
chemistries corresponding to a) rows 1-3, b) rows 4-6, ¢) rows 7-9, d) rows 10-12 and e) rows
13-15 in Table 3.1. The symbols for weak, moderate and strong attraction strength are square,

circle and triangle, respectively.
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Figure S.3.9 Histogram of Z coordination numbers characterizing the structure within clusters
formed from the assembly of 20 copolymer grafted particles (in a 100x100x100 nm’
simulation box) with particles diameter D=4 nm and six grafts of 24 monomers arranged in
either an alternating (solid lines) or diblock sequence (dashed lines) with varying monomer
chemistries corresponding to a) rows 1-3, b) rows 4-6, ¢) rows 7-9, d) rows 10-12 and e) rows
13-15 in Table 3.1. The symbols for weak, moderate and strong attraction strength are square,

circle and triangle, respectively.
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Figure S.3.10 Histogram of Z coordination numbers characterizing the structure within clusters
formed from the assembly of 20 copolymer grafted particles (in a 100x100x100 nm’
simulation box) with particles diameter D=12 nm and six grafts of 24 monomers arranged in
either an alternating (solid lines) or diblock sequence (dashed lines) with varying monomer
chemistries corresponding to a) rows 1-3, b) rows 4-6, ¢) rows 7-9, d) rows 10-12 and e) rows
13-15 in Table 3.1. The symbols for weak, moderate and strong attraction strength are square,

circle and triangle, respectively.
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Chapter 4

Molecular simulation study of the
assembly of DNA-functionalised nanoparticles:
effect of DNA strand sequence and composition

Adapted from: Molecular Simulation (2013)

4.1 Introduction

DNA functionalisation is an attractive route to programme an assembly of nanoparticles into
target nanostructures because of the specificity and reversibility of DNA hybridization. A single
DNA strand consists of nucleotides, each of which has a sugar, a phosphate group and a
nitrogenous base (adenine (A), guanine (G), cytosine (C) or thymine (T)). According to Watson—
Crick base pairing, complementary bases specifically form hydrogen bonds with each other (A
with T and G with C). It is through this Watson—Crick base pairing that a sequence of
nucleotides in a single-stranded DNA (ssDNA) hybridises specifically with another ssDNA with
a complementary sequence of nucleotides. This hybridization leads to a double-stranded DNA
(dsDNA) whose stability at a given temperature is known to be strongly dependent on the strand
length and sequence. As the temperature increases above the melting temperature, the dsDNA
separates into the two-constituent ssDNA. Using this thermoreversible and specific nature of
hybridization of the ssDNA grafted on nanoparticles, one can assemble DNA-grafted
nanoparticles into nanoclusters. Strands grafted on one particle hybridise with complementary
strands on another particle either in a binary system in which one set of particles is grafted with

strands that are complementary to the strands grafted on another set of nanoparticles'™" or in a
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single population of particles in which the ssDNA sequence is self-complementary (e.g.
ACGT).'> ¥ Alternatively, strands on two or more particles hybridise via free linker strands

which when added to the system of DNA-grafted particles induce nanoparticle assembly.M'22

Current synthetic capabilities allow for designing of DNA-functionalised nanoparticles'® 2%

. 117, 26, 2
and colloids!” 2% 27

with the desired ssDNA sequence, length and composition to tailor
nanoparticle/colloid assembly into target nano/microstructures. Many computational and
experimental studies provide a fundamental understanding of the effect of various parameters
(ssDNA length, sequence, grafting density, G/C content) on the thermodynamics and kinetics of
colloidal and nanoparticle assembly. For example, past studies have established that as the length
of the grafted ssDNA increases the hybridisation/melting temperature (7,,) of dsDNA increases
and the assembly/dissociation transition temperature of nanoparticles (7,) increases."” > As
ssDNA strand length increases, the number of base pairs in the dsSDNA increases, and in turn the
higher enthalpic gain from the larger number of base pairs drives the 7, and 7} to shift to higher
temperatures. Structurally, increasing length of the ssDNA increases the inter-particle spacing
within the assembled structure. As grafting density, defined as the number of grafted strands per
unit particle surface area, increases, 7, increases because the large enthalpic gain upon
hybridization from increased number of complementary bases easily overcomes the loss in
translational entropy of particles and conformational entropy of the densely grafted DNA strands
upon hybridization. Similarly, as the particle size increases at constant grafting density the
number of grafted strands increases, and as a result the 7, increases and melting transition

sharpens.s’ 22,28,29

With regard to strand content or composition, defined as percentage of strand that

contains G or C bases, it is well understood that higher the percentage of G/C bases in the strand
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stronger the hybridization between the complementary strands, because of the three hydrogen
bonds in a G-C pair in contrast to two hydrogen bonds in an A-T pair. This increased enthalpic
gain from G/C base pairing leads to higher 7,, between the complementary single strands, and as
a result higher 7, of the nanocluster assembled through hybridization of strands containing
higher G/C content.”” One could tune the strength of binding between two oligonucleotide
strands by varying the G/C content or by incorporating ‘non-hybridising’ spacer bases in the
strand between the G/C bases. It is important to find the optimal G/C content which is sufficient
to drive nanoparticles to assemble, yet not too high leading to metastable structures.*® The
optimal G/C content is not easy to predict a-priori as it is depends in a complex manner on
nanoparticle shape and size, grafting density, nanoparticle concentration, etc. In addition to the
G/C content, the placement of G/C in the strand, i.e. the length of contiguous G/C or sequence of
G/C with respect to other bases in the strand also affects the structure of the nanoparticle
assembly and the cluster dissociation temperature, primarily by affecting the entropy losses term
in the free energy of cluster formation. This aspect of G/C placement along the strand, and how it
affects the assembly at varying particle sizes, grafting densities and G/C content, has not been

studied well in the past.”'

In this paper, we used molecular dynamics simulations to study a system of a single
population of DNA-functionalised nanoparticles that assemble (without linkers) through
hybridisation of complementary grafted strands in an implicit solvent. Our goal is to understand
the effect of G/C content and placement within the grafted strands on the structure and
thermodynamics of the assembly at varying grafting density and particle sizes. We first validated
our coarse-grained model by replicating experimentally observed trends with increasing grafting

densities. Consistent with experimental trends,'* at a constant G/C content and G/C placement, as
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grafting density increased, we observed that the melting temperature 7,, and cluster dissociation
temperature 7, of the assembly increased because the total number of G/C bonds between
particles increased. Structurally, an increase in grafting density, within the low grafting density
regime (0=0.01 — 0.10 chains/nm®) leads to an increase in the average number of neighbours
within the final cluster or the ‘valency’ of the DNA grafted nanoparticle. At a constant grafting
density and G/C content, nanoparticles assembled more readily when the G/C bases were placed
on the outer (far from the particle surface) or middle portions of the strands than in the inner
portion (closest to the particle surface) because of entropic frustration in the latter case.
Moreover, at a constant G/C content, as the G/C placement along the strand shifted closer to the
particle surface, the ‘valency’ of the particle decreased. As particle size decreased at constant
grafting density and G/C placement, the minimum G/C content needed for assembly increases.
Alternatively, when the G/C content (or the enthalpic contribution to hybridisation) is constant,
smaller particles have a higher 7, than larger particles because the smaller particles experience a
lower translational entropic loss upon assembly. Although much of the study was conducted at a
constant dilute concentration of 10 particles/nm’, as particle concentration is increased at 100%
G/C content the number of neighbours or ‘valency’ increased at first and then plateaud. As
particle concentration increased at a lower G/C content, the higher concentration drove further

assembly of the particles.

The paper is organised as follows: in section 4.2, we provide details of our model and the
simulation method as well as analysis techniques we used and parameters we studied. In section
4.3, we present the results of the assembly of DNA-functionalised nanoparticles as a function of

G/C content and placement within the grafted strands at varying grafting density and particle
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sizes. In section 4.4, we conclude with the key observed results, limitations of this work, and

future directions.

4.2 Method

4.2.1 Model and Simulation

We modelled a system of DNA-functionalised nanoparticles in an implicit solvent using a

coarse-grain model (Figure 4.1). This coarse-grain model is capable of capturing the timescale

12, 13

and length scale of DNA hybridization-driven assembly of many nanoparticles that

atomistically detailed models would not be able to capture.

Guanine

Figure 4.1 Schematic of our coarse grain model. In this model, a nucleotide on each strand is
represented with one coarse-grained bead, and the hydrogen bonding sites on the bases are
represented with sticky patches on the coarse-grained beads. Each nanoparticle is grafted with N,
number of DNA strands (N,=6 in this figure) of a given length, Npases (Nbases=6 1n this figure).
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In our model, hard spherical nanoparticles of diameter D are grafted with ssDNA strands at fixed
locations and symmetrically on the nanoparticle surface. The strands were modelled as semi-
flexible chains composed of Np,ss number of ‘monomer’ beads of diameter o;,,,, Where o, ~ 1
nm because each ‘monomer’ bead represents a complete nucleotide (sugar, phosphate and A, C,
G, or T base). Each monomer bead contains an attractive site that mimics hydrogen bonding.
This attractive hydrogen bonding site is restricted to interact with another hydrogen bonding site
on a complementary monomer bead, thus mimicking Watson—Crick base pairing. This model of
DNA functionalised nanoparticles is adapted from a recent simulation study on DNA
dendrimers.'*'* We note that although in those studies the DNA dendrimers are modelled with a
tetrahedral hub to which ssDNA are bound, we modelled the nanoparticle as a hard core of a

given diameter.

All non-bonded pair-wise interactions (nanoparticle—nanoparticle, nanoparticle—
monomer, monomer—monomer, hydrogen bonding site-monomer, hydrogen bonding site—
nanoparticle, and hydrogen bonding site-hydrogen site) were modelled using a truncated and

shifted Lennard-Jones (LJ) potential:

dU,, (r)
dr (1)

r=r,

Un)=U,@)-Uy,r)-(-1,)-

g

12 6
where U, = 4-¢- [(7) — (%) ], o is the sum of the radii of the interacting spheres, ¢ is the

energetic well depth, 7. is the distance where the potential is truncated, and r represents the
center-to-center distance between the coarse-grained beads of interest. All pair-wise interactions
involving nanoparticle—nanoparticle, nanoparticle-monomer, monomer—-monomer, hydrogen
bonding site-monomer, hydrogen bonding site—nanoparticle, and non-complementary hydrogen

bonding site—non-complementary hydrogen bonding site were modelled as repulsive interactions
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with »=2"%-o. The pair-wise interactions between complementary hydrogen bonding sites
include both the repulsive and attractive portion of the potential, with ».=2.5-0. The reduced
value of ¢in Equation (1) is assigned as follows: &unopariicie=1, Enonomer=1, Enydrogen bonding sie=1 for
hydrogen bonding sites on monomer beads representing A or T nucleotides, and &hyarogen bonding
sie=1.5 for hydrogen bonding sites on monomer beads representing G or C nucleotides. All
energies are represented in terms of &,,, (LJ energy parameter for the monomer spheres), where
&non ~8 KT. The value of pair-wise interaction between two sites is the geometric average of the
individuals forming the pair, &=(& &)"2. The value of o in Equation (1) is assigned as follows:
Onanoparticle=2" Omon O 5 Omon, Omonomer=1 aNA Ohydrogen bonding site=0.35" Omon ~ Where  Opon 1s the

diameter of the monomer spheres and &;,,, ~1 nm.

Bonded interactions between various beads were simulated using a Finitely Extensible

Non-linear Elastic (FENE) potential:

2
K-R? r
Uppng = — 5 0.1n 1—(—} ()

where K = (30*8FENE)/02 and Ry = 1.5%c, K is the force constant, R, is the maximum extension of

the bond, &reng 1s an energy parameter which is equal to &,,,, and the values of o and » depend
on the type of beads involved in the bond. For a bond between a nanoparticle and the first
monomer of a DNA strand, o is defined as the radius of the monomer and r is defined as the
distance between the centre of the monomer and the surface of the nanoparticle. For a bond
between two monomers, o is defined as the sum of the two monomer radii and 7 is defined as the
distance between the monomer centers. Finally, a pseudo-bond between a hydrogen bonding site

and the host monomer uses the o equivalent to the diameter of the hydrogen bonding site and 7 is
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defined as the centre-to-centre distance of the hydrogen bonding site and the host monomer. The
equilibrium position of the hydrogen bonding sites is such that the surface of the hydrogen

bonding site protrudes 0.02- g;,,, from the surface of the host monomer.

A three-body potential between bonded monomer beads along the ssDNA regulates the

characteristic stiffness of the DNA strands:

1 >
=—.K-(0-6,
U3—body 2 ( ) (3)

where K is a stiffness factor equal to 2&3.504y, Where €304y 15 10 times &,,,, €1s the angle made by
the three adjacent monomer beads, and 6 is the ideal angle equal to 180° for the preferred linear
orientation of DNA. Hydrogen bonding sites are not subject to three-body interactions. A three-
body interaction was also applied between the nanoparticle and the first two monomers of each
chain to keep the monomer chains oriented perpendicular to the surface of the nanoparticle.
Lastly, a three-body interaction was applied between the first monomer of each DNA graft, the
nanoparticle, and the first monomer of every other DNA strand on the same nanoparticle, and the
6y value for the three-body interactions was set to force the DNA grafts to the desired relative
positions on the surface of the nanoparticle which allowed us to ensure the grafts were placed

symmetrically on the particle surface.

The above model was incorporated into a locally authored molecular dynamics
simulation code in the canonical ensemble, in which the temperature was controlled via Nosé-

31,32

Hoover thermostat. We refer the reader to the supplementary information for other details of

the reduced model parameters and validation of the code.

4.2.2 Analysis
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Thermodynamics. We characterised the thermodynamics of the DNA-functionalised
nanoparticle assembly by calculating the hybridisation/melting curves of the grafted strands and

the assembly/dissociation transition of the nanoparticles as a function of reduced temperature.

To calculate the hybridisation/melting of the grafted strands, at each temperature and
each time step, we track the fraction of strands with 0-100% of G/C hybridised. Then, at each
temperature we calculated the average fraction of strands that have at least half of the G/C in the
strand hybridised (f5po;). We then normalised f5po, by the maximum value of f5yo,, usually
observed at the lowest temperature, and denote this as fysps;. The melting curve is a plot of
average fy so; as a function of temperature. We defined the melting point, 7, as the temperature
at which fy spo,= 0.5. We had an additional measure for determining 7, from computing the heat

capacity at constant volume:

Cv=(5), = o (€ —(EN?) ()

where T is the reduced temperature, £ is the total energy of the system and k; is the Boltzmann
constant. We identified the 75, by locating a sharp increase in the plot of the heat capacity versus
temperature . We found melting temperatures in each simulation trial and reported an average T,

as a mean of the 7, from these trials.

