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SUMMARY

Multicompartment micéés offer great potential for catalytic science, owing to their ability
to sequester immobilized catalytic species into distinct chambers within the micelle. hstelti
reaction sequences that feature+oothogonal reaction steps, multicompartment ttesehelp to
maintain overall reaction efficiency or catalyst efficacy by confining reaction steps to distinct
catalytic compartments and by guiding reactants and products through thermodynamic species
flow throughout the micelle. The morphology of a nmudtnpartment micelle thus directly
influences its performance for catalytic applications. This work explores the relationships between
block copolymer architecture and micelle morphology in order to allow the synthetic chemist
greater control over morpholggvhen synthesizing micelle systems. The chief results of this work
include the development of a computational methodology for estimating the Hilggins . .-
parameter and the formulation of a structural parantet@hich allows for thanorphologiesof

multicompartment micelles to be predicted on the basis of the block copolymer architecture.



1. INTRODUCTION

Efficient reaction desigrforms an importanfoundation ofmany processes irmodern
chemistry Reaction optimization has faeaching effects that greatly improve many other facets
of polymer manufacturing, pharmaceutical production, and related indt8triesparticular, a
field of growing interest during the past century is that of immobilized molecular catafy3isis
topic holds great potential due to its combioatof the best strengths of both homogeneous and
heterogeneous catalysBy allowing for high selectivity and reaction rates traditionally achieved
by homogeneous catalysigile still yielding the excellent separability offered by heterogeneous
catalysis this field presents an opportunity to leverage the advantages of both tecHrfijues

Despite the strengths of immobilized molecular catalysis, howsystemscontaining
multiple tandemnon-orthogonal reaction§.e., reactions which have the potential for mutual
interference)still encounter difficultie$ 28, In extreme cases particular step of the multistep
reaction may even be incompatible with another species present in the system; in such a case, the
catalyzing agent could suffer drastically reduced efficacy or cease to function altbgether

For exampleas studied previouslyy Lu et al, the hydration reaction of terminal alkynes
into methyl ketones may be catalyasdcobalt porphyrifCo-Por)complexes. In the presence of
sodium formatdHCOONa) however, this hydration reaction is prevented. Similarly, the methyl
ketones may be transformed into chiral secondary alcohols of great utility in pharmaceutical
applicatims. The corresponding asymmetric transfer hydrogen@ioHl) reaction catalyzed by
an Ntosylated derivative of 1;8iphenyt1,2-ethylenediamine containing rhodium (RBDPEN),
is prevented by the presence of triflimide (HNTfEZhese incompatibilitiesrpsent obstacles that

traditional implementations of immobilized molecular catalgéige cannot surmount.



A potential solution to these obstaclssesn a field of study which has been the subject

of growing academic interest in recent yeéareamely, that of multicompartment micell&hese

systemo f f er separate mol ecul ar FRodhogomabreactisnd can n wh i

take placeallowing for one-pot synthesis anthndem catalysi§°. Micelles are, of course, well
studied in chemistryindeed, thenulticompartmenmicelle (MCM) is simply an extension of the
traditional idealt is well known that aypical micelle is generally composed of polymers which
have hydrophilic and hydrophobic portidh¥. MCMs, then,are composed of polymeos three

or more distinct portionsa common example results from triblock copolymers containing
hydrophilic,lipophilic, and fluorophiliqHLF) blocks®®#4. For a proper choice sblvent, solutions

of these polymers thugelfassemble into micellar structuresntainingthree or more regions of
microphase separation.

By introducing immobilized catalysts into MGlbntaining systems, it is possible to create
amicellenanoreactdP®’. Because of the multicompartmental nature of the micelles in the system,
it is possible tontroducedifferentimmobilized catalysts within each regiohtbe MCM, thereby
creating distinct catalytic regions within the structure that sumdonitaneousion-orthogonal
reactionswithout the need for successive reaction chamimaite still achieving high reaction
ratesandeasy separabilif) 34 554 5759 The micelle nanoreactor (MNR) thus presents an elegant
solutionto many of the challenges facing immobilized molecular catalysis science.

It is natural to expect that the particular structural morphology of the micelles formed by a
given polymer will in turn affect their utility in MNR applicationBy extension, the grticular
architecture of the polymers selected for the formation of MCMs will have a marked effect on the
performance of the resultant MNR system. For example, even if the species which define the

different regions of solvophilicity of the polymer are dheonstant, variations in theequence



lengths, and length ratios of the respective blocks can lead to significant morphological changes
in the resultant MCM&44 5% Sych changes can then lead to diminished catalyst effectiveness
(e.g., due to decreased extent of compartmentalizatiotgserdesirable reactant and product
transport (leading to reduced reaction rates).

Thereforeproperdesignof MCM systems for use in MNR applicatiorexjuires complete
understanishg of how to control the polymer architecture and, consequentlynitele structure.

A systematic study of the effects of the relevant variables is, however, macldtdiifexperiment

due to thdime-consumingpreparation and reactismvolved. Computational techniques offer a
more economical avenue for the study of large systems such as these, as they allow for direct
analysis of the MCM structure without the ndedstructural synthesis.

Of course, computational methods are not without their own set of chall&ibeseas
chemical systems in physical experiments foll
carefully designed to recreate the real behavith@biven systef®°. Clearly, for instance, two
different chemical speciea natureneed not be instructed as to their miscibilityree energy
considerations dictate the preferred phase(s) of the system. Computational models of these
molecules, however, do not have this natural intuitexglicit simulations must bperformedto
determine these properties before the true study of interest can begin infarnest

Considering all of these factors, the present work aims to study the effects of polymer
architecture and composition tremorphologyof the resulting selassembled multicompartment
micelles. The foundation of this study bein the development of a robust methodology for
determining the miscibility of polymer specdiéand several studiesf morphologicaltunability
in triblock®®®” and tetrablock copolymer micelleFour major studies have already been

accomplished toward this goal acaimpriseChapters & of this dissertationFuture workon this



project, to be undertaken either by the author or by a future reseavithf@cus on(1) additional
refinement of. .-.parameter simulation techniques, as introduceéchiapter3; (2) the ex¢nsion of

the structural parametar, introducedn ChaptersS8 and 4 to include thermodynamic information;

(3) thestudy of additional tetrablock sequences to complement those studibdprters, and (4)
theintroduction of reactants, products, and potentially catalysts into the MCM systems in order to
directly study the effectiveness of such a system for MNR puspdkese potential studies are

discussed in greater detail@hapter8.



2. THEORETICAL AND COMPUTATIONAL BACKGROUND
2.1. Thermodynamicsand Statistical Mechanics
A brief discussion of the key items in the theoretical background of this work is watrante

From a thermodynamic perspective, a detailed study of micelleassdinbly rests on the
foundation of FloryHuggins solution theory, whidbegins with the traditional definition of Gibbs
free energy of mixing, given as

30 30 "¢y, (@8]
where"Yrepresents thabsolutetemperatur®’®. Flory-Huggins theory reduces the solution to a
lattice model®’. Thus, the entropy of mixing'Y can bedeterminedthrough configurational
statistics on the polymer chaias

3Y YE T % &1 %o , (2)
where'Y is the gas constant agd and%. represent the number of moles and the volume fraction
of speciesQrespectively. Likewise, the enthalpy change upon mix¥i@ ) may be expressed
through the change in interaction energies between the unmixed and mixed states:

30 €0 %030 3)
where thamixing energy30 is given as

30 - O 0 o . 4)
Here & represents the coordinatioumberof the speciesQaroundthe species’Q while ‘O
represents the interaction energy between individual moleculgecesand@

o - - ()
that is, the difference between energy of the two molecules in a paired configuration and of the

two separately. While thaixingenergy may commonly be either positive or negative, depending



on the particular pairing of species, tileraction energy is nearly always negative between
uncharged molecules, due to favorable intermolecular interaCtidimen... is defined as
30 jYTY (6)
and its relationship with the enthalpy of mixing is given as
30 € %o... Y'Y (7

Thus, the bange in free energy upon mixing is expressed in ters, 0o, ... , andY"Y
via the combination of equations (1), (2), aid (

30 Y% 1 % &1 % & %.. (8)

Micelles are defined by their microphase separation into distegions®3": 4244 the
simplest case often contains just a solvophobic core with a solvophilic cgyowerned by a
positivefree energy of mixing between the species of the two regiamghis reasorthere exists
a crucial dependence in a micelle solution upompé#ievisemiscibility of each identifiable species
with the othersin designing a computational model of a micelle solution,dtaarly essentiato
obtain accurate... values for eachpair of identifiablecopolymerspecies (i.e., regarding the
solvophobic and solvophilic portions of the fundamental copolymedistinct species).A
discussion of the availability and shortcoming&xerimentatechniques fodoing this as well
as a nelly developeccomputationamethodologyfor estimating... , is presentedn Chapter3.

Computational simulations, however, are performed on groups of molecules far too few in
number for thermodynamics to apflyFurther analysis based on statistical mechanics then
becomes necessary to extend the scope of the system to the thermodynafiidrigaaticular,
the partition functiorl of the possible states offers a manner imctithe thermodynamics of the
system may be studied; generally speaking, the partition function is a summation over all possible

available states of the system. In energy space, this would take the form



B” -, €)
where” - represents the unnormadid probability of energy state. The particular form of this
probability can change depending on which system parameters are held constant; the groups of
parameters held constant are the various statistical mechangzhblesA common choice of
ensenble is the sacalled NVT orcanonicalensemble, in which the number of particles, system
volume, and average system temperature are all held constant. In such an efisenti#epmes
the familiarweight factor of théoltzmanndistributionand the partion function becomes

1 BAOH - BAZD-jQy. (10
This quantity is particularlymportantsince all thermodynamic properties of interesty be

derived from it. In particular, thensembleverage energf.e.,across all stat¢ss given as
000 — B-A@P-jQYjBAGDP-jQY. (12)

Of course, computationally sampliadl possible energy states for a molecule of any real
complexity becomes an impossible taBkrtunately, the nature of the Boltzmann weight factor
means that higlenergy states are much less probable. They then contribute little to the partition
function andto the average energyhus, fort he scope of this work,
partiti of® wilbedefinedoas a sum over die O lowestenergy samples from
configurational space. These energy samples represent the most important comgriiouthe
average energyhe states which are excluded from consideration will be fairly high in energy and
therefore justifiably may be assumed to cause a sufficiently small error in the {esegaioble
average energ®’ across all sampled states.

2.2. Theory of Computational Methods
Through statistical mechanics, the pseedsemble average can be determinedter

interaction energie® , O , andO . These three values, as well as the four possible coordination



numbersd ,® ,® ,and® , must be computed for each possible pairing of distinct species in
the system. As an example, theven values mentioned before would need to be computed for
each of the three pairings possible isimple AB copolymer micelle systemnamely,the A-B
interpolymer pairing and the solveAtand solvenB pairings.

In order to generate accurate values these pairings, it becomes essential to consider
factors at multiple length scales. Indeed, a word about the level of theory in computational studies
is warranted. Computational techniques vary significantly depending on the length scale in
guestion; athe level of a single atom or molecule, electronic structure theory (EST) should be
used to determine the most favorable orbital occupation for a given geGiéteyAt this scale,
techniques such as density funa@l theory or podtartreeFock methods are common.

When there are several atoms present, EST may still be used (with less rigorous settings,
of course), but force field methods often become more economical for larger systems (~50 atoms
or more), especibl if only generally correct values of orbital occupatimesed properties, like
partial atomic charges, are neededrce field methods certainly treat the electronic energy of a
molecule more approximately but give an added advantage of sigm§canty cheaper while
still delivering satisfactory accuracy. Even still, these methods are unsuitable for systems with
hundreds or even thousands of atoms; at such large length scalesgcaiaese (ormesoscale
techniquesre often used to reduce the lewébetail represented in the system, allowing for the
evolution of many atoms or molecules to be studied at the network scale.

2.2.1. Electronic Structure Theory

At the lowest length scale, EST methods are universally based upon apprecatotta

of the timeindependent Schrddinger equation

e[ o 0Of o, (12)



where O s the total energy corresponding to wavefunctiom andO e is the Hamiltonian
operator of the system given by
O » oM jcd we. (13)

The two terms in the Hamiltoan above represent kinetic and potential energy contributions.
Lastly, the coordinate contains both a spatial coordina@nd a spin coordinate

EST methods may be classified either as wavefundttased or electron densibased.
The former incldes Hartredrock theory®® (procedures which do naigorously consider
electron correlationand London dispersion effeBts or postHartreeFock method$ 82
(procedures which include increasingly rigordusatment of electron correlatfo¥’). Despite
thesedifferences, aommonality to manyvavefunctionmethods is their basis in the variational
theorem and dependence on a-selfisistent fieldSCF)proceduré. It should be noted that EST
methods based in perturbation theory riut make use of the variational theo&#?; these
methods are, however, beyond the scope of the current work.

