Interphase Formation During Curing

Simulated by Reactive Molecular Dynamics

TECHNISCHE
UNIVERSITAT
DARMSTADT

Vom Fachbereich Chemie

der Technischen Universitat Darmstadt

zur Erlangung des akademischen Grades eines

Doktor rerum naturalium (Dr. rer. nat.)

genehmigte

Dissertation

vorgelegt von

Karim Frédéric Farah, M.Sc of Physics

aus Dakar, Sénégal

Referent: Prof. Dr. Florian Mller-Plathe
Korreferent: Prof. Dr. Nico Van der Vegt
Tag der Einreioly:

Tag der mundédprifung:

Darmstadt 2011

D17




Summary

The present PhD thesis is part of a six year ptojetated to tackle the issue of interphase
formation in hybrid materials characterized by mody-solid contacts. Interphases are regions “near”
the solid surface boundaries where the polymergtms are modified in comparison to more distant
regions. Experimental investigations on the natangl length scales of interphases have been
hampered by the challenging task of setting up i@gps that spatially resolve polymer properties.
Thus, unresolved questions on the role of interghas polymer-based hybrid materials still remain.
While a broad class of polymer-solid surface syst&rcurrently being investigated in the framework
of this six year project, our task has been topsatgimulation tool to tackle the question of iptease
formation during curing. The final goal of the prof is to simulate experimentally relevant polymer-
solid systems. The present PhD thesis deals wéhfitet three years of the project devoted to the
development of the simulation tool, to the investign of interphase formation at a generic level an
to the search of suitable methods to develop iotiera potentials to model experimental systems.

Curing denotes the formation of a polymer netwlookn a reactive system which consists of
components of lower molecular weight. It is an imant class of reactions as many technical
adhesives such as epoxy polymers are formulatedaasive liquids of monomers and curing agents.
The polymer adhesives are generated from the vedajuids in the presence of the adherend surfaces
under specific thermodynamic conditions. Thus, isable modelling tool should allow the dynamics
and chemical reactions occurring in the systemisetinvestigated under the desired thermodynamic
conditions. These requirements can be satisfiethéyse of Reactive Molecular Dynamics methods
(RMD) reviewed in the first chapter of the thesithe time scale accessible to atomistic RMD
simulations is in some cases not sufficient to pleseeactive events. At a coarser level, reactive
simulations allow the treatment of bigger systeram@ simplified reaction schemes. Currently, the
formation of an interphase during curing can notsheulated at the atomistic level in a reasonable
amount of time. Thus, our systems are describedcatarser level with a simplified reaction scheme.
Each monomer and polymer repeat unit is a coameat (CG) bead that is formed by merging
several atoms into “super-units”.

In the second chapter we present our RMD appro@bk possibility to perform reactive
simulations with material-specific CG potentialss ieen exemplified by growing polystyrene chains
from ethylbenzene as a model of styrene monontenstive Boltzmann InversiofiBl) [Reith, D.;
Putz, M.; Muller-Plathe, F.J. Comput. ChenR003 24, 1624.] has been employed to develop these

potentials. Many properties of the samples growth wie RMD approach have been compared to the
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results of equilibrium molecular dynamics simulagoon identical polymer samples. An agreement
between RMD-based and equilibrium simulation reshés been found. Our RMD algorithm is based
on alternating between bond formation steps drilkgna reaction cutoff parameter and diffusion

periods defined by a delay time parameter. We lp@réormed a number of simulations varying the

RMD parameters to understand their role and to gight into polymerization processes. We have
correlated the final degree of polymerization disttions to the reaction conditions. Our reactive
scheme is inspired by a RMD model proposed appratdiyn ten years ago, which was however not
material-specific [Akkermans, R. L. C.; Tgxvaerd, Biels, W. J.JJ. Chem. Phyd998,109, 2929.].

The third chapter deals with the issue of matespacific force-fields for the simulation of
experimental adhesive systems. From the investigaidf the first chapter, 1Bl appeared as a swatabl
method to obtain material-specific potentials. Traerstand the challenges involved in developing
such force-fields we have investigated the tempesatransferability of 1Bl potentials optimized for
liquid hexane. Temperature transferability is thpability of a CG force field to describe the syste
at a temperature far away from where it has beesnpeterized. This study has been a simplified way
to gain experience on transferability issues of Qdentials before tackling the complex case of
adhesive systems and surfaces. In this study we algdo experienced the use of scaling factors that
are currently a rather common solution to genet&tepotentials suitable for different thermodynamic
states and we have developed a novel, more rotsie.

The fourth chapter presents generic simulatiorsuaghg processes in the presence of idealized
surfaces. Here, the reactive liquid mixtures arst Bquilibrated in the presence of the surfaces pv
the curing process. The constituents of the readiquids are bifunctional beads and tetrafunctiona
curing agents. The surface interactions with thiéewint constituents are tunable. In this way,
preferential adsorption at the surfaces of ondnefdonstituents can be promoted. In fact, the ma&po
was to investigate the impact of surface-inducegeggtion on interphase formation. From the RMD
simulations it appears that densities and averael lorientation profiles are not affected by the
segregation processes. In fact, the perturbatibtisese two properties remain similar with or witlho
preferential surface interactions. In contrastpprties which depend on the spatial distributiothef
curing species such as the average length of tlyenpo segments between two branching points (i.e.
curing agents with more than two bonds) are aftette segregation processes. In fact, the average
length of the polymer segments increases with asing) distance from the surfaces for a preferential
adsorption of the curing agents. The opposite saeaobserved for a preferential adsorption @& th
bifunctional monomers. In the absence of segregaprocesses, the average length of polymer

segments is rather constant in the polymer samples.
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The fifth chapter summarizes some of the futuepstin connection with the simulations of
interphase formation. The possibility to extend fresent RMD tool to simulate other reactive

processes such as the growth of grafted polymeshiesuis briefly discussed.
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Zusammenfassung

Die vorliegende Dissertation wurde im Rahmen eiseshs Jahre dauernden Projektes uUber die
Ausbildung von Grenzflachen in Hybrid-Materialient fAolymer-Festkdrper-Kontakten durchgefiihrt.
Als Grenzflachen bezeichnet man die Region nah&esikorper, in der sich Polymer-Eigenschaften
von denen unterscheiden, die in gro3eren Entfeemuagr Oberflache realisiert sind. Experimentelle
Untersuchungen dber die Natur und Ausdehnung diésenzflachen werden durch technische
Probleme, Polymer-Eigenschaften rdumlich aufzulpseschwert. Dies hat dazu gefuhrt, dass der
Einfluss von Grenzflachen in Hybrid-Materialien ddlymer-Basis nur ungentigend verstanden ist.
Wahrend im Rahmen des sechsjahrigen Projektes Welgmer-Festkorper-Systeme untersucht
wurden/werden, bestand unsere Aufgabe in der Eklwig eines Simulations-Verfahrens, mit dem
sich die Ausbildung von Grenzflachen wahrend desh&ens beschreiben lasst. Ziel unserer

Arbeiten ist die Simulation experimentell relevarRelymer-Festkorper-Systeme.

Die vorliegende Dissertation wurde in der erstetfteldles DFG-Schwerpunktes 1369 geschrieben.
Inhalt der Arbeit ist die Entwicklung eines geeitgme Simulations-Werkzeugs, das Studium der
Ausbildung von Grenzflachen auf Basis verallgem@reModelle sowie die Suche nach geeigneten

numerischen Verfahren, um Wechselwirkungs-Potengaperimenteller Systeme zu bestimmen.

Unter dem Begriff ,Aushartung” versteht man die Bidung einer Polymer-Struktur in einem
reaktiven System, das aus Komponenten mit niednmgemolekularem Gewicht besteht. Die eben
beschriebenen reaktiven Prozesse sind sehr widkdigjele technisch relevante Klebstoffe wie z.B.
Epoxy-Polymere, in Form einer reaktiven Losung Wdonomeren und Aushartungs-Reagenzien
vorliegen. Die Polymer-Klebstoffe werden mithilfener reaktiven Ldsung in Gegenwart einer
behandelten Oberflache unter genau definiertenmib@ynamischen Bedingungen hergestellt. Aus
diesem Grund sollte es ein geeignetes Simulatioagk¥¢ug ermoglichen, die Dynamik sowie die
reaktiven Prozesse eines gewahlten Systems untegelwiinschten Bedingungen zu modellieren.
Diese Anforderungen lassen sich durch so genamaktive Molekulardynamik (RMD)-Methoden
erfullen, die im ersten Kapitel dieser Dissertatimeschrieben werden. Leider reicht die Zeitskala
atomarer RMD-Simulationen oft nicht aus, um reakiRrozesse zu detektieren. In einer vergréberten
Beschreibung konnen reaktive MD-Simulationen vemetnwerden, um grof3ere Systeme mit
einfachen Reaktionsschemata zu beschreiben. Zusteg#s nicht moéglich, die Ausbildung einer

Grenzflache wahrend eines Aushartungsprozessesen a&omaren Auflésung in einer realistischen
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Zeitskala zu beschreiben. Deshalb haben wir die dbden Modell-Systeme mit vergroberten
Methoden und vereinfachten Reaktions-Schemata kbebeh. In unserer Naherung wird jedes

Monomer sowie jede Polymereinheit als effektivepe@atom (CG)-Teilchen beschrieben.

Im zweiten Kapitel der vorliegenden Dissertatiodgantieren wir den von uns entwickelten RMD-
Formalismus. Die Madglichkeit, reaktive Simulationemithilfe von materialspezifischen CG-
Potentialen zu beschreiben, wird am Wachstum vdgsBwool-Ketten auf Basis von Ethylbenzol-
Monomeren erlautert. Die Ethylbenzol-Molekile apg@mueren in unserer Naherung Styrol-
Monomere. Die notwendigen Potentiale wurden mighilfer iterativen Boltzmann-Inversion (IBI)
berechnet [Reith, D.; Putz, M.; Miller-Plathe, B., Comput. Chem2003 24, 1624]. Viele
Eigenschaften von Proben, die wahrend RMD-Simulatio ,gewachsen” sind, wurden mit den
Ergebnissen von konventionellen Gleichgewichts-$atmnen an identischen Systemen verglichen.
In allen Fallen war die Ubereinstimmung zwischenRBaten und Gleichgewichts-Ergebnissen gut.
Die von uns entwickelte RMD-Methode basiert aufeeinWWechsel zwischen so genannten reaktiven
Schritten, die durch einen Abstandsparameter zwisden reagierenden Teilchen beschrieben werden
und nichtreaktiven Diffusions-Perioden, die mithiiner charakteristischen Zeitkonstanten definiert

sind.

Im Rahmen meiner Dissertation wurden systematiSemeilationen als Funktion der oben erwahnten
RMD-Parameter durchgefuhrt, um ihren Einfluss zursteghen und um Einblick in
Polymerisationsprozesse zu gewinnen. Die erhaltdf@ssenverteilungen der Polymere wurden mit
den numerischen Bedingungen der RMD-SimulationenahW der Zeitskala, Wahl des
Abstandsparameters) korreliert. Fur unser reaktMBsSchema haben wir Elemente einer tGber zehn
Jahre alten Studie adaptiert, die allerdings niodterialspezifisch war [Akkermann, R.L.C.;
Taxvaerd, S.; Briels, W.1J, Chem. Phyd.998 109, 2929].

Im dritten Kapitel stellen wir ein materialspezdies Kraftfeld fir die Simulation experimentell
interessanter Systeme vor. Die Untersuchungen stereiKapitel haben gezeigt, dass IBI gut geeignet
ist, solche Potentiale zu berechnen. Um die Sclykieiten bei der Entwicklung solcher Kraftfelder
zu illustrieren, haben wir die Temperatur-Abhangigkind Ubertragbarkeit von

CG-Potentialen fiir flussiges Hexan untersucht. Untem Begriff (Temperatur-)Ubertragbarkeit
versteht man die Fahigkeit (Flexibilitdt) eines B@&ftfeldes, ein System bei Temperaturen zu
beschreiben, die stark von der Temperatur abwejdieirder das Potential parametrisiert wurde. Die

beschriebenen Simulationen sind ein einfacher Angdie Ubertragbarkeit von CG-Potentialen zu

Zusammenfassung 5



testen, bevor die Methode auf komplizierte Kleldstaind Oberflachen Ubertragen werden kann. In
diesem Zusammenhang haben wir auch die Genauigi®@it einfachen Skalierungsverfahren
untersucht, die in der Literatur recht gebrauchlethd und einen neuen, stabileren Formalismus

vorgeschlagen.

Im vierten Kapitel beschreiben wir verallgemeine®@nulationen eines Ausharte-Prozesses in
Gegenwart einer idealisierten Oberflache. Bestaedder reaktiven Losung sind ,zweiwertige”
Monomere und ein ,vierwertiges” Aushartungs-Reageide Wechselwirkung zwischen der
Oberflache und den Komponenten der Mischung wut@bel gehalten. Auf diese Weise war es
maoglich, selektive Adsorptions-Prozesse fir die Komenten zu simulieren. Ziel dieser reaktiven
Simulationen war es, den Einfluss einer rdumlicleennung der Komponenten auf die sich
entwickelnde Grenzflache zu untersuchen. Unsere FR#bulationen legen nahe, dass die
Massendichte sowie die Orientierung der Bindung@&htndurch diese Komponenten-Trennung
beeinflusst werden. Beide Eigenschaften zeigendbirliches Verhalten, unabhangig davon, ob die
Komponenten raumlich unter dem Einfluss der Oben#agetrennt wurden. Im Unterschied dazu
werden Eigenschaften, die von der raumlichen Merigides Ausharte-Reagenzes abhangen, wie die
Lange eines Polymer-Fragments zwischen zwei Vegumgjspunkten (Ausharte-Teilchen mit mehr
als zwei chemischen Bindungen) durch Trennung danponenten beeinflusst. So nimmt z.B. die
mittlere Lange von Polymer-Fragmenten zu, wenn Alestand zu einer Oberflache mit selektiver
Adsorption des Ausharte-Reagenzes grol3er wird.eBiderhaltnis wird umgekehrt, wenn bevorzugt
die zweiwertigen Monomere adsorbiert werden. OhiesedKomponenten-Trennung ist die mittlere

Lange der Polymer-Fragmente in der Probe mehrwedeiger konstant.

Im funften Kapitel werden einige zukiinftige Sclaittei der Simulation von Grenzflachen referiert.
Die Madglichkeit, das entwickelte RMD-Verfahren aahdere reaktive Prozesse wie z.B. dem

Wachstum von chemisch gebundenen Polymer-Kettéertragen, wird andiskutiert.
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1. Classical Reactive Molecular Dynamics Implementa  tions: State
of the Art

1.1. Introduction

Quantum chemistry based on ab initio, density fonetl theory (DFT), or semi-empirical
calculations has grown to a powerful level of tlyedo gain microscopic insight into chemical
reactions. Computer-assisted quantum chemical legionsd'™® have allowed the investigation of
reactive processel > ®as well as equilibrium structures of compoulitidlevertheless, there is a
strong restriction in the number of atoms that loarireated by quantum chemical methods due to the
strongly increasing computer time demand. To ti@gger systems, hybrid methods combining
quantum mechanics and molecular mechanics (QM/Maf) Ioe usef®*® however, they are also
expensive. In such schemes the reactive regioassritbed by QM while the non-reactive regions are
described by MM approaches based on empirical pateganergy functions, i.e. force-fields. Force-
fields are analytical functions parameterized wiarum calculations on fragments of the system or
via known experimental properties (geometrical peaters, density, heat of vaporization...). Such
force-fields map the combined influence of eledraend nuclear interactions in a coarser manner.
Their adoption leads to a dramatical computer tietiction. QM/MM methods and their applications
to enzymatic reactions have been reviewed by Acist Warshel already in 1948 Many force-
fields, such as CHARMNIEY AMBER,*® and MM3?Y have been developed for MM approaches.
Most of the MM force-fields available, such as trees just mentioned, describe particle interactions
via potential energy functions that do not allowntobreaking or bond formation. They can be
employed in pure MM methods only to investigateioium propertie§? such as bond lengths,
bond angles or conformational preferences of méésciNevertheless, reactive force-fields have also
been implemented to investigate transition stafeshemical reactions with pure MM methods. The
latter subject has been thoroughly reviewed by dtksticz and Houk in 1998% With QM, QM/MM
and MM approaches it is however not possible tdysthe time-evolution (i.e. dynamics) of complex
liquid, solid or polymer systems. Finite-temperat@ffects are often considered only in the simple
harmonic approximation while pressure effects aegohd their scope. Quantum Monte-Carlo
approaches can include finite-temperature effétt€®! However, they remain expensive time-
independent methods.
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The time-evolution as well as finite-temperaturgomssure effects in complex systems can be
studied via molecular dynamics (MD) approach®&¥! MD is based on the resolution of Newton’s
equations of motion. During MD simulations, paeilexperience forcesthat are computed from
relation (1.1.),

F=-0E, (1.1.)

with EEP representing the gradient of the potential enéuggtion E. The predictive power of MD

simulations is determined by the accuracy of thieddield to reproduce the particle interactions.