As the temperature was lowered and the strands hybridised, the functionalised particles
assembled into a cluster. We defined a cluster as two or more particles with minimum of one
base pair hybridised between DNA strands of adjacent nanoparticles. Free nanoparticles are
those whose grafted ssDNA have not hybridised with any strand at that time step. We tracked the

average number of free nanoparticles as a function of temperature. We defined the
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assembly/dissociation transition temperature, 7y, as the temperature at which the number of free

nanoparticles is half the total number of particles.

Structure. For each nanoparticle, we calculated a coordination number, Z, defined as the
average number of particle neighbours the nanoparticle has within the cluster. Two particles are
neighbours if they have at least one base pair hybridised between their DNA strands. The
coordination number curve at each temperature is a distribution of the number of neighbours
each nanoparticle has in a given system at that temperature. We averaged the coordination
number distribution to obtain (Z) of the system at a specific temperature. To understand whether
the average number of neighbours arises from multiple strands partially hybridising or a few
strands completely hybridising we calculated the average number of strands per particle which
were (partially or fully) hybridised at each temperature by multiplying the f59s,, with the total
number of strands on each particle for that system. We also calculated the nanoparticle—
nanoparticle radial distribution function, g(r) and nanoparticle—nanoparticle number profile, N(r)
in the simulation box. We calculated the average shape of the cluster at varying temperatures
using relative shape anisotropy (RSA) parameter.®® The RSA of a cluster is 0 when the particles
are arranged perfectly isotropic (i.e. spherical symmetry) and 1 when the particles are perfectly
anisotropic (i.e. rod-like) in their arrangement. We applied the RSA calculation to the
coordinates of the particles of a cluster and not on the monomer beads of the DNA. We first
translated the centre of mass of the particles’ coordinates of a cluster to the origin and calculate

the average radius of gyration tensor for a cluster containing N particles:

S_l

= ;Z?’:ﬂﬁf (5)

where 7; is the translated coordinate vector of particle i, and riT is the transpose of this coordinate
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vector. Then S is diagonalised as:
s=VTsy (6)
where V' is a 3x3 matrix with columns that correspond to the three eigenvectors of S. The

traceless part of § is then calculated:
S=5—str(S)I (7)
where / is the 3x3 identity matrix, and tr(S) is the trace of §. The RSA of the cluster of particles

is then defined as

_ 3tr(88)

RSA =4 57 (8)

We note that as our systems were at significantly low concentration, these RSA calculations are
conducted on small values of N (=10-20 particles). RSA calculations are significantly more
reliable when applied to systems with large N. Therefore, we restricted our RSA analysis to
trends within a system with changing temperatures, rather than placing quantitative or qualitative

emphasis on RSA variation between systems with varying parameters.

We also calculated the mean square displacement (MSD) of the nanoparticle centres (not
the strands) in each system at each temperature to understand the relative mobility of the

particles in the system before and after cluster formation.

4.2.3 Parameters

We varied the G/C content of the strands from 100%, 83%, 67%, 50%, 33% to 17% in strands of

length Npyses=12, as shown in Table 4.1.
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Table 4.1 Grafted strand sequences with the left-most base grafted to the particle surface.

Sequence
G/C content (%) Outer block G/C Middle block G/C Inner block G/C
100 GGGGGGCCeecece - -
67 AAAAGGGGCCCC AAGGGGCCCCAA GGGGCCCCAAAA
50 AAAAAAGGGCCC AAAGGGCCCAAA GGGCCCAAAAAA
33 AAAAAAAAGGCC AAAAGGCCAAAA GGCCAAAAAAAA
17 AAAAAAAAAAGC AAAAAGCAAAAA GCAAAAAAAAAA

For a G/C content < 100%, the remaining bases are Adenine (A), serving as spacers. We also
varied the G/C placement along the strand to the outer (away from the particle surface), middle,

or inner portion of the strand relative to the particle surface, shown in Figure 4.2.

a) Outer block G-Cs:

Figure 4.2 Schematic of oligonucleotide sequences with varying G/C placement indicated by
grey-dashed box. We show only a single strand per particle for clarity.

We studied two particle diameters, D = 2-g,,,, and 5- Gy, With 7,,,, ~1 nm as described in the

model section. We also varied the number of grafts on the particle surface and the concentration

of DNA-functionalised nanoparticles (Table 4.2).
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Table 4.2 Parameters varied: (a) number of grafts, N,, and corresponding grafting density o
(chains/nm?) for each particle size and (b and c) concentration of DNA-functionalised

nanoparticles

(a) Number of grafts, N,

Grafting Density, 6 (chains/nm’)

D=2 nm D=5 nm
1 0.08 0.01
4 - 0.05
6 - 0.08
8 0.64 0.10
(b) Concentration, ¢ (particles/nm’) for N>1 Number of nanoparticles Simulation box
0.00001 10 (100 nm)’
0.00002 20 (100 nm)°
0.00016 20 (50 nm)’
0.00032 40 (50 nm)’
(c) Concentration, ¢ (particles/nm’) for N,=1 Number of nanoparticles Simulation box
0.00013 2 (25 nm)’
0.00064 10 (25 nm)’

4.3 Results

4.3.1 Effect of number of grafted DNA strands at 100% G/C content

Figure 4.3 shows the effect of varying number of DNA strands (while maintaining low grafting

density) on the thermodynamics and cluster structure for 10 particles in a (100 nm)’ simulation

box, with particles of diameter D=5 nm each with Ng=4, 6, or 8 number of strands of length

Npases—12 with 100% G/C content arranged in a diblock (G¢Cs) sequence. For all systems, as the

temperature decreases the DNA-grafted nanoparticles assembled into a cluster. The normalised

melting curves in Figure 4.3(a) show that as grafting density increases, the melting curves and 7,

(identified by the vertical dashed lines in Figure 4.3(a)) shift to higher temperatures.
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r?g(r) x 1073

Figure 4.3 (a) Normalised melting curves, (b) number of free nanoparticles, (c) average
coordination number, <Z>, and (inset) average number of strands bonded per particle, <s,>, as a
function of reduced temperature, 7", for 10 particles, in (100 nm)’ box, each of diameter D=5 nm
and grafted with N,=4 (red triangle, dotted line), 6 (blue circle, dashed line) and 8 (black square,
solid line) strands of 12 bases each with a diblock (G¢Cs) sequence. Vertical dashed lines in part
(a) indicate T,, for each system. (d) Radial distribution function at 7},,~0.08. r’g(r) for N,=6 and
8 are shifted by 5000 and 10000 units in the y-axis from r’g(r) for Ng=4 for clarity.
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In the supplementary information (Table S.4.1), we tabulated the 7,, determined from heat
capacity data, and they showed agreement with the 7, in Figure 4.3(a). The shift to higher
temperatures with increasing number of strands has been observed experimentally before
(although at relatively higher grafting densities)'* and can be explained as follows. As number of
strands increase, there is a higher enthalpic gain from hybridisation of complementary bases, and
a lower entropic loss from hybridisation due to higher crowding between the larger number of
strands in the unhybridised state. The plot of the number of free nanoparticles as a function of
temperature in Figure 4.3(b) shows that the temperature by which the number of free
nanoparticles decreases abruptly, defined as the cluster assembly/dissociation transition
temperature, 7, corresponds to the 7, in these systems, as expected because the hybridisation of

the grafted strands leads to assembly of particles.

Next, we characterised the structure within the assembled nanocluster as a function of
number of strands. Figure 4.3(c) shows the average coordination number,(Z), within the system
at each temperature. At a constant temperature below the 7, the average number of neighbours
for every particle,(Z), in the cluster increases with increasing grafting density. A neighbour to a
particle is defined as another particle with minimum one base pair hybridised between their DNA
strands. One could consider the number of neighbours of a particle as its effective ‘valency’.
Thus, there is an increase in ‘valency’ with the increasing number of strands, as one would
expect; however the ‘valency’ is not equal to number of strands even at these low grafting
densities. The inset in Figure 4.3(c) shows that the average number of strands hybridised (at least
50%) per particle,(s;), correlates with (Z), confirming that the number of strands that hybridise
dictate the number of neighbours in a cluster. The number of strands hybridised is less than the

number of grafts available; the average number of strands hybridized per particle at 7},,~0.08 for
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Ng=4, 6, and 8 strands are 2.2 £ 0.1, 2.9 £ 0.1, and 4.1 + 0.2 strands, respectively. This is because
as the number of strands increases, so does the crowding, thus making it more difficult for a

particle to have all N, strands hybridise to form N, neighbours.

As the temperature is reduced and as more particles join the clusters, the shape of the
clusters shifts from anisotropic (high (RSA) at low (N)) to isotropic (low (RSA) at high (N)) (see
supplementary information). We see that as number of strands increased, the shift in clusters
from high to low temperature followed a similar path for (RSA) and (N), resulting in clusters at

T}, generally composed of all of the nanoparticles and at a low (RSA) (relatively isotropic).

At T},,=0.08 (Figure 4.3(d)) for all three number of strands, the first peak in rzg(r) occurs
at —D ~11 nm. This means particles that hybridise with each others’ strands are spaced at
approximately the length of the strands for strands with 100% G/C composition and diblock
sequence (G¢Cgs) because of the complete hybridisation between surface-GsCs and
complementary strand CsGs-surface. Additional results in supplementary information further
confirmed that the strand length determines the inter-particle spacing within the clusters, as
expected which is in agreement with some past work.” We have studied other G/C
arrangements—(G;C;) and (G,C,)—in strands with 100% G/C content and shown their effect on
inter-particle distances (see supplementary Figure S.4.6); however, for the remainder of this

paper we focused only on diblock sequence.

4.3.2 Effect of G/C content and particle size

We next determined at constant number of strands the effect of G/C content (100%, 67%, 50%,
33% and 17% G/C) arranged in a diblock fashion with the G/C bases placed in the outermost

section of the strand (Figure 4.2(a)). The remaining spacer portion of the strand made of Adenine
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nucleotides do not hybridise during assembly. We studied 10 particles of diameter D=5 nm,
Npases=12 and Ng=8 (6=0.10 chains/nm2) in a (100 nm)3 simulation box. From the normalised
melting curve (Figure 4.4(a)) and the plot of number of free nanoparticles versus temperature
(Figure 4.4(b)), we found that as the G/C content increases, the melting temperature, 7,,, and

cluster dissociation temperature, 7,, increased.
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Figure 4.4 (a) Normalised melting curves and (b) number of free nanoparticles as a function of
reduced temperature, 7, for 10 particles, in (100 nm)* box, each of diameter D=5 nm and grafted
with N,=8 strands of 12 bases each with sequence shown in legend. Error bars are calculated
from the average of three trials.
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This was expected because as G/C content increases, there is a higher enthalpic drive for
hybridisation and assembly. The trend in Figure 4.4(a) and (b) also suggests that at each
temperature, there is a minimum G/C content needed for assembly and cluster formation. For
example, at 7'=0.10, particles of size D=5 nm with 8 strands of length 12 bases require >33%
G/C content for cluster formation. Past experimental work has also shown that there is a
minimum G/C base pairing necessary to induce clustering.® At a temperature, the enthalpic
gain(dependent on G/C content) has to overcome the entropic loss upon hybridisation and
assembly for assembly to occur. Because the entropic losses are dependent on particle size,
strand length, G/C placement in the strand and grafting density, the enthalpic gain needed for

assembly is also expected to be dependent on the above parameters.

Next, we looked at the effect of G/C content as a function of particle size by comparing
results from D=5 nm (Figure 4.4) and D=2 nm (Figure 4.5). First, the melting temperature
increased on going from D=5 nm (Figure 4.4(a)) to D=2 nm (Figure 4.5(a)), at higher G/C
contents. Similar trends were observed in the number of free particles plot (Figure 4.4(b) and
Figure 4.5(b)). At a lower G/C content (e.g. 17% and 33% G/C content), we did not observe
much difference between the two particle sizes. The fact that most of the differences are evident
only at higher G/C content can be explained as follows: at a high G/C content, strands hybridise
completely, and as a result, the particles in the cluster are tightly packed (lower inter-particle
distances in Figure 4.6 and supplementary Tables S.4.3-S.4.4 and supplementary Figures S.4.7
and S.4.8) in the assembled state. In such conditions, the differences in translational entropy loss
with varying particle size are significant. At a low G/C content, the hybridised portion of the
strands is small leading to larger spacing between particles (Figure 4.6(a) and Figure 4.6(b)), and

as a result the particles have greater mobility within clusters and within the system (see
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supplementary information). In such conditions, the differences in translational entropy loss with
varying particle size are negligible, leading to negligible differences in cluster dissociation

temperature between the two particle sizes.
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Figure 4.5 (a) Normalised melting curves and (b) number of free nanoparticles as a function of
reduced temperature, 7, for 10 particles, in (100 nm)* box, each of diameter D=2 nm and grafted
with N,=8 strands of 12 bases each with sequence shown in legend. Error bars are calculated
from the average of three trials.

In the above discussion by keeping the number of strands the same and changing the
particle size, we were also changing the grafting density. To eliminate the effect of grafting

density and isolate the role of particle diameter on the G/C content effects, we investigated
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hybridisation in systems with same number of particles as above (10 particles in the same

simulation box size), but only a single strand.
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Figure 4.6 Radial distribution function at 7 "=0.07 for 10 particles, in (100 nm)® box, each of
diameter (a) D=5 nm and (b) D=2 nm and grafted with N,=8 strands of 12 bases with the
following G/C contents: 100% (particle-G¢Cs) (purple open circles, dashed line), 67% (particle-
A4G4Cy) (green open squares, solid line), 50% (particle-A¢G3C3) (red filled triangles, dotted
line), 33% (particle-AgG2C,) (blue filled circle, dashed line) and 17% (particle-A;oGC) (black
filled square, solid line). Error bars are calculated from the average of 3 trials.

In Table 4.3 for 10 particles with a single DNA strand, at 100% GC we observed an increase in

T, or T, with decreasing particle size, indicating that the entropic loss upon hybridisation is

lower for smaller particles.
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Table 4.3 Melting temperatures determined from the melting curves for the systems described in
the first two rows. For N,=8 systems, number of particles is 10, particle diameter is D=5 nm or
D=2 nm, each grafted with N,=8 strands of 12 bases with G/C content shown in the first column.
Error bars are calculated from the average of 3 trials. For N,=1 systems, number of particles
shown in the second row each grafted with N,=1 strand of 12 bases with G/C content shown in
the first column. Error bars are calculated from the average of 25 trials. Simulation box sizes

listed in supplementary information.