The first step in this process is generally to transform the Schrodinger equatioorieto a
electron Schrodinger equation of the form

Qe %o @ - %0 ® | (14)

where'Qe fills the role of a onelectron Hamiltonian operator that considers kinetic energy as
well as Coulombic and exchange interactidase represents a orgledron wavefunction as
opposed to the overall wavefunctione , in much the same way thatrepresents the energy of
a singleelectronas opposed to the total eneiQy

Next, basis functionsre introduceds linear combinations of atomic orbitaisking the
form

% e B & %o (15)



The basis function%o, weighted by coefficient® , are generally exponential functions with

radial dependence of eith@r or'Q . Although he former(referred to as Slataype orbital&’) is
more accurate, the latter (Gaiasstype orbital€:%) is nonethelesgenerdy favored for its higher
computational efficienc. The colkection of all basis functionssed in a particular calculatias
referred to as hasis setUpon the introduction of these ternegjuation(14) may be rewritten in
matrix form aghe Roothaan equation

€EANA (16)
where¢ andn are the Focland overlap matrices, respectiv@§?. The Fock matrixserves ashe
Hamiltonian operatorwhile the overlap matrix is iressence a normalizing matrix used in
orthogonalization of the Fock matriXhese matrices are given by

¢ L% e Qe %o e Qe a7

N L% ® %o e Qe (18)

Because& and’Aare interdependent, at this point 8€Fprocedure beging andAare
iteratively varied, with each updating the other upon each iteration, until they converge to a desired
level of accuracy. This yields orbital occupation and orbital energies, flygmathe groundstate
configuration. The variational theorem guarantees that these methods cannot underestimate the
true energy. It should be noted that base Hafmk theory is deeply flawed in its failure to
consider electron correlation; pdsartree Fock methods aim to correct this, but another quite
popular approach exists.

All of the methods discussed thus far are iterative approaches to find the wavefunction
[ e which minimizes the total enerd. Density functional theor{DFT), howevertacklesthe
Schrodinger equation by seeking the electron defhsiy which minimizes the total enerdy®e.

The HohenbergKohn theorem demonstrates that the grestade electronic properties of a system

10



depend only on the electron density, making this approach fully traétabidndeed, DFT can
deliver far more accurate results than base HaRoe# theorywith comparable compuianal
cost? Expressing the energy asfumctional of electroncleverly reduces all energy terms for

which an analytical expression is not known into a single parai@eter » :

V,Q> _A | 2 »
s -

0" » -B ®hos ol B > O " » (19)

The first three terms in this equation represent the kinetic energy of an analogous system
of noninteracting electrons and the Coulombic energies for the attractive neeleetronic
interactions and the repulsive tvetectron interactiorfS. The unknown parametéd ~ »
termed the exchangmrrelation functional, is the core hurdle in DFThus, the choice of
functional is a major determinant in the accuracy of the computation results.

Even though the expliciforms of exchangeorrelation functionals can vary quite
drastically themostcommon functionals fall into one of several major categories. Lamadity
approximation (LDA) functionaf$ 1°3use only the local electron density» at each point:
Generalized gradient approximati8ht9” (GGA) and metaGGA%®110 functionalsadditionally
incorporate the gradiemt” » and the Laplaciam " » for additional informationHybrid
functionald'*!"make use of the Hartrdeock exchange energy expressieimally, hybrid meta
GGA functional$'®1?° utilize all of the termsdiscussediboveand are extremely accurate, but
greatly increase the computational cost of the DFgutalion. As a resulGGA (e.g., PBE®) or
hybrid (e.g., B3LYP*1%) functionalsare generally useghless extreme accuracy is desired.

It should be noted that whil@FT deals with electron density rather than the wavefunction,
it is still fundamentlly a variational method! The most common implementation of DFT, often

referred to as KohSham density functional thedfy'? (KS-DFT), expresses equation (14) as

Q » % » - %o » (20)
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where the onelectron Hamiltonian operatdf) is given as

Q -n B o' -
Y % "> >

(O] NN (21)

consisting of kinetic energy, nuclealectronic attraction, twelectron repulsion, and exchange
correlation potentials, respectively. The SCF procedun€S-DFT is applied in an analogous
manner tothatin HartreeFock theory® to achieve convergence of the dabioccupation and
orbital energies, making KBFT (and, indeed, DFT in genera)variational method.

Once the orbital occupation has been determipeaperties such as the partial atomic
charges may be calculated. Thereagainlymany approaches faccomplishing this; Mulliken
population analysis is a common technique which assigns partial atomic charges directly based on
the orbital occupation, distributing partial charge evenly in the case of orbital d9€Hap

More sophisticated techniques include #lectrostatic potential (ESP) method, which
attempts to assign partial charges such that the proper ESP at various points is replicated around
the molecul&*'?’. The Bader method of partial charge analysis defines a series efluzero
surfaces around atomic centers and integrates the electron density within the volumes defined by
these surfaces in order to find the partial charge on eacht?&tdmThese more sophisticated
techniquesnaypresent better choicégr studiesdesiring extremely higlaccuracy partial atomic
chargesHowever, vihen only approximately accuratalues are needed, a careful selection of
basis set willenderMulliken population analysis a viable option.

2.2.2. Force Field Methods

When many atoms are present, force field methods are excellent tools for examining the

behavior of a molecular systém'*3 Such methods are generally categorized as either molecular

mechanic®r moleculadynamicswith the clear distinction being the absence or presence of time
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evolution, respectivelj*1%¢. In either case, however, force field methods study the variation in
energy as a function of moleculg@ometry and atomic positions.

Generally, this variation is implicitly studied by way of a potential energy surface (PES),
giving the relationship between the configurational energy of a molecule and its geometrical
parameters™L In the case of water, for example, the PES captures the variation of energy with
respect to €H bond length and HD-H bond angle. Of course, a more complicated species would
give rise to a PES which cannot be easily visualized. With this in mind, a meedileeview of
the dependence of energy on geometry and position takes the form of potentialfenerggs
(PEF) a collection of which constitutefarce field

There are, broadly, two types of PEF: beddnd nonbondedinteractions. The simplest
boncded interactions are fairly intuitive, including such terms as bond stretching, bond angle
bending, andlihedral angle torsiarBond stretchinggenergy,O, may be modeled as a harmonic
potential, although this gives incorrect limiting behavior at largeratomic distances. A more
appropriate choice of equation, generally referred to as the Morse pététtiatakes the form

0 Op A@PQcoa a (22)
whereOis the dissociation energf is the force constant associated with the potential well, and
a is the equilibrium bond length.

Bond angle bending enerd®,, may also be modeled as a harmonic potential close to the
equilibrium bond angle, but this quickly fails at larger bond @sgFor this reason, @sine
harmonic potential is often employed, commonly expressed as

0O -MAI-O0AT-© . (23)
In a similar vein to the bond stretching potential, i@reepresents the force constant associated

with the angle bending anré represents the equilibrium bond angle.
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Dihedral angle torsioenergy,O , requires a more complicated expression, owing to the
fact that multiple stable dihedral angles exist for a given moleSirlee one minimum alone will
not suffice, his term isfrequently expressed as a sum over several tefrzs example, a
commonly used expression for this potential takes the form

0O -BQp Al O% % |, (24)

with 'Q again serving as the force const&ft.is, however, not directly the equilibrium torsion
angle, but simply a minimum on the force curve of multipli€ity

While other bonded interaction terms are sometimes emplbyaeh as oubf-plane
bending or cross terms like stretibhnd potential§ the three mentioned above are the most
common andaften the most important. Tm@n-bondednteractions, by contrast, are nearly always
limited to electrostatic potential and van der Waals potential terms. The former of these is simply
a Coulombic interaction potential of thenfiliar form

o Anity (25)

wheren represents the partial charge of at@inrepresents the effective dielectric constant, and
Y represents the interatomic distance. This expression demonstrates the importance of obtaining
an accurate estimate of the paréatomic charges from ESQuicker partial charge estimation
schemes such as chamguilibratiot*® (QEq) or Gasteigemartial charge&**4’ can be
insufficient for correct determination of energies based on molecular mechanics.

The van der Waals potential consists of attvacéind repulsive energy contributiotise
shortrangeinteraction is strongly repulsive and follows approximatelyexponential function,
while at relatively longseparatiorthe attractive term proportional 8 dominates Combining
these dependeies, acommonexpressior(generally termed he fiex-ponent Batki ngt

potentiat*®) of the van der Waals interaction enei@y becomes
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0 | AgB Y riyY (26)
with| ,T , andl being empirically fitted parameters contained within the choice of force field.
Although this expression is very accuratanost interatomic separatigtitspredicts unphysically
attractive behavior at extremely short separationsalfamnate expressiomhich avoids thishest
known as the Lennasdones potentiatakes the form belott?
0 0 Yj'Y ¢Yj'Y (27)

This formulation is quite appealing partbecauset avoids the unphysical behavior encountered
by the Buckingham potential at extremely short interatomic separatiaesalso significantly
quicker to computand contains within it the most salientafeires of the force cunvei.e., the
equilibrium interatomic separatiovi andminimum energyO .

An important application of the PEF defined in equations-(22) is the minimization of
the energy of a molecule on the PES. Such a procesumneed geometry optimization, relies on
gradient techniques such as the steepest descent or Neaphison method®!°2 Although
these approaches are designed to semkmaon the potential energy surface, an interesting
application allows for transition statestie studied. Transition states exist as saddle points on the
PES, being a minimum in all but one geometriiatension$3. Molecular mechanics stig of
these states require the Hessian matrix, an analytic formulation of which can beocolstéyrt (if
possible at all)Studying them can thus be considerably more difficult than geometry optimization.

The considerations discussed heretofore generally fully capture the scope of molecular
mechanicswhenconsidering the time evolution of a reolle or group of molecules, however,
moleculardynamicsmecessi t ates sever al additional expr e

motion are integrated araftenexpanded as a Taylor expansion of position as a function of time:

»0 1 0 ¢r0O »O 7 O —3 070 (28)
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This seconebrder expansion, known as the Verlet algorittfimis noteworthy in that it is
independent of atomic velocitiekstead this algorithmdepend only on the atomic posdns

from the current and previous timesteps and the forces upon each atom at the current timestep. Just
as the partial atomic charges highlight the importance of EST to force field methods, so too does
the Verlet algorithm expressed thusly highlight thgortance of accurate PEF expressions to
molecular dynamicsNaturally, there exist many variants of this algorithm (velocity Verlet,
leapfrog integration, et®>'®)), but they all share the important dependence upon the PEF
expressions that the Verlet algorithm displays.

As a system evolvests properties will necessarily evolve as well. Some properties,
however, aght to remain constant: the temperature, for example, is often a system parameter. It
therefore should, on average, remain constant as the system e@&ylstsn controls such as
thermostats and barostat® often used to regulate parameters that are used to define the system.

Onepossiblechoice for these regulators are the Berendsen thermostat and b&r§8tat
This thermostat regulates temperature by scaling the atomic velacitéimestep(by a factor
_, givenby

_ P 1Rt oYY b, (29)
wheret is a coupling constant of the system to a heat bath of cotstapératire”Y. The ratio
of the temperatures between the heat bath and the sydtegneiforethe characteristic parameter
which governs the scaling of the atomic velocities and thastemperature regulation. The
Berendsen barostat works analogously, maimtgirconstant system pressure by scaling the

system volume by a parametergiven by

- p t1hHt 0 0 1. (30
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Herel is simply the isothermal compressibility of the system, whileand0 are constants
associated with a pressurized reservoir analogous to the heat bath of the Berendsen thermostat.
Like the Verlet algorithm, there asdsomany forms of thermostats and barostats (Andeiesé

Hoover, etc16%+165),

2.2.3. Dissipative Particle Dynamics

Since molecular mechanics and molecular dynamics exclude explicit consideration of the
electronic motion or orbital occupation (and thus also exclude any treatment of the Schrodinger
eqguation), these methods aandel large numbsiof atomsquite effectively Whenstudyingthe
time evolution of a system of several hundred or more atoms, however, evegthioels outlined
abovebecomeimpractical At this scalejt becomes necessary to empkgme levebf coarse
grainingi that is,thereduction ofagroup of atoms inta singleparticle.

A powerful tool for analyzing the time evolution of a system of many atoms and molecules
is dissipative particle dynamit®%® (DPD). As in all coarsgrained techniques, DPD reduces
groups of many atoms into particles, commonly referred toeasls Any DPD simulation will
likely haveat leasttwo bead types, wdreeach typerepresers aparticularcollection of atoms
with specific properties. It should be noted that all beads in the system have the sartf& mass
therefore, a judicious set of bead type definitions from the original system becomes highly
important. Additionally, in order to preserve a sense of chemical identity for the beads in the
system, characteristics such as the stiffness of ififeresht atomic/molecular species and the
miscibility of eachpair of species ought to be assigned properly to the molecules.

The time evolution of the DPD system originates in the presence of three forces exerted on

the particla!®®1®, For any given particl&the force upon this particle is given by

i B o3 3 9 (31)

17



As indicated by the summation bounds, each of these forces extends to all particles within a sphere
of cutoff radiusi . Particles outside of this cutoff radius are considered to have no interaction with
particle"QThe magnitude of is frequentlytaken to be unity; however, in this discussion it will

be left in its original form.