Due to the difficulties in coupling MD-driven dyn#&a with reactive processes mapped by a force-
field approach, simulations have been mainly retstd for many years to non-reactive conditions
using force-fields such as CHARMM! AMBER,*® and MM3?Y! already mentioned above. Several
other non-reactive force-field$®! based on the same philosophy have been describetiei
literature. In the present review we will clasdifiese non-reactive force-fields as “standard Mder
fields”. An alternative to simulate reactions vieEDMs the use of hybrid methods, such as the Car-
Parinello molecular dynamics method (CAPMD), whagmbines MD with QM>® Nevertheless,
the treatment of the reactive quantum regions in/IQM approaches still remains demanding.
Currently MD simulations treating both the particle dynamass well as reactive processes with a
force-field are an efficient compromise to invesatigthe time-evolution of very huge systems under
thermodynamic constraints with reasonable comptutes demands. But, as already mentioned, such
implementations are a challenging task. In theednif non-reactive MD simulations, the topology of
the system is never altered. The equilibrium distanand angles are preserved by the force-field. In
reactive simulations, an accurate and predictiveeefdield should, first of all, allow for the
reproduction of the material properties under regctive conditions. Secondly, the extra features
required to model a chemical reaction as realifyieas possible must be incorporated into the force
field. This includes the capability of the reactifi@ce-field to decide under which conditions the
encounter of particles leads to a reactive step. Mhdelling of the transition state of a reactisrai
challenge for any realistic reactive force-fielduring such a transition, the geometry of the reacti
species evolves. An accurate reactive force-fibldukl guarantee a continuous transition from the
equilibrium structures of the reactants to the pobanes. Preferentially, the reactive part offtiree
field should be developed from first-principles eggrhes. The points mentioned above clearly

highlight the additional challenges accompanyirgdbvelopment of a reactive force-field.
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Nevertheless, the interest in reactive molecularadyics (RMD) simulations is growing and a
certain number of approaches are now availabl¢hdnpresent review we have divided the existing
RMD approaches into two classes. The first cladlBMD implementations comprises approaches that
do not focus on a realistic description of the edatary chemical reaction. In this RMD branch, a
connection between two patrticles is made if they faund within a pre-defined distance. In the
present review, approaches that rely on a distantaion are classified as “reaction cutoff disteh
methodg3%°%! Here, the interaction between reacting particlgiches from the nonbonded to the
bonded one without transition. Historically, therpase of reaction cutoff methods has been the
generation of equilibrated polymer structufég?: 44 47.50-52. 54 |ater articles they have been used to
provide qualitative insight into polymerization pesse&'® 42 43 45.46. 48, 49. 5359 o gecond class of
implementations, intents to develop accurate aediptive reactive force-fields as discussed above.
These approaches will be classified here as RMIhoakst based on “empirical reactive force-fields”.
Reactive force fields such as the RMDff implementabf Nyden et af®®* or the Adiabatic Reactive
Molecular Dynamics (ARMD) approach of Meuwly et'®i®® are based on modified versions of
available standard MD force-fields. The Stilling&eber (SW) potentidf§°4 adopt many-body
interactions in their setup. The Abell-Tersoff-Bnen (ATB) potentialS> 1% as well as the force-field
ReaxFF of van Duin et &°'¥ are bond-order based potentials. The cited methiefime the
different subclasses that can be identified infdmaily of “empirical reactive force-fields”. In tise
schemes, a continuous transition region from tleteats to the products is implemented. In most of
these approaches, this is ensured by the use tfhsmg functions. For this purpose, the choice of
functions based on the hyperbolic tangent seentsetcommon. It is worth mentioning that such
functions have already been used as smooth bomdpaoiation functions in quantum chemical
calculationd? The aim of empirical reactive force-field approeslis to reproduce certain aspects of
the reaction kinetics as well as transition staengetries. The difference between methods based on

empirical reactive force-fields and reaction cuteffhniques is illustrated in Figure 1.1.
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Figure 1.1. lllustration of a bond-breaking process either ciésed by a reactive force-field method
or a reaction cutoff distance approach. The x-agia generalized reaction coordinate that indicates
the advancement of the reaction; x = 0 is the beigimp of the reaction and x = 1 the end. The
dimensionless y-axis maps the state of the rea¢yion0 is the educt, y = 1 is the product). Thadi
switching function symbolizes a continuous traasitas interpolated by a reactive empirical force-
field. For a reaction cutoff method, the red stapstion indicates the abrupt change of the state.

Two older reviews on reactive MD simulations awaikable in the literature. In the one by
Garrison and Srivastava (1995)' chemical reactions of a few hydrogen or oxygermatawith
metallic surfaces, described with the London-Ewftalyani-Sato (LEPS) potential, have been
summarized. In addition the SW and ATB potentialsvpilingly adopted to simulate silicon surface
etching and the Embedded Atom Model (EAM) for tresatiption of metals have been discussed.
Similar to SW potentials, EAM force-fields belongsthe family of many-body potentials. They have
not been included in the present review becausera detailed description of the latest achievements
of SW potentials has been reported. The seconéwepublished by Brenner (2000) is more focused
on the theoretical fundaments of ATB potenti&i8.

A decade of research has elapsed since 2000 asdoreseen by Garrison, Srivastava and
Brenner- the interest in the development of RMD implemenptadi has grown significantly. New
achievements have been accomplished mainly inig¢he ¢f polymer simulations. Topics such as the
kinetics of the thermal decomposition of polymehg bombardment of polymer materials with high-
energy species, or qualitative investigations ofymer growth via generic potentials, have been
discussed in the literature. As several new methoalee emerged we feel that a new RMD

classification, including the Stillinger-Weber ahdrsoff approaches, is necessary. The presentwvevie

1. Classical Reactive Molecular Dynamics Implemgois: State of the Art 12



offers the possibility to estimate the role of RMDmaterial science by a comprehensive description
of the available methods and their application déel We discuss the capability of RMD
implementations to reproduce or to explain expenitaeresults.

In the second section, we present reaction cutstidce models based on material-specific
force-fields and on generic potentials. A discussam empirical reactive force fields approaches
follows in the third section. They have been regeml into implementations based on modified
standard MD force-fields, many-body and bond-opgentials. In the concluding section, we discuss
the different advantages and limitations of the RMpproaches. Finally, we have grouped RMD
simulations from our literature research as a fonadf their application domains in a table forrtt

is provided at the end of the review.

1.2. Reactive Methods Based on a Reaction Cutoff DI  stance

In these methods, a reaction cutoff radius centere@ reactive particle determines the
influence sphere where prospective reaction patioem new bonds. Figure 1.2. is a two-dimensional
illustration of a chain-end propagation during dypwerization as simulated with a reaction cutoff
method. In reaction cutoff methods, the bondedestatween two particles is created by suddenly
turning on the bonded interactions of the forcédfigvhile the nonbonded ones are turned off.
Material-specific force-fieldd> 4% 44 47-51.52. 5% anerally require additional effort in contrasgeneric
CG potential§® 42 43.45.46. 4850, 54q discussed below.

o @® iopacation
00,0 T

Figure 1.2. Two-dimensional representation of a propagatitepsfor a chain-end polymerization.
The red particles symbolize the free monomers hadbtue the connected ones. The dotted circles
centered at the brown particles symbolize the feacttate of the chain-ends. The green particles ar
the ones reacting with the active chain-ends. Treerg particle on the left picture is transformetbin
the brown one on the right picture. The black arsawpresent the reaction cutoff distance.
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Material-specific potentials have characteristiatéees such as equilibrium distances and
angles in the case of bonded interactions or, enctise of nonbonded interactions, specific excluded
volumes. The differences in typical bonded and ooded distances imply that even the smallest
value - defined by the excluded volume radius evedid for a reaction cutoff distance will likely be
found in the zone of strong forces of the bondtsliieg potential. A bigger reaction cutoff speegs u
the polymer generation but simultaneously introdustrong forces after switching to bonded
interactions. The generation of states with higlede might require special care in the performarice
RMD runs; this topic will be discussed in the nesrragraph. In contrast to material-specific RMD
approaches, implementations using generic modelganerally easier to handle. Here, the bonded
interactions often include a bond-stretching paétiat is not restricted to realistic length ssal

As mentioned above, strong forces that might beodhiced by a reaction cutoff approach can
provoke instabilities. The common option to relag system from such high energy configurations is
to alternate bond formation steps with conventioMi@ moves controlled by a thermostat. Most
implementations based on a reaction cutoff distaace composed by this alternation. Some
implementations add more sophisticated relaxatmhriiques. In addition to the removal of forces,
conventional MD steps also influence the final poty length distributions as they define the
diffusion time-scale between reactive stéfis* Below, we describe reaction cutoff distance meshod
that have been combined with standard MD forcal$iebr with tabulated potentials to simulate
specific materials. Subsequently, we present théhads that have been applied in connection with
generic potentials.

1.2.1. Reaction Cutoff Methods in Combination with Material-Specific Force-Fields

1.2.1.1. Atomistic Standard MD Force-Fields

As a set of representative studies, we presenintrestigations of Varshney et & Wu et
al.[*! Bermejo et al®? and Lin et al** varshney et alhave generated an epoxy polymer network
from the resin monomer diglycidyl ether of bisphletoand the cross-linker diethylene toluene
diamine; see Figure 1.3., tophe reactive groups are the oxirane rings of tsenrmmonomers and the
amine fragments of the cross-linkeffie growth scheme is symbolized in Figure 1.4arBoanarios
have been considered in this work. In the first, allereactive groups have the same reactivitythin
second, the reactivity of primary amines is higtian the one of secondary amines. In the thirdy eac
nitrogen makes two bonds before considering anather For these scenarios, one bond is formed at a

time using a reaction cutoff of 1.0 nm. In the thuscenario, all reactive sites react simultangousl
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with an initial reaction cutoff of 0.4 nm that islarged by 0.025 nm after each unsuccessful reactiv
attempt. Here, a bonded potential is progressivgtpduced in association to an energy minimization

via a multistep relaxation procedure (see Figuda)l.

CH; c|:|-|3
H,C CH,
Hzc c c CHz—C—CHe
G O H2N NH2
CH;
diglycidyl ether of bisphenol F diethylene toluene diamine
NH,
HsC
|-|2c:—c:—<:|-|2 CH2 c—cH2
H3C
CH,—NH,
CH3 CH;
diglycidyl ether of bisphenol A isophorone diamine
OH AN
M n Ho” ™~ AND HO
OH
poly(vinyl alcohol) 1,2-ethanediol 1,4-butanediol

Figure 1.3. Components employed in the RMD simulations oMy et af* (top), Wu et af*”
(center) and Bermejo et &F! (bottom).

1. Classical Reactive Molecular Dynamics Implemgois: State of the Art 15



equilibration of monomers

v

approach 1-3: 1.0 hm
apprecach4: 04 nm

input conversion limit: 100%

input reaction cutoff distance:

}

reaction is performed

approach 1-3: one bond ata
time (closest pair)

approach 4: all reactive pairs

found
i

minimization with multi-step
relaxation procedure

‘

no

cross-inking limit reached?

—> conventional MD: 40 ps | 4] <+
v o |z
[] -:
identify all reactive pairs pa §
approach 1-3: select § g
closest pair 5 o
=3
(3]
‘ cutoff
pair is within cutoff distance? f-— increment
‘ yes no | ¥0.025 nm

1. Classical Reactive Molecular Dynamics Implemgois: State of the Art

16



equilibration of monomers

y

input reaction cutoff distance:
Interval 0.4-1.0 nm

{

energy minimization plus
conventional MD: 1000 | <=

v

steps each

identify closest reactive
pair

} no

‘ pair is within cutoff distance? ‘ —

J, ves

‘ reaction is performed ‘

{

energy minimization plus
conhventional MD: 1000
steps each

{

cross-linking limit has

NO | reached experimental values?

1. Classical Reactive Molecular Dynamics Implemgois: State of the Art

17



equilibration of monomers

{

input reaction cutoff distance:

interval 0.5-1.0 nm

input cross-linking limit

{

» identify reactive pairs

{

all pairs within the reaction
cutoff are reacted

'

energy minimization
10000 steps of steepest
descent

\

several conventional MD runs of 20 ps
during which the temperature is
periodically increased and lower back
to the desired value

'

cross-linking limit has been

no reached?
; yes
c stop

1. Classical Reactive Molecular Dynamics Implemgois: State of the Art

18



equilibration of monomers

Y

input reaction cutoff distance:
0.38 nm

v

» pickaCH attheendof achain | e
at random

{
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T
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|_l
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d chains generated

Figure 1.4. Schematic diagrams of the reaction cutoff distamethods implemented by a) Varshney
et al®™ for diglycidyl ether of bisphenol F as epoxy resimd the cross-linker diethylene toluene
diamine, by b) Wu et &7 for diglycidyl ether of bisphenol A as epoxy reaimd the cross-linker
isophorone diamine, by c) Bermejo et*4.for poly(vinyl alcohol) chains and linear polyolass-
linkers and by d) Lin et &”! for poly(ethylene oxide) chains grown from dingetther molecules.
For detailed explanations of the diagrams see éxé t
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The polymerization scheme of Wu et*dlis presented in Figure 1.4b. Thiegve generated an
epoxy polymer network from the resin monomer diglytether of bisphenol A and the cross-linker
isophorone diamine; see Figure 1.3., center. Thexagon scheme of Wu et al. consists of energy
minimization steps followed by conventional MD meveuch a relaxation scheme has also been
employed by Bermejo et BF in a more sophisticated way. In the work of Bermejo ket the
conventional MD steps are performed as perioditesyof temperature decrease and increase between
400 and 650 K (see Figure 1.4c). This temperatumeeaing process allows a gradual energy
minimization that reduces the probability to trap structure in a local energy minimum. For anyearl
analysis of such annealing schemes, we refer tovthré& of Bohm et aff’ Bermejo et a*? have
generated a network from poly(vinyl alcohol) chaersd polyol cross-linkers as displayed in the
bottom part of Figure 1.3. Lin et al. have genetdteear poly(ethylene oxide) chains. In their miode
each of the CEgroups in the dimethyl ether and each of the Gibups in poly(ethylene oxide) is
treated as one “super-atom”. They have used coiveitMD steps to relax the systems (see Figure
1.4d).

Varshney et df* haveimplemented a quite involved multistep relaxatiomgedure in
addition to conventional MD moves. In contrast, pody(ethylene oxide) relaxation scheme of Lin et
al*¥ uses only conventional MD steps. Unfortunatelynegal investigations on the merits and
shortcomings of the different relaxation schemesaloexist. The comparison performed by Varshney
et al. is - to our knowledge - one of the sparsengtts to correlate different approaches. They have
compared the energies for the different force-fidldns (bond stretching, angles, torsions, van der
Waals...) of equilibrated configurations and founditttine fourth approach leads to the lowest values.

The approaches discussed here all yield equilidra@mples with properties that are in
agreement with experiments. The reference proget@nsidered for the method validation are
generally the density, the glass transition tentpegathe volume shrinkage of the polymer or etasti
constants. The grown samples are used to understiarodure-property relationships. Bermejo and co-
worker$®? have discussed the influence of the cross-linker sn network properties. In comparison
to 1,4-butanediol, the shorter 1,2-ethanediol cliog®r leads to a poly(vinyl alcohol) network wigh
higher glass transition temperature. In fact, aenmnstrained motion of the polymer segments is
induced by the shorter cross-linker. For the sae@san, higher elastic constants reflecting a more
rigid material have been observed when insertiegstiorter 1,2-ethanediol.

It appears from the literature that at the atomst united atom level, reaction cutoff methods
have been adopted prevailingly for the generatioggailibrated polymer samples. These methods are

very useful and have highly contributed to reduéerts to generate starting polymer configurations.
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1.2.1.2. Coarse-Grained Implementations

An RMD simulation using coarse-grained (CG) - but matespecific - potentials has recently
been reportefl”! Coarse-graining involves regrouping a number ofrat into bigger units (i.e. beads)
to reduce the number of interaction sites. In tdB, time and length scales are strongly enhafcéd.
A number of techniques are now available to optimimaterial-specific CG potentidfs’ " A
tabulated set of CG potential has been employ¢deRMD simulations of Farah et * They have
been developed via the Iterative Boltzmann Invergigl) techniqueé™®® Originally, they were used
to model atactic polystyrene (PS), ethyl-benzer®) @nd their mixture§® They can be scaled for
the use at different temperatures and species otatens. These CG potentials comprise bond
stretching and angle-bending interactions in additio the PS-PS, PS-EB and EB-EB nonbonded

interactions. The CG beads either correspond tdSardpeat unit(—-(C;H,)C,H,— )or to an EB
moleculg((C,H,)C,H, )*H

In the work of Farah et dF¥ reaction cutoff values are chosen inside the sdpeilregion of
the nonbonded potentials. Smaller reaction culoffger the probability to find reactive partners.eTh
growth process is defined by initiation and propgegesteps (see Figure 1.2.). Chain terminatiopsste

are not implemented. The reactive steps are repeséelow in Equation (1.2.),

|*+ M - |-P*
|-P*+ M - |-P-P* (1.2)
|I-P,-P*+M - I-P,-P*,n=234,..

The initiators are symbolized by I, the free monm1igy M and the polymer beads by P. The symbol *
defines the reactive centers. The relaxation séeponly based on conventional MD moves that are
controlled by the Berendsen thermostat and bar68tat

One of the intentions in this RMD study was ta té& capacity of the method to grow and
equilibrate monodisperse polystyrene samples withirclengths of 10, 30, 80 and 120 PS monomers
at 500 K. Several properties such as densitiest@edd distances, gyration radii, radial distribot
functions, bond and angle distribution functionsravextracted from the grown polymer samples.
They agreed well with the results of non-reactiv® Nimulations performed on identical polymer
systems, thus, validating the reactive implemematiAs a second topic of the investigation, the
relation between processing history and final paymroperties were analyzed. In this context, a

benchmark for RMD-based polymer length distribusiols the theoretical Poisson distribution
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function!? It is observed for polymerizations only defined ihitiation and propagation steps in an
ideally mixed sample implying that reactive proesssare not diffusion controlled. With these

assumptions the analytical solution reéfs,
N
P(N, +1):Ng—)lexr{(— N®) N, =1.2,... (1.3.)
|

N(t) is the average number of bonds per chainqiatween the total number of bonds formed and the
total number of activated chains) at any time t & +1) the probability to observe a fraction of
chains with length Nt+1 (i.e. degree of polymerization). In the literauthe comparison between
RMD-based polymer length distributions and the &missolution is quite popular when relating
polymer length profiles to the reaction conditiéf{s®® >4 Any deviation from the Poisson solution
indicates violations from the prerequisites mergmabove. The influence of the polymerization rate
and of the initial spatial distribution of initiat (random or localized) on the final polymer ldngt
distribution P(N) has been discussed by Farah ét*aFor a random distribution of starters and a
slow polymerization rate, a P(N profile in agreement with the Poisson distribaotibas been
observed. A broader P(N profile has been derived from a faster polymeitrawith a random
distribution of starters. This follows from the g@ang in the polymer phase of some of the growing
chains. An illustration of polymer length distribais P(N) for a slow and fast polymerization is
provided in the top part of Figure 1.5. A localizetdrting distribution of initiators, such as theeo
sketched in the left diagram of Figure 1.6., uni@est polymerization conditions results in a strong
deviation of the P(N profile from the Poisson solution. The polymendéh distribution for such a
starting configuration is displayed in the bottorh FEigure 1.5. It follows from an initiator
configuration with high steric hindrance due to thead excluded volumes. As depicted in the right
part of Figure 1.6., the polymer chains createdh®youter initiators grow very fast inhibiting irme
initiator reactions. From their simulations, Farethal®" have highlighted starting conditions that

result in highly inhomogeneous growth processesatiag completely from a Poisson-like profile.
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Figure 1.5. Polymer length distributions obtained from a fastl slow RMD polymerization. The top
part shows the polymer length distributions in tase of an initial random distribution of initiatar
The bottom refers to a localized distribution atiators in the bulk of free monomers. The refegeenc
Poisson distribution is displayed in the top andttm diagrams for comparison. The Figure has been
taken from reference 54.