D=5 nm D=2 nm
10 NP, N=8 10 NP, N~1 2 NP, N~1 10 NP, N,=8 10 NP, N~=1 2 NP, N~1
100% 0.107+0.002 0.125+0.001 0.125+£0.003 0.115+0.001 0.130+0.001 0.131+0.003
67%  0.105+0.001 0.120+0.001 0.120+0.003 0.109+0.000 0.120+0.002 0.127 + 0.005
50% 0.101 £0.001 0.112+£0.001 0.111£0.002 0.102+0.001 0.113£0.001 0.122 £ 0.006
33% 0.093+0.001 0.100+0.002 0.098+0.003 0.093+0.001 0.101+0.001 0.112+0.007
17% 0.078 +£0.001 0.081+0.001 0.082+0.001 0.078£0.000 0.082+0.001 0.090 = 0.004

When the G/C content decreased, the increase in 7, or T,, becomes negligible. This agreed with

the trends discussed above for systems with 10 particles but higher number of grafted strands.

If we decreased the number of particles to two particles with one DNA strand grafted on
each particle (Table 4.3 and Figure 4.7) as particle size decreased, 7, or 7,, increased for all G/C
contents. We noted that in this system the two particles hybridised to form dimers. At this low
particle limit, the differences in entropy loss upon dimer formation are significant for the two
particle sizes, with the smaller particle losing less translational entropy upon dimer formation,

and as a result having higher 7, or 7, than the larger particle.
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Figure 4.7 Melting curves as a function of reduced temperature, 7' *, for 2 particles, each of
diameter (a) D=5 nm and (b) D=2 nm, grafted with N,=1 strand of 12 bases each with sequence
shown in legend. Simulation box is (25 nm)’ for all G/C contents except for 17% where the
simulation box is (50 nm)’. Vertical dashed lines indicate Ty, for each system. Error bars are
calculated from the average of 25 trials.

4.3.3 Effect of G/C placement along the strand

For G/C content below 100%, the placement of the G/C block along the strands can affect the
thermodynamics and structural aspects of the assembly. The G/C diblock can be placed in three
different ways (see Figure 4.2 and Table 4.1): inner block where G/C bases are placed closest to
the particle surface (particle-GGGCCCAg), middle block where the G/C bases are in the centre
of the strand (particle-A3;GGGCCCA3), and outer block where the G/C bases are placed farthest
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from the particle surface (particle-A¢GGGCCC). Figure 4.8 shows the effect of G/C placement
in a system of 10 particles of diameter D=5 nm with 8 grafts each of length 12 bases with 50%

G/C content.

10

T
o
N—

Number of free
nanoparticles
(9]
T T T T T T T T T T

(Z)
peC o)

T*

| ¢)
- 27"*"Outer %
L = @~ Middl :
— == Inner h
x 15+ "ll e
E | T
k= 9 i
— 3_ : ', ' i i

0 12 24

r—D (nm)

Figure 4.8 (a) Number of free nanoparticles, and (b) average coordination number, <Z>, as a
function of reduced temperature for 10 particles, in (100 nm)® box, each of diameter D=5 nm and
grafted with N,=8 strands of 12 bases with 50% G/C content placed in the outer block (particle-
AG3Cs) (red filled triangles, dashed line), middle block (particle-A3G3C3A3) (blue filled circle,
dashed line) or inner block (particle-G3C3A¢) (black solid square, solid line). (c¢) Radial
distribution function at 7},,=0.07. Error bars are calculated from the average of three trials.

Supplementary figures show the corresponding results for 67%, 33% and 17% G/C content. We

see similar trends for other G/C contents as 50% discussed below, with the nanoparticles having
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a decreasing propensity for cluster formation with decreasing G/C content and the effect being
enhanced as G/C placement is moved inward along a strand. For 50% G/C content, as we moved
the G/C bases from the outer to middle to inner placement, we observed a decrease in propensity
for cluster formation. This is seen in Figure 4.8(a) where for the inner-most placement, the
number of free nanoparticles is non-zero at the lowest temperature (and melting temperature not

observed in temperature range we studied, Table 4.4).

Table 4.4 Melting temperatures determined from the melting curves for the systems described in
the first two rows. For N,=8 systems, number of particles is 10, particle diameter is D=5 nm or
D=2 nm, each grafted with N,=8 strands of 12 bases of 50% G/C content with G/C placement
shown in the first column. Error bars are calculated from the average of 3 trials. For N,=1
systems, number of particles shown in the second row each grafted with Ny=1 strand of 12 bases
of 50% G/C content and G/C placement shown in the first column. Error bars are calculated from
the average of 25 trials. Simulation box sizes listed in supplementary information.

D=5 nm D=2 nm

10 NP, N,=8 10NP,N,=1 2NP,N,=1 10NP,N,=8 10NP,N,=1 2NP, N, =1

Outer  0.101£0.001 0.112+0.001 0.111+£0.002 0.102+0.001 0.113+0.001 0.122 £ 0.006
Middle 0.096+0.001 0.109+0.001 0.115+0.015 0.099+0.001 0.110+0.001 0.109 £+ 0.002

Inner -- -- -- -- -- --

This is because when the G/C bases are placed close to the particle surface (inner placement), the
hybridisation to a complementary inner block on another particle is sterically hindered by the
outer spacer nucleotides of the strands. In contrast, the middle and outer placements have
significantly lower steric hindrance to cluster formation. In addition, in case of the inner
placement the clusters that do form have <Z> ~ 1 (Figure 4.8(b)) in contrast to outer and middle
block strands where the G/C bases’ placement favors hybridisation with multiple neighbours.

The radial distribution function in (Figure 4.8(c)) shows that the inter-particle distances between
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nearest neighbours in the cluster increase as the G/C placement moves outward along the strand,
as expected. In the few cases in which the inner G/C placement forms clusters, the particles are
spaced almost at contact, with inter-particle distances ~1 nm. The middle block placement leads
to the inter-particle distances of ~11 nm (base pairing 6 nucleotides + 6 nucleotide-long spacer).
Similarly, outer G/C placement leads to an inter-particle spacing of ~16 nm (base pairing 6

nucleotides + 12 nucleotide-long spacer).

Clearly, the inner G/C placement and 50% G/C content showed the lowest propensity for
assembly in Figure 4.8. Next, in Figure 4.9 we observed how this behaviour changed for other
G/C contents for the inner placement. We found that melting temperature decreased as G/C
content decreases (Figure 4.9(a)), because the enthalpic drive for assembly decreases with
decreasing G/C content. From the number of free nanoparticles at lowest 7* (Figure 4.9(b)) we
oberved that the systems with G/C content > 50% have higher propensity to form clusters, with
cluster formation being minimal for 33-50% and absent entirely for 17%. As for the structure, we
observed that at higher G/C contents, clusters have a higher number of neighbours (despite same
number of grafted strands in all systems) (Figure 4.9(c)) and clearly defined inter-particle
distances (Figure 4.9(d)), whereas the lower G/C contents were not able to form clusters (low or
0 number of neighbours in Figure 4.9(c)) and exhibited lack of order in nanoparticle organisation

in Figure 4.9(d).

So far, we have discussed the effect of the G/C placement when the G and C nucleotides
are positioned contiguously in the strand. Next, we present results in which the G and C bases are
placed apart in the strand. The sequence (particle-G3A¢Cs), in which the G and C bases are
placed at the extremes of the strand, has decreased propensity for cluster formation compared

with outer block placement of (particle-A¢G3Cs) (supplementary Figure S.4.12).
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Figure 4.9 (a) Melting curves (not normalised), (b) number of free nanoparticles, and (c) average
coordination number as a function of reduced temperature, T ", for 10 particles, in (100 nm)® box,
each of diameter D=5 nm and grafted with N,=8 strands of 12 bases each with sequence shown
in legend. (d) Radial distribution function at 7},,=0.07. Error bars are calculated from the
average of three trials.
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In contrast, the system where the G3C; contiguous block is in the middle of the strand (particle-
A3G3C;3A3) and the system where G and C bases are at the extremes of the strand (particle-
G3A¢Cs) hybridise similarly because both sequences require full alignment of strands for
complete hybridisation of the G and C nucleotides (see supplementary Figure S.4.13). But the
middle block G/C sequences have a higher cluster dissociation temperature than at the extremes
strands because the extremes of strands sequences undergo a greater entropic loss upon
hybridisation. The fact that the placement of the hybridising bases, together or a apart affects the
cluster formation suggests that a minimum contiguous block of hybridising bases is necessary to

favor strand hybridisation and as a result nanoparticle assembly.

4.3.4 Effect of particle concentration

Although all of the above results are at one dilute concentration, ¢=0.00001 particles/nm’ (10
particles in a (100 nm)’ simulation box), to examine how the above results are affected by
changing to other dilute concentrations, we also simulated ¢=0.00002 particles/nm’®, ¢=0.00016
particles/nm’ and ¢=0.00032 particles/nm’ (see Table 4.2). Table 4.5 shows that as concentration
increases, 7, and 7, increase. As concentration increased, the number of bases that can hybridise
increased (higher enthalpic gain upon assembly) and the crowding increased (lower entropic loss
upon assembly). The average number of neighbours and the average number of strands
hybridized, however, appeared to reach a maximum (confirmed in N,~4 system at the two
highest concentrations). As one would expect, the inter-particle spacing is invariant with
increasing concentration for all systems because the strand design, not how many particles are

present, dictates how far nanoparticles are spaced in a cluster.
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Table 4.5 Thermodynamic and structural aspects of various systems. Concentration, ¢, melting
temperature, 7,,, average coordination number, <Z>, average number of strands bonded, <s;>,
and inter-particle spacing are averages of 3 trials. For top portion of the table, D=5 nm particles
are grafted Ny=4, 6 and 8, number of strands with Np.e~=12 and 100% G/C in a diblock
sequence. For outer and inner placement, D=5 nm particles are grafted Ny=8 with Npue=12 G/C
content is 50% in a diblock sequence.

¢ (particles/nm) T (Z) at (sp) at Inter—p?rticle
Tiow = 0.08 Tiow = 0.08 spacing
0.00001 0.100 + 0.002 23+0.2 22+0.1 11.2+0.0
0.00002 0.104 + 0.001 2.7+£0.2 2.7+0.1 11.2+0.0
N 0.00016 0.115+0.000 34+0.2 3.2+0.0 11.4+0.0
0.00032 0.116 + 0.000 3.5+0.3 32+0.1 11.4+0.0
0.00001 0.105+0.001 33+0.3 29+0.1 11.2+0.0
N, =6 0.00002 0.110+0.001 33+0.1 33+0.5 11.2+0.0
0.00016 0.116 + 0.000 45+0.5 4.0+0.0 11.4+0.0
0.00001 0.107 £ 0.001 42+0.6 4.1+0.2 11.2+0.0
N, =8 0.00002 0.110 + 0.000 4.1+0.7 4.1+0.1 11.2+0.0
0.00016 0.118 +0.000 51+0.2 47+0.0 11.3+0.1
0.00001 0.101 + 0.002 32+04 3.3+0.1 16.4+0.0
Outer 0.00016 0.110 + 0.000 6.0+0.5 53+0.1 16.7+0.0
et 0.00001 - 0.6+0.1 0.0+0.0 0.7+ 0.0
0.00016 0.092 + 0.002 22+0.3 0.6+0.1 1.0+0.1

For 50% G/C content and outer block placement, the number of strands hybridised and
nanoparticle neighbours increased. Placing the hybridising bases on the outer portion of the
strand for a system with higher concentration increased the likelihood of bonding because
enthalpically favourable contacts can form with minimal steric hindrance to the strands. For
inner block placement of G/Cs, although the lowest concentration led to minimal cluster
formation, an increase in concentration helped strands overcome the entropic loss of close

packing by the enthalpic gain of hybridisation (see Table 4.5 and supplementary Figure S.4.14).
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4.4 Conclusion

We have studied using molecular dynamics simulations systems of DNA-functionalised
nanoparticles that assemble through hybridisation of the grafted DNA strands and demonstrated
how the composition of the grafted DNA strand (G/C content and placement of the G/C along
the strand) affects assembly thermodynamics and structure as a function of ssDNA grafting
density and particle size. Given a particle diameter and grafting density, the following design
rules can be followed to obtain a target cluster structure or target cluster association/dissociation
temperature. To increase the inter-particle spacing within an assembled cluster: (i) at constant
strand length, decrease the G/C content and place the G/C on the part of the strand farthest from
the surface of the particle or (ii) at constant G/C content and outer most placement of G/C bases,
increase the strand length. To reduce the sizes of the cluster or the propensity of cluster
formation one could reduce G/C content and shift the G/C bases closer to the particle surface,
placing the spacers on the outside portion of the strand. To increase the cluster dissociation
temperature, one could increase the G/C content of the strands, or at a constant G/C content, shift

the G/C blocks to the outer portion of the strand.

We noted a few limitations of the model used in this study. One limitation is that these
systems mimic cases where the electrostatic interactions are completely screened, making it
difficult for us to replicate experimental findings on the effect of salt concentration on the
assembly. Furthermore, strand flexibility should increase in the prsence of higher salt
concentration affecting how the ssDNA facilitates assembly, a feature we were not able to

capture with this model. Following the model proposed by Sciortino and colleagues,'*

we
expected to capture the essential equilibrium features of DNA hybridisation-directed

nanoparticle assembly in conditions in which electrostatic interactions are completely screened.™
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Another limitation is that the DNA strands in our model are fixed at specific locations, whereas
synthesis of DNA-functionalised gold nanoparticles using Au-thiol non-covalent binding will
allow strands to move on the surface. Lastly, we have not modelled non-specific interactions

between the bases and the surface which has been seen with thymine bases and gold surface.

Despite these limitations, our study provides valuable guidance to experimentalists on
how G/C content and placement in ssDNA can be tailored for target assembly, in terms of both
structure and thermodynamics. Understanding how to finely balance enthalpic and entropic
driving forces for assembly/dispersion with changing parameters (particle size, grafting density,
G/C content, G/C placement, particle concentration) is non-trivial, and our study provides

valuable insight into this complex interplay of parameters.
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4.6 Supplementary Information

4.6.1 Reduced model parameters used in the Molecular Dynamics code and method details

Table S.4.1 Summary of the typical properties for each sphere and interaction in reduced form.
Note the mass of each sphere m is typically calculated directly from the volume of the sphere,
assuming all spheres in the model have the same density.

Property Reduced form
(as input into simulation)
Mass of sphere (m) m*'=m/Mpyon
Radius of sphere () " =1/0mnon
LJ energy parameter for sphere (&) &) = €7/ Emon
Three bOdy Strength (53—body) E.;:—body = 53—body/5mon
FENE interaction strength (&rgng) EFENE = €FENE/ €mon
Simulation domain size (L) L =L/0mon
Temperature (7) T =T/(emon/kp)
Time (7) t* = t/(o_mon ) (mmon/smon)l/z)

Method details: to increase computational efficiency, a full linked-cell search is used for
evaluating the LJ interactions on regular intervals. This linked-cell search also generates a list of
possible interaction partners for each sphere. At intervening time steps, the partner list is used to

evaluate LJ interactions rather than performing a full linked-cell search.