The first of the forces in equation (3¥),, is a conservativéorce which describes soft

repulsion between particlé&nd’QFor alli i , its functional form is simple:
3 wp iji» (32)
Of course, foi i , the force reduceto zero. The prefactad is often termed the repulsion

parameter; its magnitude is related to the Flduggins ..-parameter through a simple linear

scaling relationship dependent’brthe bead densit§®. For” a8y, this relatiortakes the form
W cuL OoB.... (33)

Note thattherepulsion parameters are symmetrical (i&.7 @ ).

Because the chemical identity of the species in the original system is primarily described
by the repulsion parameter, a DPD simulation @aly correspond accurately to a given physical
system insofar as its repulsion parameters correspond accurately to the real miscibility between
these specie®\s a consequence, accurately determining. Eparameters between each pair of
identifiable speies in the original system directly impacts the extent to which the DPD simulation
properly captures the behavior of the physical system; as mentioned earlier, this important goal
will form the basis ofChapter3.

The second and third forces in the DPanfiework, represented gy ands , are termed
the dissipative and random forces, respectivebgethey these forcesonstitute a thermostat for

the simulation systenthe dissipative force introduces a drag proportional to the relative velocity
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o betweerparticlesGand@hi ch serves to r edu cteerandom forcee ads 6

T also referred to as a randahermalforcei serves to replicate the presence of atomic collisions
andi ncr ease t he tohesydesoThinetional forms of these forces are simple:

5 rp iji »io » (34)

3 . p iji —301 » (35)
Again, these forces extend only over the range i . The factor is a random variable, chosen
independently at each timestep for each pair of interacting particles, with statistical properties

6- O mandd- O p. (36)
For statistical reasons, the inclusion of the fagtdr | in equation (35) is essential. (A detdile
explanation of the origin of this factor is, however, beyond the scope of the present work.)

The amplitudes and, of these two forcearerelated through the stalledfluctuation

dissipation theorem of DP,lvhich gives rise to the governing relathip

. QY 37)
A justification for this relationship requirexamination othe FokkesPlanck equatioty® 176172

T o flr fl 7, (38)
where” " »h=dD represents the probability distribution function corresponding to the system
occupying position state and momentum stakas attime 0. The operatorfl andfl are more
complicated; the former captures the conservative force described by equation (32), while the latter
captures both the dissipative and the random forces described by equations (34) and (35). These
operators argiven by the following expressions:

f B=— BB 1 (39)

i BB p iji »— »to -, » — — (40)
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Often it is usefufor the equilibrium probability distributioh T that is, the solution of
setting equation (38) equal to zérto be identical to the Boltzmann distribution. In such a case,
the thermodynamics of the system may then be expressed accurately threuganahical
ensemble of statistical mechanics, as previously described in equations (10) and (11). Requiring
that equation (37) be satisfied is sufficient to ensure’thathe steadystate solution to equation
(38), will move toward the Boltzmann ditbution” A @b-jQ"Y.

The actual implementation of molecular dynamics (i.e., time evolution) into the DPD
system is typically accomplished through a modified form of the velocity Verlet algétthm
Although there are several importanttitistions in practice, the general form of the algorithm is
similar enough to that presented in in equation (28) that further discussion will not be presented
here.In any case, it should be noted that the most crucial distinction between molecular dynamic
asimplemented on a fully atomistic basis (i.e., as discussed eanhidrinolecular dynamics as
implemented in coarsgrained techniques such as DR& in the definition of the forces acting
on the constituent species. Since coansened techniquesimplify actual molecules into
particles,the force expressions in equations (22j) are inapplicable. Insteatthe expressios
described in in equations (32), (34), and (35) must be used.

As a final note on the theoretical background of this work, there exists a natural progression
connecting all of the areas discussed thus f@hapte2. Computational modeling and simulation
of a micelle system exists at far too large of a scale forre&hods and is even too unwieldy for
fully atomistic methods in molecular dynamics to handle. Cegiramed techniques, however,
necessarily strip the constituent species of chemical identity, so properties must be assigned to the

particles in such teclioues as DPD to recapture as much of this identity as possible.

20



Theseproperties, such as interspecies miscibility, may be determined through the use of
methods like (fully atomistic) molecular mechanics. The calculation of accurate properties from
these orce field methods in turn relies on EST techniques for the optimization of force field
parameters and assignment of partial atomic charges, among many blibvwesier, since
thermodynamic properties such as the average interaction energy of a paircefiesadepend on
all available molecular configurations, statistical mechanics must be employed to obtain a proper

value of such quantities from a large sample of configurational space.
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3. COMPUTATIONAL ESTIMATION OF FLORY -HUGGINS F-VALUES
This chapter wa adapted from a 2018hemPhysChemublicationby the authof™.

The foregoingtheoretical foundations serve to underscore the complexity of creating
accurate computational models of large systems like MCMs. As a consequence, it seems natural
to approach such a study in a hierarchical manner: first, analyses based in EST and atomisti
molecular mechanics will be performed to study the properties of the chemical species at hand.
Using these results, a coaigmined simulation of the time evolution of a polymetvent mixture
may be conducted to study the sagkembly of a micelle siem and the resultant structures as a
function of polymer composition.

The present work focuses on modeling MCMs composed of polymers with three distinct
blocks of solvophilicity. Along the lines of the piecemeal approach outlined above, preliminary
studes in this work have been divided into two major thrusts. A rigorous framework for
computationally estimating the.parameter was developed, with satisfactory results compared to
several systems of experimental study. Separately, an idealized DPD studys(ng..-values
specifically chosen to guarantee three distinct solvophilicities) was conducted in order to examine
the effect of characteristics of polymer architecture such as the lengths and length ratios of the
three polymer chain blocks. Thereistx a wealth of existing studies which demonstrate the
applicability of DPD for the study of micelle structute8°6!: 173180 making this an ideal choice.

Previousstudiesr e | a t e dparanteterthde bighlghtedthe large spread of values
generated by experimental measurements (e.g., by inverse gas chromat8ti&ptifferential
scanning calorimet®{*8’ or smakllangle neutron scatteritf'%%), necessitating very precise

control of experimental conditions. To compound all of these difficulties, even when such
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precision is possible, there is no guarantee that the requisite data (Hildebrand or Hansen solubility
paameters, cohesive energy densities, etc.) are known accurately, if at all.

Due to these significant l i mi tations of
parameter,it may be advantageous to consider computatideehniques in studyg the
miscibility of two species For one, pardmeter Itheotigh noghputerhsenuladions
instead of experimentation would greatly expedite the process of determining the miscibility of a
given pair of molecules. In addition, the development of a temperatlecompositiorsensitive
model f or epatameteawouldpgve théhway far full constructions of phase behavior.

In thischaptey a molecular modeling approaishpresentedvhich allowst h gyaraneter
to be estimatetbr a given pair of molecak. Combined with the existing theories and molecular
modeling techniques, such as Flbtyggins theory, density functional theory, molecular
mechanics/dynamics simulation, and configurational statidtics,approach establishesnew
procedure of normaling the interaction energies using the molecular volume enclosed by the
Connolly surfaceThis createsn interaction energy density which is analogous to, but distinct
from, the cohesive energy density. From this study, it is apparent that this nexely el
procedure produces accurate estimations for polymer miscibility.

As discussed in greater detail @hapter2.1, the FloryHuggins..-parameter is a useful
tool for analyzing the miscibility of two chemical specigsifortunately, most of the traditional
experimental methods hayegesented challengefor examplethe ..-parameterbetween two
polymersmay be estimatedia inverse gas cbmatograph¥?*'83 (IGC) by first determining the
miscibility between a probe speciesefresented byl) and each of two polymer species

(represented bg and 3) These interactions can be determined according to the expréssfon

0J, (41
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where®, 0 J, andé represent the molar volume, saturated vapor pressure, and second virial
coefficient (in the gaseous state), respectively, of the probe spéciesnd 0 represent the
specific volume and molecular weight of a polymer, respectively. The paratndtepresents

the reduced specific retention volume. An analogous expression exists.f@ithoughmanyof
theseparametergan be determined via experiment to satisfactory accuraegagh and Munk

have noted that the parametéss 0 J, and® areall subject to a relatively large amount of
uncertainty®l, leading to uncertainty in. and... .

An expressionHat avoids the use of these parameters can be derived & well

] 1L %ol T—2 %ol T—- (42)
Here' is a simple volumetric ratio and and%. are the weight and volume fractions of species
‘Qrespectively. However, even if this expression is employed, the very low values of the retention
volume lead to large eor inthe ..-valué’®’. For these reasons, although IGC offers an avenue
for estimating the.-parameter, it presents prohibitively largncertainty to be a practical method.

It is also possible to estimateusing smaklangle neutron scatteritiy*®* (SANS). This
procedure measures the angle of refraction of neutrons through an experimental nrethisn, i
case a solution of two polymer species, while varying angle of incidence in a manner analogous to
small angle xay scattering. The interaction parameter between the two species can be calculated
using theequatior®®

- % 01 00T %60 P % , (43

where%orepresents volume fraction of B in &, and@® are the degree of polymerization of the

two species]) represents the total number of B polymer chains per unit volumepandand
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0 1 represent the intramolecular and intermolecular components of scattesipectively The
scattering vecton can be expressed using the equation
n —OE}, (44)
where_ represents the wavelength of the neutrons-arepresents scattering angle. Ito, Russell,
and Wignallnotethat%s 0 , and® are known from theompositionof the solution and fro the
synthesis of each speci@us extrapolating) j atfi Tyields the..-parametef®.
On the other hand, it is well established thaaries with temperature. In particularmay

be expressed as the sum of a temperahaependent entropic term and a temperatiggendent
enthalpic termt 192 as shown below:

Y 00 - (45)
Determining an empirical equation farof this form requires that SANS be performed at each
step in a range of temperatures and the resultinmglues be fitted as a linear functioninberse
temperatureFor this reason, although SAN&duces useful miscibility data, the time needed to
prepare and test solutions at eaelevanttemperature makes it@mbersomend impractical
method of determining.

This studyaims torevise the theory by utilizing molecular modeling method@ke initial
step was to prepare molecules for miscibility analysislding molecular structures Cerius2
(Molecular Simulations Inc., San Diego, CA, USAudimentarypartial chargeanalysisand
coarse geometry optimization were carried out via the QEq méthaad molecular mechaniéd
respectively. Coarse geometry optimization via molecular mechanics in this stage improves
convergence in the nexnore robustgalculationausingMulliken population analysis addFT.

After the coarse geometry optimizat, the DFT geometry optimizatioand orbital

occupation analysis wepgerformed using Jagudf in Maestro (Schrodinger, New York, USA)
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with the GGA functionalPBE and thebasis se6-31G** to refine the molecular structures. The
atomic partial chayes were obtained using Mulliken population analysiThe SCFprocedure
was performed with a convergence threshold of {i0tree.

Next, molecular dynamics simulations were performed on these molecules via the Forcite
module of Materials Studi® (Accelrys, San Diego, USA) to sample l®mergy conformations,
which were employed for the miscibility analysis. Téesmulations were carried out at 298 K
with a timestep of 1 fs for a total simulation time of 50 ps. It should be noted that while 50 ps is
nominally too small a timescale for molecular dynamics, in this case the limited conformational
space othesmallmoleculesbeing consideretenders the use of a longer timescale unnecessary.
A trajectory file was generated by saviagnapshot ahe structure every 500 steps. The energy
was calculated using Dreiding force fi€ltland an NVT ensemble with random initial velocities.
These same procedures were repeated for a second molecule with the same conditions. The process

flow of the initial preparationfcone molecule is shown figurel.

fmmmmmmmm fmmmmmmmmmmmm e m oo
1 1

. 1 . .
Build molecular .1 Estimate coarse partial _ _,: Perform coarse geometry 1
. P : . 1
structure : charges using QEq : : optimization using molecular ,
------------- ’ | mechanics simulation :

e e e e e e e e e = = = -
I

¥
Perform fine geometry optimization and estirr
partial charges using DFT method and Mullik
population analysis

MD simulations to generate
most probable configurations

N

Trajectory file for molecules 1 and 2

Figure 1. Preparation of molecules for miscibility analysis. Steps shown witshed border are optional, depending on the
conformational diversity of the particular species.

The Dreiding force field was selected because it has been extensively demonstrated in

previous work by the authors to be accurate and reliable for organecual systent&”202
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Further, theattractively simp typing rulesandimplementation of force expressions makes the

molecular dynamics simulations proceed efficiently.

With molecular structures for molecules 1dag stored in trajectory files, miscibility

simulations were performed using the Blends module of Materials Studio at 298 K. When

undertaking this calculation, 1x#0x10 samples were collected with an energy bin width of

0.02 kcal/mol. In order to deteme the coordination number of each pairing of molecules,“x10

cluster samples were taken with 20 iterations per cluster. The 1,000-kvezgly sample frames

were retained fofurtheranalysis. Similar to the Forcite calculation, here the Dreiding fiostoe

was employed to determine intermolecular interaction energies.

It should be noted that Blends module of Materials Studio has been obseredd results

with large variatiof”*2%°. To combat this, pogirocessing and data analysis steps developed by

the authorsvere employedvh i ¢ h

I mproved t he -sauessigndicantly. A f

molecular mechanics task was executed in Perl witheteNhls Studio, as shown Figure 2.