Interestingly, the correlation between the spdaallization of initiators, the velocity of the &n
and the resulting polymer length distribution dssed here appears pertinent also in the case of a
surface-initiated growth of polymer brusH&.The present RMD scheme has also been applied to

study the formation of an interphase during a @uprocess in contact with an idealized surfate.

(W)

W ®®
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SV
Figure 1.6. Trapping of initiators leading to very broad polgmlength distribution (P(N) in the
case of a fast chain polymerization starting fronoealized distribution of initiators. On the left:
Droplet of initiators (I*) in the bulk of free moneers (M) prior to the reaction. On the right:

Trapping of the inner droplet initiators after art@n number of reactive steps. P symbolizes a
polymer repeat unit.
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1.2.2. Reaction Cutoff Methods in Combination with Generic Polymer Models

1.2.2.1. Finitely Extensible Non-Linear Elastic (FENE) Potential

The FENE potential has been originally develope@adorm generic simulations of polymer
systems under non-reactive conditiffi8. Nevertheless, it has been employed also in RMD
simulations. In this scheme, the bonding is desdriby a combination of the repulsive part of a
Lennard-Jones interaction (Weeks-Chandler-Ande8®CA) potential) and the attractive FENE
potential (1.4.).

1 ) -
——feonst(fmax)” IN(L=(—)%),  r<rpax
Erene( =9 2 "max. . (14)

©, "> Tmax

'max 1S the maximum extension of the bond dpgh¢; the associated force-constant. The construction

of the interaction potential has been plotted m l#ft diagram of Figure 1.7. The relation betwé®san

WCA and the FENE parameters lis,x = 1.5 and feonst = (3C)/c” with the Lennard-Jones

parameters (i.e. potential depth) ansl(i.e. radius defining the excluded volume) set étuanity.

The two studies discussed here model the polyatesiz scheme displayed in Figure 1.2.
Perez et df° have performed bulk linear-chain polymerizationslevhiu et al™®® studied the growth
of chains grafted to a surface. The initiators b beginning of the simulations were distributed
randomly in a pure bulk phase in the work of Pegeal. while they have been located at a surface
with a pre-defined density in the study of Liu étBoth RMD studies start with the equilibration of
the monomer liquids. The reaction cutoff in thesplementations corresponds to the shell of the firs
neighbors surrounding a reactive particle. The bap@artner is chosen randomly in this shell among

the particles that are still in the monomer state.
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Figure 1.7. Potentials used in generic RMD simulations. LEENE potential combined with a
Lennard-Jones element. Center: Reflection of a Witential. Right: Breakable quartic bond
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When the bonding partner has been selected, Lial '8t control the polymerization rate of the
grafting process by an additional probability. he ttwo implementations described, each reactive

particle can bind one particle in a reactive sielaxation occurs during a number of conventional

08 1 1214

MD moves under the influence of a thermostat. Tlsé@Hoover techniql[f@' 2 for the thermostat

and barostat has been employed by Perez'® alhile a Dissipative Particle Dynamics thermostat

has been used by Liu et
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Perez et al*” in agreement with Farah et &f! have observedroader polymer length
distributions for faster reactive processes. Todedd their implementation, Perez et al. have gardr
reference polymer samples with the Fast Push-@firigue (FPOY-°® Within the FPO model the
chains are generated randomly in the simulation wiblkout accounting for their excluded volume.
The resulting overlaps are progressively removed sbit repulsive interactions until the full
nonbonded potential can be reinstalled. To valitize& implementation Perez et®l.have compared
the mean square internal displacement of the ch#iesgyration radii and the entanglement length
from their RMD simulations to FPO results. Goodeggnent was observed for all properties.

Liu et al® have focused their simulations on the relation eetwthe surface initiator density,
the polymerization rate and the final polymer léndistribution P(N) of the polymer brushes. They
have observed that an increasing surface init@deéosity augments the total number of monomers that
are grafted to the chains. Nevertheless, abovetait¢hreshold, the total number of initiatorstthan
react is limited to a constant value. This thredhehlue follows from the close proximity of the
growing chains. As a result, the number of growaingins and, thus, the total number of grafted
monomers remains constant. The top diagram of Ei@8. illustrates the case of low surface initiato
density where chain initiation is not yet prevenbsgdsteric hindrance. The high density case (Figure
1.8., bottom part) illustrates the hindrance ofiation due to the close proximity of the growing
chains. Qualitatively, the generic model of Liu @f*® is in good agreement with experiments.
Yamamoto et dt*? have found that the number of grafted methyl metfiate monomers exhibits a
nearly constant evolution above a critical initratiensity. Another experiment performed by Ma et
al**® revealed a similar behavior for oligo(ethylenecgly methyl methacrylate monomers grafted on
a gold coated surface. Finally, Liu et*dl.have correlated the polymer length distributiogs, | of
the grafted chains to the initiator density andgbbl/merization rate. At low initiator density astbw
polymerization rate, they recovered distributiondine with a Poisson profile. A stronger deviation
from this distribution has been observed when titeator density and polymerization rate were high.
This latter case is similar to the bulk polymeriaatwith a localized distribution of initiators as
studied by Farah et &f In fact, in both cases a fast reaction is modelitd a high spatial proximity

of the initiators.
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Figure 1.8. Representation of the polymer brushes for a lawp @iagram) and a high (bottom
diagram) surface initiator density. The free monmraae symbolized by the letter M, the initiatoys b
| and the polymer beads by P. The star labels daetive centers.

1.2.2.2. Reflected Weeks-Chandler-Andersen (WCA) Potential.

In the generic model implemented by Akkermans gf%lthe WCA potentidt®® is used for
the bond-stretching and the inter-molecular intéoas (polymer-polymer, polymer-monomer and
monomer-monomer). Irreversible bonding between padicles is ensured by a potential reflection

that is centered at the distangg&= 2% of the purely repulsive WCA function,

Ereﬂected (r) = ELJ (rcenter - |r - rcenterl)’ O <r< 2rcenter' (15)

With this potential, bonds have a finite exten#ibf 2reente; it is represented in the center part of
Figure 1.7. The adoption of identical Lennard-Jorpesameters for bonded and nonbonded
interactions implies identical vibrational frequessc for connected and unconnected particles.
Therefore, a larger time-step can be used in casgato simulations that describe bond vibrations

realistically.
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Similar to references 50, 53 and 54 the chainsgapgn according to the polymerization
scheme of Figure 1.2. The monomer liquid is firguikbrated; subsequently a random process
chooses a subset of particles and labels themtegars. Following this preparation stage the peéic
alternation of reactive steps and conventional Mbves takes place. The Nosé-Hoover thermdestat
been used here. The reaction cutoff is taken tedaml to genier Within the reaction cutoff, a random
choice is made among the unconnected neighborseddive centre. A probability is defined by the

equationP. =m/m_,. with m__, being the maximum number of monomers that camosnd a

particle. The value m is the number of monomersetiity found in the influence sphere of a reactive
particle. The bonding state is established viad¢péacement of the repulsive inter-particle potriy
the reflected WCA potential.

To validate the model, RMD-based end-to-end digarfRe and gyration radii (f, obtained
from the growth of single chains have been compuiéudthe theoretical scaling law X Ny ", with
X = ReeOr Ry. The prefactor phas been evaluated from non-reactive simulatibhe.parameter Nis
the number of monomers in the chain= 0.588 is observed for the scaling regime infaeghby the
excluded volume and=1/2 in the random walk regime. The.Rnd R, obtained at different stages of
single chain polymerizations agreed with the scplaw predictions. Following the validation part,
Akkermans et df” have followed the growth of multiple chains frohe tdilute regime to the polymer
melt. An interesting attempt has been suggestezkti@ct a polymerization rate constant k from the

time intervalt, separating reactive steps. The following expreéssias been proposed for the rate

constant.

J‘gMP* (r)4nr*dr
k=t (1.6))

r max

The integral refers to the radial distribution ftian that defines the average number of free momeme
M around a reactive center P*. The parameter, has been discussed above. In order to charazteriz
the time evolution of the process a rate equatiothfe average number of bonds per chain formed at

time t (N(t)) obtained under the same assumptiansleeady adopted in the Poisson formula (see
Equation (1.3.)) has been derivVél.

1. Classical Reactive Molecular Dynamics Implemgois: State of the Art 28



M, (1- expk[P*]t) (1.7)

N(t) =
(®) [P]

In Equation (1.7.), the rate constant k comes fieguoation (1.6.). [M] and [P*] refer to the initial

monomer and reactive center concentrations. Théytasa solution presented in Equation (1.7.)
reproduces well the RMD based N(t) profiles at bieginning of the chain growth. Deviations are
observed at the end of the process because thieveesicnulations become diffusion controlled even

for the biggestr, values. The correlation between reaction cutofbyeeters and macroscopic rate

equations in the work of Akkermans et al. is insgr The model is suitable to investigate the
interplay between the velocity of reactive stepd diffusion (i.e. relaxation) that can have diffetre

time scales in polymerizations.

1.2.2.3. Breakable Quartic Bond Potential

Stevens et af* > % %lhave been focusing on the nature of adhesion éilradhesive
polymer networks. They transferred a FEB&d interaction into a quartic potential that pdes the
possibility of bond breaking events. The bondindeptal is the sum of the repulsive part of a

Lennard-Jones function and of the following bredéajuartic bond potenti&l?

2
Equartic(r) = {f const.[(r —Ar) - I:?L] [(r —Ar) - PZ] (r=Ar)+ Eghig r<re (1.8)
shift r>r,

The determination of the parameters of EquatioB.)Iproceeds by a fitting process involving the
initial FENE potentialAr adjusts the center of the quartic potentighsf is the force-constant, and P
the inter-particle distance at the FENE minimumisPset equal to zero, andyk is a shift in energy.
The parameter.ris the interaction cutoff radius. The potentialpistted on the right hand side of
Figure 1.7. The nonbonded polymer-polymer, polymenromer and monomer-monomer interactions
are defined by a Lennard-Jones function. It isrdplsive part of this Lennard-Jones interactiaat th
is used to describe the bonded potential (i.eabege).

In their investigations Stevens et al. reprodireeduring process of epoxy resin monomers and
curing agents that generate polymer network adbesivthe presence of adherend surf&ées: 4 4°!
The initial system of unconnected particles is cosga of multifunctional curing agents (cross-

linkers) and bifunctional monomers that are cordiaed equilibrated between two walls. The surface-
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particle interactions are identical to the partigleticle ones. The network is formed during a tamis
temperature simulation. The reaction cutoff haslsefined in Lennard-Jones units as equal te.1.3
In the first stage of the curing, only reactiongween cross-linkers and surface beads occur. In the
second stage, the cross-linkers and monomers apech The authors did not mention any particular
relaxation steps. After the completion of the netwgrowth, the surface walls are moved with a
uniform velocity and eventual bond breaking evemthie adhesive system are tracked.

Tsige, Lorenz and Stevens have investigated thesimce of mixed curing agents on the nature
of the adhesion failufé® By mixing the curing agents with functionalitielse( number of bonds
allowed) f = 3, 4 and 6 in different proportionglymer networks with average functionalitieg f
increasing continuously from 3 to 6 have been geedr For a continuous increase of the average
functionality from 3 to 6 Tsige et al. have shovsattthe failure mechanism evolves progressively
from cohesive to interfacial. An interfacial faituresults from bond breakings between the surfade a
the adhesive beads. Cohesive failure is due toughieire of bonds in the adhesive material. Hereh ea
curing agent can only make one bond with the sarfeads. Tsige et al. have highlighted an
interesting relation between the average functignaf the polymer adhesives and the nature of the
adhesion failuré™®

In another work, Tsige and StevéMshave tuned the number of bonds that are formed
between the curing agents and the surface (i.erfatial bond density). By altering the interfacial
bond density they could control the nature of @u&ufe in the polymer networks. Three regimes have
been observed as a function of the interfacial badensity. At high interfacial bond density they bav
found a cohesive failure. At low interfacial bonendity the failure occurs at the surface. Figuge 1.
has been taken from the simulations of Tsige aeded&™ to illustrate these findings. The relation
between the nature of the failure and the intealaoond density as discussed by Tsige and Stevens
has been observed also experimentHily.
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Figure 1.9. Cohesive failure (top) and interfacial failure @bmm) as a function of the interfacial bond
density. The pictures are snapshots from the simonisof Stevens et al. (reference 45).

1.3. RMD Methods Based on Reactive Empirical Force- Fields

1.3.1. Reactivity and Standard MD Force Fields

1.3.1.1. The Adiabatic Reactive Molecular Dynamics (ARMD) Technique

The ARMD®>®® approach has been used mainly to investigateebiading process of NO
molecules to myoglobin (Mb) proteiff§:*” Mb proteins contain heme units with an iron atbat tan
rebind NO molecules. Factors influencing the redgtiof the Fe centre have been studied by one of
the present author in the framework of a qualitatiwlecular orbital modé&! It is known that only a
subset of the atoms, i.e. the first and secondhbeigrs of the irons is affected by the rebinding
process. This subset of atoms that form the acterdre of the Mb heme group is shown in Figure
1.10. It is defined by four pyrrole nitrogens (ldée N,) that form a plane, the central Fe atom, the

axial N.2 of the proximal histidine fragment as well as H@ molecule.
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Figure 1.10. Subset of atoms in a myoglobin heme group whitheléhe active region. Atoms in this
region participate in - and are affected by - thebinding process of Mb with NO molecules. The
active region is shown in the bonded state (i.eNFeond formed). The dashed lines symbolize the
bonds between the atoms in the active region. Thdiries are drawn to emphasize the planar
geometry adopted by the foup Btoms in the bonded state (i.e. when the Fe-N l®fiokmed). The
diagram is directly inspired from reference 65.

While the protein interactions outside the actegions are described by the CHARMM force-
field,*! other parameters have been used for the activient&3®” In the bonded state, the NO
molecule is connected to the heme group via an e (cf. Figure 1.10). This bond is broken in
the nonbonded state in which the NO molecule ioteraith the active region through inter-molecular
interactions. In the bonded state, the decisiveraations in the active region are intra-molecdhr
Figure 1.10). To describe the reactivity of theteys only the potential energy in the active regon
evaluated®®®” For the bonded state it is symbolized ly.&qand By in the nonbonded state.

The starting configuration of the RMD scheme cqroggls to a state with a number of NO
molecules dissociated from the Fe atém&”’ Bond formation processes are based on the
simultaneous evaluation ot dgeqand Ep. For an infinite separation between the NO nitrogad the
iron, By is below Eonged The opposite holds for small separations. Théast have defined a
crossing point for a transition between the twofigumations. It is obtained whenggeqt A — Ep <0
(i.e. change in the sign of the expression). ThestantA allows defining a common “zero” of energy
for Epondeqd@nd Ep. TWo time parameters dss and fix have been introduced to describe the reaction

dynamics (see Equation 1.8%.%! The time at which a crossing has been detectezhlled the
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crossing-time doss The mixing time tix specifies the time necessary to complete the itramgrom
the state R, t0 Byonded

When a crossing is detected the dynamics of theersysontrolled by F is halted to handle
the transition. The dynamics is then restarted ftioenconfiguration observed alsti= teross tmix/2 (IN
fs). From this point the transition fromyEto Byongeq IS conducted by a time-dependent switching
function S(t) defined as follow§”

a(t-t

S(t)=%[tanh(t—_c§tss))+1]. (1.9)

The tanh expression in Equation (1.9.) guarantesm@oth transition from the nonbonded to the
bonded state. S(t) starts at zero and reachesyampttic limit at 1. The different interaction tesnm

the bonded state are introduced by weighting thetin $(t). The function 1-S(t) decays from one to
zero and is used to switch off the interactionshi@ nonbonded state. Thus, the van der Waals and
electrostatic interactions of N and O with the E@naand its first neighbours are smoothly switched
off by 1-S(t). The Fe-N bond as well as the formamgles and torsions involving these two atoms are
introduced by S(t). Following the formation of tRe-N bond, the proper geometry modifications in
the active region are also ensured by the funct&{fjsand 1-S(t). In fact, the parameters of thé\g2
and the Fe-Nbonds and of the NFe-N> and the M-Fe- N.2 angles in the bonded and nonbonded
states differ. An example for both S(t) and 1-&jlisplayed on Figure 1.11. with the parameters a
4.8 and tix = 10 fs (i.e. parameters used in the work of Meuetlyal®”) assuming that the crossing
has been observed at an arbitragyst80 fs.
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Figure 1.11. switching functions S(t) and 1-S(t) used in ARMBDwgations as derived by the
parameters defined in the text.

For the electrostatic interactions, it is not tmengy but the charges that are directly scaledhiln
way, the compatibility of the method with the diffet ways to evaluate electrostatic interactions is
maintained. Recrossing from the bonded to the nodéd state is detected when the sign in the
expression (kndedt A) — Eyp Switches from a negative to a positive value.

The reactive interactions between NO ligandd &eme proteins are decisive in many
biological processé&®1"! The first investigation of Meuwly et al. to undersd the influence of the
Mb heme relaxation dynamics on the rebinding tinceles for NO ligands started in 2062.
Experiments show that the rebinding process of Nileaules with Mb, even at room temperature, has
a sub-nanosecond timescale adequate for RMD siimn$dt®® *%) The computed fraction of
nonbonded NO ligands as a function of time (A(s been compared to experiments which have

shown that A(t) is well fitted to the double expatial of Equation (1.1057° "4

_t -t
Alt)y=w,e " +w,e ” withw, +w,=1 (1.10.)