4.6.2 Validation of in-house code

To confirm that our locally authored code can replicate trends seen experimentally, we perform

validation trials with the following parameters.

4.6.2.1 Effect of grafting density on melting temperature
Past work shows that as grafting density increases, the melting temperature, 7, increases, while

melting transition sharpens.'
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We tested, in a simulation box (100 nm)®, 10 particles of diameter D=5 nm, 12 bases on
each strand, diblock sequence of 100% G-C content and varied the number of grafts per particle:
Ng=3,4, 6, 8, or 12. The N,=12 system best correlates to the experimental strand length/D ratio.
Experimentally: D=13 nm particles are linked by strands composed of 30 bases, so strand

length/D=2. For this system: (strand length=12)/(D=5)=2. The number of grafts per particle N,=3, 4, 6, &,

12 correspond to grafting densities: 6=0.03, 0.05, 0.08, 0.10 and 0.15 chains/nm’, respectively.

We see in Figure S1 that as grafting density increases, melting temperature, 7, increases

and the melting transition breadth decreases.

1.00
Zos
0.0
008 011 014
T*

Figure S.4.1 Normalized melting curves as a function of reduced temperature, T’ " for 10
particles, in (100 nm)3 box, each of diameter D=5 nm and grafted with N,=3, 4, 6, 8, or 12
strands of 12 bases each with a diblock G¢Cs sequence. Error bars are calculated from the
average of 3 trials.

As grafting density increases, there is a higher enthalpic gain from hybridization of
complementary bases due to a higher number of strands, and a lower entropic loss from

hybridization due to higher crowding between the strands at high grafting density in the

unhybridized (melted) state.
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4.6.2.2 Effect of strand length on melting temperature

Past work shows that as strand length increases, 7}, increases.'> ?? Strand length determines the
number of possible G-C bonds between adjacent nanoparticles. As strands length increases,
number of bases and thus G-C bonds increases, increasing the temperature needed for breaking

the higher number of G-C bonds.

We tested, in a simulation box (100 nm)’, 10 particles of diameter D=5 nm (Figure
S2(a)), number of grafts per particle N,=6, diblock sequence of 100% G-C content, and varied

the number of bases per strand Ny, from 6 to 12 to 24.

/é()%

.f5()%

008 o011 o014

Figure S.4.2 Melting curves (not normalized) as a function of reduced temperature, 7 ", for 10
particles, in (100 nm)’ box, each of diameter (a) D=5 nm and (b) D=4 nm, and grafted with Ng=6
strands of 6, 12 or 24 bases each with a diblock G¢Cs sequence. Error bars are calculated from
the average of 3 trials.
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The melting temperature increases as strand length increases. We perform the same test
with particles of diameter D=4 nm (Figure S2(b)), in a box of (100 nm)’, number of grafts per
particle Ng=6, diblock sequence of 100% G-C content, and varying number of bases per strand
Npases from 6 to 12 to 24. We confirm that the melting temperature increases as strand length

increases for both systems we studied.

4.6.2.3 Effect of particle diameter on melting temperature breadth

As particle diameter increases, the melting transition becomes sharper.zz’ 28

At constant grafting density, an increased particle diameter results in increased number of
grafts per particle. The increased grafts have enthalpic gain and melt at higher temperatures, per
discussion of effect of grafting density. Additionally, the increased number of grafts is thought to

induce cooperativity in melting, causing the melting transition to sharpen.

We tested 10 particles, in (100 nm)3, grafting density ¢=0.033 chains/nmz, Npases=12,
diblock sequence of 100% G-C content and varying particle size D=5 nm (3 grafts each) and D =
10 nm (10 grafts each). We see two important trends in Figure S3: 1) as particle size increases,

the melting transition gets sharper and 2) as the number of grafts increases, 7, increases.
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Figure S.4.3 Normalized melting curves as a function of reduced temperature, T’ " for 10
particles, in (100 nm)® box, each of D=5 nm grafted with N,=3 strands or D=10 nm grafted with
Ng=10 strands (0=0.033 chains/nm” for both systems) of 12 bases each with a diblock G¢C
sequence. Error bars are calculated from the average of 3 trials.

4.6.3 Melting curve prior to normalization for grafting density study

T

0.5

foos, 031

0.1

0.07 0.09 0.11 0.13 0.15

Figure S.4.4 Melting curves prior to normalization as a function of reduced temperature, 7", for
10 particles, in (100 nm)’ simulation box, each of diameter D=5 nm and grafted with Ng=4, 6 and
8 strands of 12 bases each with a diblock (G¢Cs) sequence. Fraction of strands bonded, f5¢9;,
represents strands with minimum 50% G-C bonded. Error bars are calculated from the average of
3 trials.
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4.6.4 Melting temperatures determined from melting curve and from heat capacity, C,, for

grafting density study
T,, determined from melting T, determined from C,
curve
Ng~= 0.100 + 0.002 0.094 £ 0.002
Ng=6 0.105 +0.001 0.105 +0.005
N,=8 0.107 +0.001 0.105 +0.004

Table S.4.2 Melting temperature, 7, determined from melting curve (2nd column) and heat
capacity, C,, (3" column) for 10 particles, in (100 nm)® box, each of diameter D=5 nm and
grafted with Ny=4, 6 and 8 strands of 12 bases each with a diblock (G¢Cs) sequence. Error bars
are calculated from the average of 3 trials.

4.6.5 Inter-particle spacing determined by graft length

"-.-Nbases=6
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Figure S.4.5 Radial distribution function at T’ "=0.08 for 10 particles, in (100 nm)’ box, each of
diameter D=5 nm and grafted with N,=6 strands composed of 6 bases and 24 bases, each with a
diblock sequence. For Npges=6, r — D ~6 nm and for Np,ss=24, r — D ~23 nm, confirming that
strand length chosen determines inter-particle spacing.

132



4.6.6 Inter-particle spacing caused by various sequences

150 | @) ==f3= (G4cCy)
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Figure S.4.6 Radial distribution function at T'=0.08 for 10 particles, in (100 nm)’ box, each of
diameter D=5 nm and grafted with (a) N,=4, (b) Ny=6, and (c) N,=8 strands composed of 12
bases and the following sequences: (G¢Cs) (red open square-dashed line), (G3Cs), (blue open
triangle-dotted line), and (G,C,)s (black filled circle-solid line). For all grafting densities, the
diblock (G¢Ce) sequence has one major peak at r ~16 nm, resulting in particles that are spaced
according to the strand length (r — D = 11 nm, and strand length is 12). Remaining intermediate
blockiness sequences (shown here are (G,C;); and (G3Cs),) have variable inter-particle spacing
for each sequence and grafting density.
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4.6.7 Inter-particle spacing for varying G-C content and strand end-to-end distances, <R..>

First neighbor peak from g(r) gives the inter-particle spacing, actual r — D, for each G-C content
listed. We calculate the expected r — D by summing the G-C binding block and twice the A-
spacer length. We show the strand end-to-end distance per temperature to show that when the
expected inter-particle distance deviates from the actual inter-particle distance that strands
typically remain as flexible in the cluster (at 7j,,) as they were before hybridization (at Thg).

This happens most prominently with sequences that have a high number of spacers, i.e. 17%.

Actual Expected r — D A

r— D (nm) (nm)
100% | 11.2+0.0 12 0.8
67% 14.7+£0.0 16 1.3
50% 16.4+0.0 18 1.6
33% 18.2+£0.0 20 1.8
17% 18.7+£1.2 22 33

Table S.4.3 First neighbor peak from g(r) gives the inter-particle spacing, actual » — D, for each
G-C content listed for 10 particles in (100 nm)3, D=5 nm, Np,s=12, outer block placement of G-
C diblock of shown G-C content. We calculate the expected r — D by summing the G-C binding
block and twice the A-spacer length. Error bars are calculated from the average of 3 trials.
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Figure S.4.7 Strand end-to-end-distance, (R,,), per temperature for 10 particles in (100 nm)’,
D=5 nm, Np,s=12, outer block placement of G-C diblock of G-C content: 100% (purple open
circles, dashed lines), 67% (green open squares, solid line), 50% (red filled triangle, dashed line),

33% (filled blue circle, dashed line), and 17% (black filled square, solid line). Error bars are
calculated from the average of 3 trials.
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Table S.4.4 First neighbor peak from g(r) gives the inter-particle spacing, actual » — D, for each
G-C content listed for 10 particles in (100 nm)3, D=2 nm, Np,ss=12, outer block placement of G-
C diblock of shown G-C content. We calculate the expected r — D by summing the G-C binding
block and twice the A-spacer length. Error bars are calculated from the average of 3 trials.

Actual Expectedr—D A
r— D (nm) (nm)

100% | 11.3+0.2 12 0.7

67% | 15.1+0.0 16 0.9

50% | 16.8+0.0 18 1.2

33% | 18.6+0.0 20 1.4

17% | 19.1+1.2 22 29
10.55}
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Figure S.4.8 Strand end-to-end-distance, (R,,), per temperature for 10 particles in (100 nm)’,
D=2 nm, Np,.s=12, outer block placement of G-C diblock of G-C content: 100% (purple open
circles, dashed lines), 67% (green open squares, solid line), 50% (red filled triangle, dashed line),
33% (filled blue circle, dashed line), and 17% (black filled square, solid line). Error bars are
calculated from the average of 3 trials.
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4.6.8 Effect of G-C placement for 67%, 33%, and 17% G-C content
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Figure S.4.9 (b) Number of free nanoparticles and (b) average coordination number, <Z>, as a
function of reduced temperature for 10 particles, in (100 nm)’ box, each of diameter D=5 nm and
grafted with N,=8 strands of 12 bases with 67% G-C content placed in the outer block (particle-
A4G4Cy) (red filled triangles, dashed line), middle block (particle-A,;G4C4A5) (blue filled circle,
dashed line) or inner block (particle-G4CsA4) (black solid square, solid line). Vertical dashed
lines indicate T, for each system except for the inner block G-C system. (c) Radial distribution
function at 7},,~0.07. Error bars are calculated from the average of 3 trials.
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Figure S.4.10 (b) Number of free nanoparticles and (b) average coordination number, <Z>, as a
function of reduced temperature for 10 particles, in (100 nm)® box, each of diameter D=5 nm and
grafted with N,=8 strands of 12 bases with 33% G-C content placed in the outer block (particle-
A3G,(C,) (red filled triangles, dashed line), middle block (particle-AsG,C,A4) (blue filled circle,
dashed line) or inner block (particle-G,C,As) (black solid square, solid line). Vertical dashed
lines indicate 7, for each system except for the inner block G-C system. (c) Radial distribution
function at 7},,=0.07. Error bars are calculated from the average of 3 trials.
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Figure S.4.11 (b) Number of free nanoparticles and (b) average coordination number, <Z>, as a
function of reduced temperature for 10 particles, in (100 nm)® box, each of diameter D=5 nm and
grafted with N,=8 strands of 12 bases with 17% G-C content placed in the outer block (particle-
A10GC) (red filled triangles, dashed line), middle block (particle-AsGCAs) (blue filled circle,
dashed line) or inner block (particle-GCAp) (black solid square, solid line). (¢) Radial
distribution function at 7},,=0.07. Error bars are calculated from the average of 3 trials.
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4.6.9 Effect of G-C binding block placement on assembly thermodynamics and structure:
main paper Figure 4.8 with additional sequence
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Figure S.4.12 (a) Melting curves (not normalized) and (b) number of free nanoparticles as a
function of reduced temperature for 10 particles, in (100 nm)’ box, each of diameter D=5 nm and
grafted with N,=8 strands of 12 bases with 50% G-C content placed in the outer block (particle-
AG3;Cs) (red filled triangles, dashed line), middle block (particle-A3;G3CsAj3) (blue filled circle,
dashed line), extremes of strand (particle-G3A6C3) (purple filled circle, solid line), or inner
block (particle-G3C3;As) (black solid square, solid line).
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Figure S.4.13 Radial distribution function for 10 particles, in (100 nm)’ box, each of diameter
D=5 nm and grafted with N,=8 strands of 12 bases with 50% G-C content placed in the outer
block (particle-AsG3Cs) (red filled triangles, dashed line), middle block (particle-A;G3;CsAs3)
(blue filled circle, dashed line), extremes of strand (particle-G3A6C3) (purple filled circle, solid
line), or inner block (particle-G3;C3;A¢) (black solid square, solid line). In the middle block and
extremes of strand sequences, for the G-C diblock to hybridize with another strand, both strands
must completely align, resulting in the same inter-particle distance.
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4.6.10 Effect of concentration on assembly of G-C binding block placement systems
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Figure S.4.14 Thermodynamic and structural aspects for (a, d, g, j) 100% G-C content, (b, e, h,
k) 50% G-C, outer block, and (c, f, 1, 1) 50% G-C, inner block for concentration, ¢=0.00001
particles/nm’ (10 particles in a (100 nm)® simulation box) (orange open squares, dashed line) and
¢=0.00016 particles/nm’® (20 particles in a (50 nm)’ simulation box) (green filled diamonds,
dotted line). For all systems, particle size is D=5 nm grafted with N,=8 strands of length
Npases=12. (a, b, ¢) Normalized melting curves, (d, e, ) fraction of free nanoparticles, and (g, h, 1)
average coordination number, (Z), versus reduced temperature and (j, k, 1) nanoparticle-

141



nanoparticle concentration profile, N(r), versus inter-particle distance r — D (nm). Error bars are
calculated from the average of 3 trials. Note that for ¢=0.00016 particles/nm’, the fraction of
strands with 50% G-C bonded, prior to normalization, was less than 0.08 for all temperatures.
Normalizing these values arbitrarily inflates the melting curve, making it appear a smooth
melting transition, but analyzing fraction of free nanoparticles (<5 for the 10 particle case) and
nanoparticle neighbors and inter-particle distance shows minimal cluster formation has occurred
at the temperatures investigated and that the 7, for this system appears to be lower than the 7},
simulated.
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4.6.11 Relative Shape Anisotropy (RSA)

Relative shape anisotropy (RSA) shows the progression of cluster size and shape from 7} to
Tiow. For Ny=4, we see that at high temperature, dimers form which are necessarily anisotropic.
As temperature is reduced and more nanoparticles begin to cluster, we see both a distribution in
average number of nanoparticles per cluster, (N), as well as a decrease in (RSA). As more
particles join the clusters, the shape of the clusters shifts from anisotropic (high (RSA) at low
(N)) to isotropic (low (RSA) at high (N)). We see that as grafting density increases, the shift in
clusters from high temperature to low follows a similar path for (RSA) and (N), resulting in

clusters at T}, generally composed of all of the nanoparticles and at a low (RSA) (relatively

isotropic).
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Figure S.4.15 Relative shape anisotropy <RSA> versus average number of nanoparticles per
cluster <N> for 10 particles, in (100 nm)’ box, each of diameter D=5 nm and grafted with (a)
Ng=4, (b) Ng=6, and (c) N,=8 strands of 12 bases each with a diblock (G¢Cs) sequence.
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As G-C content decreases, there is less propensity for cluster formation with decreasing enthalpic
drive. At higher G-C contents, clusters can form easily at the higher temperatures and form
clusters of all 10 particles by the lowest temperature. At the lowest G-C content, clusters are seen
rarely at the higher temperatures (and if so, of size 2 only) and only begin to form clusters of
increasing size as temperature decreases. Anisotropy follows the previous discussion that clusters
of small (N) form clusters of high (RSA) (more anisotropic) and clusters of high (N) tend to have
lower values of (N) (more isotropic). We see a similar trend in progression of cluster formation
for G-C content decreasing on particles of diameter 2 nm, showing that the G-C content

determines how clusters come together, and of what size and anisotropy at certain temperatures.