During this process, a secondary geometry optimization was performed on each individual
molecule and pair of mateles in the lowestnergy frames output by the Blends simulation,

which allowed us to determine the energies and Connolly volumes of both the individual molecules

and the pair of these two molecules.

Trajectory file for molecule

1

4

Miscibility simulation to obtain low

Trajectory file for molecule

'

energy pairing configurations

!

Data analysis

Molecular mechanics simulation

for geometry optimization

A

G-parameter for the molecules 1 and 2

Figure 2. Miscibility simulations are performed using the trajectories as inphssmulation results are analyzeddbtain... .
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Once this was completed for each of the 1,000 lowestgy frames, additional data
refinement was carried out, in which the intéi@t energies were normalized by thelume
enclosed by th€onnollysurfacé®®?'1and then averaged via Boltzmann statistics. These two steps
result ina more realistigicture of the interaction energy at any given pamttime and fairly
consider the effect that molecular size has on the apparent interaction strength.

This technique of Connolly volume normalization (CMVil)proposed on the basis ttzat
direct calculation of the interaction energies between molecdtess not fairly assess
intermolecular interactiorProper consideration of this possible issue cannot be assumed while
utilizing the Blends module alof&é. For example, two large molecules with weak interactions can
appear to have the same affinity for one another that two small molecules with strong interactions
have, which would lead to faulty conclusgabout thesegmentwvise miscibility of these two
species. Thus, in the expression for the Fldny g g i-parameter between species 1 and 2 as
shown in equationg), an alternative expressigproposedor the exchange energy between the
unmixed and mied statesz-0

30 -0 O O Jjw ® Tjw ® Ojw (46)

Herew refers to the volumenclosed by the Connolly surface othex combined pair of molecules
‘@nd’ QThe reference volum® and Boltzmanraveraged energyf are given as

W %o W € %o W € (47)
and

g —=B ©0Q I | (48)
respectively, where refers to the degree of polymerization of spe®8s is the number of low

energy frames returned from the blends calculationlérid thepseudepartition function of the

corresponding system Of frames as discussed iBhapter 21.
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1° B Q 1 (49)
Some discussion and justification of thewnterms in equation (13) is warranted. The
interaction energy is weighted by the Boltzmann factor to beco@iein order to capture the

statistical mechanical probability that would favor fewergy frames in a physical system.

Further, the irgraction energydensity 0 j @ is fundamentally a sizmitigation term. The

contribution of an interactio® to the overall exchange energy may be overestimated if
the species 1 is particularly large. It would be unclear how much ofdh&ibutionarises from
t he s gizeand hevs duch arises from itgrinsic interaction strengthTherefore the energy
is normalized by the size oféhmolecule such that molecules only contributeio based on
their intrinsic interactiorstrength
The introduction of the volume normalization term renders the expression dimensionally
inconsistent witke0 , so some volume prefactor is necessare Tparameter is nominally a
segmeninteraction paramet&¥, so to preserve thiguality the volume prefactshouldrepresent
the fAaver age o ws e gveetmeConnolly alume of an individual segment of
species 1 (and likewise fos¢ ). Thenw is computed as the volume average of the individual
segments, to obtain a representative fAaverage
In the present work, miscibility analyses weerformed on four principal systems. The
first system is a blend consisting of poly(epichlorohydrin) (PEEigure 3) and poly(methyl
acrylate) (PMA Figure 3). The second consists of polyethylene glyd®EG Figure 3) and
poly(methyl methacrylate) (PMMAFigure3). The last system is a triblock copolymer consisting
of poly(acrylic acid) Figure 3), poly(6-(4-formylphenoxy)hexyl acrylate) Hgure 3), and
poly(pentafluorostyrene}{gure3) as bl ocks A, B, a n epardineters es pec

reported in this study correspond to mixtures with equally divided volume ratios.
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Figure 3. Chemical stuctures of species studied in this work: (a) poly(epichlorohydrin), (b) poly(methyl acrylate), (c)
polyethylene glycol, (d) poly(methyl methacrylate), (e) patyylic acid) (block A), (f) poly(6(4-formylphenoxy) hexylacrylate)
(block B), and (g) poly(ptafluorostyrene) (block C).
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Finally, to further test the accuracy of this method with respect to experimental results,
DPD simulations were carried out using thevalues obtained as detailed abdoethe triblock
copolymer system described kigure 3. Using periodic boundary conditions in a simulated box
size of 30x30x30 at a reduced temperature of 1.0, the simulation required a duratixil6f 2
reduced DPD units with a timestep of 0.05 to reach equilibrium. Temperature and pressure were
monitored to ensure that the system reached equilibrium. The system was composed of 10%
triblock copolymerwith a reduced architecture ofsBq1Ci3 (relative to the real experimental
system of AsB110C135) and 90% water with bead density= 3. Repulsion interaction parameters
& were calculated directly from the.-valuesthroughequation (33)as outlined by Groot and
Warrert®®. All dissipation parameters were equal to 4.5.

As previously stated, miscibility simulations were performed for a blend of PE@QHré
3) and PMA Figure3). This systenmhaspreviouslybeen studied via IGExperiment¥¥18 Table

1 dispays the minimum, average, maximum, and standard deviation of the experimeabaés
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obtained via IGC in comparison witomputationakesults using botthe updated model from

equation 46) and the traditional FlorHuggins formulation from equatiod)

Table 1. Comparisorof ..-parameter for PECHPMA pair between simulation amkperiment

I (experimental, via IGC18%+182

349 K -0.09 0.252 1.470 0.437
398 K -0.07 0.146 1.010 0.259
I (simulated, viaeq. (46))*

349 K 0.431 0.496 0.553 0.039
398 K 0.379 0.434 0.481 0.033
I (simulated, via traditional Flory -Huggins model}

349K 1.583 1.734 1.854 0.089
398 K 1.389 1.518 1.619 0.074

1The simulation data a@veraged across 10 independent calculations, using dielectric scregmingatetike
solvent{ x @) in force field methods

There are several striking results from this simulation. First, the method pebens

guantitatively matches the datatained via experimentation to a very satisfactory degree, with

the average.-valuefrom simulationfalling well within the range of values obtained from IGC for

this polymer blend system at both 349 K and 398 K, the temperatures considere&higAand

Mu n k 6 s aviodeover, the spread of the data obtairfieun this new computational

methodologys farsmallerthanthe spreadh the experimental-valuesindeed the computational

methodology shown here reduces the standard deviation of the obtained data to only 10% of the

data obtained via IGC experiments.is also noteworthy that the results from the modified

formulation of FloryHuggins are much closer to experiment than those from traditional methods.
Finally, the results here were refined essentially as little as possible: only the monomers

were consiered, and the number of energy samples used did not exceetd Bylithproving

some of these simulation conditions, the accuracy and consisteaheymiscibility analysis could

be improved far beyond what can be extracted from physical experiments.

31



It is noteworthy that Knopp et al. have suggested that modeling the entire polymer is
unnecessary to obtain reliable miscibility ddtsteadtheir work suggests th#tere is a threshold
number of repeat units beyond whikthither increases in the degrefepolymerizationresult in
diminishingly small changes in thevalue®®. This suggests that appreciablgate resultsan
be obtained fromelatively small molecules iawell-established simulation procedure.

Miscibility simulations were also performed for a blend of PEGyre 3) and PMMA
(Figure3), a system whichas been studied experimentally using SARKnopp et alreported
that using the monomer species to estimate polymer miscibility may be flawed in cases where the
repeat unithemistry is changed upon polymerizatfdnThus, in order to more accurately capture
the chemistry of PEG, the trimer form was used instead of the monomer, whereas only the
monomer was considered for PMMA. The differencel@égree opolymerizaion is normalized
when calculating ..through the modified FlorHugginsprocessintroduced here; see equation
(47). Figure4 displays a comparison difie ..-parametenf this system obtained through SANS

with that obtained from simulations.

0.8 +
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0.4 +
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-0.8 ; — — - SANS prediction
B ——
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Temperature (K)

Figure 4. Changdn G-parameter as a function of tperature for the PEGMMA blend from both smalhngle neutron
scattering dasheded line) and miscibility simulationsdglid bluelines).
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Notably, Ito, Russell, and Wignall found that the valu¢hef..-parametefor this system
is very small well under the—solvent condition 06 = 0.5 indicating favorableniscibility - 18°
The modified FloryHugginssimulation methogielded results in excellequantitative agreement
T across five independent trials, the averagelue from simulatiorat all temperaturess only
slightly larger than the valuebtained from SANS. Qualitativelyt must benoted thatthe
computationaimethod resulted int@mperé&ure-dependent.-parameter in this range, which is not
observed in SANS approacheshis result is not altogether unexpected, considering the
aforementionedlifficulties in addressing the temperature dependency of.ih@ue in SANS
experiments and tHack of explicit temperature dependence in equation (43).

Having verifiedthe robustness and accuracyttaé new methodology, the procedure was
applied to an ABC triblock copolymer system consisting of poly(acrylic aEidu(e3), poly(6-
(4-formylphenoxy) hexyl acrylate){gure 3), and poly(pentafluorostyrendfigure 3) as blocks
A, B, and C, respectively. This systdmas been studied by the author for multicompartment
micelle applications in collaboration withe Weckgroupat New York University. In this work,
monomer, dimer, and trimer models were all studie@so investigate the effect of the number
of monomeric unit garanetert he cal cul ation of ¢

Miscibility simulationswere conductedn these moledes under a variety of conditions.
First, simulations were performed on the monomer models, both with consideration given to

dielectric screening effects (i.e., in the implicit presence of a ilgesolvent with dielectric

constant a8 = any3dieldciric sareedingwAll sinhutations performed with dielectric
screening used a dielectric constant of o = 7E§
used a8 = 1. Foll owing this, the si mekwaithi ons v
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dielectric screening to analyze the effect of number of monomeric Thigse simulations were
all performed multiple times, to examine the reproducibility of the present methodology.

Values of the..-parameter as a function of temperature farhepair using monomer
models with and without dielectric screening are showriguare5, respectively Flory-Huggins
theory provides that .= 0.5 corresponds to thesolvent conditiof’; thus ..-values of less than
0.5 are known to be indicative of miscibility. Based on this, the simulation results for the monomer
models inFigure5 suggest full immiscibility in each pairing when dielectric screening is present,

with pronounced immiscibility in the /8 and CGA blends.
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Figure 5. Changdn G-parameter as a function of temperature for each monomer wiamilock copolymer Figure3) (a) with
dielectric screening and (b) without dielectric screening.

Here an important consideration arises with regards to forcecfielditions. In solution,
while the hydrophilic A species will preferentially interact with water, the hydrophobic B and C
species will be segregated from water, ultimately forming the core of the micelle. Because species
A will be in contact with water, war-like dielectric screening (= 78.4) should be included for
both the AB and the CA pairs.

However, there is no reason to believe that species B and C will be in contact with water

in the equilibrium condition of the system (i.e., after micelle-agdémbly). Thus, modeling the
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B-C pair interaction with dielectric screening by a wditex solvent is an incorrect approach.
Therefore, watelike dielectric screening ought to be omitted for th€ Bhteraction.

When these calculations are performed withdielectric screening, significantly different
results are observed, as showirigure5. Clearly, when the dielectric screening is removed, the
B-C pair interaction becomes significantly more favorable. Indeed, the valuepafameter
become negative in this region. Based oa difference betweefkigure 5, the importance of
carefully selecting the dielectric constant should be quite clear. In the DPD simulations performed
hee, t he A Baluewere @bfaines from simulations with dielectric screening and the
BC values from simulations without dielectric screening.

These results suggest full phase separation between A and B, but only partial or no
separation between B a@@l As such, it would be expected that in a micellization experiment
comprised of these blocks, there would only be-tempartment micelles formed. This was
indeed confirmed via cry@EM by collaborators at New York Universjtthe observed part of
the mcelledid not have internal phase segregation due to the miscibility of blocks B and C. This
indicates remarkable success of the miscibility simulation and corresponding analysis presented
here, especially since this was based on the monomers alone.

Moreower, it can be seen frofigure5 that the..-parameters calculated from molecular
simulations are highly precise for the monomer model case. To ilkistiafTable2 andTable3
on the following pagdisplay simulation results used to calculat 295 K both with and without
dielectric screening, respectively. It moteworthythat these are largely consistent betw
independent runsmiscibility calculations for each pair were performed ten times each and

subsequently averaged in order to ensure repeatability of results.
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Table 2. Parameters used to calculatat 295 K for the monomer cagéth dielectric screening.

. F F_ F_ n n T
o T m T
T "HH T hl T
EAA EAA EAAT EAAI EAAI
[ I T B 37 I I Dv I I Dv I 1 v

524 3.07 0.0168 -0.0229 -0.0181 -0.0219 160.0 383.4 6157 555 369 8.24 555
AB 503 295 0.0162 -0.0215 -0.0177 -0.0222 160.2 383.1 616.0 556 3.70 8.21 557
541 3.17 0.0174 -0.0228 -0.0181 -0.0223 160.1 383.3 616.1 556 3.69 8.21 557
3.10 1.82 0.0084 -0.0230 -0.0219 -0.0250 615.3 462.0 314.7 556 7.07 4.34 555
BC 324 190 0.0087 -0.0223 -0.0216 -0.0250 6159 462.0 3148 559 7.05 4.32 555
3.29 193 0.0089 -0.0222 -0.0214 -0.0250 615.8 462.0 3148 555 7.08 4.34 556
6.01 352 0.0318 -0.0250 -0.0179 -0.0227 314.8 2352 160.2 555 6.54 471 555
CA 6.00 3,52 0.0318 -0.0250 -0.0179 -0.0227 314.8 2351 160.2 556 6.55 4.72 5.56
6.03 3,53 0.0319 -0.0250 -0.0179 -0.0228 314.8 235.1 160.1 555 6.54 471 554

Table 3. Parameters used to calculatat 295 K for the monomer cagéthout dielectric screening.