The wy and w factors as well as the two time constantandt, are adjustable parameters. The
ARMD derived time constaritd t,= 3.6 ps and,=373 ps are of the same order of magnitude as the
experimental values, = 5.3 ps,t,= 133 ps!’® Y Thus, a qualitative description of the rebinding

process of NO molecules with Mb proteins is posstbl RMD schemes. An analysis of the influence
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1.of A on the time constants, and t, and on the panel of rebinding geometries has been
preformed®” Although t, andt, are influenced by, the double exponential law remains. The effect

of A on the rebinding geometries is negligible. Moreergly, the ARMD method has been extended to

the investigation of NO dioxygenation in truncatetmoglobirf°®!

1.3.1.2. The Reactive Molecular Dynamics Force-Field (RMDff)

The RMDff force-field has been employed to studg thermal decomposition of polymers at
high temperatureg®®¥ It is a reactive force-field which aims at an aate description of transition
states®®! Bond dissociation is achieved through a linearcfiom defining the reaction coordinate
(RC)[

RC =mr +b. (1.11)

RC depends on the distance r between the dissugiatoms. m and b are parameterized to match RC
=0 and RC =1 with values of 5 % and 99 % ofdissociation energy. RC = 0 is the beginning of the
dissociation process and RC = 1 the end. The RM&edaxpression of RC in Equation (1.11.)
responds to purely technical reasons and diffens fthe conventional quantum chemical or kinetic
definitions.

With an ethane molecule, we illustrate how RMDffilies the transition stat&. In analogy
to the ARMD case of subsection 1.3.1.1, a bondatk s defined when the central C-C bond is
formed. When it breaks (i.e. nonbonded state) tétrahedral shcarbons are transferred into planar
sp? methyl radicals accompanied by changes in bongthsnand angles. The dissociating C-C bond as
well as the angles and torsions involving these taxons have to be gradually turned off and the
nonbonded interactions introduced. The procesenga@lled with the help of two switching functions
Si(RC) and $(RC) both defined by Equation (1.183.

S (RC) = 0.5[1- tanh(g (RC~RCy;))] withi =1,2. (1.12)

The parameteRCq; with i = 1, 2 defines the RC value where therattions of the bonded and
nonbonded states are equally weighted. In contoatie ARMD case, the switching functiog(F8C)
with i = 1, 2 is equal to unity at RC=0 (i.e. disgion begins) and decays to zero for RC=1 (i.e.
dissociation ends). The functiong(BC) and $RC) are used to weight the interaction terms m th
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bonded state to turn them off.. The dissociatiothefC-C central bond is ensured hyR&C) while 1-
S1(RC) introduces the nonbonded interactions betwieemmethyl radicals. fRC) and 1-§RC) also
handle the geometry modifications in the radicdls. (from sp to sg). S(RC) continuously
suppresses the influence of the dissociating angtek torsions. Guided by quantum mechanical
calculations, a faster decay of(BC) is implementetf®! The RMD-based potential energy of ethane
as a function of the central C-C separation isénywgood agreement with quantum calculati6fls.
RMDff is based on the MM3! standard MD force-field. In contrast to the timepdndent switching
function defined in Equation (1.9.),(RC) has a spatial dependence through the RC ptgame

We have just presented the most recent and sagatesdi version of the reactive force-field of
Nyden and co-workers called RMDdhdpublished in 200¥! Initial developments of RMDff started
already in 199F° At this time, the unimolecular thermal decompasitiof single polyethylene
chains, either stretched or coiled, with varioudenolar weights has been investigated by Nyden and
Noid®® (T = 2732 - 3054 K). The calculated decompositiates have been in reasonable agreement
with estimates from statistical theorte¥.Higher polymer stability was achieved with shortbrins
and higher degree of coiling. Then, the possibilityeduce the flammability of polyethylene hasrbee
investigated by Nyden et afT = 500 - 5000 K°”! They observed the formation of cross-links
between the chains at T = 5000 K, a process wlgidhaes the polymer flammability. Experimentally
this temperature can be reached via radiation-iediudecompositioh” Following their RMD
simulations, Nyden et al. performed the radiatioduiced experiments on poly(ethylene) chains and
observed an agreement with their simulatidfisin a different work, Nyden and Gilman have
evaluated the thermal stability of polypropyleneaicls confined between graphite shé¥lsThe
decomposition of these chains has been monitoreal fasction of the distance from the graphite
layers. Stabilization due to polymer-graphite adlvas polymer-polymer interactions close to the
graphite surface has been observed. In agreemémiewperiments, stronger decomposition has been
evaluated further away from the graphite she&sSubsequently, RMDff has been employed to study
the thermal degradation of several commercial pelgmsuch as poly(styrene¥, poly(methyl
methacrylaté}” and poly(isobutyleng§® @ In a very recent publication (2011) Smith et kzve
revisited the poly(ethylene) stability as a funotiof the molecular weight in a bulk phase formed by
several chain€” The decreasing stability of polymer chains witeréasing molecular weight has
been explained by the accumulated strain in thgdopolymer chains. The study of Smith et al. has
shown that the common practice to adopt rate cotstiiom measurements on small gas phase
molecules in kinetic models of thermal polymer daposition can lead to significant err&t4.
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1.3.2. The Many-Body Reactive Potential of Stilling  er and Weber (SW)

The reactive potentials developed by Stillinged aieber are non-additiv® ¥ In their
approach, the inter-atomic interactions are desdrliyy a combination of two-body ffand three body
(E3) terms. For a system of N atoms the overall gatkBr has the form,

Eo(1,...N) =Y E,(1,)+ > E;(I,JK). (1.13.)

1<J I<J<K

Generally, Stillinger and Weber define the two-bddieraction E by the product of a distance-
dependent function f(r) and an exponential cutofiction g(r-g),

E, =f(r)xg(r-r.). (1.14.)

The term f(r) in the definition of Ereproduces the repulsive and attractive partshef t
potential. The exponential-type cutoff function-gfrensures a smooth decay ofth zero beyond a
distance 4. For instance, in the first investigation of thgstalline-liquid phase transition of silicon

semiconductors, the following functional form wémsen for the two-body interactiéi,

ABrP-r%exp(r-ro)™), r<r,

, r=re

E,(r) :{ (1.15.)

with f(r) = ABrP-r® and g(r-)= exp((r- £)™*). The formula contains four parameters adjusted vi
physical or chemical properties of the chosen aysiiéhe general form of the three-body tergn€

E3(rl ' rJ' rK) = h(rl.] ' rIK 'OJIK) + h(rJI' r'\JK’GIJK) + h(rKI ’rKJ’elKJ) (116)

In this expressiofk is the angle formed by the three atoms |, J, Ksmared. The functions h also
depend on the distance between the central atonthé @ngle and the two outer ones |, K. The most

important role of the three-body interactiofi& to ensure that the desired number of bondsimen
is not surpassed. Below we express the first tbfm,r,,0,,) of (1.16.) employed in the first

investigation of Stillinger and Webé??!

1. Classical Reactive Molecular Dynamics Implemgois: State of the Art 37



h(ru s ’eJIK) =L eXp[(rU - rc)-l ty (rIK - rc) -1] X (C0£JIK - CO@tetra.)z . (1-17-)

The two other term&(r,, 1y ,0,,c) and h(r, , 1,0, ) of Equation (1.16.) are obtained by replacing

the angld,, in Equation (1.17.) by, and0,,. The function h has two adjustable parameterg)(

The two- and three-body parts of the potential slarat the same cutoff distange If one of the
distances iy or rk is beyond ¢ then h(r,, 1, ,0,,) vanishes. The cosine terms b(r,;, 1, ,0,)

guarantee the preferential weight of a tetrahectvatdination in the most stable diamond structdre o

Si crystals. Deviations from the diamond arrangenaga penalized by the cosine of the tetrahedral

angle employed in Equation (1.17909,.., = -¥3). In this way, a valence of four is preferred by

tetra. —
the Si atoms.
The Stillinger and Weber method has been develapel®85 to investigate the anomalous
melting behaviour of silicon semiconduct&$.Later, it has been extended to study liquid sulfur
systemd’%"? elemental fluorine in the liquid pha$8,and finally the reaction of fluorine atoms with

n!™ 78 The latter parameterization has allowed investigathe etching of silicon surfaces as

silico
presented below.

Patterned surfaces for microelectronic applicatias be generated by surface etching
processeS*® During an etching process, atoms, ions or molecfitem a beam or a thermalized
gas are propelled onto a surf&c@% The surface constituents are etched (i.e. detddmedhe
colliding species. RMD simulations intent is to yde insight into the reaction pathways leading to
the experimentally etched products. For instantesxperimental etching of the dimer reconstructed
silicon (100) surface (i.e. Si(100)(2x1)) with fhime atoms, the main etched product is the fludybsi
molecule Sik*"¥ SiF, SiF; and SiFs appear in smaller amounts. The etched produceredd in the
reactive simulations of Schoolcraft and Garrl§dnwere similar to the experimental ones.
Nevertheless, the amount of Siffas been overestimated and appeared as theiratwdied product.
The RMD result has been attributed to a deficienicthe potential to stabilize sufficiently adsorbed
SiF, fragments. The reaction pathways leading to et@igt} fragments have also been investigated
by Schoolcraft and GarrisBf to find a pathway towards the formation offgimolecules. The RMD-
based mechanisms for the formation of etchefis@re explained in Figures 1.12. and 1.13. Figure

1.14. illustrates the Siformation.
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Figure 1.12. Formation of a tower structure from a fluorinat@gramid as observed in the RMD
simulations of Schoolcraft and Garrid6th with the SW potential. Yellow spheres: nonfluadedaSi
atoms, green spheres: monofluorinated Si atomdyidrspheres: difluorinated Si atoms, red spheres:
trifluorinated Si atoms, blue spheres: adsorbedrilne atoms, black sphere: incoming fluorine atom.
(a) The fluorine atom approaches the pyramidal murhtion. (b) The same situation as (a) but the
view is rotated by 90°. (c) The fluorine atom stad adsorb to the monofluorinated Si atom (green
sphere). (d) Lengthening of the Si-Si bond betvieersi atom that has adsorbed the fluorine and the
Si atom of the surface dimer. (e) The tower movekd final configuration. (f) Final structure dfie
tower. The picture has been taken from reference 77

1. Classical Reactive Molecular Dynamics Implemgois: State of the Art 39



Figure 1.13. Formation of the $Fs gas phase molecule from the tower structure shiowiRigure
1.12. as observed in the simulations of Schoolenadt Garrisof ! with the SW potential. The colour
scheme is identical to Figure 1.12. (a) Incomingflne approaching the tower structure. (b) Picture
(a) rotated to show that the fluorine atom attattke middle Si of the tower structure. (c) Fluorine
atoms binding to the middle Si atom of the towamucstire. At the same time, the Si-Si bond to the
crystal lengthens. (d) Trifluorination of the middbi of the tower structure provoking the etchifg o
the Sik, fragment. (e) Reorganization of pentafluorodisde®pFs; lengthening of the Si-Si bond to the
crystal. (f) The SFs fragment finally desorbs from the surface. Theyse has been taken from
reference 77.
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Figure 1.14. Formation of Sig from the reaction of an incoming fluorine with $&dsorbed at the
surface as observed in the simulations of Schofilaad GarrisoH” with the SW potential. The
colour scheme is identical to Figure 1.12 exceptttirquoise colour that represents a tetrafluoratht
Si atom. The picture has been taken from referé&iice
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In their simulationsSchoolcraft and Garrison have reproduced the exgetally determined
arrangement of the chemisorbed fluorosilyl layethat Si surface which is formed by SiF, Sénd
SiF; units!”™ It is worth mentioning that the interactions betwesurface Si and fluorine atoms have
been initially optimized by Stillinger and Webemwexperimental SiFgas phase datd! As a main
consequence of this gas phase approach, the Sidrdidhe surface was not attractive enough in the
initial SW potential. Weakliem et al. have re-paedenized the Si-F interactions against ab initio
calculations of fluorine atoms binded to Si surfatesterd’® 8 A comparison between the original
and the improved potential has shown that theyeajne the predicted pathways. In the last decade,
DFT calculation§” of the chemisorption of fluorine atoms and of tlesorption barriers of Sjfinits
have been in agreement with the values derivedrivasSava et #® using the SW potential. These
DFT results reinforced the relevance of the SW micaeand the capability of reactive empirical ferc
fields. Subsequently, the SW potential has beeptadao simulate the etching process of the dimer
reconstructed Si surface with various etching ssedror instance, Feil et ahave extended the SW
potential to the dimer reconstructed Si(100) swefatched by monoatomic or diatomic chlofifie.
This potential has been used by Hanson Ef'akho obtained etching yields and a surface roughnes
in agreement with experimert&® *"¥In the last decade, further developments have beste by
Ohta et alto simulate the etching process of silicon dioxsdefaces by fluorine and chlorine atofs.

%l The etching of silicon dioxide with fluorocarbara@ments as colliding species has been studied by
Smirnov et al®® On the basis of ab initio calculations, Nagaokalehave developed a version of the
SW potential to simulate the etching of the Si(1€@¥ace by HBplasmag®™

1.3.3. Bond-Order Potentials

1.3.3.1. Abel-Tersoff-Brenner (ATB) Potentials

The study of Abell(1985}**Y had been conducted to explain experimental obsSensthat
binding energies follow universal relatidh®! The formalism of Abell makes use on the bond-order
bond length relation introduced by Pauling already1938!*%%1 Abell represents the interaction
between bonded atoms as the sum of parametrizablevize repulsive and attractive functions. The
attractive term is weighted by a bond-order funttiaking into account the influence of the
neighboring environment on the strength of a W&HHThus, it is an implicit many-body approach.
The formalism of Abell has first been exploited Bgrsoff, in 1986, to model elemental silidéi.As
prescribed by Abell, the potential developed bysdé#ris as follows,
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E, =[E5* () - E57(1,)]. (1.18)

EX®(r,) and E;™"(r, )are pair-wise repulsive and attractive Morse-typacfions between the

interacting particle 1J,

E5(ry) = A exp(r,) (1.19.)
ES (r,)=BO, exp(3,r,) . (1.20))

In formula (1.20.), BQ is the bond-order term that weights the stren§th@attractive interaction. A,
A1 and), are adjustable model parameters. The construofiéiell-Tersoff potentials uses chemical
trends extracted either from theoretical calcutai8™ *2 or experiment&§®? '8 For instance, the
strength of the chemical bonds of an atom is redlusith the number of bonded neighb&fd!
Quantitatively, this is expressed by empirical fatas relating bond-order values to the coordination
number for different atomic environmeft In the Tersoff potential, an exponential relatioas
been chosen to ensure a decrease of the bondterdeBQ;as a function of the number of bonded
neighbord®

BO,, =B,exp(z,/b). (1.21.)

In this expression,;zis a measure of the number of bonds that are nmpetition with the reference
bond 1J. The parameter b specifies the reductitmafithe bond-order as a function of the number of

neighbors and Bthe maximum bond-order value. The tergizexpressed as follows,

Z,, = > [w(r )w(r,)]" x[c +exp(-dx cod ;, )] ™. (1.22)

K#1,J

The function w(r) = §{r) exp(2r) is defined by the attractive exponential termEgfuation (1.20.)
weighted by a cutoff function(f). In Equation (1.22.) ¢ and d are adjustablapeaters. When bonds
are competing, the exponent n in the first terng,pkpecifies how much the closest neighbors are
favored with respect to more distant ones. The rs¢erm modulates the influence of a competing
bond JK on the strength of a bond 1J dependingherangle IJK. In the Tersoff formalism, the local
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geometry of the system is thus determined by caatiin numbers. This particular feature allows the
handling of geometrical modifications when bondshwiew neighbors are formed or broken. The
silicon potential initially optimized by Tersoff 1986 did not establish the tetrahedral silicon
geometry at the potential energy minimfifh.An improvement had been proposed by Do&8bim
1987 and one year later by TersStf The ability of the potential to reproduce elagtioperties of
silicon structures has been improved in a followimyyk by Tersoff” which, however, has led to a
less accurate description of certain silicon sw$acSubsequently, optimizations for carbon and
germanium as well as multi-component systems cfetledements such as Si-C and Si-Ge have been
performed by Tersoft’” The new parameterization accurately reproduceldocasingle, double and
triple bonds but had deficits in describing conjigglacarbon bonds as well as the bonding in radicals
The ensuing improvements led to the Reactive EcadiBond-Order potential (REBO) introduced by
Brenner, essentially applied to simulate hydrocasband carbon systeri&! A first version was
published in 1990, followed by a second generafior2002!*'? In the second generation, the
attractive and repulsive functions were modified énhance the simultaneous description of
equilibrium distances, energies and force-constahtsarbon-carbon bonds? Inter-molecular and
torsional terms had not been included in the deretnt because they were not relevant for the
systems originally studied, i.e. crystals charazger prevailingly by bonded interactions and small
hydrocarbon molecules in the gas phase. Any attempiansfer the REBO force-field to liquids or
polymers has to consider such interactions. Thesewdroduced by Stuart et al. in the Adaptative
Inter-molecular Reactive Empirical Bond-order pai@n (AIREBO)!® The challenge in the
development of AIREBO was the incorporation of ti@nbonded interactions and torsions while
maintaining the reactive nature of REBO. Due tauitéversality, a Lennard-Jones potential has been
chosen to map the nonbonded part while a cosingtitmhas been used for the torsions. With this
setup AIREBO follows the philosophy of most of tftandard MD force-fieldsSwitching functions

have been used to smoothly introduce or turn-affrtnbonded interaction during the reactot.

The etching of Si surfaces has been treated ngtlpnBEW potentials but also via ATB force-
fields. A comparison of the SW and a Tersoff patdrdeveloped by Abrams and Gravess been
reported in 2008° In this comparative simulation the Si(100) dimecanstructed surface was
etched with energy rich fluorine atoms. The sarmards for the yield of ejected Si atoms as a functio
of the collision energy (10 to 50 eV) and for tfeusation concentrations of surface fluorine atoms
have been observed with both the SW and the Tensoféntial of Abrams and GravE&!