144



o] o
ot T=0.110
cé 0.5: T=0.098
C X T=0.092
00: -=T=0.086
. TN T T T T T T *TZOO7O
10: 670/0
= B
g 05 / 4
OO:. TN T O T T |
1.0r ‘ 50%
Sost 1\
£ 0.5_ \
N |
.().0: ...........
1.0 .9 33%
S 0.5f
S &
N OO:I [ T T N T MR M A BN |
1.0p 17%
Sogf o
) 0.0_| I T N N T T T B
0 10

5
(N)

Figure S.4.16 Relative shape anisotropy <RSA> versus average number of nanoparticles per
cluster <N> for 10 particles, in (100 nm)’ box, each of diameter D=5 nm and grafted with N=8
strands of 12 bases each with a diblock sequence arranged in the outer block of the following G-
C contents: (a) 100%, (b) 67%, (c) 50%, (d) 33% and (e) 17%.
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As we move the G-C placement from the outer to the middle to the inner block, there is a
decreased propensity for cluster formation. The outer and middle placements form larger clusters
at the high temperatures and by mid-range temperatures have already formed clusters of (N) ~10.
In contrast the inner placement, which had the least propensity for cluster formation forms
mostly dimers throughout the simulation, if any cluster formation at all (see main paper Figure
8b), and by the lowest temperature, begins to form clusters of slightly higher (N) but of an (RSA)
that remains relatively anisotropic. We find that a decrease in particle size (Figure S10) preserves
these trends, with the exception that the inner block in the smaller particle case forms clusters at
the lowest temperatures that are less anisotropic. Also for the smaller particle diameter, the
middle placement of G-Cs facilitates small and large cluster formation at the lower temperatures,

as opposed to the expected large and isotropic cluster formation we would expect.
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Figure S.4.17 Relative shape anisotropy <RSA> versus average number of nanoparticles per
cluster <N> for 10 particles, in (100 nm)’ box, each of diameter D=5 nm and grafted with N,=8
strands of 12 bases each with 50% G-C content arranged in a diblock fashion in the (a) outer
block, (b) middle block, and (c) inner block.
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Figure S.4.18 Relative shape anisotropy <RSA> versus average number of nanoparticles per
cluster <N> for 10 particles, in (100 nm)® box, each of diameter D=2 nm and grafted with N=8
strands of 12 bases each with 50% G-C content arranged in a diblock fashion in the (a) outer
block, (b) middle block, and (c) inner block.
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As we increase concentration at constant number of grafts (N,=4) and graft length, we see that
the increase in nanoparticles facilitates cluster formation at the higher temperatures. By the
lowest temperature at the higher concentrations, clusters of all particles form with nearly the
same anisotropy. At the highest concentration (¢=0.00032 particles/nm?), clusters already form at

Thign, and accordingly, there is a decrease in anisotropy for the clusters at this temperature.
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Figure S.4.19 Relative shape anisotropy <RSA> versus average number of nanoparticles per
cluster <N> for particles of diameter D=5 nm and grafted with N,=4 strands of 12 bases each
with a diblock (G¢Cs) sequence with a) ¢=0.00001 particles/nm® (10 particles in a (100 nm)’
box), b) ¢=0.00002 particles/nm3 (20 particles in a (100 nm)® simulation box), ¢) ¢=0.00016

particles/nm’ (20 particles in a (50 nm)’ simulation box), and d) ¢=0.00032 particles/nm’ (40
particles in a (50 nm)’ simulation box).

When we increase concentration for Ny=6 grafts, we see a similar trend that the increase in
concentration helps facilitate larger clusters that are more isotropic earlier in the simulation. By
the lowest temperature, all nanoparticles cluster and form relatively isotropic clusters, with the
exception of ¢=0.00002 particles/nm’ where clusters in mid-range temperatures rearrange to be

more isotropic than at the final temperature.
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Figure S.4.20 Relative shape anisotropy <RSA> versus average number of nanoparticles per
cluster <N> for particles of diameter D=5 nm and grafted with N =6 strands of 12 bases each
with a diblock (G¢Co) sequence with a) ¢=0.00001 partlcles/nm (10 particles in a (100 nm)’
box), b) ¢=0.00002 partlcles/nm (20 particles in a (100 nm)’ simulation box), and ¢) ¢=0.00016
particles/nm’ (20 particles in a (50 nm)° simulation box).

The trends of <RSA> with increasing concentration for the N,=8 system follow the previous

discussion for N,=4 and N,=6. By the final temperature, clusters of all particles form with similar

isotropy.
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Figure S.4.21 Relative shape anisotropy <RSA> versus average number of nanoparticles per
cluster <N> for particles of diameter D=5 nm and grafted with N =8 strands of 12 bases each
with a diblock (G¢Co) sequence with a) ¢=0.00001 partlcles/nm (10 particles in a (100 nm)’
box), b) ¢=0.00002 partlcles/nm (20 particles in a (100 nm)’ simulation box), and ¢) ¢=0.00016
particles/nm’ (20 particles in a (50 nm)° simulation box).
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When we increase concentration for the G-C binding placement, we find that for the outer block,
the increase in concentration leads to larger clusters forming earlier in the simulation. By mid-
range temperatures, clusters of high <N> form and continue to rearrange to become more
isotropic. For the inner placement, an increase in concentration increases cluster formation. At
the higher concentration, as temperature decreases, nanoparticles have a distribution of cluster
sizes, but remain relatively anisotropic as inner placement causes steric hindrance for isotropic

cluster formation.
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Figure S.4.22 Relative shape anisotropy <RSA> versus average number of nanoparticles per
cluster <N> for particles of diameter D=5 nm and grafted with N,=8 strands of 12 bases each
with 50% G-C content arranged in a diblock fashion in the (a,b) outer block and (c¢,d) inner block
with (a,c) ¢=0.00001 particles/nm’ (10 particles in a (100 nm)’ box) and (b,d) ¢=0.00016
par‘[icles/nm3 (20 particles in a (50 nm)’ simulation box).
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4.6.12 Mean square displacement
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Figure S.4.23 Mean square displacement for 10 particles, in (100 nm)® box, each of diameter (a and
b) D=5 nm or (c and d) D=2 nm and grafted with N,=8 strands of 12 bases of 100% G/C content (solid
red line) or 17% G/C content (dashed blue line) arranged in a diblock sequence.
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4.6.13 Simulation box size for main paper tables

Table S.4.5 Simulation box size for systems listed in main paper Table 4.3.

D=5 nm D=2 nm
10 NP, N,=8 10 NP, N=1 2 NP, N~=1 10 NP, N,=8 10 NP, N=1 2 NP, N~=1
100% | (100 nm)’ (25 nm)’ (25 nm)’ (100 nm)’ (25 nm)’ (25 nm)’
67% (100 nm)° (25 nm)’ (25 nm)’ (100 nm)° (25 nm)’ (25 nm)’
50% | (100 nm)’ (25 nm)’ (25 nm)’ (100 nm)’ (25 nm)’ (25 nm)’
33% (100 nm)° (50 nm)’ (25 nm)’ (100 nm)° (25 nm)’ (25 nm)’
17% | (100 nm)’ (50 nm)’ (50 nm)’ (100 nm)’ (50 nm)’ (50 nm)’
Table S.4.6 Simulation box size for systems listed in main paper Table 4.4.
D=5 nm D=2 nm
10NP, N~=8 | I0ONP,N,=1 | 2NP,N,=1 | I0NP,N,=8 | IONP,N,=1 | 2NP, N, =I
Outer | (100 nm)’ (25 nm)’ (25 nm)’ (100 nm)’ (25 nm)’ (25 nm)’
Middle | (100 nm)’ (25 nm)’ (25 nm)’ (100 nm)° (25 nm)’ (25 nm)’
Inner | (100 nm)’ (25 nm)’ (25 nm)’ (100 nm)’ (25 nm)’ (25 nm)’
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Chapter 5

Molecular simulation study of the assembly of
DNA-functionalised nanoparticles:
effect of bidispersity in DNA strand length

As prepared for Molecular Simulation

5.1 Introduction

DNA functionalisation is an attractive route to programme the assembly of nanoparticles into
target nanostructures because of the specificity and reversibility of DNA hybridisation. A single
DNA strand consists of nucleotides, each of which has a sugar, a phosphate group and a
nitrogenous base (adenine (A), guanine (G), cytosine (C), or thymine (T)). According to the
Watson-Crick base pairing, complementary bases specifically form hydrogen bonds with each
other (A with T and G with C). It is through this Watson-Crick base pairing that a sequence of
nucleotides in a single-stranded DNA (ssDNA) hybridises specifically with another ssDNA with
a complementary sequence of nucleotides. This hybridization leads to a double-stranded DNA
(dsDNA) whose stability at a given temperature is known to be strongly dependent on the strand
length and sequence. As the temperature increases above the melting temperature, the dsDNA
separates into the two-constituent ssDNA. Using this thermoreversible and specific nature of
hybridization of the ssDNA grafted on nanoparticles, one can assemble DNA-grafted
nanoparticles into nanoclusters. Strands grafted on one particle hybridise with complementary
strands on another particle either in a binary system in which one set of particles is grafted with
strands that are complementary to the strands grafted on another set of nanoparticles'™" or in a

single population of particles in which the ssDNA sequence is self-complementary (e.g.
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ACGT)).'* I Alternatively, strands on two or more particles hybridise via free linker strands

which when added to the system of DNA-grafted particles induce nanoparticle assembly.M'22

19, 23-25 and

Current synthetic capabilities allow for design of DNA-functionalised nanoparticles
colloids'” ** ¥ with a desired ssDNA sequence, length and composition to tailor
nanoparticle/colloid assembly into target nano/microstructures. Many computational and
experimental studies provide a fundamental understanding of the effect of various parameters
(ssDNA length, sequence, grafting density, G/C content) on the thermodynamics and kinetics of
colloidal and nanoparticle assembly. For example, past studies have established that as the length
of the grafted ssDNA increases the hybridisation/melting temperature (7,,) of dsDNA increases
and the assembly/dissociation transition temperature of nanoparticles (7,) increases."” > As
ssDNA strand length increases, the number of base pairs in the dSDNA increases, and in turn, the
higher enthalpic gain from the larger number of base pairs drives the 7;, and 7} to shift to higher
temperatures. Structurally, increasing length of the ssDNA increases the inter-particle spacing
within the assembled structure. As grafting density, defined as the number of grafted strands per
unit particle surface area, increases, 7, increases because the large enthalpic gain upon
hybridisation from an increased number of complementary bases easily overcomes the loss in
translational entropy of particles and conformational entropy of the densely grafted DNA strands
upon hybridisation. Similarly, as the particle size increases at constant grafting density the
number of grafted strands increases, and as a result the 7, increases and melting transition

5,22,28,29
sharpens.” >

With regard to strand content or composition, defined as the percentage of the
strand that contains G or C bases, it is well understood that the higher the percentage of G/C

bases in the strand, the stronger the drive for hybridisation between the complementary strands.

This is because of the three hydrogen bonds in a G-C pair in contrast to two hydrogen bonds in
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an A-T pair. This increased enthalpic gain from G-C base pairing leads to higher 7, between the
complementary single strands, and as a result higher 7, of the nanocluster assembled through
hybridisation of strands containing higher G/C content.”’ One could tune the strength of binding
between two oligonucleotide strands by varying the G/C content or by incorporating ‘non-

hybridizing’ spacer bases in the strand between the G/C bases.

In most of the above studies, the DNA-grafted nanoparticles consist of particles of a
given diameter grafted uniformly with ssDNA that all have the same features (composition,
sequence and length) and accordingly, affect the structure and thermodynamics of assembly
homogeneously. For example all grafted ssDNA have a specific length that leads to a specific
inter-particle spacing in the assembled nanoparticle cluster or have a specific G/C content which
causes the particles to assemble at a specific temperature. Recent synthetic advances have made
it possible to have asymmetric functionalisation by demonstrating control over grafting a desired

number of ssDNA on desired locations on the particle.**>*

Precision in functionalising particles
with a desired number of strands in specific locations leads to the ability to program into the
building blocks unique assembly instructions, such as dimensionality of the assembled
nanoparticle structure (e.g. 1D nanowires to 2D sheets to 3D gels or crystals). For example,
Ohya and coworkers™ achieved formation of nanowires by synthesising building blocks with
ssDNA grafted at diametrically opposed locations on a particle surface. Particles lightly grafted
with ssDNA which have variations in strand lengths and placed in precise locations on the
particle allow one to create unique finite-sized nanoclusters, e.g. dimers and trimers, where the
trimers can be linear or triangular,” pyramids,* or satellite structures where small particles

grafted with one long strand each hybridize only with a central larger particle.*® In this paper, we

systematically vary bidispersity in DNA strand length, in DNA-functionalised nanoparticles to
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understand how the choice of two DNA strand lengths on the same particle affects the assembly

of such nanoparticles.