L P P P L4 4 oL
T T T
TI'HH T T T
EAA EAA EAAI EAAI EAAI y y y
1T iTd 17 T 11T

34.38 20.14 0.1108 -0.0811 -0.0322 -0.0283 157.2 3785 613.1 554 3.68 8.27 5.55
AB 3450 2021 0.1112 -0.0817 -0.0318 -0.0270 157.3 378.4 612.9 553 3.67 8.26 5.57
33.72 19.76 0.1087 -0.0810 -0.0317 -0.0264 157.3 378.6 613.2 554 3.68 8.26 5.59
-2.44 -1.43 -0.0066 -0.0268 -0.0246 -0.0214 612.9 457.2 310.6 556 7.10 4.31 5.55
BC -324 -190 -0.0087 -0.0261 -0.0247 -0.0215 612.8 457.2 310.6 557 7.12 4.30 5.56
-2.16 -1.27 -0.0058 -0.0272 -0.0248 -0.0214 613.0 457.5 310.6 559 7.12 4.29 5.56
20.05 11.74 0.1062 -0.0215 -0.0316 -0.0811 3105 2322 157.5 557 6.56 4.72 5.55
CA 1988 11.65 0.1053 -0.0214 -0.0317 -0.0811 310.6 232.2 157.2 556 6.56 4.72 5.54
1997 11.70 0.1058 -0.0215 -0.0316 -0.0811 310.5 2323 157.3 555 6.56 4.71 5.54

In order to analyze the miscibility of the dimer models, additional geometry optimizations
were performed prior to Blends simulation due to the larger conformational diversitydifntiie
speciesn comparison to the monomers. efadditional optimization waperformedin Forcite
with a convergence threshold b¥108 hartree using smart convergence algorithm consisting of
steepest descétt, adopted basis NewteRaphsoA™, and quasNewton techniques®21®,

From the data didgyedbelowin Figure6, it should be evident that the dimers behave

quite similarly to the monomers (as seeffrigure5). ComparingFigure5 andFigure6, boththe
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monomers and t hwlued of dese magrtudssplt imclear ¢hat th€ Bair is
miscible in the dimer case regardless of dielectric screening, in contrast to same pair in the
monomer case. Comparing the cases without dielectric screesngpserved ifigure5 and
Figure6, it is clear that the dimer and monomer models show similar miscibilitywlmehalthough
the dimer model results demonstrate slightly more immiscibility for thB pair than the

monomer model results.
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Figure 6. Change ire-parameter as a function of temperature for each dimer model of triblock copolimeeg) (a) with
dielectric screening and (b) without dielecsareening

Overall, the relative miscibility behavior is in excellent agreement with the monomer
results in each cagewith dielectric screening present, agHigure5 andFigure6, the GA pair
interaction is the least favorable, while theCBoair interaction appears to be most favorable. On
the contrary, the cases without dielectric screentigu¢e5 andFigure6) point to the AB pair
as the least miscible, whitee B-C pair is still the most miscible of the three.

For the trimer model, an additional geometry optimization was again performed prior to
Blends simulationdo combat the significantly higher conformational diversity of the trimer
molecules; the settirsgof this additional optimization are identical to those in the dimer case.

These simulations produced surprisingly precise results, especially considering the sizable
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conformation space for each trimer. The variation of.thgarameter with temperaturerfthe

trimer blends is shown iRigure?.
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Figure 7.C h a n g -paramaeter as a function of temperature for ednfer model of triblock copolymerRigure3) (a) with
dielectric screening and (b) without dielectric screening.

Figure7 demonstrats that the BC pair is highly miscible while the8 and CA pairs are
immiscible. Again, these results are in good agreement witRTdejd results, confirming that the
phase segregation between blocks B and C does not occur in the micelle, while #he phas
segregation between blocks A and B does indeed occur. The results from the trimer models are in
agreement with those from the monomer and dimer models, although the relative ordering of the
G-parameters for the-8 and CGA pairs is reversed in the trimarodel. It is likely that result can
be attributed to the effect of conformational diversity, given that the results were normalized by
the number of repeating units as well as Connolly volume, as discussed earlier. This appears
probable due to the factahthe BC pair interaction is unfavorable in the monomer model but
becomes significantly more favorable in the dimer and trimer models.

Several points are evident in all of the studies performed on the miscibility of species A,

B, and C. Principally, itg clear thathe B-C pair is always the least immiscible, and in fact it is
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predicted to be completely miscible in every study except that of monomers with dielectric
screening, where the attractive interactions between these species are shielded ddgctine di
medium Figure5). Additionally, the magnitude of the-parameter isn all casessignificantly
higher when dielectric screening is poésent, which is of course to be expected.

These resultsuggest that whileniscibility analysis does not requitéme-consuming
explicit solvation modeling, it is essential to give careful consideration of the implicit solvent
effects in order to corrdgtreplicate the behavior of the polymer system. Ovdtal,investigation
satisfactorilydemonstratgthat molecular modeling can provide an accurate and predictive method
for phase separation of polyragolymer systems, which should be a useful todsign polymer
architectures for multicompartment miceased nanoreactors.

To examine the application of our miscibility studies to micelle system, DPD simulations
were performed on the ABC triblock copolymer system. As recalled from equation (33), the
repulsion parameter of the DPD method can be connected directly tepdrameter through a
simple linear scaling relation, the precise form of which is dependent on the bead!&fensity

Results from these DPD simulations can be seé&ingure8.

(a) (b)
Figure 8. DPD simulations results for micellization of triblock copolymer systemater (cyan)(a) Full micellewith water
visibility disabled (b) Crosssectional viewBlock A is phaseseparatedo formashell (blue) while Blocks Bréd) and C ¢reer)
have no phasseparation in the core.
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Figure8 displayscomplete microphase separatimegtweerthe outermost Alock andthe
other two blocks, due to tHi@vorable interaction between speciearlwater in the system (water
beads omitted frorfrigure8 for clarity). The crosssectional view irFigure8 shows that there is
no microphase separation between blocks B and C within the core of the micelle. This is, of course,
to be expected from the miscibility results obtained from the eadparamegr analysis.

As noted previously, cry@dEM work performed on micelles of the same system (with
higher block lengths) show no visible microphase separation between the B and Cruldbles.
development of the computational methodology introduced hereeided in order to achieve a
higher level of correspondence between a real experimental system and its DPD representation.
Nonetheless, these results underscore DPD as a viable avenue for studyingabsesdtly of

multiblock copolymers into micelles.
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4. STRUCTURAL TUNABILITY OF LINEAR TRIBLOCK MICELLES
This chapter was adapted from a 2QIL&hys. Chem. Bublicationby the autho®.

The selfassembled micelle structures formed by a triblock copolymer in solution can vary
quite widely, even if theonstituenispecies chosen aheld constantOther variables associated
with the architecturef the copolymemay drastically affeicthe resultant structures. A trivial
example lies in the difference betweertsomed ABC and BAC micelles in water, where blocks
A, B, and C are generally taken to repres$satrophilic, lipophilic, and fluorophili¢HLF) blocks,
respectively thesesystems have been observed to generate markedly different structures, even if
the identities of species A, B, and C are idertic45% 176 22221

In particular, micelles formed by ABC triblock copolymers have been stuglige
extensively ¢ 17476 These polymers readily form layered spherqide f er r ed t o as
morphologie$#??% composed of a fluorophilic corenantermediateipophilic layer, and a
hydrophilic coronaSuch morphologies are readily obtaitiexn linear ABC triblock copolymers.

If, however the blocksequence is modified to BA®@yore exotic morphologies may easily be
formed depending on the HLF block lengths.

Due to the complexity associatedth the particular polymer architecturthen, a proper
understanding of the dependence of micelle structure on the corresponding polymer architecture
is essential in designingraulticompartment micelle (MCM3ystem. Whenansidering such a
study from a computational perspective, an important consideration arises straightaway: because
micelle systems may contain tens of thousands of atoms, fully atomistic simulationsgobeve
impractical if not outright inviable.

Coarsegraining technigues rendemany-atom systems more tractable to computational

methods, but also carry the drawback of introducing varying degrees of abstraction to the system.
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In order to simplify asystem, groups of atoms or molecules are condensed iritdgs which
are then assigned properties that strive to capture the original chemical species that they represent.
In DPD, these particles are referred tobasds®1% and may be assigned paise repulsion
parameters toapturethe values of their FlorHuggins. .-parametersvith other specie§®.

Consequently, the degree of coagsainingdirectly affects the correspondence with the
physical system that the simulation model represérghould be noted th&br a given system, a
decreasing extent of coargeaining corresponds iacreasing physicality. A comlike polymer
with bulky sidechains in a fully atomistic system would consider all bonded anebonded
interactions, including electrostatic and van der Waals interaétio§ such a representation
would be extremely computationally expensive.

Introducing coarsgraining by way of a method like DPD simpi$the representation of
the system, raeting manyatom side chains to strin@f beads whose characteristics attempt to
capture the chemical identity of the original side chain. Even further egeasengreduces the
sidechains into the backbone beads, yieldangurely linear polymemhile sucha simplification
is certainlyinsufficient fora complete understandingf a system high-level coarsegraining
presents & excellent preliminarynethod for studyinghe general effects of system variables.
Moreover,it offers a versatile tool for dermining thecharacteristicef the computational model
which are most important in establishing correspondence witle#thgystem.

In thisDPD study, the effect of polymer architecture of an HLF triblock copolymer on the
resultantaqueousMCM morphologyare examined as a function dofie sequence, length, and
length ratioof the three polymer blocks. Firshe structural differenceABC and BAC tiblock
copolymers are studied under the assumptionthigainolecule mape modeled as strictly linear

rather tharcomblike i i.e., with a high degree of coargeaining Following this, a more detailed
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study of the BAC system highlights the dependericddemicelle structure othe lipophilicto-
fluorophilic block length ratioln this study, thisatiois definedfor a purely linear chaias

T 00, (50)
whered and@ represent the reduced DPD block lengths corresponding to a real pafmer
lipophilic and fluorophilicblocklengthscy and . Thevariation in micelle structure as a function
of T is studied at several fixed hydrophilic block lengths.

Based on the favorability of contributions from bulk interactions to the reduction of total
energy, three morphological regimes are predicted to arise basediondiee of the constituent
triblock copolymerForT -values either much greater thamauch less than unity is expeced
that volume free energy contributiooisthe excess speciesll dominateand lead to the formation
of spheroidal micelle comprised of a lipophilic (iff 1 p) or fluorophilic (if T L p) core
covered by patches of tispecieswith the loweravalue andinally a hydrophilic corona.

By contrast, forT near unity, it is predicted tha singlecored structure will be
destabilized bythe volume free energgontributionsarising from the large amount$ both the
lipophilic and the fluorophilic species. Insteg@wlymers withT near unity are expected to result
in morphologieganging from segmented worlike structures to agglomeratesrofiltiple cores
(not to be equated witihulticoremicelles which generally containydrophilic regions in between
lipophilic and fluorophilic cores

For theDPD simulations performed in this study, the system was defined as 5% polymer
and 95% water this is, of course, much larger polymer concentration than woutédessary in
a real physical system; the larger polymer concentration is chosen in order to ensure a significant
amount of polymer interactions. The simulation box size was defined to be 30x30x30 with grid

spacing of 1.0 and a bead density of 3.0, alloveiggation (33) to be appli&d.

43



Total simulation time was generally taken to lie, whered is the minimum time required
to achieve pressure equilibratiofhe constant, choserarbitrarily to be equal to 2.%llows the
simulation to catinue for a fixed amount of time afteitially reaching the equilibration stage, so
as to ensure that the system has settled ifuityaequilibrated state. For a tinseep of 0.05 reduced
DPD unit,a total time of 8.7810° reduced DPD units was detdrmad to be satisfactory for all
simulations. Thereduced DPD unit time is taken to be the amount of time necessary for a bead to
diffuse a distance of its own radius due to thermal fluctudfi&H$.)