Nevertheless, simulations on the spontaneous reompdrature etching of Si surfaces performed by
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Humbird and Gravés® 2 using the potential of Abrams and Grdisled to a very high
concentration of S A re-parameterization was then performed by Hudhlind Graves'! 12
based on the DFT calculations of Walth.The saturation concentration of fluorine atomstioe
reconstructed Si surface agreed well with expertaidindings of McFeely et &’ for XeF, which

is expected to behave similarly. A reaction proligbinumber of Si etched per F atoms) of 0.03 was
obtained by Humbird and Graves: **? This value differs not too much from experimentalues <
0.001 by Flamm et aft"® of 0.025 by Ninomiya et af" and 0.021 by Vasile and Ste&! From
their reactive simulations, Humbird and GraVeésproposed a mechanism for the formation of gas
phase Sikthat is identical to the Schoolcraft and Garri§érsuggestion (cf. Figure 1.14.) based on
the SW potential. The formation of the gas phaseigFs is explained by an attack of an F atom on
an adsorbed fluorinated Si tower-like structure. sfnilar mechanism has been proposed by
Schoolcraft and Garris§f (cf. Figure 1.13.) for the formation of 8. Gou et al**® haveused the
improved potential of Humbird and Gra¥eés *?in a recent investigation of the etching on the
Si(100) dimer reconstructed surface with energly fi¢. The calculated Si etch yield per incident ClI
ion was in good agreement with the simulations ahson et df” (SW potential) and with the
experiments of Chang and SaWiff! ATB investigations on film growths have been repdmecently.
The growth of diamond films has been investigatedbkert et alwith the REBO potential (i.e. first
generation}*'”! The growth of an amorphous silicon layer depositedhe top of a crystalline silicon
surface was simulated by Lampin and Krzeminsih the Tersoff potentidt'® A simulation on the
deposition of fluorocarbons on a diamond surfacelieen reported by Devine etf’af! They used an
extension of the second generation REBO potengialdmg and Sinnétt” to include fluorine atoms.

In this study, the results of REBO and a coupledTIMD agreed with bare DFT findings.
Nevertheless, as widely known from the developnoéribrce-fields,the REBO method is not free of
shortcomings when treating charged systehge to a short interaction cutoff necessary tosader
correctly bond-order contributions, some of thengion states observed in the DFT approaches did
not appear in the REBO simulations. As a last exarmapgrowth reactions we want to cite Fichthorn
et al"?”'who have optimized a potential to study the groefttsaAs(001) films. Further extensions of
REBO (second generation) by Jang and Sifiiithave allowed simulations on the bombardment of
polymer materials with high-energy species. In tostext, Jang and Sinnotf! and Végh et df®
have investigated chemical modifications of polyste as response to the deposition of
fluorocarbon&™ and to the bombardment with argon spel#5.An extended version of the
AIREBO potential including oxygen interactions hheen used by Su et &Y to model the

1. Classical Reactive Molecular Dynamics Implemgois: State of the Art 45



bombardment of poly(methyl methacrylate) by depmsiof energy-rich argon species. ATB studies

of the bombardment of polymer materials have entedyeing the last decade.

1.3.3.2. Stillinger and Weber Potential with Bond-Order Correction (SW-BOC)

In subsection 1.3.2. on many-body potentials, weeheited an optimization of the SW
potential by Feil et al’” here denoted as SWF, to model the dimer recoretiu8i(100) surface
etching with CI. The SWF potential has been usetiagson et df”! to predict surface roughnesses
and etching yields that are in fair agreement eperiments. Nevertheless, with the SWF potential
the strength of the Si-Si and Si-Cl bonds doesdepend on the local environment. The limitations of
these shortcomings have been quantified in quarhemical calculation:® The independence of
the Si-Si and Si-Cl bonds upon local environmerg bhaen recognized as a deficiency of the SWF
potential that influences the resulting distribatiof etched specid®$* 8% The SW-BOC potential of

Hanson et al. which intents to correct the SWFrerhas the following forrft34 18!

Ep(L,...N) =Y E;(N¢y) + D BOEx(1,J)+ D E3z(1,J.K). (1.23)
I 1<J I<J<K

The main difference between Equation (1.23.) aed3W potential in expression (1.13.) is the
presence of two new termg Bnd BQ, that weights the two-body potential. Hhe term E maps the
correction of the Si-Cl bond strength as a functtbthe number of Cl neighbourscMf an Si atom.
The factor BQ) is the bond-order correction to the Si-Si bondaaiinction of the number of CI
neighbours of the Si atoms. In comparison to theF§Whtential, the SW-BOC corrections increased
the amount of SiGlby almost a factor of two for impacting atoms @ted/ and by a factor of 3 at 100
eV. From surface etching experiments of Si(100hwib eV impacting argon in the presence aof Cl
SiCl, is the major etched product obtained. Hanson .B#*at®! derived a relative concentration of
surface adsorbed Sikif 0.29 and 0.22 with the SW-BOC and the SWF paera value of 0.34 was
obtained experimentally for 40 eV Cl atom etcHifi]. The relative concentrations of adsorbed SiCl
were 0.03 (SW-BOC), 0.04 (SWF). A value of 0.08% baen observed experimentatf! The SW-
BOC potential improves the proportion of adsorb&dlSbut not the one of SiglThe Si yield (Si
atoms desorbed per Cl impact) has also been enthénycthe SW-BOC potential. The average yield
obtained from the SW-BOC is 0.39+0.17 and 0.17+80055WF. An experimental value for reference
is 0.39 at 55 eV-"!
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1.3.3.3. The ReaxFF Force-Field

Initially developed by van Duin et al. for hydrobans!*?®! ReaxFF covers now a broader class
of materials. Since the optimization philosophwlsays similar, we present here the force-fielasn

original form. The potential energy functiop & partitioned into several contributions.

EP = Eb + Eang.+ Etors. + EvdWaaIs+ ECoqumb+ Estability+ Econjugation+ Eundercoordination+ Eovercoordination

(1.24.)

The decomposition into bond stretching, angle bamdiorsions, van der Waals and Coulomb terms in
expression (1.24.) resembles the designs of stdnbHD force-fields. The four last terms are
characteristic for the reactive character of threddfield. The bond termghas the following fornt:2*!

E, =-D,xBO, xexp(n(1l-BO})) (1.25.)

where De is the dissociation energy, ,B@e bond-order between two bonded atoms | andl JPais a
model parameter. The bond order value dependseoimtitr-atomic distance as folloWs”!

li \Rys i \ oo fi \Puos
I Ye2] + exp[Pbo,g-(r—) “1+ exp[R,s(—)™]. (1.26.)

0,0 O 0,

BO,, =BO}; + BOj; + BOT =exp[R, ..

BOy, is the distance dependence of the bond-order ®wtsingle bond,BO}, and BO7 for the n
double and triple bonds,,; with i= 1to6 are adjustable parameters. The lengthsr,. andr, . are

equilibrium distances for single and, if realizelduble and triple bonds. In the case of the carbon-
hydrogen or hydrogen-hydrogen bonds only 8@, exponential survives. As an example, the
optimized exponentials of Equation (1.26.) for caroarbon bonds are shown in Figure 1.15. It shows
that the maximum bond-order for a carbon bond (ise3 triple bond). For quantum chemists, it might
be somehow surprising that the maximum value afr3He sum of the bond-order terms is, in Figure
1.15., reached at a C-C distance normally not addes(0.1 nm). It is here an example that showes th
inevitable loss of chemical accuracy when usingdefelds. This example also shows that the success
of force-fields is determined by the flexibility ¢iie functions. Manipulations of technical nature a
also required to maintain a consistent chemicalirenment. For instance, residual interactions

between second neighbors can yield hypervalent satioen more than four (one) bonds for C (H)
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atoms. Complex correction functions are appliedramove these artificial residuéé’ As their

presence is only related to technical reasonsdheyot commented here.

In Figure 1.16., we have plotted & a function of the bond distance. As can be Egatone
does not consider atomic core repulsion. In fage peculiarity of ReaxFF is the combination gf E
and Eqgwaais for all pairs of atoms. The repulsive tail of then der Waals interactions provides the

missing atomic core repulsions. Later, we come Ibadkis peculiarity of ReaxFF.

3k — © single bond 4
—— 7 double bond
« T triple bond

— Xz

bond order

. -
O— ..... pr n e e e e o —— v ——

0.1 012 0.14 0.16 0.18 02 022 024 026 028
C-C distance (nm)

Figure 1.15. Dependence of the bond-order element for a £sihgle,= double, andr triple bond as
a function of the inter-nuclear separation with gh@ameters of reference 129. Thecurve results
from the summation of the C-C bond-order elemettted single,z double, and triple bond.
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Figure 1.16.. Potential energy from equation (25) as a functainthe carbon-carbon bond length
using the parameters optimized in reference 129.

The angle term has the following foHf’!

— 2
Eang. = fcutoff (BO13) *f cutoff (BO3k) *Fcorrectd j) x{ fconst_fconsteXF{_ a(0eq.~ Yk ) J }
1.27)

The function §,x depends on the bond-order values of the bondedJHK that form the angle IJK.
They are of exponential character ensuring a smdetiay to zero of the angle interaction when the
bond-order of the bonds 1J or JK goes to zero.flihetion forectisS @ bond-order correction term that
avoids unphysical valencesed: stands for the angle force constahix denotes the angle IJK with
equilibrium valuebeq The value oBeq depends on the number ofbonds (i.e. the sum of bond-

orders) formed by the central atorft3J}

0., =m~0,.{1-exqP,(2-SBO,)]}. (1.28.)
SBQ,; is the sum of ther bond-orders while Pis a model paramete®, is chosen in a way to

guarantee the proper angle for each valence $thte.this schemé.,= 109.47° is observed when the
sum of thex-bond-orders is zerdgq= 120° when the sum afbond-orders is onéq= 180° when it
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is equal to two. The specification @& is thus performed “on-the-fly” from the influenoéthe atomic
environment. This allows the proper managemeningfeamodifications during a reactionsisiiy iS
an exponential bond-order dependent function thaumes the stability of valence angles of
compounds such as allenes that sharentivonds with a central atom. The torsional elemeg$iE as

follows, [*2°

. . V V
Etors = feutoff (BO13,BO K ,BOk | ) XSind g xsind 5 (72fmod.(BOJK)(1_ cosdjk ) +73(1+ cosdjkL ))-
(1.29.)

Here again, the function.# depends on the bond-order values of the bondKldnd KL involved

in the torsional interaction spanning the atomiartgt IJKL. It ensures a smooth decay to zeroef th
bond-order value of the bonds 1J, JK or KL goegdw. The sine terms imply that the energysE
vanishes when the angles IJK and JKL both havdwewa 180°. The last cosine terms allow a fine
tuning of the torsional equilibrium angle as wedl the torsional barriers.,Mnodulates the function
fmoa(BO3k) that depends on the bond-order of the centradl i §,04(BOsk) controls the increase in
rotation barriers when the central bond JK hasradbwder value of two. §&s is used only for non-
aromatic hydrocarbons. In the case of aromaticdoatbons, the rotation about a bond is described by

the term Eonjugation[lzg]

E (BOy;,BOy,BOy ) x Py x (1+sind, xsind (cos® ke ~1)) (1.30.)

conjugatin = fconj.

The function §,n; has a maximum when the bond-orders of the bond¥land KL are simultaneously
equal to 1.5 as in benzene and other aromatic bhgdoons. Pis a model dependent constant. The
sine functions ensure that there is no contributib&conjugaionON the forces when the angles IJK and
JKL have both a value of 180°. The termhd&coordinaiiotakes into account the energy contribution of
two undercoordinated atoms i.e. atoms that haveeaahed their full valence ofrcoordinaiionrefers to a
correction term for unphysically high coordinatiommbers. As mentioned above, an important
peculiarity of ReaxFF is the consideration of namibed interactions between all atom pairs including
first, second and third neighbors. The van der Waaltential is described by a “shielded” Morse
function. A distance dependent screening reducitegactions in the case of the first, second amd th
neighbor of an atom is incorporated. The Coulomiieraction is screened in a similar way. The
inclusion of the nonbonded elements between athgiairs ensures that the transition from bonded to

nonbonded potentials is straightforward and smd®titching functions are not requir€d’
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Once the interaction terms and bond-order funstibave been defined in Equation (1.26.),
ReaxFF parameters are optimized to reproduce prep@&f systems where the atoms of interest have
different chemical environments. The target prapsrare derived from extensive quantum chemical
calculations. In the case of hydrocardtiisthe optimization has been performed considering non
saturated and saturated as well as conjugated anecanjugated systems. Radicals and crystal
structures of carbon (graphite, diamond) have bksen included. The ensemble of parameters that
yields the best compromise in the reproductiorheftieats of formation, equilibrium bond lengths and
bond angles for each of the hydrocarbon and caspstems is accepted for the force-field.

As an example of ReaxFF applications, differeepstin the formation of carbon nanotubes
(CNTs) will be commented on. CNTs have become ingmbr materials due to their interesting
mechanical properties. An important step in themginoof CNTs is the decomposition of hydrocarbon
precursor fragments catalyzed by nickel nanopasicin this context, Mueller et al. have studiegl th
decomposition of several saturated and unsatutgtébcarbon$*® ' They have observed a lower
activation energy for unsaturated hydrocarbonsdhatable to use theirelectrons for chemisorption
on nickel nanoparticles. For saturated hydrocarban€£-H bond has to be broken first. A
dehydrogenated carbon is released for a CNT growghto the creation of four bonds with the nickel
surface atoms involving a C-C bond breaking. Hielis,the first step of CNT growth that is simuldte
In a different work®"! the capacity of Ni, Co and Cu catalysts to assenabyclic and cyclic carbon
chains has been compared. Nielson &f8lhave observed a high catalytic activity of Ni &bd in
branching carbon fragments and a very weak oneCfar The simulation trends are in line with
experimenté®®1%% showing the predictive power of ReaxFF. Interegstnapshots from the work of
Nielson et al**"! are presented below. The initial system formedimgar and cyclic carbon chains
and the Cu, Ni and Co catalysts is shown in Figut&**"! The configurations (a), (b), (c) and (d) in
Figure 1.18. have been extracted after from thetireasimulations 90 p$>” The simulations without
any catalysts (picture (a), Figure 1.18.) do navslany branching. Snapshots (b) and (c) exhibit a
certain amount of branching resulting from the Cul &\i catalytic activities. Less branching is
realized in snapshot (d) with a Cu catalyst. Thefigoartion (e) shows a high degree of carbon
branching which has been obtained after 750 pearptesence of Ni ((c) has been extracted after 90

ps).
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Figure 1.17. Initial system composed by acyclic and cyclic carlinits in the presence of Cu, Ni, or
Co catalysts. The snapshot has been taken fromerefe 137.

b

Figure 1.18. Degree of carbon branching in the absence of gatal(a), and under the influence of
the activity of Co (b), of Ni (c) and of Cu (d)),(&), (c) and (d) are obtained at 1500 K after@dof
simulation time. Picture (e) shows the high degreearbon branching obtained after 750 ps with the
Ni catalyst. (c) and (e) describes the same sysitedifferent times (90 and 750 ps) and highligtd th
capacity of the Ni catalyst to assemble nanotuke4itructures. The snapshots have been taken from
reference 137.

These two examples illustrate impressively the pavwdReaxFF to study catalyzed CNT growth. We

would like to cite some other catalytic processegstigated by ReaxPE? 151!

1. Classical Reactive Molecular Dynamics Implemgois: State of the Art 52



Hydrogen storage is a topic related to the cumeed of developing “clean” fuel sources. Due
to its high hydrogen mass ratio, ammonia borane;kBH) is a promising candidate for such
applications. Weismiller et at°? have studied a single ammonia borane molecule temgerature
range of 1000 - 1750 K highlighting the unimoleculalease of the first hydrogen molecule;H
Then, investigations with several ammonia boranéeoutes (T= 300 - 5000 K) showed that the last
hydrogen molecule is released through a polyméoizastep™? It is worth mentioning that the
formation of polymeric aminoborane has been obskeraso in experiment®” Other RMD
simulations on the capacity of chemical compoundstére hydrogen atoms have been reported in the
literaturel!33: 134 136]

Sound knowledge on the detonation mechanisms jpibsixe materials is crucial for safety
reasons. It is obvious that such scientific fiehdtsuld undoubtedly profit from investigation methods
that do not require direct contact with chemicélsing ReaxFF, van Duin et dlave demonstrated
that the thermal initiation of triacetonetriperoi@ATP) is entropy-drivef>¥ In fact, the similarity
of the initial event for a single TATP molecule aiod the condensed phase indicates its unimolecular
kinetics. In another work, the decomposition medrarn a pentaerythritol (PETN) (cf. Figure 1.19.)
has been provoked by propagating weak and stromgkshiaves through an idealized crystalline form
(i.e. absence of crystal defectéy’

N
L
0L -0 0" o
3
A
f-—-[)
(8]

Figure 1.19. Representation of the pentaerythritol moleculeutated in the work of Budzien et!f
The picture is taken from reference 142.
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The calculated detonation velocity in the cry$tdl was in reasonable agreement with an
experimentally established correlating the detamatielocity to the PETN crystal density? From
the reactive simulations, Budzien et'af! have observed primary reaction products closbashock
wave front and delayed secondary ones. AccordintheoRMD simulations the initiation reaction
pathway is non-unique. As main pathways the authaxge suggested the release of,N®O; and
CH,NO; (cf. Figure 1.19.). Other decomposition productsexobserved at the shock wave frott.

In the present paragraph we have summarized semesentative topics analyzed with
ReaxFF. Reactive simulations by Chenoweth &t'hlhave treated the gas-phase high-temperature
oxidation of methane, propene, o-xylene and benZgtilein the field of combustion, the formatiof o
soot has been investigated by Kamat ét*dlin a different field, the technological importanog
polymers has promoted studies on their thermal atkdion properties. In this context,
poly(dimethylsiloxane) (PDMS) has been investigditgd_henoweth et &°? Reactions of water and
dimethyl methylphosphonate at the interface withcai nanoparticles and surfaces have been
simulated by Fogarty et Y and Quenneville et & Finally, we want to cite an optimization of
ReaxFF to simulate reactions in the presence ofl goirfaces and nanoparticles that has been
performed by Keith et &t*°!