We use coarse-grained molecular dynamics simulations to study a system of a single
population of DNA-functionalised nanoparticles that assemble (without linkers) through
hybridisation of complementary grafted strands in an implicit solvent. Our goal is to understand
the effect of bidispersity in strand lengths on the structure and thermodynamics of the assembly
at varying number of grafts and number of G/C beads at constant particle size and particle
concentration. At constant number of grafts and number of G/C beads, as bidispersity in strand
lengths increases the average number of nanoparticles that assemble into a cluster as well as the
radius of gyration of the cluster increases and the average number of neighbors a nanoparticle
has in a cluster also increases. Low bidispersity in strands lengths produces relatively anisotropic
clusters, whereas high bidispersity in strand lengths produces relatively isotropic clusters. When
number of G/C beads is constant and thus the enthalpic drive for assembly is constant, the
presence of long strands in the bidisperse systems helps alleviate the entropic losses seen in
tightly packed particles by hybridizing with the longer strands on neighboring particles and
increasing the inter-particle spacing. Inter-particle spacing in the clusters assembled from
particles with bidisperse strand lengths depends on the relative frequency of the three possible
ssDNA:ssDNA hybridization between particles, e.g. short strand hybridizing to another short
strand (short-short), short strand hybridizing to a long strand partially (short-long), or long strand
hybridizing to another long strand (long-long). In the case of small number of grafts there are
fewer short-short hybridization and mostly short-long and long-long hybridization. In the case of
larger number of grafts there are negligible short-short hybridization and higher frequency of

long-long hybridization versus short-long. As the number of grafts increase, long strands
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hybridize to other long strands in preference to short-long hybridization so that particle surface
separation is increased to minimize entropic loss. While higher number of grafts systems have
negligible short to short strand connections, particles are able to have short inter-particle distance
via partial hybridization of strands. As we increase the number of G/C beads at constant number
of grafts, nanoparticles have a higher propensity to cluster, due an increase in the enthalpic
driving force in the strands. At high number of G/C beads, an increase in number of grafts causes

a sharp increase in the number of nanoparticles that cluster.

The paper is organized as follows. In section 5.2, we provide details of our model and the
simulation method, as well as analysis techniques we use and the table of parameters we studied.
In section 5.3, we present results of the assembly of DNA-functionalised nanoparticles as a
function of ssDNA strand length bidispersity. In section 5.4, we conclude with the key observed

results, limitations of this work, and future directions.

5.2 Method

5.2.1 Model and Simulation

We modelled a system of DNA-functionalised nanoparticles in an implicit solvent using a
coarse-grain model. This coarse-grained model is capable of capturing the timescale and length

1213 that atomistically

scale of DNA hybridisation-driven assembly of many nanoparticles
detailed models would not be able to capture. In our model, hard spherical nanoparticles of
diameter D are grafted with ssDNA strands at fixed locations and symmetrically on the
nanoparticle surface. The strands were modelled as semi-flexible chains composed of Npgses

number of ‘monomer’ beads of diameter o;,,,, Where o;,, ~1 nm, as each monomer bead

represents a complete nucleotide (sugar, phosphate and A, C, G, or T base). Each monomer bead
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contains an attractive site that mimics hydrogen bonding. This attractive hydrogen bonding site is
restricted to interact with another hydrogen bonding site on a complementary monomer bead,
thus mimicking Watson-Crick base pairing. This model of DNA-functionalised nanoparticles is

1213 We note that while in those

adapted from a recent simulation study on DNA dendrimers.
studies the DNA dendrimers are modelled with a tetrahedral hub to which ssDNA are bound, we

model the nanoparticle as a hard core of a given diameter.

All non-bonded pair-wise interactions (nanoparticle—nanoparticle, nanoparticle—
monomer, monomer—monomer, hydrogen bonding site—monomer, hydrogen bonding site—
nanoparticle, and hydrogen bonding site— hydrogen bonding site) were modelled using a

truncated and shifted Lennard-Jones (LJ) potential:

dU,, (r)
dr (1

r=rt,

U =U,@)-U,)-(-1)-

g

12 o 6 . .o . . .
where Uy =4 -¢- [(—) — (;) ], o is the sum of the radii of the interacting spheres, ¢ is the

"
energetic well depth, 7. is the distance where the potential is truncated, and » represents the
centre-to-centre distance between the coarse-grained beads of interest. All pair-wise interactions
involving nanoparticle—nanoparticle, nanoparticle-monomer, monomer—monomer, hydrogen
bonding site—monomer, hydrogen bonding site—nanoparticle, and non-complementary hydrogen
bonding site—non-complementary hydrogen bonding site were modelled as repulsive interactions
with #=2"%-5. The pair-wise interactions between complementary hydrogen bonding sites
include both the repulsive and attractive portion of the potential, with ».=2.5-c. The reduced
value of ¢1in Equation (1) is assigned as follows: unoparticie=1, Enonomer=1, Enydrogen bonding sie=1 for

hydrogen bonding sites on monomer beads representing A or T nucleotides, and &yyarogen bonding
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sie=1.5 for hydrogen bonding sites on monomer beads representing G or C nucleotides. All
energies are represented in terms of &,,, (LJ energy parameter for the monomer spheres), where
&non ~8 KT. The value of pair-wise interaction between two sites is the geometric average of the
individuals forming the pair, &=(& &)"2. The value of o in Equation (1) is assigned as follows:
Onanoparticle=2" Omon O 5 Omon, Omonomer=1 aNA Ohydrogen bonding site=0.35" Omon  Where Opon 1s the

diameter of the monomer spheres and &;,,, ~1 nm.

Bonded interactions between various beads were simulated using a Finitely Extensible

Non-linear Elastic (FENE) potential:

s 2
Uspne :_K & ‘In 1_[Lj (2)

2

where K = (30*8FENE)/02 and Ry = 1.5%c, K is the force constant, R, is the maximum extension of
the bond, greng 1s an energy parameter which is equal to &,,,, and the values of o and » depend
on the type of beads involved in the bond. For a bond between a nanoparticle and the first
monomer of a DNA strand, o is defined as the radius of the monomer and r is defined as the
distance between the center of the monomer and the surface of the nanoparticle. For a bond
between two monomers, o is defined as the sum of the two monomer radii and 7 is defined as the
distance between the monomer centers. Finally, a pseudo-bond between a hydrogen bonding site
and the host monomer uses o equivalent to the diameter of the hydrogen bonding site and r is
defined as the centre-to-centre distance of the hydrogen bonding site and the host monomer. The
equilibrium position of the hydrogen bonding sites is such that the surface of the hydrogen

bonding site protrudes 0.02- g;,,, from the surface of the host monomer.
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A three-body potential between bonded monomer beads along the ssDNA regulates the

characteristic stiffness of the DNA strands:

1 >
=—.K-(0-6,
U3—body 2 ( ) (3)

where K is a stiffness factor equal to 2&3.504y, Where €340y 15 10 times &,,,,, €1s the angle made by
the three adjacent monomer beads, and 6 is the ideal angle equal to 180° for the preferred linear
orientation of DNA. Hydrogen bonding sites are not subject to three-body interactions. A three
body interaction is also applied between the nanoparticle and the first two monomers of each
chain to keep the monomer chains oriented perpendicular to the surface of the nanoparticle.
Lastly, a three-body interaction was applied between the first monomer of each DNA graft, the
nanoparticle, and the first monomer of every other DNA strand on the same nanoparticle, and the
6y value for this three-body interaction was set to force the DNA grafts to the desired relative
positions on the surface of the nanoparticle which allowed us to ensure the grafts were placed

symmetrically on the particle surface.

The above model was incorporated into a locally authored MD code in the NVT
ensemble, in which the temperature is controlled via Nosé-Hoover thermostat.’”** We refer the
reader to the supplementary information for other details of the reduced model parameters and

validation of the code.

5.2.2 Analysis
Thermodynamics. We characterised the thermodynamics of DNA-functionalised nanoparticle
assembly by calculating the assembly/dissociation transition of the nanoparticles as a function of

reduced temperature.
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As the temperature is lowered and the strands hybridise the functionalised particles
assemble into a cluster. We define a cluster as two or more particles with minimum of one base
pair hybridized between DNA strands of adjacent nanoparticles. Free nanoparticles are those
whose grafted ssDNA have not hybridized with any strand at that time step. We track the
average number of free nanoparticles as a function of temperature. We define the
assembly/dissociation transition temperature, 7y, as the temperature at which the number of free

nanoparticles is half the total number of particles.

Structure. For each nanoparticle, we calculated a coordination number, Z, defined as the
average number of particle neighbours the nanoparticle has within the cluster. Two particles are
neighbours if they have at least one base pair hybridized between their DNA strands. The
coordination number curve at each temperature is a distribution of the number of neighbours
each nanoparticle has in a given system at that temperature. We average the coordination number
distribution to obtain (Z) of the system at a specific temperature. We also calculate the ensemble
average number of nanoparticles in a cluster, <N>, as a function of reduced temperature. We
calculate the nanoparticle-nanoparticle number profile, N(r) in the simulation box. We calculate
an ssDNA:ssDNA hybridization histogram by counting in the final assembled structure the
number of dsSDNA connections between particles that consist of 2 short strands, one short strand

and one long strand, and 2 long strands.

We determine the average shape of the cluster at varying temperatures using relative
shape anisotropy (RSA) parameter.>” The RSA of a cluster is 0 when the particles are arranged
perfectly isotropic (i.e. spherical symmetry) and 1 when the particles are perfectly anisotropic

(i.e. rod-like) in their arrangement. We apply the RSA calculation to the coordinates of the
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particles of a cluster and not on the monomer beads of the DNA. We first translate the center of
mass of the particles’ coordinates of a cluster to the origin and calculate the average radius of

gyration tensor for a cluster containing N particles:

S_l

= ﬁzlivﬂ 7’i7”iT (5)

where r; is the translated coordinate vector of particle i, and riT is the transpose of this coordinate

vector. Then § is diagonalized as
s=VvIisv (6)

where V' is a 3x3 matrix with columns that correspond to the three eigenvectors of S. The

traceless part of § is then calculated
S=5- étr(S)I (7)

where / is the 3x3 identity matrix, and #7(S) is the trace of §. The RSA, relative shape anisotropy,
of the cluster of particles is then defined as

_ 3tr(88)

RSA =457 (8)

We note that as our systems are at significantly low concentration, these RSA calculations are
conducted on small values of N (=10-20 particles). RSA calculations are significantly more
reliable when applied to systems with large N. Therefore, we have restricted our RSA analysis to
trends within a system with changing temperature, rather than placing quantitative or qualitative

emphasis on RSA variation between systems with varying parameters.
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5.2.3 Parameters

We study 10 DNA-functionalised nanoparticles in simulation box size of (100 nm)’,
corresponding to a dilute concentration of ¢=0.00001 particles/nm’. The nanoparticles are of
diameter, D=4" 6,5, With G;,,, ~1 nm, as described in the model section. We vary the number of
grafts from Ng=8 to 16, which on particles of D=4 nm correspond to a grafting density of 0=0.16
and 0.32 chains/nm?, respectively. We graft on each particle 50% short strands and 50% long
strands. All strands in a system have number of G/C beads the length of the short strands, Ny,
and arranged in a diblock sequence. For long strands, Njpug > Ngpor, the G/C segment of the
strand is located on the outermost portion of the strand (farthest from the particle surface). The
remaining bases are Adenine, serving as spacers. We vary the number of G/C beads relative to
the particle diameter Ny, /D=1, 1.5 to 2. We vary the ratio of short to long strand length,
Nihort:Niong=1:1.5, 1:2 to 1:3. The sequences that correspond to each bidisperse Nyuori:Njong Tatio
per Nguor/D are summarized in Table 5.1.

Table 5.1 Sequences studied for each ratio of short to long strand length, Nghort:Niong and G/C

content of Ng,or¢ relative to the particle diameter, Ngyor/D. Strands are grafted to the particle
surface starting from the left nucleotide of each sequence.

Nnort:Nione  No.  Sequences (Nguord Niong)

Nyord D=1.0: 4:6 (1) GGCC/AAGGCC
4:8 (2) GGCC/AAAAGGCC
4:12 (3) GGCC/AAAAAAAAGGCC

Nihord D=1.5: 6:9 4) GGGCCC/AAAGGGCCC
6:12 (5) GGGCCC/AAAAAAGGGCCC
6:18 (6) GGGCCC/AAAAAAAAAAAAGGGCCC
Nihord D=2.0: 8:12 (7) GGGGCCCC/AAAAGGGGCCCC
8:16 B) GGGGCCCC/AAAAAAAAGGGGCCCC
8:24 9) GGGGCCCC/AAAAAAAAAAAAAAAAGGGGCCCC
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5.3 Results

5.3.1 Effect of bisdispersity in DNA strand length at constant number of grafts and number
of G/C beads

In Figure 5.1a, we show the effect of increasing bidispersity in strand lengths on the
thermodynamics of cluster formation for 10 particles in a (100 nm)’ simulation box, with
particles of diameter D=4 nm each grafted with N,=8 number of strands, an equal number of
short, Ny, and long, Ny, strands, number of G/C beads relative to the particle diameter,
Nshor/ D=1, and sequences 1-3 of Table 5.1. We also show the monodisperse case corresponding
to Ngioi=4 (black filled squares, solid line) and Nj,,g=12 (black filled circles, solid line). For all
systems, as temperature decreases, the DNA-grafted nanoparticles assemble into a cluster. The
cluster dissociation temperature, 7,, for all systems is 7*=0.096, except for the monodisperse
Nsnor=4 case which has a cluster dissociation temperature of 7' "=0.094. Nanoparticle assembly is
driven by a balance of maximizing enthalpically favorable contacts of the grafted DNA strands
as well as minimizing the entropic loss of particle translation and rotation with particles packing
closely. Since sequences with the same G/C content per strand have the same enthalpic drive for
hybridization, we expect the differences in entropy losses in these systems to contribute more to
the differences in assembly of the particles. 7; does not vary significantly with the bidispersity in
these conditions because all systems have the same G/C content and thus the same enthalpic
drive for hybridization and assembly. Since 7, is similar for the bidisperse systems, we expect
that the entropic losses are similar for the bidisperse cases and lower than for the particles grafted
with monodisperse short strands. We note that for the case of monodisperse short strands, there

remain free nanoparticles by 7},,=0.08, which we discuss in the following paragraph.
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Figure 5.1 (a) Number of free nanoparticles, (b) ensemble average number of nanoparticles per
cluster, <N>, (c) average coordination number, <Z>, and (d) radius of gyration of cluster as a
function of reduced temperature, T " for 10 particles, in a (100 nm)’ box, each of diameter D=4
nm and grafted with N,=8 strands of with bidisperse strand length ratio shown in legend
(sequences listed in Table 5.1 for Ng./D=1). Also shown are monodisperse case for Ngpom
(GGCC) and Nypng (AAAAAAAAGGCC). Error bars are calculated from the average of 10 trials.
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Next we characterize the structure of the assembled nanoclusters as a function of
bidispersity in strand lengths. Figure 5.1b presents the ensemble average number of nanoparticles
per cluster, <N>, at each temperature. Below 7, the increase in <N> with increasing
bidispersity can be explained by the presence of the long strands in the bidisperse systems, which
alleviate the entropic frustration seen in the case of monodisperse short strands that assemble
particles are closer distances. For example, in the absence of long strands, for the monodisperse
short strands, all of the particles in the system are unable to cluster together even at the lowest
temperature we investigate here (number of free nanoparticles = 1.8 +/- 0.2 at 7},,=0.08 and
<N>=3.8 +/- 1.0). The enthalpic gain of the monodisperse short strands at these temperatures is
insufficient to overcome the entropic loss of close packing of the particles. In Figure 5.1c, we
show the average coordination number, <Z>, at each temperature. For the monodisperse short
strands case which forms relatively small clusters, the average number of neighbors per particle
in the cluster is low (<Z>=1.6 +/- 0.2). As larger clusters form with increasing bidispersity in
strand lengths, <Z> increases from 2.5 +/ 0.2 for No:Npng=4:6 to 3.0 +/- 0.2 for
Nihort:Niong=4:12. The number of strands hybridized is less than the number of grafts available
because as the number of strands hybridized increases, so does the crowding, thus making it
more difficult for a particle to have all N, strands hybridize to form N, neighbors. In our previous
study, we found that nanoparticles grafted with monodisperse ssDNA at dilute concentrations
formed clusters with a number of neighbors per particle less than N,. Accordingly, we would
expect the bidisperse systems to form clusters with number of neighbors fewer than N, available
strands to reduce crowding of the particles. From Figure 5.1, we see that as bidispersity in strand
lengths increases at 7},,, both the average number of nanoparticles per cluster and the average

number of neighbors per nanoparticle in a cluster increase. In Figure 5.1d we observe that the
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radius of gyration of the cluster increases as well for increasing bidispersity in strand length at
Tiow. As Npne increases, we would expect nanoparticles are spaced farther apart, which in
combination with increasing <N> leads to size of the cluster to increase. From the relative shape
anisotropy, we see how the cluster size and shape vary from Tjg, to Tjoy. For the systems that
form clusters with less than ten particles (Figure S.5.1a-c), cluster shape is relatively anisotropic,
even after 7,. In systems that form clusters of all nanoparticles, clusters are relatively isotropic,

evident from the low <RSA> at T},,, for Figures S.5.1d and e.