It should be noted that choosing a tistepgreater tha®.05reducedunit is discouraged.
As noted by Groot and War€®, employing a timetep greater than this value results in artificial
temperature increases in violation of equipartitindeed selecting a timstep of 0.1 reduced unit
leads toincreases iemperatureon the order of 10%certainly higherthan is acceptable. The
physical soundness of the DPD simulation can be gauged by examining the variation in system
temperature and system pressure over the entire simulation time, as shiéigar@® on the
following page

Repulsion parameters for this study were assigned in order to ensure immiscibility between
the A, B, and C blocks between both each other and water. The exact values were based first on
..=values calculated vilne method introduced i@hapter3, convertedo repulsion parameters via
eqguation (33), and finally adjusted in order to guarantee distinctpiigse separation upon self
assemblyTable4 on thefollowing pagesummarizes the values of these repulsion parameters

To justify a more detailed study of the structural variation present in BAC micelle systems,
a comparative look at both ABC and BAC micelle systems is warranted. As noted previossly, it i
expected that ABC micelles exhibit significantly less structural variation than the corresponding

BAC micelles. Of course, this expectation is quite reasonable: the ABC block sequence aligns well
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with the relative ordering of hydrophilicities betweenttiee blocks. By contrast, the BAC block
sequence requires alternate structures in order to minimize the free energy, since the traditional

layered morphology will not always be possible.
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Figure 9. Systenmtemperature and pressure for a representative DPD simulation as a function of simulation time. The variation in
temperature revealsiacceptably smallveragedeviationfrom equipartition of approximately 0.3%, while the variation in
pressure give§ = 3x10° reduced DPD units.

A B C W
Table 4. Repulsion parameter® between each pair o Al 250 37.5 57.5 27.5
species in the DPD simulation system. Note that 25.0 B| 375 25.0 40.0 47.5
by definition'®® [see equation (33)Malues in shaded cell C | 57.5 40.0 25.0 60.0
are implied by other cells due to the fact tfhat= ¢ . wW| 275 475 60.0 25.0

Indeed, simulatiomesuls bearout this prediction quiteatisfactorily.Figure 10 displays
the differences which arise between ABC and BAC micelle sydtams less thanequal to, and

greater tharunity (with the reduced hydrophilic block length held constanbat 15) water

visibility is disabled in all figures for clarityWhen the fluorophilic blockength exceedshe
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lipophilic blocklength(i.e.,T is less tlan uniy), theABC and BAC system®rm nearly identical
structures As theT -value approaches unity, however, the BAC system digdrgm a single

cored structure. In the limit asbecomes much greater than unity, flberophilic block becomes

the ddicient speciesgausinga significant structural change in the BAC syst@md a significant
divergence between the two systeffg@re10). The ABC systm displays no structural changes

as a result of modifying ; an onionlike morphology is favored in each case. Increasingithe

value in the ABC system corresponds only to generating a thicker lipophilic layer and a smaller

fluorophilic core, while irthe BAC system it causes a complete core inversion.

(d) AysBoCy

(cross-section)

P

(e) B;A;5Cy (D) BsA5C (g) BoA5C; (h) BoA5C,
_ (cross-section)

Figure 10. Morphological differences between @ ABC and (eh) BAC micellesas a function off with & = 15.As seen in
the crosssectional views in (d) and (h), the two systems result in markedly different morphologiesviaiues much greater
than unity.

The difference between the two systems becomes quite pronounced in tétimit 1.
In fact, zen when the hydrophilic block is shortened, ABC micelle systems still exhibit a dominant
preferencdor fluorophilic-cored spheroidal micelles acrossaltvalues, as shown iRigurell.
BAC systems, by contrast, again display a complete inversion of the ABC morphology for large

T , forming micelles with fluorophilic patches surrounding a lipophilic core.

46



Bead
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(cross-section) c

(f) BoA,Cy (&) B13A4Cs (h) By3A4Cs
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Figure 11. Morphological differences betwe¢ad) ABC and (eh) BAC micellesas a function oft with @ =9.

Theseresultsdemonstratéhat ABC micelle systemsare relatively insensitive to changes
in the T -value, instead forming characteristically onidee morphologies irrespective of this
controlling parameteMVhen considering BAGystems however, modifying tha -value leads
to a wider ange of micelle morphologies. Indeed, predicted previouslBAC systems exhibit
threedistinctstructural regimebased upor . Considering the lipophilic and fluorophilic blocks
as thetwo deciding speciesyhenT strongly deviates from unity in either directidhere is a
strong tendency to form spheroidal micelles with the deficient species forming into patches around
a core composed of the excess species.TFearalues close to unity, neither species forms a
dominant core and spheroidal morphologies are abandoned in favor of a more segmented structure.
In all cases, the hydrophilic species forms an outer shell around the ricetieusly, there does
not appear to be a governing structural pattern in thefivaiithn of & .

Simulation result$or a series of BAC micelle systems with a spectrur ef/aluesare

presented irFigure 12, where the horseshdike shapehighlights the structural similarities at
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either extreme off . For improved clarity, due to the thickness of the hydrophilic shell, visibility
of the hydrophilic block is disabled Figure12. Note that the reduced hydrophilic block length

o = 18 for all simulations ifrigure12.

Regime I Regime III
R, <1 R, > 1)

Regime II
(R~1)

B,A5Cs

Regime 1
R, <D

B5A18C4

Figure 12. (a) A horseshoe diagram demonstrating the structural variatiomydmphilicrich (@ = 18)BAC micelle as a
function of T . Regimes | and Il display morphological similarities, highlighting the importande e amorphological
parameter(b) The sameimulation resultsvith hydrophilic -block visibility disabled.
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It is clear that the preference for the formation of arngthp spheroidal morphology
increases a3 becomes further from unity. Patches of the deficient species surround the core in
these extremes (namely, regimes | and lll). Asapproaches unity, however, these patches
become larger; near = 1, the micde structure becomes decidedly repheroidal (regime II).

It is clear that segmented woilike morphologies arise for4.1sCs and BA1sCa. This behavior
is especially evident iRigure12, wherethe hydrophilic block visibility is disabled

The total polymer length (i.e.0 @ @) was constrained to 27 iall simulations
performed in this study, so as to guarantee armax extended polymer length shorter than the
simulation box size in all dimensions. As a result of this constraint, simulations with senaller
may take on larger values @f ando and, as @onsequencéave access to a wider rangetof
values Based orFigurel12, then, it should be expected that BAC triblock copolymers with larger
T -valuesshouldhave a stronger preference to form sphetatitactures upon seissembly.

Indeed, results fromimulations performed foro -values of 15, 12, and 9 clearly
demonstrate increasingly spheroidal morphologies imagene | and Il limits(whereT is far
from unity), as seen in the horseshoe diagrantsgarel13-Figurel15, beginning on the following
page Micelles in the intermediateange between regimes I/lll and Il chaeacstically display
patches of the deficient species (again, either lipophilic or fluorophilic) with the core comprised
of the excess specieAs an extension of thpatches observed at intermediate micelles in
regime |l display the predicted agglorates composed of multiple similaryyzed cores of both
lipophilic and fluorophilic species.

It bears noting that no predominant structural patterns arise as a result of the decrease in
@ . This value appears to correspond solely to the thickness diytirephilic shell which

surrounds the micelle, rather than any direct morphological changes. Certainly there is no obvious
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Regime I Regime 111
(R, < 1)

Regime II
(Ri~1)

B;A,5Cs

Figure 13. Structural variation of a BAC micelle witfh = 15 as a function of .

Regime I Regime I1I

Regime II
(Ri~1)

B,A Gy

Figure 14. Structural variation of a BAC micelle witfh = 12 as a function of .
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Regime I Regime III
(R; < 1) (R; > 1)

Regime 11

Figure 15. Structural variation of a relatively hydrophilipoor ¢ = 9) BAC micelle as a function of .

pattern in rgimes | and Ill. Moreover, any trend in regime |l appears to be exceedmigby if
present at allln fact, this observation is not without precedeWMang et al. reported results
showingthat further increasing beyond the point of full encapsulatiof the micelle by the
hydrophilic shell has the sole effect of increasing the shell thicKiess

For systems of triock copolymers with bulky sidehains, intuition suggests théiere
exists a natural extension of the structural parameténto a more general form which does
not requirethe aforementioned assumption of copolymer lineaRtgcise determinatioof the
guantitative relationship between block length, sidainlength, and micelle structuigthe focus
of the following chapterNonethelesdpr systems where the assumption of copolymer linearity is

applicable, the parametar serves as an excellent predictive tool of micelle structure.
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5. STRUCTURAL TUNABIL ITY OF BRANCHED TRIBLOCK MICELLES
This chapter was adapted from a 2QIL Phys. Chem. Bublicationby the autho®’.

As discussed previoushthe spectrum of morphologies achievable through modification
of the polymer architecture has been well documented td'@htg 66 176. 22221 Ajthough
micelles consisting of polymers with a hydrophiijgophilic-f | uor ophi I i ¢ (often
block sequence typically result in layered oniie spheroidg" 60 66 176, 22226, 228229 5 \yjdg
variety of morphologies have been observed when the copolymer block sequence is modified to
lipophilic-hydrophilicf | u o r o p hi“ 5 %’ InClinpek Otavis demonstrated that purely
linear (i.e., without side chains) trildk copolymers with BAC block sequence result in
morphologies that can be effectively tuned by modifying the lipopfiilimrophilic block length
ratio (T )%6. Because of the ease with which the block lengths may be modified during copolymer
synthesisthe structural parametar provides a direct avenue for the MCM morphology to be
controlled in order to improve the catalytic performance of the M@kbreactosystem.

However, despite the accuracy of theparameter in predicting micelle morphology f
triblock copolymer systems witfapproximately linear polymer architecture, its effectiveness is
notably diminished for triblock copolymers which cannot be modeled as linear, including species
with bulky side chains. This limitation can be problematicce the principal consideration when
selecting the constituent species of the triblock copolymer is the solvophilicity of each species.

It is natural, then, to seek a more generalized structural param#état does not require
the assumption of linearitgf the polymer architecturthat limits the applicability of tha -
parameter. In this computational studire dissipative particle yhamics (DPD)simulation
method®1% is employedto study the variation in MCM morphologies as a function of the

lipophilic-fluorophilic block length andgide chainlength ratios in order texplorethe form of

52



such a generalized parameter. This study will also examine the extent to which the lipophilic and
fluorophilic side chains have a similar effect on MCM morphology to that exhibited by the block
lengths of these species. Finally, théatige importance of the polymer architectusdl be
discussedn comparison with the overall compositionreanark uporthe influence of linearity in
deciding the final MCM morphology.

As defined inChapter 4the lipophilicfluorophilic block length rao is given by

T 00, (509
where® ando represent the reduced (i.e., coagsained) DPD block lengths corresponding to
a real polymer of lipophilic and fluorophilic block lengtéis and @ , respectivel§f. It is worth
noting that because the scaling factor should be very nearly identical for both the lipophilic and
the fluorophilic blocks, the definition above maydiernativelywritten as
T 0jw. (50b)

In a BAC micelle system composed of purehelar triblock copolymers, this expression
also captures the composition ratio between the lipophilic and the fluorophilic blocks; when bulky
side chains are present, however, it is only one component of the composition ratio. To capture the
effect of sidechains, we introduce an analogous paranteter

T igig iji, (51
where i g andi g represent the reduced sideain lengths within the lipophilic and fluorophilic
blocks respectivelyWe note that, depending on the nature of the specthese blocks in a real
pol ymer , t d¢hanldhgths uaeadd nmy odreay not retain physical meaning. In cases
where the side chain cannot be modeled as a series of repeating units, we recommend the use of

standard estimates of statistisale chaindimensiori! (8Y &' ,'Y , etc.) in place of andi .
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Although the specific form of the genera@dlipophilicfluorophilic ratio parametet will
be discussed later in this work, at this point it is instructive to highlight two major requirements
for this quantity. First, it is expected that, in the absence of side chains (or in systems that can be
modeled with linear polymers), it simplifies to the linear form Second, it is expected to serve
as a reasonably good predictor of the micelle morphology based on the lipophflicoaophilic
block andside chairlengths.

In order to determine thefdm of theT -parameter, theimulationsystems werset to have
5% polymer and 95% water. Although this polymer concentration is larger than would be used in
a real physical system, a larger concentratioenmgloyedin our simulations in order to ensure
more intensive polymepolymerinteractionsand thugo betterstudy the setassembly process.

The simulation box size was defined as 30x30x30 with a grid spacing of 1.0 and a bead density of
3.0, enabling the use of the linear relationship between therBRIsion parameted for species
“‘Gand’Cand the corresponding Fleluggins...-parametef®, asgiven in equation (33).

Ensuring the physicality of the DPD simulations and of the micelleassiémbly process
requires monitoring the simulation pressure and temperature as a function of time. Total simulation
time was chosen in all sas as 0 , whered gives the minimum time required to achieve pressure
equilibration (i.e., no monotonic change in pressure over time). The canstdnutserarbitrarily
here to be equal to 2.5, allows the simulation to proceed for a fixed ambtinte after the
equilibration stage is achieved in order to ensure a fully equilibrated state in the system. Using a
time step of 0.05 reduced DPD unit, a total simulation time of 8.75reldliced units provided
equilibrated results for all simulatiorReduced DPD unit time is taken as the duration necessary

for a bead to diffuse a distance of its own radius due to thermal fluctd&tittfis
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The. .-valuesfor each pair o§peciesised in thistady were first calculateda themethod
introduced inChapter 3These. .-parameteralues were then converted into repulsion parameters
via equation §3) and slightly adjusted to improve distinct phase separation upeasseiinbly
the repulsionparaméers used in these DPD simulations therefore represent idealized values for

model study Table5 summarizes theé) -values for each pair of species used in this simulation

system.