1.4. Summary and Outlook

Reactive molecular dynamics has become a commor nardesignate molecular dynamics
simulations implementing chemical reactions viar@é-field approach. The present review has shown
that the field of RMD is strongly growing since th@neery works of Stillinger and Weber or Tersoff
in the mid 1980s. These authors presented RMD sedehmt dominated the literature for about
twenty years. In the past decade a number of nethade have been brought to maturity. In our
review, the first class of implementations covdtsRMD methods using a reaction cutoff distance.
With such methods the transition between eductpanduct states is sudden. They are based on the
alternation of reactive and non-reactive convemtidiD steps. The latter are required to remove
eventual strong forces due to the sudden reactaresition and to define the diffusion time-scale
between two reactive steps. Due to their simpljciaction cutoff methods can be used to study
collective reactive processes such as chain-likerass-linking polymerizations. The second class of
RMD implementations uses empirical reactive foregdé parameterized via quantum chemical
calculations or experimental data. They have beeveldped to describe chemical reactions as
realistically as possible with a force-field appbaSome of the reactive force-fields, such as RMDf
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or ARMD, rely on the modification of widely adoptstindard MD force-fields. Reactive force-fields
can also be found in the form of many-body intecas, such as Stillinger and Weber potentialspor i
the form of implicit many-body bond-order potergiauch as Abell-Tersoff-Brenner force-fields or
ReaxFF. The continuous and smooth transition froben éducts to the products that is ensured by
reactive force-fields requires a high degree ofhsiation in the design of the force-fields. In
contrast to the first class of RMD implementationsaction kinetics or mechanisms as well as
transient geometries can be investigated with reatbrce-fields.

The large diversity of the topics that can be eddty the different empirical reactive force-
fields offers an interesting insight into the stggnand limitations of these schemes. Many topaseh
been treated with bond-order potentials such aslAleesoff-Brenner force-fields or ReaxFF. During
the last decade, ReaxFF has been already applidiffécent systems. Bond-order based approaches
are easier to parameterize and to transfer thdin§tr and Weber or reactive potentials based on
modified standard MD force-fields. Nevertheless, ist not obvious how reactive bond-order
implementations can reproduce transient geomethreshis context, some advancement has been
made with the RMDff implementation. In RMDff, thewisching functions ensuring a smooth
transition during dissociative reactions are patenmed via ab initio calculations to reproduce the
energy of transient structurd.

Discussions on the validity and transferabilitytbé results obtained via empirical reactive
potentials have been pursued since the introductighe Stillinger-Weber and Abell-Tersoff-Brenner
potentials in 1985. From a quantitative point ofwj the results of such RMD simulations are, in
general, not yet satisfactory. Nevertheless, tieerew ample evidence that the qualitative resarés
physically meaningful and trustable. For instartbe, comparative study of Abrams and Gr&V&s
showed that a Stillinger-Weber and a Tersoff pea¢riead to the same trends. Furthermore, the
etching mechanisms obtained from the Tersoff pattby Abrams and Grave®! are the same as the
ones described in 1991 by Schoolcraft and Garffiowith a Stillinger-Weber potential. When
presenting the application domains of the othectreaforce-fields (RMDff, ARMD, and ReaxFF) we
could also cite many results that were in qualitagreement with experiments.®” 37 152
Therefore, further efforts in the field of reactpetentials seem be the refinement of the fordedie
match experimental results quantitatively. The S@cBmethod of Hanson et &f* ®lis an example
of a refinement for the SW approach. Nevertheless, has to accept that any refinement of reactive
force-field parameters is coupled to the availapiif quantum chemical or experimental data. Apart
from the refinement of the potentials, technicaptovements such as the parallelization of the

reactive programs are also needed. Despite theetrdous gain in computing time achieved with

1. Classical Reactive Molecular Dynamics Implemgois: State of the Art 55



RMD implementations, some of the reactive processesstigated are still only accessible under
extreme conditions. For instance, very high tempeea have to be used in the study of thermal
polymer degradation with RMDff or in the differentvestigations performed with ReaxFF to observe
reactive processes in the time scale of RMD. Amtrgy future challenges of RMD simulations,
polymerization processes via empirical reactivedediields might be a suitable candidate. Up to now,
only thermal polymer decomposition and beam irridaliaof polymer materials have been studied. At
present, polymerization reactions are studied gulglitatively with generic potentials. Nevertheless
reactive simulations such as the one of Liu €fhlon polymer brushes have shown how the
underlying physics of experimental growth reactioas be revealed by generic models.

At the end of this review, we propose in Table. lalsummary of representative RMD
simulations for a broad spectrum of applicationse purpose of the present review has not been to
present all RMD simulations that have been performestead, from a representative literature
research our intention has been to classify the mgsortant RMD approaches and to exemplify how
RMD simulations can lead to an understanding ofeexrpental results. From our point of view, the

field of RMD opens promising perspectives for lasgale reactive simulations.
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REACTION CUTOFF DISTANCE METHODS

Application: Generation of equilibrated polymer structures

System Force-field References
Cross-linked atomistic epoxies Standard MD force-field 44,47, 51
Cross-linked atomistic poly(methacrylate) | Standard MD force-field 41
Cross-linked atomistic poly(vinyl alcohol) | Standard MD force-field 52
Amorphous atomistic poly(ethylene oxide) Standaid fdrce-field 39
Coarse-grained polystyrene Tabulated potentials 54
Generic polymer systems Reflected WCA 40

FENE 50

Application: Qualitative investigations of cross-linking andachpolymerizations

System Force-field References
Fracture in polymer networks Quiartic potential 42,45, 46

. o Reflected WCA 40
Growth history of bulk polymerizations Tabulated potentials 54
Surface-initiated growth of polymer brushesFENE 53
Pc_)lymerlzatlon-lnduced phase separation NReflected WCA 48
mixtures

EMPIRICAL REACTIVE FORCE-FIELDS

Application: Biophysical processes
System Force-field References
Rebinding process of NO to myoglobin ARMD , 66, 67
NO dioxygenation in truncated hemoglobin ARMD 8 6
Application: Thermal decomposition of polymers
System Force-field References
Poly(ethylene) RMDff 56, 57, 61,64
Poly(styrene) RMDff 59
Single chain or nano-confined RMDff 58, 61
poly(propylene)
Poly(methyl methacrylate) RMDff 60
Poly(isobutylene) RMDff 61, 62
Poly(dimethyl siloxane) ReaxFF 132
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Application: Silicon surface etching

System Force-field References

. . . SwW 78, 80, 83
Si(100) / fluorine or chlorine ATB 108
Si(100) / argon ATB 99
Si(100) / HBr or Br SW 94
Si(100)/ fluorocarbons ATB 107
Si(100)/ argon + CF2 and F ATB 113
Si(100)( chlorinated or fluorinated) / argon SW , 82
Si(100)(fluorinated) / F2 SW 84
Si(100)(methylated) / hydrogen ATB 122

. , : SwW 74,75,76, 77
Si(100)(2x1) / fluorine or chlorine ATB 112, 111, 125
Si(100)(2x1) / argon + fluorine or chlorine SW 92
Si(100) (2x1) / argon ATB 99
Si(100) (2x1)(fluorinated) / argon,For F2  SW 84, 85
Si(001) / chlorine SW 87

. : SwW 87
Si(001)(2x1) / chlorine SW-BOC 184, 185
Si(110) /argon ATB 99
Si(111)(chlorinated) / argon SW 79
SiO2 / chlorine, fluorine or fluorocarbons SW , 89, 93
Application: Beam deposition of chemical species on polymeerias
System Force-field References
Poly(styrene) + fluorocarbons ATB 114
Poly(styrene ) + argon
Poly(styrene ) + argon + hydrogen ATB 118
Poly(methyl methacrylate) + argon ATB 121
Application: Interaction of chemical species with diamond stefa
System Force-field References
Growth of diamond films ATB 101, 102
Diamond (100) surface bombarded by C2HATB 120
Deposition of polyatomic fluorocarbons on ATB 124

diamond surface
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Hydrogen terminated (111) diamond surfa(:%\TB 105
bombarded by molecular clusters
Application: Detonation mechanisms in high-energy materials
System Force-field References
Thermal decomposition of cyclic-

ReaxFF 138
[CHN(NO,)] 5
Thermal initiation of triacetonetriperoxide ReaxFF 139
Shock_ propagation through a pentaerythnt:)lReaxFF 142
tetranitrate crystal
Detonation chemistry with model systems ATB 103% 10
Application: Energy storage in hydrogenated compounds
System Force-field References
Iqte_ractlon of H with single-walled boron ReaxEE 134, 136
nitride nanotubes
Abstraction of H2 from magnesium hydride ReaxEE 133
systems
Dehydrogenation of ammonia borane ReaxFF 152
Application: Metal-catalyzed reactions
System Force-field References
Nickel-catalyzed hydrocarbon reactions ReaxFF 8,149
Vanqdlum oxide-catalyzed hydrocarbon ReaxEE 140
reactions.
Cobalt, nickel, copper-catalyzed formation 0|£eaxFF 137
carbon nanotubes
Hydrogen dissociation on Pd surfaces ATB 126
Application: Combustion reactions
System Force-field References
Oxidation reactions of hydrocarbons ReaxFF 141
Application: Epitaxial growth
System Force-field References
Solid phase epitaxy of Si(100), (110) and ATB 119
(1112)
Homoepitaxial growth of GaAs (001) ATB 127

Table 1.1. Collection of representative reactive molecularnamyics simulations. The table is
subdivided into the main RMD classes (i.e. reactatoff distance methods and empirical reactive
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force-field approaches). For each of these two s#as different reactive processes are cited in the
table. The first column lists the system studibd, gecond one defines the force-field in the RMD
method used and the last one provides corresponifgyences. In case of the surface etching
simulations, the systems are presented by citisgtiie surface and then the etching species ubiag
symbol / as a separator. Labels such as (2x1) adl) symbolize the symmetry of reconstructed
surfaces.
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2. Reactive Molecular Dynamics with Material-Specif  ic Coarse-
Grained Potentials: Growth of Polystyrene Chains fr om Styrene

Monomers

2.1. Introduction

For quite a long time the development of connegtiitering molecular dynamics (MD) and
Monte Carlo (MC) methods had not been in the famusomputer simulation studies. The expected
prohibitively long computer time demands of reaetiMD (RMD) and MC (RMC) calculations
seemed to be an obstacle for scientific activitreghis direction. The increasing computational
facilities in the past 15 years, however, initiathd development of reactive simulation techniques.
The first RMD and RMC simulations aimed at genetequilibrated structures of chain-like and
cross-linked polymers:® Khare et al. combined atomistic MD simulationshageriodic MC trials to
connect monomer unitd. The approach of these authors as well as simtlaties'® has been
performed with the intention to build up glassystures. Successful RMD approaches on the basis of
generic bead-and-spring models have been suggbgtedveral groups to study the polymerization
kinetics of linear chains as well as the structyraperties of the resulting melt§!? The efficient
simulation method of Svaneborg et al. rendered iplesshe formation of topologically disordered
polymer network$™! At roughly the same time, a first MC realizatiomder consideration of
translational, orientational and reactive moves Ihesn publishetl?! The end- and double-bridging
MC algorithms of Theodorou et al. have grown intawprful methods for the generation of well-
equilibrated polymer samples with chain-like or mveore complex architecturEs™® In the
approach of Liu et al. a dissipative particle dyr@nhas been used to study phase separation waich i
coupled with polymerizatioH?

In more recent contributions, new RMD and RMC hmoels have been suggested. A generic
MD model using hard ellipsoids to map irreversiptdymerization has been described by Correzzi et
al?® An RMD scheme in a coarse-grained (CG) resolutiostudy the formation of polymer chains
has been developed by Perez df*hl.In addition to a Lennard-Jones interaction thesehors have
coupled adjacent beads via the anharmonic finitensible non-linear elastic potential. In analogy t
the RMD work of Akkermans et 8, a capture radius had to be defined in the Idttenalism to
model reactive steps; see below. These reactivelaiions'>*! can be considered as an extension of
the pioneering work of Ga&”
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Outside the context of polymerization, RMD simidas on the basis of a local equilibrium

have been described for very simple proce$ééd.Smith et al*® have developed a RMD formalism
to simulate the thermal decomposition of polymerd aanostructures. Similar processes have been
studied by other group€:?”! Reactive force-fields of quantum chemical accurdowever, have not
been combined yet with reactive MD or MC schemeth@study of polymerization proces&&s”
Finally we want to mention the Reactive EnsemblentdoCarlo methdd” developed to study the
equilibrium behavior of reacting systems. On thsi® of the existing RMD literature the following
picture appears. While simple local reactions itymers can be modeled with system-specific force-
fields at an atomistic level, the majority of polgrnization reactions have been described only at the
CG level with generic potentialfs: 2

It is the purpose of the present study to make stps towards RMD simulations using CG
potentials of specific systems. We have modeledpibigmerization of styrene (parameterized and
from here on denoted as ethylbenzene (EB)) to iatpdlystyrene (PS). The CG mapping scheme
employed is displayed in Figure 2.1. Each ethylkeezmonomer as well as each repeat unit of PS has
been identified with a CG bead. The labels R and $he schematic diagram characterize the two

enantiomeric orientations of the -CHPh- group viAthabbreviating a phenyl ring.

Figure 2.1. Coarse-grained mapping scheme for ethylbenzeBe I@t) as a model of styrene and
polystyrene (PS, right). A coarse-grained bead ergasses either one EB molec((€,H;)C,H.) or
one repeat unit of P$(C,H.)C,H,-). In a PS chain, the two absolute configurationshef carbon

center substituted by the phenyl rings give ris€@® beads symbolized by R and S. In atactic PS the
sequence of the R and S beads is random.
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The selection of CG polystyrene in our first RMiveéstigation is due to our recent simulation stsidie
of this polymef*3% A Coarse-grained model for ethylbenzene and pgilgse as well as their
mixtures has been tested in detail. Their tempezaft) transferability has been investigated in
comprehensive equilibrium simulatiofi8. In atomistic non-equilibrium calculations of PSdaRS-
CO, mixtures we have analyzed the thermal conductivfythese specied®® *! Crystalline
syndiotactic PS has been chosen to study the atimelbetween the calculated thermal conductivity
and degrees of freedom in a given force-flédtdThe published CG potential of S adopted in the
present work offers the possibility to compare Rika for monodisperse PS samples with results of
non-reactive equilibrium MD simulations on meltsaofjiven chain length. Note that the CG potentials
derived by Qian et al. were optimized to generagesame structure as the atomistic MD simulation. |
should be noted that the present reactive MD implgation is an extension of the RMD model of
Akkermans et dlY! So far, the model has only been applied in conmeatith generic potentials
which offer enough flexibility to simplify the impmentation of a reactive MD scheHie”
Employing specific potentials in RMD simulations less straightforward as will be shown in the
second and third sections. In contrast to formeDRstudies, the focus is here more oriented on the
growth history of the polymer samples. The pressmtulations show that qualitative features of
polymerization experiments are already in reach.

The organization of the present chapter is aovial In the next section we explain the
background of the developed RMD formalism. All slations have been performed with the program
IBISCO which has been written in our group for Ctadses of polymer?.S] The reactive MD
extension of IBIsCO has lead to the R-IBIsCO cotlee computational conditions for the RMD
calculations are given in the third section. Infin@th, we compare RMD results for monodisperse PS
with the output of equilibrium simulatioff8! Before the conclusion, the growth history of th® P
formation in polydisperse samples is related tceexpental results in section 5.
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2.2. Theoretical Background

The theoretical setup chosen allows the mapping eb-called living polymerization with
irreversible bond formatioli®*”! Before the polymerization of the monomers (M) cart (in the
present work the polymerization of EB to PS), weento define a certain number of monomer beads
(N,) which act as initiators (I*). Such an internaltigtion occurs, e.g., in photo-polymerizationscka
I* can bind one free monomer. In the succeedingrpelization steps the terminal monomer (P*) of a
polymer chain can react with a free monomer. Ttings irreversible polymerization leads to the

following reactive scheme with the symbol * dengtanreactive unit:

|*+ M - |-P*
|-P*+ M _ |-P-P* (2.1)
|-P1-P*+ M - I1-P,-P*n=234,.

Suitable descriptors for such processes are tlyengo size (degree of polymerizatiof, , its
mean vaIue(NL>, the underlying distribution functioR(N, ) as well as the polydispersity indéx.

These quantities have been determined in the presantive MD simulations. To emphasize this

origin in the following discussions they have béaleled with the index “sim”(NL> and lpgim

sim

are defined as

< NL >sim = nn NL (2.2)
N .
| pain =————— with Ny, = Wy N . 2.3.
Psim < N[ >gim w 2 NL "ML ( )

The symbolsn, andw, denote the number fraction and weight fracthThe summations in

relations (2.2.) and (2.3.) are performed ovepafisible values of N

It has been mentioned in the introduction thatpitesent RMD implementation exhibits certain
similarities with polymerization models suggestgokkermans et dt™ as well as Perez etal! But
in contrast to these generic schemes we have eetpkyealistic CG potential derived for EB, PS and

EB-PS mixture$’™ The present CG potential is defined by nonbondedractions as well as by
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bonded radial and angle terms. These degreeseaafdne are not considered in generic RMD schemes

with potential functions that are not system-specif

Reactive steps in the present RMD formalism arplemented as follows. We define two
tuning parameters controlling the polymerizatiorheTfirst is a characteristic delay timer,()
separating two succeeding time steps in which i@atare allowed to take place. The interval
between such steps is reserved for normal MD witlsonnectivity alteration, e.g. for the relaxation
and diffusion of the particles. In order to simplithe implementation of the reactive processes the

parametert, is kept constant during the simulations and igpehdent of the chain length. For small

1, the particles do not have enough time to reachiliequm via dynamic processes. RMD
simulations under these conditions have been derase“static*>?!! For larget, the system has
more time to relax and diffuse before new bonds lanformed. The time interval required for
relaxation by molecular motions of course dependshe polymer weight fraction and the degree of

polymerization. In contrast to the “static” prooessn the limit of smalk,, the descriptor “dynamic”
has been employed in the RMD literature to classifyulations performed for large valueswfi**!
In the present RMD formalism the number of reactiuee steps separated hy is not limited. Each
propagating chain as well as each initiator isve#id to form only one bond per reactive step. The
maximum number of chains that can propagate simedtasly in a reactive step is equal to the initial
number of starters N

In addition to the delay time, we employ a geometric criterion compatible withno
formation at reactive time steps. This leads utéosecond tunable parameter of our method. Bonding

- at the allowed time steps - takes place whenaveze monomer is found in a sphere of radjusf
an initiator bead I* or, of a terminal unit P* of a growing chain. If mafean one free monomer lies

within the capture radius of a reactive center ados formed with the closest one. A schematic
display for the reactive steps is shown in Figura I the left (center) diagram characterizing the
starting reaction the initiator can bind (has bquadree EB monomer, in the right one a terminal
monomer P* of the growing chain has formed a newdb(propagation).Whenever a new bond is
formed, the CG potential - to be described beloswitches instantaneously from a nonbonded

interaction to a bonded one
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Figure 2.2. Schematic representation of the initiation steptled polymerization (left and center
diagrams) as well as the chain propagation (rigfthe center diagram symbolizes the formation of a
new I-P* bond. The two different reactive procesaee characterized by capture radjiandr,. The

reaction can take place whenever a free monomed bé@omes into the interaction sphereof an
initiator I* or r, of a terminal reactive chain monomer P*.

described by bond and angle terms. In contrashéoother reactive simulations employing such a
geometric criteriot*?" we have used a force-field where(r, ) lies inside the repulsive part of the
potential. The R-IBISCO program written for the et research allows the definition of individual
capture radiir, (r,) for the starting reaction and chain propagatidhus we can model different
reactivities at the two topology-altering centdfsr the reactive parameters(r,) as well as for the
delay timer,, we had to choose values that lead to simulatioes accessible with the present
computational facilities. In our simulations we bBaadopted capture radii between 0.55 and 0.40 nm.
The nonbonded interactions at thesér,) values lead to energy barriers of 0.47 and 1&Bmol.
They measure the difference between the minimunthefpair-wise nonbonded potential and the
energy derived at, (r,). Modifications of this energy under the influermfethe reactive process are
not considered in our simple setup. Neverthelesswggest identifying these numbers in the context
of the present RMD scheme as the activation enlexgyf the polymerization reaction. Note that these
numbers are smaller than the Bf living polymerizations. We expect, however, ttlrpalitative
aspects of the polymerization procedure can bedemed by the present approach.