To further understand how bidispersity in strand lengths affects strand hybridization
within the assembled cluster, we present in Figure 5.2, the frequency of inter-particle distances in
a cluster with increasing bidispersity in strand lengths (upper panels) as well as the

ssDNA:ssDNA hybridization histogram for the dsDNA connections between particles (lower

panels).
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Figure 5.2 (a-c) Nanoparticle-nanoparticle number profile, N(r) versus r-D and (d-f)
ssDNA:ssDNA hybridization histogram at 7},,,~0.08 for 10 particles, in a (100 nm)° box, each of
diameter D=4 nm and grafted with N,=8 strands of with bidisperse strand length ratio shown in
upper right corner of each plot (sequences listed in Table 5.1 for Ng,/D=1). Error bars are
calculated from the average of 10 trials. For (d-f), x-axis s:s denotes short to short strand
hybridization, s:1 denotes short strand to long strand hybridization and 1:1 denotes a long strand to
long strand hybridization.
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The ssDNA:ssDNA hybridization histogram shows the frequency of dsDNA in the assembled
clusters that are short strand hybridizing to another short strand (short-short), short strand
hybridizing to a long strand partially (short-long), or long strand hybridizing to another long
strand (long-long). In Figure 5.2a for Nyo:Niong=4:6, we observe a small peak in N(r) at r—D=4
nm which corresponds to a distance between surface of particles that have short strand
hybridized to another short strand, and a broader peak at »—~D=5-7 nm which corresponds to a
distance between surface of particles that have short strand hybridized to a long strand partially
and long strand hybridized to another long strand. The histogram in Figure 5.2d presents the
frequency of short-short, short-long and long-long hybridization. At low number of grafts, N,=8,
short-short hybridization is still possible without steric hindrance to the remaining strands on
each particle. When bidispersity in strand lengths ratio, Ngor:Niong 1s 4:8 (Figure 5.2b), we see
the N(r) peaks separate into inter-particle distances that correlate to the possible ssDNA:ssDNA
hybridization. We again observe a small peak of »~D=4 nm which corresponds to a distance
between surface of particles with short-short hybridization, a larger peak at »—D=7-8 nm which
corresponds to a distance between surface of particles with short-long hybridization, and a large
peak of »—D=10-11 nm, which corresponds a distance between surface of particles with long-
long hybridization. We note that the ssDNA:ssDNA hybridization histogram shows a similar
distribution of strand bonding (Figure 5.2e). Short-long and long-long hybridizations are
dominant over short-short, as we would expect as N,z increases and particles most easily make
short-long and long-long connections. For bidispersity in strand lengths ratio, Npor:Nigng=4:12
(Figure 5.2¢), the N(r) has peaks of »—D=4 nm, r—D=11, and —D=18 nm, which correspond to
short-short, short-long, and long-long hybridization, respectively and ssDNA:ssDNA

hybridization histogram shows a similar distribution in strand bonding (Figure 5.2f). In Figure
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5.3, we compare explicitly bidisperse systems with monodisperse systems. We show the N(r) for
the case of bidispersity in strand lengths ratio Nguor:Niong=4:12 as well as the monodisperse cases
of Nyior=4 and Njy,g=12. The monodisperse short strands has a single peak of »—~D=4 nm which
corresponds to a distance between surface of particles with short-short hybridization and the
monodisperse long strands has a single peak »—D=18 nm which corresponds to a distance
between surface of particles with long-long hybridization. The bidisperse case has the additional
peak at r—D=11, which as previously discussed corresponds to short-long hybridization.
Bidisperse systems have a distribution of inter-particle distances that are not possible in

monodisperse ssDNA grafted nanoparticle clusters.
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Figure 5.3 Nanoparticle-nanoparticle number profile, N(r), versus r-D at T,,=0.08 for 10
particles, in a (100 nm)’ box, each of diameter D=4 nm and grafted with N,=8 strands of with
bidispersity in strand lengths ratio Ng,o.:Nong=4:12 (sequence listed in Table 5.1 for Ng,o/D=1)
as well as monodisperse Ngo (GGCC) and Nyyng (AAAAAAAAGGCC). Each curve is shifted
0.45 units along the y-axis from the previous curve for clarity, started from bidispersity in strand
lengths ratio 4:12. Error bars are calculated from the average of 10 trials.
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5.3.2 Effect of varying number of G/C beads at constant number of grafts

We next determine the effect of bidispersity in DNA strand lengths at varying number of G/C
beads for 10 particles in a (100 nm)’ simulation box, with particles of diameter D=4 nm each
grafted with N,=8 number of strands, number of G/C beads relative to particle diameter
Nsnordd/ D=2, and sequences 7-9 of Table 5.1. We also show the monodisperse case corresponding
to Ngor=8 (black filled squares, solid line). At higher number of G/C beads, cluster dissociation
temperature, 7y, occurs at 7*=0.11 for all bidisperse systems and 7*=0.107 for the monodisperse
short system (Figure 5.4a). The T, for the higher number of G/C beads (Figure 5.4a) is higher
than for the lower G/C beads (7*=0.096 in Figure 5.1a) at constant number of grafts. In our
previous study where we varied the G/C content at constant number of grafts, we found that 7

increases as G/C content increases because of the increased enthalpic drive for assembly.

Figure 5.4b-d presents <N>, <Z>, and radius of gyration of the cluster for monodisperse
Nsnor=8 and increasing bidispersity in strand lengths systems at higher number of G/C beads. In
contrast to the systems at lower number of G/C beads (Figure 5.1), we observe that the higher
G/C beads systems form clusters of all 10 nanoparticles by 7}, (Figure 5.4b). Average number
of neighbors per particles, <Z>, for all systems is ~3.5 (Figure 5.4c). Also, as bidispersity in
strand lengths increases, the radius of gyration of the assembled clusters increases (Figure 5.4d),
with the value of radius of gyration of the cluster at 7},, higher for the higher number of beads
systems than for the lower number of beads. For example, the radius of gyration of the cluster for
bidisperse case of 4:6 is ~10 nm at low number of G/C beads, Figure 5.1d, versus ~18 for higher
number of G/C beads, Figure 5.4d. For all systems at high number of G/C beads, the clusters

become relatively isotropic by 7}, (Figure S.5.2).
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Figure 5.4 (a) Number of free nanoparticles, (b) ensemble average number of nanoparticles per
cluster, <N>, (c) average coordination number, <Z>, and (d) radius of gyration of cluster as a
function of reduced temperature, 7", for 10 particles, in a (100 nm)’ box, each of diameter D=4
nm and grafted with N~=8 strands of with bidisperse strand length ratio shown in legend
(sequences listed in Table 5.1 for Ny, /D=2). Also shown are monodisperse case for N
(GGGGCCCC) and Nypng (A AAAAAAAAAAAAAAAGGGGCCCC). Error bars are calculated
from the average of 10 trials.
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At higher number of G/C beads, nanoparticles have a higher propensity to cluster, due an
increase in the enthalpic driving force in the strands as well as a decrease in entropic losses. The
lower entropic loss for higher number of G/C beads arises from the increased inter-particle
distances that result from the increase in length of strands. When we compare the inter-particle
distances of clusters formed from lower number of G/C beads to higher number of G/C beads
(Figure 5.5), the primary difference we see is that in the latter case, the bidispersity in strand
lengths ratio of 8:12 (Figure 5.5a) produces 3 discernible peaks, which correspond to short-short,
short-long, and long-long hybridization, with a noticeable increase in short-long hybridization.
Because a higher number of G/C beads results in a larger distance between surface of particles,
an increase in short-long hybridization occurs with less entropic loss. As we would expect for the
higher bidisperse systems (Figures 5.5b and c), inter-particle distances between surface of

particles correspond to short-short, short-long, or long-long hybridization.
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Figure 5.5 (a-c) Nanoparticle-nanoparticle number profile, N(r), versus r-D and (d-f)
ssDNA:ssDNA hybridization histogram at 77,,=0.08 for 10 particles, in a (100 nm)’ box, each of
diameter D=4 nm and grafted with N,=8 strands of with bidisperse strand length ratio shown in
upper right corner of each plot (sequences listed in Table 5.1 for Ng,/D=2). Error bars are
calculated from the average of 10 trials. For (d-f), x-axis s:s denotes short to short strand
hybridization, s:1 denotes short strand to long strand hybridization and 1:1 denotes a long strand to
long strand hybridization.
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5.3.3 Effect of varying number of grafts at constant number of G/C beads

Next we examine the effect of increasing number of grafts from Ng~=8 to N,=16 while
maintaining number of G/C beads the same. In Figure 5.6a, we present the number of free
nanoparticles for bidisperse systems at N,=8 (dashed lines) and N,=16 (solid lines). We observe
that the 7, for higher number of grafts is shifted to higher temperature than for the lower number
of grafts. We expect the increase in 7, as a higher number of G/Cs hybridize between particles in

cases of higher number of grafts, requiring a higher temperature for the clusters to dissociate.

With regard to the structure of clusters at higher number of grafts, we observe that the
<N> (Figure 5.6b) increases in a similar fashion at higher number of grafts to lower number of
grafts, although the higher number of grafts systems begin to assemble at the higher 7,;. The <Z>
in Figure 5.6¢ is similar for each bidisperse case by 7}, at low and high number of grafts, except
for at the highest bidispersity in strand lengths ratio where the increase in N, allows for increased
particle neighbors in the assembled clusters. Finally, in Figure 5.6d we see that the size of the
clusters for each bidisperse case at low and higher number of grafts is nearly identical. The
relative shape anisotropy for the higher number of grafts (Figure S.5.3) shows minimal
differences between that for the lower number of grafts (Figure S.5.2) except that in the former
case, we see that clusters form at higher temperatures due to the higher 7 for higher number of
grafts. In Figure 5.7, we show the inter-particle distances in the assembled clusters as well as the
ssDNA:ssDNA hybridization histograms for higher number of graft systems. We observe in all
cases a higher frequency of long-long hybridization and negligible short-short hybridization for

higher number of grafts (Figure 5.7) as compared to the lower number of grafts (Figure 5.5).
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Hybridization of long strands helps to reduce entropic losses of tightly packed clusters by

increasing inter-particle separation.
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Figure 5.6 (a) Number of free nanoparticles, (b) ensemble average number of nanoparticles per
cluster, <N>, (c) average coordination number, <Z>, and (d) radius of gyration of cluster as a
function of reduced temperature, 7", for 10 particles, in a (100 nm)’ box, each of diameter D=4
nm and grafted with N,=8 strands (dashed lines) and N,=16 (solid lines) of with bidisperse strand
length ratio shown in legend (sequences listed in Table 5.1 for Ny, /D=1 and 2). Error bars are
calculated from the average of 10 trials.

175



Short-short hybridization requires small inter-particle distances, both reducing particle
translation and rotation and reducing strand conformational entropy of strands adjacent to the
hybridizing strands. Thus in the higher number of grafts systems, increasing bidispersity relieves
the entropic frustration of close particle packing by increasing the number of long to long strand
hybridization, but the high density of strands on the particle makes it difficult for short strands to
hybridize with one another to assemble the particles due to the steric hindrance the remaining

strands would have.
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Figure 5.7 (a-c) Nanoparticle-nanoparticle number profile, N(r), versus r-D and (d-f)
ssDNA:ssDNA hybridization histogram at 7},,,~0.08 for 10 particles, in a (100 nm)° box, each of
diameter D=4 nm and grafted with N,=8 strands of with bidisperse strand length ratio shown in
upper right corner of each plot (sequences listed in Table 5.1 for Ng,/D=1). Error bars are
calculated from the average of 10 trials. For (d-f), x-axis s:s denotes short to short strand
hybridization, s:1 denotes short strand to long strand hybridization and 1:1 denotes a long strand to
long strand hybridization.
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We see that the N(r) for Ngpor:Niong=4:6 and 4:8 (Figure 5.7a and b) have peaks at —D ~4
nm, but the absence of short-short hybridization in the ssDNA:ssDNA hybridization histogram
of Figure 5.7d and e indicates that particles with higher number of grafts assemble by forming
partial bonds between strands of neighboring particles at close range. Simulation snapshots
(Figure 5.8) confirm that higher number of graft systems at low bidispersity in strand lengths

form both complete and partial hybridization between strands.