A B C W
Table 5. Repulsion parameter® between each pair o Al 250 40.0 45.0 275
species in the DPD simulation system. Note that 25.0 B| 400 250 | 400 475
by definition'® [see equation (33)Malues in shaded cell C| 450 40.0 25.0 60.0
are implied by other cells due to the fact tfhat= @ . wW| 275 475 60.0 25.0

Finally, in order tofacilitate thecommunicabn of structural information for triblock

copolymers, we here use a condensed notation suah thgatepresents a block of speci@with

block lengthd and sidechain length 4. Figure16 provides a visual representation of this notation
for additional clarity. While branched triblock copolymers were indeed the focus of ttig stu
simulations of several purely linear copolymers were pésformedwith compositionsdentical

to select branchettiblock copolymers. These linear copolymers were included in our study in
order to probe the extent to which micelle morphology dependsolymer architecture. For all

branched copolymeis this study, the total block length was constrainedio & @ 0T

while the total sidehain length was constrainedite g ¢
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Figure 16. (a) A visual reprsentation of the notation convention followed in this work, wheieip,represents a block of

0

speciesvith reduced block and side chain lengths in DPEbafndi g respectivelyThe triblock copolymer presented in (b) is
thusrepresented aszBA1s,4C10,2

In order to probe the full spectrum of morphologies as a function of polymer architecture,
simulations were performed for five -values T L p, T p, T p, T p,andT | p).
At each of thesa -values, fiveT -values were testefWith a range similato theT -values)
yielding a total of twentyfive architectures tested. It is important to note that, beyond a base length
sufficient to ensure proper micelle coverage, the hydrophilic Hegthhas been observed to
have a minimal impact aime resitant morpholog$® 22’ The preliminary simulations indicated a
similar trend in the impact of the hydrophilic side chain length. For these reasons, we here choose
a constant hydrophilic block length@f  p yand hydrophilic side chain % 1 in all cases.

At this point, we introduce the generalized form of the structural lipophilazophilic
ratio paramete

T wig p wig p i pjoi p (52)

The reader may note that this form is esséptihe composition ratio between the lipophilic and
fluorophilic species. This form also simplifies to the sinplevaluegiven in equation (50dh
systems without side chains (i.e., whigh 1t for all species® satisfying one of the major
requirenents set forth at the onset of this study.

As with theT -parameter, the generalizeidparameter enables predictions of micelle

morphology based on the block lengths and side chain lengths of the lipophilic and fluorophilic
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blocks. For systems whereL p or T |1 p, the expected morphologies are quite similar: the
micelles formed are spheroidal, largely preferring a single core composed of either the lipophilic
or the fluorophilic species, whichever is in excess. The deficient species forms smaller patches
surounding the core, while the entire spheroid is covered with a layer of the hydrophilic species
whose thickness is determined primarily by the hydrophilic block leAgthstablished i€hapter
4, these morphologies represent regimes | (whede p) and Il (T | p). The intermediate
regime Il (whereT p is characterized by notably less spheroidal morphologies containing
multiple cores of both lipophilic and fluorophilic species.
5.1. Micelle Morphologies with’ 4L

The first set of simulations wamerformed with a lipophilic block length adb ¢ and a
fluorophilic block length of®  p Trepresenting th@ L p extreme of the horseshoe diagram.
These simulationresultsare presented ifrigure 17, along with the corresponding polymer
architectures and -values; water visibility is disabled in all figures for visual clarity. Wheh
p, as in the case of thes BA184C10,6 Micelle, the system prefentially forms a characteristically
spheroidal regime | morphology with a fluorophilic core and many small lipophilic patches.
However, agigurel7 demonstrates, increasing tfie-value of the constituent polymers (and, by

extension, increasing thie-value) leads to the development of a smaller number of larger patches.
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Regime | Regime 111

B,3A184C 1055
R =10.133

B, 4A154C 104
R=02

Regime I1

B, 6A184C102
R =0.467

Figure 17. A horseshoe diagram demonstrating the structural variation of strongly fluoreittilict L p) BAC micelles as a
function of the generalized structural predictarDespite a constant -value in all cases, tunability from regime Irtear
regime Il isobservedhighlighting the importance of as a governing structurphrameter.

In particular,a clear morphological difference can be observed between the morphologies
of the B 2A184C10,6 and the BsA1s4Ci02 micelles: while the latter retains a diwophilic core, it
nonetheless displays a morphology intermediate in character to regimes | and Il. These
morphologies are well reflected by the difference in the correspondivejues I 18t Y gnd
T 1@ @,xespectively). The lack ohorphologiesn the regime Hill range is also explained by
the range off -valuessurveyed, a3  p for all architectures studied.

5.2. Micelle Morphologies with" 4

The second set of simulations was performed with T and® ), representing the
T p region of the horseshoe diagram. Several features of these simulagooisrmte. As
shown inFigure 18 on the follaving page the first polymer architecture testelspA1s,4Cs.6)
results in a nearly identical morphology to that of Ba@A1s £C10,4 architecture irFigure17, as

predicted by theirT-values I T& p mand T T&, respectively). Since the regime Il
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morphologies dominateearT p, it would be expected that thes 8\15.4Cs > micelle (T
p® @)xwould disfaor a spheroidal singleored morphology; indeedkigure 18 confirms this,
with this architecture instead forming a more segmented morphology.

5.3. Micelle Morphologies with’

Simulationsintha  pregion were performedwih @  @. For these simulations,
thearchitecturesested spanarangem® @ T (& o,@roviding an effective representation
of the tunability possible in BAC micelle systems. Although regimes | and lll are not fully
accessible based on the - and T -values chosen, abfigure 19 on the following page
demonstrates, the micelles at either end of the spectrum still display the characteristic similarity
predicted based on their-values: theBsA184Cs6 and BseA18.4Cs,2 micelles both exhibit a
spheroidal structure with the core composgthe species in excess and a small number of larger

Regime I Regime 111

BJ.BAISACX.S
, R = 0.333

B, 2A154Cs6
R =0.214

B-LJAIX.-ICN.J
R=05

By sA154Cs3 2

R =0.75

Figure 18. Structural variation of weakly fluorophilicich (T p) BAC micelles as a function of the gaalizedstructural
predictorT . Tunability between regimes | and Il is observed
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Regime | Regime 111

B6.2A|8.4C(L(Y
R = 0.429

B().(yAlR.élC(!.Z
R = 2333

Bg3A184Ces
R =0.667

Bg4A154Co4
R=1

Figure 19. Structural variation of balanced (  p) BAC micelles as a function of the generalized structural predict8light
tunability across all regimes is observed

patches composed of the def i cT-values apgrgaehainite s .
from either direction, the regions of the deficient species grow large enough to rival the regions of
the dominant species, leading to a destabilization of tigtestored structure as expected.
5.4. Micelle Morphologies with" 4

The set of simulations performed with pand® T represent tha p region of
the horseshoe diagram, with the resultant morphologies showsigure 20. Notably, the
horseshoe diagram associated with these simulations mirrors the diagram dispkgedeih8.
In particular, the BeA1s.4Cs2 architecture t& @))¥orms a morphology that is essentially an
inversion of the B.A184Cse architecture T T1& @ x). Both the Bg2A184C46 and the

Bs,3A18,4C45 micelles form similar morphologies, as both polymer architectures digpkslues
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nearunity@ 1@ v &ndT p& o,despectively). However, as thie- andT -values increase,
the lipophilic core growsand the systems favepheroidal morphologiaa the regime Ill limit.

Regime | Regime II1

BN.(\AIRAC-t.Z
R = 4.667

: By aA154Ca4
R=2

BN.ZAIX.4C4.(x
R = 0.857

Figure 20. Structural variation of weakly lipophilicich (T p) BAC micelles as a function of the generalized structural
predictorT . Tunability between regimes Il and Il is observed

5.5. Micelle Morphologies with” g1

In a similar vein,Figure 21 displays the set of simulations which studies thd p
extreme of the horseshoe diagram, with lipophilic and fluorophilic block lengtles ofp Tt
andw ¢, respectively. The spectrum of morphologies generated from these polymer
architectures in turn mirrors the diagram showkigurel7. WhenT | p, as in the case of the
B10,6A18.4C2,2 micelle, the system exhibits the characteristic regime Il morphology with a single
lipophilic core and several smalleudirophilic patches. This morphology is, in essence, an
inversion of the B2A1s4C10,6 micelle inFigurel?, as expected from the-values of each mickel
(T p@AoeANdT p @ @ X, respectively). As tha -value is decreased toward unity, the

fluorophilic patches grow in size and approach thesmmeroidal morphologies found in regime
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Il; however, regime | remains fully inaccessible for the given micdlesauser  p for all

copolymerarchitectures.

Regime | Regime III

Bl().SA]X.4C2.3

R =11.667

BI(P.BAIXACQ.; N\
R =3.333 1048184C24

R=5

B02A154C06
R =2.143

Regime I1

Figure 21. Structural variation of strongly lipophilicich (1 | p) BAC miceles as a function of the generalized predittor

Tunability from near regime Il to regime Il @bserved

5.6. Comparison of Branched Architecture to Linear Architecture

Finally, in order to further study the effeaftpolymer architecturen micelle morphology

in comparison tathat of composition alone, simulations were performed with compositions

identical to those studied previously, but with purely linear architectures instead of architectures

with side chainsFigure22 shows a siddy-side comparison between each branched architecture

and the corresponding linear architecture with identical compositiorm aradue. As can be seen

from Figure22, for T-valuesof 181 Y,p& ¢,@nd¢® T ,dhe linear and branched micelles display

similar morphologiesHowever, in other cases, the linear architectures result in a markedly lower

extent of patchiness in comparison with thenwhed architecture. We ascribe this result primarily

to chain entanglement occurring in cases with much larger block lengths, as well as the difficulty
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of forming small patches surrounding the core when the meatoel distance of the polymer

chains &e larger than the characteristic patch size associated with the correspondihge.

BZ,2A18,4C10,6 BeAgoCro B, 6A15,4C10,2 B14Ag0Cs0
R =0.086 R = 0467

BG,2A18,4C6,6 B1sAg0Caz BS,4A18,4C6,4 B30Ag0Cs0 BG,6A18,4C6,2 B42Ag0C1s
R =0.429 R =05 R =2.333

B10,2A18,4C2,6 B30A90C14 B10,6A18,4C2,2

R = 2.143 R =11.667
Figure 22. A comparison between the micelle morphologies resulting from branched and linear polymer architectures of

identicalT -value.

Themorphologicalifferencesobserved between the branched and linear architeciteges
not necessarily detrimental; indeed, thege of morphologies generated between the branched
and linear architectures for sormevaluesestablishes an addmal layer of tunability even at
constantT . Because the patches surroundimg core represent distinct catalytic regions and can
serve as entry points for reactants or exit pdimtgroducts, it is useful to consider all avenues of
structural tunabily when designing a multicompartment micelle system for nanoreactor
applications. These avenues may therefore include modification of tke T -values as well as
extent of linearity in polymer architecture.

The morphologies formed by branched BAtblock copolymers are highly consistent

with those formed by linear BAC triblock copolymeanssystems with short to intermediate block
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lengths ForT L porT | p, copolymers preferentially form spheroidal morphologies with a
single core composed of eithie lipophilic or the fluorophilic species, whichever is in excess,
while the deficient species forms patches surrounding the cooarBrastfor T p, copolymers
instead formnos pher oi dal micelles with multigpde Acol
species. In all cases, patchiness is noticeably decreased for copolymers with very long block
lengths when compared to branched copolymers of the same compositivrvahek.

While this phenomenological study has provided quite satisfactory insigtasthe
dependence of multicompartment BAC micelle morphologies on polymer architecture (and, by
extension, the structural tunability of these systems), deeper mechanistic analysis is still required
to understand the reason for the morphological trendsodxd in these systems. Moreover, afree
energy analysis may uncover heretofore unobserved morphologies of interest in immobilized
catalysis applications. Through coargained molecular mechanics calculations (e.g., approaches
based on meafield theoryor free energy perturbation), the energetic contributions leading to the
stability of patchy spheroids (regimes | and Ill) and meitie agglomerates (regime Il) may be
identified. These contributions will provide essential insights intartbgphological diversity of

multicompartment BAC micelle systems, allowing for finer structural control than ever before.
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6. STRUCTURAL TUNABILITY OF LINEAR TETRABLOCK MICELLES

The preceding chaptehsve highlighted the lipophilkiuorophilic compositbnal ratio as
a key structural parameter in the aforementioned BAC systems which allows for morphological
predictions to be made on the basis of the polymer architecture alone. These studies demonstrated
the effectiveness of this parameter in both liffeand branched BAC triblock copolymer
systems, allowing direct morphological control at the copolymer synthesis stage in order to
optimize the catalytic performance of the resultant micelles.

Currently, studies may be found which demonstrate the feasibifityraing micelles from
tetrablock copolymet8® 23234 put the full range of morphologies achievable in this system is not
yet fully known. Although thér -value was quite effective in triblock systems, this parameter in
its previous formulations is inapplicable to micelle systems containing polymers comprised of
more than three blocks. Since MCM structures offering wider morphological control in turn offer
greater catalytic potential, it is therefore desirable to exarnhmeeselfassembly of tetrablock
copolymers in order to identify morphological trends that can be harnessed for enhanced
nanoreactor performance.