To sum up, in addition to the numberawd position of the initiator beads I*, the prasemD
scheme is controlled by two tuning parameters. délay timer, separates two reactive MD steps
where bond formations are possible. In principker¢his no limitation in the overall number of new
bonds formed at reactive MD steps, as long asrfreeomers are available. Nevertheless, a reaction
can only take place if the two reacting beads @rated within a sphere of radigs(l-P* bonds) orr,
(P-P* bonds). The capture radii determine the atitm energy for the polymerization. The delay time

r, controls the degree of relaxation and diffusiotwieen reactive MD steps, i.e. it is an element
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characteristic for the simulation method. Althougfhdifferent physical meaning the influence rpf
(r.) and thus of |, on the one hand, arrd on the other hand, cannot be considered as caghplet

independent. With the above choice of parametieesptesent MD simulations have approximately the
same time scale for the polymer dynamics and tleenatal activation in the reactive steps. Although
differing by many orders of magnitude in realitgey nevertheless allow the simulation of a living
polymerization which provides insight on growth thacisms. The introduction of the parametefs N

r, (), 7, indicates that RMD simulations of polydisperse gl® can be considered as a case study

to test the sensitivity of the approach to theseampaters. The present analysis of polydisperse
samples, however, goes beyond the recent generld BiMulations as it offers a qualitative access to
experimental features; see the discussion in adatgion.

We now come to the CG mapping of the chosen systévie have employed an existing CG
potentia®™ derived via the iterative Boltzmann inversion (IBhethod, a highly stable algorithm
developed by one of the present authBtsAs target functions Qian et al. made use of inserd
intramolecular distribution functions from atomissimulationd® Atactic PS is characterized by a
random arrangement of so-called R and S beadssddueence of the two repeat units was determined
by a random number generator with equal probadslitiThere are two terms for the bonded “two-
bead” interaction R-R (= S-S) and R-S (= S-R). Tdifferent types of angular potentials are
symbolized by R-R-R (= S-S-S), R-R-S (= S-R-R =-8-& R-S-S) and R-S-R (= S-R-S). The
nonbonded interactions are described by potergiahg denoted R-R (= S-S) and R-S (= S-R). In
analogy to non-reactive IBIsSCO simulations, allgrgials in R-IBIsCO are stored in tabulated form.

The correlation between RMD results for monodispePS and equilibrium data reported
recently’ is used as benchmark to estimate the capabilityhef present simulation scheme in
generating equilibrated polymer structures. Evercamventional equilibrium MD calculations of
complex systems the possible trapping in quasittegge configurations which may differ in certain
physical properties, requires a high computatioatbrt!**? A detailed discussion of such
phenomena in non-equilibrium simulations of PS banfound in one of our recent articféd. It
cannot be ruled out a priori that such problems eren enhanced in the presence of reactive
processes. Thus the comparison of RMD and equihirilata can be considered as an additional test

to recognize and — if necessary — to suppressrphkcations of such quasi-degeneracies.
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2.3. Computational Conditions

All RMD simulations were performed in the constdiRT ensemble where the particle number
N = Ny includes all beads in the system i.e. the freearmaar and initiator beads as well as the ones in
the polymer chains. For simulations of monodisp&Sesamples we have chosen the temperature T =
500 K and the pressure P = 101.3 kPa to meet thaitamns of the equilibrium runs which served as
referencé! The total number of CG beads adopted in the beadhstudies amounts toyN= 3840.
Monodisperse samples have been generated witretheha predefined chain length Nf a growing
chain has reached this limit, further reactive peses are forbidden by definition. At the end @f th
simulation we have Npolymer chains with identical length, NA complete list of the parameters
defining the present RMD approach can be foundabld 2.1. For the monodisperse simulations, the
initial number of initiators is determined by thaio N, =N,, /N, with N_ = 10, 30, 80 and 120. In a

first stage, growth and equilibration of the morspdirse samples are performed until all free
monomers have been captured. The values of thereagztdius and delay time adopted hererare
- = 0.40 nm andr, = 5x10% ns. Long equilibration runs are subsequently peréml for these

monodisperse samples from which the quantitieatefest are extracted.

Ny total number of monomer beads including the irotisi*

N, = N, | total number of initiators Nwhich coincides with the total number of chains N
N; number of initiators that have reacted at a cerfaotymerization time

N, degree of polymerization of a polymer chain

Dp conversion (percentage of monomers converted iolgmer beads)

r,(rp) | capture radius of the initiator I* (terminal monantead P* of a chain)

S polydispersity index

Ng total number of growth steps, i.e. number of reacD steps

T, time interval (ns) between two reactive MD steps

t, time to reach a 50% conversion of the free monorkeirsto polymer beads P
t, time to complete the polymerization,Dt,) =100 %

Table 2.1. Summary of input parameters and quantities usethe present RMD simulations of a
living polymerization.
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In the simulation of polydisperse samples, the taimg of a common Nis simply removed.
These calculations have been performed at P = IHa3and T = 400 K which is a characteristic

condition for the living polymerization of styrertie PS***4 To derive the CG potential for this
temperature we have used the temperature-depesdaling factor of referen€d, f(T) = T/T,

where T = 500 K is the temperature for the developmerthefCG force-fieldThe CG potential at T
= 400 K requires a simple transformation of theeptial by the multiplicative factor f(T3 0.894. A
gualitative justification of the square-root depence of the factor f(T) can be found in referen8e 2
The polydisperse samples have been modeled bydssimgl N, = 4000 including an initiator number

N, of 80 beads. The choseN,, /N, ratio is quite close to the relative concentratioof the

components in experimentd*! All reactive MD simulations (monodisperse and ydisperse
samples) have been continued until the last freeomer had been captured by one of the growing
chains.

Constant time steps of 5 fs have been employdtidrreactive simulations. The Berendsen
thermostdf® is used with a coupling time of 0.5 ps while a douptime of 5 ps has been chosen for
the barostat. These time constants are combined amitisothermal compressibility of 1x3@Pa®.

The cut-off for the nonbonded interactions has besrto 1.6 nm and the associated Verlet neighbor
list cut-off value is 1.7 nm. The updating procextor the neighbor list has to be at least equéhéo

delay timet, to monitor the time evolution of the system togglacorrectly. The values for the
capture radius, (r,) and the delay time, employed in the different RMD simulations are epabin

the fourth and fifth sections.

The alteration of the particle connectivity regsi a permanent control of the system.
Whenever a new bond is formed, the interaction ng@te between the reacting beads is switched
instantaneously from a nonbonded to a bonded rktiera The implications of this process for the
entries in the neighbor list are evident: the RMide has to guarantee that the newly connected beads
do not feel nonbonded interactions up to the secmighbors in the chain. All simulations have been
performed under periodic boundary conditions amdnimimum image convention.

At the end of this section we analyze the stabditthe present RMD implementation. We just
have emphasized that each reactive event betwaebdads is accompanied by a spontaneous switch
of the CG potential from a nonbonded to a bondéetaation. In Figure 2.3. we show that the excess
heat produced in these processes does not leagniicant changes in the temperature fluctuations.
The target temperature adopted in these reactiveriid is 500 K. The top diagram provides the T

fluctuations in a conventional equilibrium simutati(i.e. absence of reactive processes).
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Figure 2.3. Temperature fluctuations as a function of the &tmn time t. The top diagram
represents the T dependence of a conventionalilequih MD simulation of a monodisperse sample
with N_ = 80. The T fluctuations in the other diagramsereto reactive MD simulations. Center plot:
Dp=30%,r, = r, = 0.40 nm,7, = 5x10™ ns; bottom plot: =90 %,r, = r, = 0.55 nm,r, =
5x10“ ns. The target temperature is T = 500 K.

In the middle diagram we have plotted the tempeeafluctuations in a polydisperse sample at a
conversion of 30 %. The RMD runs are performediwit= r, = 0.40 nm and;, = 5x10* ns, i.e. we
follow a slow process. It can be seen that the &on of new bonds does not lead to any increase of
the temperature. The same behavior is found whemreasing the conversion continuously i.e. in the

limit of complete polymerization. In the faster pess shown in the bottom diagram € r, = 0.55
nm andrt, = 5x10* ns) only a slight increase of T of roughly 2 K n# time origin can be detected.

This increase is due to the switching from the romaed to the bonded potentials when bonds are
being formed in this fast process. But even thisesx energy is quickly removed from the system by
the Berendsen thermostat with standard settingaafogy to the middle diagram the bottom T profile
is characteristic for the whole reactive procegsalfy, we also have checked the length fluctuatioh

a bond formed at a certain time t = 0 up to the @mnithe reactive simulation (results not shown here
The length fluctuations of the bonds formed durthg reactive simulations are similar to those
experienced by the same system simulated with atddD (i.e. topology of the system fixed at the

beginning of the simulation).
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2.4. Growth of Monodisperse Systems: Validation of the Method

We have chosen the density) (as the first quantity to present the correlaticiween
equilibrium MD and RMD data for monodisperse PS mas All non-reactive equilibrium
simulations reported below have been repeatedéoptesent work by adopting the setup described by
Qian et af*Y. In the top diagram of Figure 2.4. we have plottegl density of PS as a function of the
predefined chain length NThe agreement between MD and RMD data is verylgdbe equilibrium
MD and RMD densities for N= 10, 30, 80, 120 differ by less than 1 %. The BO@ensity of the
initial EB sample amounts to 631.1 kg/m
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Figure 2.4. Densityp of monodisperse polystyrene samples as a fundiame predefined chain
length N (top diagram) and as a function of 1/kbottom diagram). The data points of the standard
equilibrium MD simulations (circles) in the top di@m have been connected by a full line as a guide
to the eye, the reactive MD (RMD) derived data epresented by squares. The bottom diagram
shows the RMD data (squares) along with the fittedar curve used for an extrapolation of the
density of a monodisperse system with an averagi@ tdngth of 500 monomers.

With increasing length of the polymer the densitgreases. The present MD and RMD densities are
of the same order of magnitude as experimentaligrdened values. In reference 46 a density of 950
kg/m® at T = 500 K has been reported for atactic P®eftrs to a polymer sample with an average
molecular weight of 51000 g/mol corresponding toaaeraged chain length of 500. The bottom

diagram of Figure 2.4. contains the RMD based diessas a function of the inverse polymer size N
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In this linear correlation the limilyN; - O can be used to estimate the density of polymeits laing

chains. For N = 500 the extrapolation leads to a density of Rn® which differs by less than 5 %
from the experimental value.

The same good agreement between equilibrium an® R&dults for PS is observed for the
root-mean-square end-to-end distangg, = <RE2>1/2 and gyration radiug,, = <RGZ>1/2- Re (Rg)

symbolizes the end-to-end distance (radius of gymatThe N dependence oR__is shown in Figure
2.5. (top diagram) along with the simulation reswit Qian et al?® The RMD-based scaling exponent

U in the relationRege DN Y oOf 0.571 differs by less than 3% from the theosdtiestimate for self-
avoiding walks ofv = 0.588. This value of is characteristic for the excluded volume behawaibr
short chaing™“” For the radius of gyration (Figure 2.5., bottonagtam) we have correlated the
present RMD and MD results with two equilibrium silations from the literaturé'“®! As expected

on the basis of th __ plot we again observe a linear relation betwez%nand N when plotted in a
double-logarithmic scale. All equilibrium resultsrsidered in the benchmark studies are reproduced

perfectly by the reactive MD approach. Thus it sedhat sampling probler‘ﬁ%“” are small for the
qguantities derived for monodisperse PS samplekdwio different MD techniques.
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Figure 2.5. Root-mean-square end-to-end distafitg (top) and radius of gyratiolR ; (bottom) for

monodisperse PS of chain lengths#N10, 30, 80 and 120 as derived by standard arattiege MD
simulations. All simulations have been performedTat 500 K. Note the double logarithmic
representation of the plot. The literature datadbddal by a (b) have been taken from reference 31
(2.48.).

We continue our comparative analysis of monodsp@&S in CG resolution with distribution
functions for the bonds and angles. In Figure @& show the length distribution between the canter
of mass of bonded beads as derived under RMD andeational equilibrium MD conditions. The
same comparison between the two computational sehdar the angle distributions of the bonded
beads is reported in Figure 2.7. The curves in bgtires have been evaluated for a predefined chain
length N of 120 beads. Again we notice an excellent agre¢imetween the connectivity-altering and
the equilibrium MD runs. The same is valid for @egle distributions in Figure 2.7. From Figures
2.6. and 2.7. we deduce that intramolecular leagith angle distributions are correctly determined by
the present RMD method. The same agreement bettheawo MD codes has been observed for the
other chain lengths studied (N 10, 30, 80). The intramolecular distributionst@d in Figures 2.6.

and 2.7. confirm the trends already formulatedannection with the density as well as tRe, and

R, profiles.
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Figure 2.6. Bond length distribution between the centers agsmof RR (SS) and RS (SR) beads in
atactic polystyrene (top, bottom) from the pre€RlID approach and a conventional equilibrium MD
simulation. The data refer to.N: 120 and T = 500 K.
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Figure 2.7. Angle distribution between three adjacent repeatsuof atactic PS from the present RMD
approach and in standard equilibrium MD simulatioi$ie data refer to NL =120 and T = 500 K
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A comparison of the nonbonded radial distributiamdtion g(r) between RR (SS) beads for
monodisperse PS chains with 81120 and 10 concludes our validation of the RMplementation.

In analogy to the bonded distribution curves alse monbonded ones in Figure 2.8. are correctly
reproduced by the RMD method. Thus, the presemexdivity altering MD code is an efficient tool
to derive equilibrated structures of monodisperséymper samples. On the basis of the above
simulation results we strongly feel that the RMDpegach should be also a useful tool to study the

properties of polydisperse systems under diffegeoivth conditions.

1{— MD -
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05" N =10 |
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04 06 038 1 1.2 14 16
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Figure 2.8. Nonbonded radial distribution functions g(r) beemeRR (SS) beads of atactic PS with N

= 10 (top) and N = 120 (bottom) from the present RMD approach aadventional equilibrium MD
simulation at T = 500 K.
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2.5. Growth History in Polydisperse Samples

The polymer growth in the monodisperse sampldébefast section has been terminated by the
predefined parameter Nvhich defines the common length of all chainsth@ simulations described
below, this constraint on |Nhas been removed in order to allow a free grovitthe N different
polymer chains. In analogy to monodisperse sampleshave again a good agreement between the
calculatedp of 1025 kg/nf and measured values of 1005 kgand 1013 kg/m The experimental
data refer to samples with an averaged chain leafy500 monomef¥“% while the RMD results

correspond to a value of roughly 50 at T = 400 Ke Titerature data have been recorded at T = 408 K.

2.5.1 Influence of the Capture Radius and Delay Tim e

In this section, the initiator positions have bekstributed randomly in the simulation box.
First we have chosen a common capture radius¥ § = r, ) for the initiator I* and the terminal
polymer bead P* in the chains at a constant vafueeodelay timer, = 5x10* ns. Numerical results
on the correlation between r and characteristigrpetization times are given in Table 2.2. where we
have collected the parametdrs andt, as a function of r. The timg,, indicates that one half of the
initial free monomers M has been converted intymer beads P (i.e.dD= 50 %), whilet_ denotes

that the polymerization process has been comp(eted» = 100 %).

n=r tu2 t,
0.40 6.00 29.6
0.45 0.40 2.5
0.48 0.13 1.2
0.55 0.03 0.86

Table 2.2. Characteristic times (half life 4 and time to full conversionXas a function of the capture
radiusr=r, = r, in RMD simulations of polydisperse samples. Thaydéme ist, = 5x10” ns. The
values 1, and t.are given in nsy, and r,in nm.
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The t,,, numbers indicate that an increase of r from @040.55 nm leads to an enhancement of the

reaction velocity by a factor of 200. This accelerais a manifestation of the higher probabilioy t
find a monomer in the vicinity of a terminal chdiead if the capture radius is enlarged. This @n b
guantified by averaging the number of free beadbkiwithe capture radius of a reactive bead during a
certain simulation time. For r = 0.55 nm the avechgumber of free beads in the reactive sphere of
the chain-end during 0.03 ns is 0.63. Note thaB @9 refer to the time to reach B 50 %. For the
same time of simulation (i.e. 0.03 ns) the averagedber of free beads found within a capture radius

of 0.40 nm is reduced to 0.0125. In contradf jdhe time to full conversion,, however, differs by

only a factor of roughly 34. This leveling indicatéhe decelerating influence of equilibration and
diffusion steps in the end phase of a polymeriragven if these factors are unimportant at the
beginning of a fast reaction. We come to the enflce of r on the degree of polymerizationdf the

N, polymer chains. The final chain length distribatiB(N, ) derived fort, = 5x10* ns has been
plotted in Figure 2.9. for the two limiting r codsred (0.40 and 0.55 nm). The fast reaction (large
leads to a broadeP(N, ) profile. The small activation energy associatedr to 0.55 nm allows

reactive steps in configurations only partiallyasedd that are characterized by a trapping of toitia
units or terminal polymer beads in a non-reactiveainding.