Monodisperse N, :15 3 :3 Monodisperse N,

N,=8
N, short/ D=1

%

N,=16
N short/ D=1

N,=16
N, shon/ D=2

Figure 5.8 Simulation snapshot from one of the trials at 7},,=0.08 for assembly of 10 particles in
a (100 nm)* simulation box, with particles of diameter D=4 nm each grafted with Ng=8 (top 2
rows) or N,=16 (bottom 2 rows) number of strands, an equal number of short, Ny, and long,
Niong, strands, number of G/C beads=4 (rows 1 and 3) or 8 (rows 2 and 4) for strand length ratio
indicated at top of each column.
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The presence of both complete and partial hybridization induces inter-particle spacing to be at
expected distances based on possible ssDNA:ssDNA hybridization (short-short, short-long, long-
long) in the case of complete hybridization or inter-particle spacing to be short in the case of
partial hybridization. The peak positions in the N(r) for higher number of grafts (Figure 5.7a-c)
are similar as those for lower number of grafts (Figure 5.2a-c), but the magnitude of long to long
connections increases for higher number of grafts systems as we would expect given the increase
in long-long hybridization in the ssDNA:ssDNA hybridization histogram (Figure 5.7d-f). By
comparing the structure of clusters formed at increasing number of strands and constant
bidispersity in strand lengths ratio and number of G/C beads, we observe how particles minimize
entropic losses by either forming both short-long and long-long hybridization (to reduce particle
entropy losses) in the case of low number of grafts or increasing long-long hybridization (to
reduce both particle entropy losses and strand conformational entropy losses) in the case of high

number of grafts.

5.3.4 Effect of varying number of G/C beads and number of grafts

When we increase number of grafts at higher number of G/C beads, we observe beginning at the
T, a sharp increase in <N> (Figure 5.9b) for higher number of grafts (solid lines) versus lower
number of grafts (dashed lines). As clusters begin to form at higher temperature for the higher
number of grafts systems, both the <Z> and radius of gyration of the cluster increase for all
bidisperse ratios (Figures 5.9c and d). At a higher number of G/C beads the particle distances
between surfaces in the assembled cluster is higher than in the case of lower number of G/C
beads. The ability of the particles to assemble at larger distances as well as the presence of more
G/Cs due to a higher number of grafts helps the higher number of grafts systems to form clusters

more rapidly than for the lower number of grafts systems. The higher number of grafts and the
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higher number of G/C beads synergistically promote a sharp cluster dissociation transition, an

effect we do not observe simply with higher number of grafts.
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Figure 5.9 (a) Number of free nanoparticles, (b) ensemble average number of nanoparticles per
cluster, <N>, (c) average coordination number, <Z>, and (d) radius of gyration of cluster as a
function of reduced temperature, T " for 10 particles, in a (100 nm)’ box, each of diameter D=4
nm and grafted with N,=8 strands (dashed lines) and N,=16 (solid lines) of with bidisperse strand
length ratio shown in legend (sequences listed in Table 5.1 for Ny, D=1 and 2). Error bars are
calculated from the average of 10 trials.
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5.4 Conclusion

We have studied using molecular dynamics simulations systems of DNA-functionalized
nanoparticles that assemble through hybridization of the grafted DNA strands, and demonstrated
how the bidispersity in strand lengths induces structural changes in assembled clusters as a
function of number of grafts as well as G/C content. We find that the number of grafts along with
the number of G/C beads signficantly impacts the structure of the assembled nanoclusters for
increasing bidispersity in strand lengths, depending on how the DNA-functionalized nanoparticle
building blocks can maximize favorable enthalpic contacts while minimizing entropic losses that
arise when particles pack closely (nanoparticle translation and rotation restricted and strand
conformations minimized). As bidispersity in strand lengths increases at constant number of
grafts and number of G/C beads, number of nanoparticles that cluster as well as number of
neighbors per particle in the cluster increases. When number of G/C beads is constant and thus
the enthalpic drive for assembly is constant, the presence of long strands in the bidisperse
systems helps alleviate the entropic losses seen in tightly packed particles by hybridizing with
the longer strands on neighboring particles and increasing the inter-particle spacing. At low
number of grafts there are fewer short-short hybridization and mostly short-long and long-long
hybridization, whereas at high number of grafts there are negligible short-short hybridization and
higher frequency of long-long hybridization versus short-long. As the number of grafts increase,
long strands hybridize to other long strands in preference to short-long hybridization so that
particle surface separation is increased to minimize entropic loss. At high number of G/C beads,
an increase in number of grafts causes a sharp increase in the number of nanoparticles that

assemble.
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We note a few limitations of the model used in this study. One limitation is that these
systems mimic cases where the electrostatic interactions are completely screened. Without
explicit counter ions, it is difficult for us both to replicate experimental findings on the effect of
salt concentration on the assembly and to determine differences in the secondary structure of the
DNA. Another limitation is that the DNA strands in our model are fixed at specific locations,
while synthesis of DNA-functionalized gold nanopartiles is often done using Au-thiol non-

covalent binding that allows strands to move on the surface.

Despite the limitations, our study outlines the parameters that can be tuned in bidispersity
in strand lengths systems to achieve a target assembly. How each system balances enthalpy and
entropy depends strongly on the ratio of bidispersity of strand lengths as well as number of grafts
and number of G/C beads of the grafted strands. Bidispersity of grafted strands can be an
exciting parameter experimentalists can tune to create novel structures from DNA-functionalized

building blocks.
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Figure S.5.1 Relative shape anistropy, <RS4>, as a function of ensemble average number of
nanoparticles per cluster, <N>, for 10 particles, in a (100 nm)’ box, each of diameter D=4 nm
and grafted with N,=8 strands of with bidisperse strand length ratio shown in legend (sequences
listed in Table 1 for Nu,/D=1). Also shown are monodisperse case for Ny, (GGCC) and Njgug
(AAAAAAAAGGCC). Error bars are calculated from the average of 10 trials.
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Figure S.5.2 Relative shape anistropy, <RSA>, as a function of ensemble average number of
nanoparticles per cluster, <N>, for 10 particles, in a (100 nm)’ box, each of diameter D=4 nm
and grafted with N,=8 strands of with bidisperse strand length ratio shown in legend (sequences
listed in Table 1 for Ng,/D=2). Also shown is monodisperse case for Ny, (GGGGCCCC).
Error bars are calculated from the average of 10 trials.

Pl T=0.140
LOFa) s 1:1 Nyyor=4|  1.0Fp) 1:1.5 1.0k c) 1:2 OH) & 13 10re) g1l Nirg=12 10116
< <  F < o <f S oA < o T=0.104
L ¥ + v 05 [ -

g 0.5 g 0.5¢ g 0.5¢ g r ¥ g 0.5p T=0.098
; : g - . . W | T=0.092
00 it 00f ittt L S 00f it 000 it oy

0 5 10 0 5 10 0 5 10 0 S 10 0 5 10

Figure S.5.3 Relative shape anistropy, <RSA>, as a function of ensemble average number of
nanoparticles per cluster, <N>, for 10 particles, in a (100 nm)’ box, each of diameter D=4 nm
and grafted with N,=16 strands of with bidisperse strand length ratio shown in legend (sequences
listed in Table 1 for Nu,/D=1). Also shown are monodisperse case for Ny, (GGCC) and Njgug
(AAAAAAAAGGCC). Error bars are calculated from the average of 10 trials.
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Chapter 6
Conclusions and Future Directions

6.1 Copolymer-functionalized nanoparticle assembly

Summary of work in this thesis. In the first part of this thesis we have examined the utility of
copolymer ligands to assemble copolymer-functionalized nanoparticles. We initially studied the
conformations of copolymers grafted to a single nanoparticle and found that the sequence and
chemistry of the copolymers had a non-trivial effect on the chain conformations at varying
particle size, grafting density and copolymer chain length. We found on the smallest spherical
particle we studied that the radius of gyration varies non-monotonically with increasing
blockiness of the monomer sequence, and the copolymers have both intrachain and interchain
monomer aggregation. At larger particle diameters, however, the grafted chains transition to
being mostly intrachain monomer aggregation and the radius of gyration varies monotonically
with monomer sequence. From this first study, we selected the two sequences with the most
different chain conformations—alternating and diblock—and studied the effect of the sequence
and a range of monomer chemistries of the copolymer on the characteristics of assembly of
multiple copolymer-functionalized nanoparticles. We find that the alternating sequence produces
nanoclusters that are relatively isotropic, whereas diblock sequence tends to form anisotropic
structures that are smaller and more compact when the block closer to the surface is attractive

and larger loosely held together clusters when the outer block is attractive.

Limitations. In the study on the assembly of copolymer-functionalized nanoparticle assembly,

we maintained particle-particle interactions and particle-monomer interactions as athermal to
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isolate the effect of grafted monomer chemistry on the nanoparticle assembly. At low to
intermediate grafting densities the nanoparticle surface can be covered or exposed, depending on
the conformations of the grafted copolymer. Introducing both particle-monomer and particle-
particle interactions is important to understand how the presence of those interactions can affect
the assembly of copolymer-functionalized nanoparticles. Determining the effect of particle-

monomer interactions has been the focus of a recent study by Martin, McKinney and Jayaraman.

Future directions. The first part of this thesis focused on equilibrium properties with respect to
copolymer functionalization—in Chapter 2, we determined equilibrium conformations of
copolymers grafted to a single nanoparticle, and in Chapter 3, we analyzed the characteristics of
equilibrium structures of multiple copolymer-functionalized nanoparticles. Future work of
assembly of nanoparticles using copolymer functionalization could include studies of the
dynamics of the assembled nanoparticles. In Chapter 3, we observed that the sequence and
chemistry of the copolymer affected both the shape (isotropic versus anisotropic) and the inter-
particle distances within the assembled cluster (e.g. compact clusters versus large loosely held-
together clusters). The shape and inter-particle distances in the assembled clusters could change
when extracting nanoclusters from solution to use in a given application. Understanding how
nanocluster structure changes under processing conditions is important for applications such as
metamaterials where shape and inter-particle distance of the assembled clusters affect the
material properties. One can imagine that compact clusters are more rigid than large loosely
held-together clusters, but the extent to which each cluster can sustain deformation without the
structure changing significantly might depend on chemistry and sequence of the copolymers as
well as particle size and grafting density. To a first approximation, one could measure the

rigidity of the particles by monitoring the nanoparticle fluctuations from the center of mass of
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each cluster. For structures of different rigidity, one could then apply shear to the solution to

determine what parameters produce clusters that can maintain a consistent structure.

6.2 DNA-functionalized nanoparticle assembly

Summary of work in this thesis. In the second part of this thesis we used DNA ligands which
have specific interactions through Watson-Crick base pairing to evaluate the role the
directionality of ligands has on the control over nanoparticle assembly. We primarily
investigated two features of the DNA strands: chemical and physical heterogeneity. We studied
the effect of grafted DNA strand composition (e.g. G/C content, placement and sequence)
(chemical heterogeneity) and bidispersity in DNA strand lengths (physical heterogeneity) on the
thermodynamics and structure of assembly of functionalized nanoparticles. Understanding how
these strand features affect the structure and thermodynamics of assembly is non-trivial. Our
study provides valuable guidance to experimentalists on how chemical or physical heterogeneity
(or both) can be tailored for target assembly. We find that at constant grafting density and G/C
content, nanoparticles assemble more readily when the G/C blocks are placed on the outer (far
from the particle surface) or middle portions of the strands than in the inner portion (closest to
the particle surface) because of entropic frustration in the latter case. Also, at constant G/C
content, as the G/C placement along the strand shifts closer to the particle surface the “valency”
of the particle decreases. As particle size decreases at constant grafting density and G/C
placement the minimum G/C content needed for assembly increases. With regards to bidispersity
in strand lengths, we find that at constant number of grafts and number of G/C beads, as
bidispersity in strand lengths increases the average number of nanoparticles that assemble into a
cluster as well as the radius of gyration of the cluster increases and the average number of
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neighbors a nanoparticle has in a cluster also increases. When number of G/C beads is constant
and thus the enthalpic drive for assembly is constant, the presence of long strands in the
bidisperse systems helps alleviate the entropic losses seen in tightly packed particles by
hybridizing with the longer strands on neighboring particles and increasing the inter-particle
spacing. As the number of grafts increase, long strands hybridize to other long strands in
preference to short-long hybridization so that particle surface separation is increased to minimize

entropic loss.

Limitations. Analogous to the limitation of our copolymer work, in the study on DNA
functionalization, we have not modeled non-specific interactions between the bases and the
surface, which could have an effect on the structure and thermodynamics of the assembled
clusters. Additionally we have not included electrostatic interactions to mimic purely a high salt
concentration condition where electrostatic interactions are screened. Changing salt
concentration will need explicit electrostatic interactions, and tuning the strand flexibility.
Modeling explicit electrostatics is crucial when determining the secondary structure of DNA. On
the other hand, omitting electrostatic interactions is a simplification that reduces computational
expense and is applied in cases where one is interested qualitatively in DNA-functionalized
nanoparticle assembly induced by DNA hybridization, and not quantitatively in the secondary

structure of the DNA grafts.

Future directions. Some of the future directions could involve tackling these limitations. To
understand the effect of non-specific binding of the bases to the surface, one could systematically
vary attractions of each base to the surface to determine how the hybridization of the grafted
DNA affects nanoparticle assembly. The model should be modified to include base stacking

interactions so that when a base non-specifically adsorbs to a particle, the structure of the DNA
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changes accordingly, altering the sequence available for hybridization based on which base has
an attraction for the surface. For electrostatic interactions, the model should be modified not only
to include explicit counterions but also to have additional detail of the DNA (or less coarse
grained). One model of DNA that would be effective in studying the secondary structure of DNA
in the presence of counterions is a three-bead per nucleotide model,! where the beads represent
the sugar, phosphate group and base of a nucleotide. Interactions between the phosphate group,
which along a DNA backbone is negatively charged, and a counterion would change the
conformation of the DNA, which can be captured with the three-bead model. Lastly, this thesis
has focused only on spherical particles; therefore, a natural next step would be to study DNA-
functionalized particles of various shapes (e.g. prisms, octahedral, and rhombic dodecahedral) at
varying grafting density and DNA chemical and physical heterogeneity. Current synthetic
capabilities allow one to functionalize nanoparticles densely with DNA strands.”> When particles
of non-spherical shapes are densely grafted with DNA, the resulting assemblies can be 1D, 2D,
or 3D, as the facets of the nanoparticles can inform the dimensionality of the structure. One
limitation to precise assembly using DNA-grafted particles is that the dense coating of DNA
causes uniform attractions of the nanoparticles.” Thus, if one wanted to create a structure of a
finite size with a desired dimensionality, for example for a metamaterials application, using
particles with uniform attractions may encourage more cluster formation than desired. For more
control over the assembly of non-spherical nanoparticles, one could functionalize the
nanoparticles with a low number of DNA strands anisotropically on the facets. Recent synthetic
advances demonstrating control over grafting a desired number of DNA strands on desired

locations onto spherical nanoparticles'”’ may soon be extended to non-spherical particles. Thus
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studying how nanoparticles assemble given different particle shapes at various low, anisotropic

grafting is timely.
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