In this computational studhedissipative particle dynamics (DPBijmulation methotf®
169js employedo study the variation in MCM morphologies as a functiohath block sequence
and relevant block length ratios in tetrablock copolymer micali#s four mutually immisdle
blocks. Six different block sequences will be studied, in order to showcase a wide range of possible
morphologies. As a result of these studies, a new form of the structural paranefmesented
which offers accurate predictions for these tetralbkkystems and is robust with respect to block
sequence. Finallythis studyalso highlighs an auxiliary structural paramet@r which does not

arise in triblock systems and its importance in influencing the tunability of tetrablock micelles.
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The block éngths of the lipophilic (B), fluorophilic (C), and superhydrophobic (D) species
will be varied, while leaving the hydrophilic (A) block length unchanged in all simulathss
introduced in the preceding chapters, the notatemwill be used to denotthe reduced (i.e.,
coarsegrained) block length of speci&n DPD, corresponding to a polymer with block length
®. The hydrophilic, lipophilic, fluorophilic, and superhydrophobic reduced block lengths are thus
given asw , ®, @, and®, respectively.

A generalized structural parametar, was identified in Chapter 5which serves as a
predictor of micelle morphology in triblock copolymer systems of both linear and branched
architecture¥. This parameter is given by

T Qg p wis p i pjwi p, (52)
where i gandi denote the reduced and true side chain lengths, the latter of which may be more
accurately described by standard measurements of chain’fe@td’ 'Y , etc.) The present
study will focus on linear tetrablock copolymers for simplicity (i.eg 1t for all speciesQ
though prior studies by the authors suggest thalagitnrends exist in triblock copolymers for both
linear and branched architectures.

DPD simulationsystems wergerformed with a composition &% polymer and 95%
water. Although this polymer concentration is larger than would be used in a real phystal, s
a larger concentration employedin our simulations in order to ensurere intensive polymer
polymerinteractionsand thugo betterstudy the setassembly process. The simidat box size
was defined as 400440 with a grid spacing of 1.0 and a bead density of 3.0, enabling the use of

the linear relationship between the DPD repulsion parantetdor species’Qand ‘Qand the

corresponding FlosHuggins...-parametéef®, aspresented in equation (33).
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The simulation pressure and temperature as a function ofttireasure that the DPD
simulations and micelle sedfssembly proceeded in a physically realistic wiaytal simulation
time was chosen in all cases &s, whered gives the minimum timeequired to achieve pressure
equilibration (i.e., no monotonic change in pressure over time). The canstdrdsen arbitrarily
here to be equal td.5 allows the simulation to proceed for a fixed amount of time after the
equilibration stage is achievad order to ensure a fully equilibrated state in the system. Using a
time step of 0.@ reduced DPD unit, a total simulation time fx10* reduced units provided
equilibrated results for all simulations. Reduced DPD unit time is taken as the duragesangc
for a bead to diffuse a distance of its own radius due to thermal fluctt&ttSAsA time step less
than 0.05 reduced unit was selected in order to avoid the artdicthlunphysidaincrease in
system temperature thaiay resulfrom the use of larger timsteps®.

Table6 summarizes the -values for each pair &fpecies used in this simulation system.

The repulsion parameters used in these DPD simulations therefore represent idealized values for
model study The specific repulsion parameter values between each pair of species in the system

were determined based those used in previous DPD studies by the auth&p§’.

A B C D W
Table 6. Repulsion parameter® between each pair o 25.0 45.0 52.5 27.5

A
species in the DPD simulation system. Note that 25.0 B | 40.0 25.0 40.0 47.5 47.5
by definition'®® [see equation (33)Malues in shaded cell C | 45.0 40.0 25.0 40.0 60.0
D
w

are implied by other cells due to the fact tfat @ . 52.5 475 40.0 25.0
27.5 47.5 60.0 70.0 25.0

With four distinct species present in the tetrablock copolymers, there are clearly twelve
distinctblock sequences to choose from  ¢). In this study, we will consider five values af

for each block sequence and, further, a range jod ratios for each lipophilic block length. The
hydrophilic block length is held constant in all simulations, as previous literature suggests that its

impact on the resultant morphologies is limited, provided that it is large enough to ensure micelle
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formation®®¢7 227 Since each simulation was performed several times with unique randdmemum
seeds (used in the DPD random thermal funéiprin order to observe several different time
evolutions of the same simulation conditions, the number of simulations and corresponding
volume of results obtained would quickly grow quite difficult to display if all twelve block
sequences were examined herein.

Consequently, we divide the twelve sequences tmb groups, viz. those which contain
the hydrophilic bl oedadminalsbloekmand thosa which do adt. &inding . e .
both groups to show considerable promise, this study concerns itself with the former for the reason
that, in lineatriblock copolymer micelles, the ABC block sequence has been observed to display
lower morphological diversity than corresponding BAC polymers of equivalent block I1&héfths
67.221 To be specific, this work considers the BACD, BADC, BCAD, BDAC, CABD, and CBAD
block sequences; the remainder will be considered in a separate study.

Nonetheless, the authors wish to note that¢teively lower tunability of ABC micelle
morphologies compared to BAC micelles does not guarantee that such a trend would extend to
tetrablock systemgn tetrablock systems with a terminal hydrophilic block, one might naturally
wonder if the availablegrmutations of the B, C, and D blocks alone may generate a wide range
of possible morphologies, while still retaining the relative ease of achieving complete hydrophilic
coverage present in ABC micelles. Thus, tetrablock copolymers with terminal hydrdpbdks
still warrant further study.

As discussed previously, the present work seeks to extent-fia@ameter to tetrablock
systems. This is accomplished herein by modeling the structural parameter as a lever with the
hydrophilic block as the fulcrum, as shownRigure23. As is also displayed iRigure 23, the

proposed functional form of this structural parameter is given as
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T B w B w B ®j B o, (53)
where the species ameside of the hydrophilic block as®llectivelyr e f er r ed t o as fg:
those on the opposite sideany are presenda r e r ef er r e dBy toovention, giogprloup 2
here will be taken to be thgroup containing the lipophilic speciehus, in the block sequence
BACD, only the lipophilic block igresent in group 1, while group 2 contains both the fluorophilic
block (C) and the superhydrophobic block (D); in the CABD block sequence, by cagrivagt,1
contains block B andD, while group 2 contains block C. Using this flexible definition ofthe

parameter, we are nearly equipped to describe all architectures with one general parameter.

. ZGroup 1 bi

R

z:Grcaup 2 bi

Figure 23. A diagram illustrating the proposed lever principle of the tetrablock micelle systems in this study. The hydrophilic
block (A) behaves as a fulcrum, with the speciestes i de of the hydrophilic bl octe (Agroup
speciesn t he other side of the hydr ®&pdrvéntior, hebelgouph is fakegtolmethp 2 0) o n
group containing the lipophilic block (B).

However, one additional parameter will prove useful in the course of discussing the
morphologes which will be examined in this study. As there four blocks in each polymer, there is
an additional vector of tunability in addition to thevaluei namely, the block length ratio of the
two species on the same side of the hydrophilic bléak. converence, we will use the
nomencl ature Aterminal 0 and Ainternal o to ref
BCAD sequence, the lipophilic block is terminal and the fluorophilic block is internal. Thus, we

introduce the parametar to capturehis auxiliary structural ratio:
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(54)
In the block sequence BACD, for exampte, & ] @, while in the blocksequenceCBAD,
T Wjw.

Although each block sequence will be discussed in detail lateral collection of results
of identical block length ratios but different block sequensegsresented irFigure 24 on the
following pagein order to ilustrate the range of morphologies predicted bythealue. The
proposed form of the structural parameter for tetrablock systems offers the gememl
predictionsof the T - and T-values of prior studies by the authors, as showFkigure 24.
Architectures that have anvalue either much less thanrmuchgreater than unity strongly favor
a spheroidal morphology, while those with @rvalue of approximately unity tend to form
predominantly linear, segmented morphologies. Further morphological tunability in these systems
is achieved by modifying the ratid the species on the same side of the hydrophilic block.

One final comment regarding all di¥ock sequences waranted while similar tunability
is possible in all block sequences, some block sequences display less desirable hydrophilic
coverage despita constant hydrophilic block length in all simulations ( p {j due to the
difficulty of configuring the micelle with the hydrophilic species facing the solvent while
simultaneously shielding other species from it. Thus, if the remaining six béoglenes(with
the terminalhydrophilic block) do not display the relatively lower tunability exhibited by many
triblock copolymers with terminal hydrophilic blocks, they may offer more promising

morphologies in some cases due to the greater ease of achigdinghilic coverage.
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Figure 24. A demonstration of the proposed lever principle in tetrablock micelles using results from DPD simulations with
identical block lengths, but six different block sequences.

The results of individual block sequences will be presented in pairs, such that both of the
sequences in each pair have the same species in group 1 and in group 2. This style of presentation
is chosen for two reasons. First, this allows the two setsutses be compared directly, as their
T-values match exactly. Second, and more importantly, the morphologies formed by architectures
in each pair (e.g., &12A18D2 and G2BgA1gD>) are similar in many cases, with the reversal of the
species on the sid# the hydrophilic block that has two species being the chief differémed.

cases, the visibility of the water beads is disabled for visual clarity.
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6.1. Polymer Architectures with Block Sequence BACD or BADC

The design of experiment used in thisdstled to a hierarchy of variables, with results
grouped first by block sequence and second by lipophilic block length, with the plotted results
showing a spectrum of morphologies based on the changing fluorophilic and superhydrophobic
block lengths. Forlharchitectures in this study, both the hydrophilic block leragidthe total
chain length were held consta@onsequentlyfor both the BACD and BADC block sequences,
all of the results with the same lipophilic block length yield identitalalues.Figure 25 and
Figure26 on page§3-74 show the results of the BACD and BADC block sequences, respectively,
which highlight the connection between thevalue and the resultanticelle morphology.

Overwhelmingly spheroidal morphologies were formed for @ and foro p @in
agreemenwith the predictions offered by thie-values of each case (0.38 and 2.67, respectively).
For @ @, all BACD morphologies displayed layered cores composed of superhydrophobic
species in the center with surroundinglayer of fluorophilic species, whickvere in turn
surrounded by several patches of lipophilic species. As the valug oflecreases, the
superhydrophobic core increases in size, while the fluorophilic layer thins. BADC morphologies
were quite similar, with the sole difference being that the layered cores were composed of
fluorophilic species in the center with a surroundanger of superhydrophobic species.

The morphologies witkd  p qlisplayed comparable behavior; in this case, all micelles
exhibited a lipophilic core, with layered patches surrounding the overall micelle core. In BACD
micelles, these layered patches wemmposed ofsuperhydrophobiaores and fluorophilic
coatings, while in BADC micelles, the two species were reversed. These morphologies are quite
interesting in that they display a combinationestiires of ABC and BAC micelles, forming both

| ayerend i k@i onor phol ogi es often observed in AB
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Figure 25. DPD results for tetrablock copolymers with BACD block sequence, separated by lipophilic bloc!
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Figure 26. DPD results for tetrablock copolymers with the BADC block sequence, separated by lipophilic block (B) length.
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more commonly seen in BAC morpholodie¥: 6667,

Architecures withdd  Qoro  p tdisplay a wider range of morphologies, owing to the
intermediateT -values (0.57 and 1.75, respectively). While most of the morphologi@s fon
are pronounced in their linearity, theMsCsD7 architecture consistently formezpheroidal
micelles. This exception is observed for bogABD4Ci0andBsA1sD7C7 as well, as seen igure
26, leading to the possibility that a secondary stabilizing effect is present in addition to the overall
effect of theT -value. Moreover, the presence of some spheroidal BACD micelles o the T
group leads the authors to suggest thatTthalue of a peicular architecture leads to a strong
preference for a class of morphologies, rather than a strict adherence to this class.

Finally, the micelles witlo  p pdisplayed strongly linear, segmented morphologies, as
predicted by tha -value of exactly unytin this group. Here, neither lipophdenredmicellesnor
micelles with fluorophilic or superhydrophobic cores are stabilized enough to favor a spheroidal
morphology, so alternating morphologies are favored. In this group we also observe the first
exampe of a trend which will be seen to continue in other block sequences: in segmented
morphologies, segments are formed of either all of the groups on one side of the lever or all of the
groups on the other (e.g., alternating segments of B and C/D, insthefcdnese two sequences).

6.2. Polymer Architectures with Block Sequence BCAD or CBAD

The morphologies of architectures with BCAD and CBAD block sequences are shown in
Figure27 andFigure28 on paged6-77, respectively. These two block sequences exhibited very
similar results, with the predominant @ifénce being the reversal of the lipophilic and fluorophilic
regions between the two sets of results. It should be noted that, unlike micelles with BACD or
BADC block sequences, many of the micelles with the BCAD block sequence exhibited

incomplete or evesomewhat poolnydrophilic coverage.
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Figure 27. DPD results for tetrablock copolymers with the BCAD block sequence, separated by lipophilic block (B) length.
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