Under certain assumptions it is possible to sohe Kinetic equations for a polymerization
process analytically. In this framework it is assaimthat the reaction rate coefficient for the
bimolecular reaction (I-P-P* + M) is independent of N This is fulfiled under the following
conditions. i) The reactants have to be ideallyedipreventing a diffusion control. ii) The initiat
kinetics has to be fast relative to the chain pgapian. Condition ii) will be examined in more déta

in following subsections. The analytical solutiar P(N, +1) corresponds to the following Poisson

distribution function.

NS)NIL exd(-N@®)] N, =12,.. (2.4)

L

PN, +1)=

N(t) is the average number of bonds per chainqiatween the total number of bonds formed and the
total number of activated chains) at any time he Tecurrence formula offers an access to theidract
of polymers with polymerization degreld, +1 (number of polymer chains with lengiN, +1

divided by the total number of growing chains).
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Figure 2.9. Distribution functionP(N_ ) for the polymer size Nrom RMD simulations with = 0.40
nm and with r = 0.55 nm (r %, = r,). The value of the delay time is= 5x10™ ns. Both RMD

curves have been averaged over 55 simulations. Eachlation starts with a different random initial
distribution of the starters in the box. The boldwe is a Poisson profile (analytical solution (3)4
derived by assuming that all polymerization steps be described by the same rate law and rate
constant.

In addition to the two RMD curves in Figure 2.9. Wave displayed th&(N, ) profile using the
above Poisson formula. For more information werrefehe literaturé""! Figure 2.9. indicates that the
r = 0.40 nm simulations follow a Poisson-like bebavThus we can conclude that equilibration and
diffusion seem to be fast compared to the polyna¢ion rate with this small r value. In the r = 0.55
nm case the deviation of tH&N, ) profile from the Poisson-like behavior is due tapping effects
as described in the following paragraph.

To emphasize differences in the growth historytha polymers as a function of r we have
calculated the length Nor the two longest and shortest chains as a iumatf the conversion P The
curves in the top and middle diagrams of Figur® 2ré&fer again to the limiting capture radii r 040
and 0.55 nm combined witt} = 5x10% ns. The bottom diagram of Figure 2.10. will be sidered
later in this subsection. It appears from the tog eenter diagrams that up te@ B 30 % there is no
large difference in the growth history of the fasid slow polymerization. Ford>> 30 % trapping

processes appear in the simulation with r = 0.5%nd, = 5x10% ns. They cause a split between the
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N profiles of the short and long chains which incesaas polymerization proceeds. The implications

of such processes in the presence of a small ebarggr have been visualized already in Figure 2.9

80
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_, 60
Z 40
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60
40
20

40 50 60 70 80 90 100
Dy (%)

Figure 2.10. Evolution of the polymer size NL for the two sestrtand the two longest chains as a
function of the conversion DP in RMD simulationsf@ened with" = 0.40 nm (top) and = 0.55 nm

0 10 20 30

(center) associated withr = 5x10™ ns. The bottom diagram has been evaluated witl®r55 nm and
1, = 1x10? ns.

For the polymerization simulated with r = 0.55 and z, = 5x10-4 ns Equation (2.3.) leads to

a polydispersity index,__ of 1.058. The relaxation and diffusion procesdkesvad under r = 0.40 nm

Psim

imply a small reduction of,_ to 1.020. These polydispersity indices are theltef an average

Psim

over 55 RMD simulations for each of these two ca€esmsidering the differences in the chain lengths

of experimental systems and the present simulatitives splitting between the calculatég, and

experimental numbers of roughly 1.3 for living polgrization is not unexpect&l Nevertheless we

feel that the calculated,_numbers emphasize that the present RMD simulstioh a living

Psim
polymerization in a CG resolution offer a relialalescription of the kinetics. By means of the local
reaction parameter r it has been possible to siewdatransition from a “static” polymerization (r
large, T, small) to a “dynamic” scheme (r ang small). From the simulations it appears that r.400

nm (Ea = 16.3 kd/mol) seems to be sufficient for a propmusideration of equilibration and diffusion

processes in the sample of growing polymer chains.
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In order to investigate the influence of the ddiaye we have adopted two different values

of 5x10* and 1x1G ns with a constant capture radius r = 0.55 nnfridure 2.11. we have plotted the

conversion as a function of the simulation time c@iirse the polymerization is faster when using the

100}

80
° 5x10 % ns
S 60 1
0 1x10 ~ ns
O 40

O 1 1 1 1 1 1
0O 04 08 12 16 2 24 28

t (ns)

Figure 2.11. Time dependence of the conversian(Po ) for t, = 5x10™ ns (thin curve) and 1x1I®
ns (bold curve). Both RMD curves use 0.55 nm for all reactive centers.

smallert, value of 5x1¢ ns. Here the polymerization is finished after Or86whilet, in thet, =
1x10° ns equals 3.20 ns. In analogy to the r dependemtlations let us now follow the growth
history of the two longest and shortest PS chasre fainction ofr, . The curves in the bottom diagram
of Figure 2.10. have been derived for r = 0.55 mu g = 1x10° ns. The results of this diagram are
compared to the evolution of the curves in the @ediagram derived with the same capture radius r
but a smallerr,. As could be expected on the basis of the abiogenys, trapping effects are more or
less absent in the “dynamic” simulation with= 1x10” ns.

The RMD results presented up to now suggest -xpeoted - that r and, cannot be

considered as completely independent control paesierhis means that similar growth histories of
the polymer chains can be modeled by different doatlons of the delay time between reactive steps

1, and the capture radius r. This computational degfefreedom can be extracted from Figure 2.12
where we have plotted the probability functiBgN, ) for two (r,t,) combinations: (0.55 nm, 1xT0

ns) and (0.40 nm, 5x10ns). Both reactive MD runs lead to almost identie@N, ) profiles. The
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advantage of this one-to-one mapping under diftesmulation conditions is evident. In fact, the

simulation with (0.55 nm, 1xTbns) is approximately ten times faster.

0.08 | -- r=0.40nm 1, =5x10" ns|]
0.07 | — r=0.55nm t = 1x10” ns|]
0.06 | '
~0.05f '
Z 0.04| '
% 003} '
0.02 | '
0.01F '

25 30 35 40 45 50 55 60 65 70 75

I\IL

Figure 2.12. Distribution P(N, ) of the polymer size Non the basis of two differentr(,)
combinations. The full curve correspondsrte 0.55 nm,t, = 1x10 ns, the broken one to the
combinationr = 0.40 nm,t, = 5x10™ ns.
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2.5.2. Influence of the Spatial Distribution of the Initiator Beads

All RMD simulations discussed up to now have beerformed for samples with a random
distribution of the initiator beads I*. Now we rédathese data to RMD runs starting from a spatially
localized distribution of the I*. Experimentallyuych an arrangement can be generated by a local
photo-initiation or by the proper arrangement & émtrance slots for the initiators in the readtoom
technical polymerizations it is known that the sif¢he reaction vessel, its geometry and the vigloc
of the component mixing can have a strong influemtéhe chain lengths and polydispersity indfex.
By changing the localization of the initiators If ithe simulation box, a case study for such an
experimental control element can be performed. dalized concentration of the I* is generated as
follows. Before starting the RMD run, one EB beadandomly chosen as initiator I*. The remaining
members of the initiator ensemble are then selemtethe basis of a simple cut-off criterion (ileet
79 beads closest to the chosen starter serve asntiagning 1*).

Let us first consider the influence of the localian of the initiator beads on the number of I*
forming an I-P bond (N;) as a function of the number of reactive MD stés). In Figure 2.13. we
have plotted such curves for a random and a slyakaalized distribution of the 80 initiators. The

RMD results have been derived for = 5x10* ns andr = 0.55nm. From the figure we see that only

Ng = 5 reactive MD time steps are required in thearwith randomly distributed I* to allow the 80

801
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0o 2 4 6 8 10 12 14 0 30 60 90 120 150 180 210 240
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Figure 2.13. Number of initiators that have reacteg s a function of the number of reactive steps
Ng. The top curve has been derived for a random itigtion of the initiators, while the bottom one
refers to a spatially localized initial configurati of the initiators. Both RMD simulations have rbee
performed withr = 0.55 nm andr, = 5x10™ ns.
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initiators I* to bind a monomer. = 5 corresponds to a simulation time of 25 fs. Bpatially

localized I* distribution needs roughly 220 reaetisteps to generate 80 growing chains. The
simulation time associated tocN= 220 amounts to 1100 fs. The different behavietiveen the two
consumption curves of I* is easy to explain. Fa libcalized I* arrangement, only the I* at the sod

of the initiator droplet can find a reactive parrtbe inner ones are trapped. Possible trappifegtsf

as a function of the reactive parameters r gandave been commented on above. From the discussion
of the growth history of the chains under the ieflue of these parameters (previous section) we
expect that trapping leads to broadened polymer digtributions. This is confirmed by tH&N, )
curves in Figure 2.14. They are either basecd,on 5x10* ns (top) or on 1xI®ns (bottom). The
P(N_) profiles have been derived for the two extremaldistributions considered (random and

localized arrangements).

————
T = 5x10 "ns — I random

0.04 — |* localized |-
~
Z 0 ' /\ &
o T = 1x10 *ns
0.04 ¢ .

00 20 40 60 80 100 120

N

Figure 2.14. Distribution P(N ) of the polymer size Ncalculated with a random (bold curves) and
a spatially localized (thin curves) distribution thie initiator beads I*. The curves in the top diag
are based om, = 5x10™ ns, the curves in the bottom one gr= 1x10? ns. All simulations have
been performed with = 0.55 nm.

Thert, = 5x10% ns polymerization with the smaller time intervat felaxation and diffusion between
the reactive steps leads to large differences lmtwhe twoP(N, ) profiles. The non-reactive

surrounding of the inner I* in the droplet is respible for an extremely broad(N, ) curve with two
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maxima. The first one occurs for. Mlightly below 10. It indicates that - as expectesbme of the

initiator beads have been captured in a non-reaciurounding for a rather long time. The second
P(N_ ) maximum in the curve derived for localized I* appe atP(N, ) = 70. The double-peak
structure of theP(N, ) profile obtained for the spatially localized I'flects that the trapping of some
I* enables the growth of long polymer chains in sliset of untrapped reactive polymer ends.

From Figure 2.14. we deduce that a spatial leatibin of initiator beads can lead to a length
or mass profile of the chains strongly differerdnfr the Poisson-like distribution shown above. A
Poisson-like profile occurs under conditions whexkaxation and diffusion in the sample are fast in
comparison to the chain propagation. The doubld-peave in Figure 2.14. can be considered as an
extreme example where this balance is violatederttains an open question whether such a mass
distribution could be obtained in an experiment. We aware that the polymerization dynamics
modeled by the present RMD approach is much fdlster any experimental one. But if there was a
chance to achieve this limit, two conditions wohbve to be fulfilled. The activation energy hadb¢o
very low and high sample viscosities would helpdexelerate relaxation and diffusion. The lower

diagram in Figure 2.14. emphasizes that the difiegebetween the twB(N, ) profiles disappears
when performing the RMD runs under “dynamic” comatis (t, = 1x10° ns). Both curves are quite
similar and have their maximum at N 50. The longer delay time between reactive MD steps

allows the I* to spread into reactive domains of ttample before chain elongation under non-
equilibrium conditions takes place.

In analogy to the forgoing calculations, the siatioins starting from spatially localized
initiators should provide insight into conditiongeporting trapping. Figure 2.15. contains the larajt

the two shortest chains obtained under 5x10* ns (bold curves) and, = 1x10% ns (thin curves).
Trapping is almost absent under “dynamic” condgi@ompatible witht, = 1x10° ns. Here even the

shortest chains contain more than 30 monomers. Nhencrease continuously with increasing

polymerization.
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Figure 2.15. Evolution of the size |Nof the two shortest chains in RMD simulations tatgr from a

localized initiator concentration for, = 5x10* ns andt, = 1x107? ns. All simulations employ =
0.55 nm.

The reduction oft, from 1x10° ns to 5x10 ns is responsible for an almost perfect trappihthe

reactive terminal beads of the chains. At the enithe@ polymerization, chains with only three orefiv
monomers are left. We believe that Figures 2.14 arkb provide useful information on the

implications of localized initiator concentratioimsliving polymerizations.

2.5.3. Different Capture Radii for the Initiation a  nd Chain Propagation

We now relate polymerizations performed under r, to r, # r, ones, i.e. we consider

different activation energies for the reaction be tinitiator I* with a monomer and the chain
propagation. In this section the term “homogeneasisised to denote simulations performed with r =
="Te In polymerization reactions one usually has lowaetivation energies for the initiation step
than for the propagatidif’] With the present RMD model this can be mappedéiting rn>r,. Let
us go to the top diagram of Figure 2.16. where waeehplotted the probabilit?(N, ) of a process
modeled byr, = 0.55 nm and, = 0.40 nm together with two homogeneous profilealwated for

common radii ¢ = r,) of either 0.55 nm or 0.40 nm. All RMD results kaveen obtained for, =

5x10% ns.
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Figure 2.16. Distribution P(N,) of the polymer size Nor a RMD run withr, = 0.55 nm and, =
0.40 nm as well as for two homogenous processésrwit r, = 0.40 nm and 0.55 nm (top diagram).
The P(N,) distribution in the bottom diagram has been evaddaorr, = 0.40 nm and, = 0.55 nm.
All simulations have been performed with a deleett, of 5x10-4 ns.

The simulations show that the energy demand fostaeing reaction is without influence on the size
distribution and polydispersity index if the chgmopagation requires a higher or equal activation
energy. Ther, # r, curve and the homogeneous one with high activadioergy are similar; both
reproduce a Poisson-like behavior. The reasongngad the broad?(N, ) for the homogeneous runs
with r, = r, = 0.55 nm have been commented on in the foregdisaussion.

The time demand for the formation of 80 growindypwer chains for simulations with =
0.55 nm and, = 0.40 nm differs from the ones with= r, = 0.40 nm. In the RMD study with =
0.55 nm only five reactive MD steps are necessaipitiate the 80 growing chains. This amounts to
roughly 0.02 % of the complete polymerization tilje When choosing a capture radius of 0.40 nm
for the initiation 1174 reactive time steps areuisgf for the initiation of the 80 growing chair$ere,
the completion of the starting process covers 2f%,_0 The slow propagation rate in both systems
attenuates any difference in the initiation. In tlase ofr, = r, = 0.40 nm, the coupled initiation and
propagation steps do not prevent the latest chiaitnsted from finding free monomers. Far> r, the

80 growing chains that were started already withd2 % of the reaction will grow uniformly. The
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discussion in this last subsection has shown thatpresent RMD results are in line with basic
principles of reaction (polymerization) kinetics.id the slowest step of a process that deterntimes
final product profild®”! This is impressively seen in the bottom diagranfighire 2.16. Here we have

plotted the probability functio®(N, ) now derived for a polymerization where the forratof the

I-P* is slower than the chain propagation. The RigHlculation leads to an extremely broad profile.
Polymer chains containing more than 150 monomer$caimed in this simulation. The small initiation

radiusr, = 0.40 nm leads to an increase in the time reddoeall initiators to bind a monomer. Thus,
the initiation step is extended over a long periddthe same time, the large propagation vajue

0.55 nm guarantees a fast chain growth wheneveP’*aunit has been formed. Therefore, a large
amount of monomers are connected by the first grgwhains while few remain for the growth of the

latest chains formed.

2.5.4. Comparison with experiments and analytical r  esults

In the discussion of the RMD results of polydiggesamples we have emphasized that the

tuning parametersg, r, andt, have a sizeable influence on the molecular walgditibution P(N ),
its mean value< N, >, and the polydispersity indel_ . In this section, we relate the RMD based
quantities to simple analytical expressiondN( , 1,,) that are valid for a living/controlled

polymerization as well as to experimental trendse Wil show that the absence of termination
reactions is only one condition for a living/conked polymerization. The proximity to the limit af
living/controlled process is also determined by dbsolute and relative speed for initiation andircha
propagation; see below. If the initiation stepl@asrelative to the propagation we will always have
deficit of I* leading to the formation of long clms (large polydispersity indices). This has been
confirmed experimentall§®*? We next consider the overall speed of the poljzaéon under the
assumption that the initiation and propagation steguire approximately the same time. In this case
the polydispersity increases with the speed. Tlis bheen observed experimentally in an Atom
Transfer Radical Polymerization (ATRP) of styrem#nose reaction speed was modulated by using
different iron halide complexes as catalysts-or the fastest reactions, Values between 1.4 and 1.3
have been measured. A slight reduction of the shasdowereddto 1.3, while a slow polymerization
has been accompanied by a further decreasetofll.2. Conversions of 60 and 80 % were reached in
this ATRP study.
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Let us continue with analytical formulas that arapéoyed in experiments to discuss the

living/controlled character of a polymerization pess>°*? For a well controlled polymerization (i.e.
a process that yields narrow polymer size distidm)tthe expected average degree of polymerization

N, and polydispersity index,, can be determiné®>? theoretically by the ratio between the
monomers that have reactefiM ) at a given time and the number of initiatdds. For a conversion

of 100 % in our RMD simulationAM = N,, — N, is the number of monomers at the beginning of the

reaction. We have

N, =—— (2.5.)

and

lo, =1+ - . (2.6.)

The computational conditions adopted for the palgdise samples implM,, = 3920/80 = 49 andl,
=1.02 O, =100 %).
On the basis of the given experimental informaton the analytical expressions (2.5.) and

(2.6.) let us reconsider the RMD results derivedpolydisperse samples. First we want to highlight
some peculiarities of the simulations with the helpfigures. In one RMD run starting from a

localized initiator distribution (r = 0.55 nm, = 5x10* ns) we have modeled an extremely inefficient
condition for a controlled polymerization (see tipgram in Figure 2.14.). The small number of I*
accessible at the beginning of the reaction stsonggtricts the number of growing polymer chains.
The outcome of such a condition is the formationbodad P(N, ) profiles. In our special case a
distribution with two maxima has been observed. Til® one has been found atNy value of
roughly 10, the second one { = 70. But also in connection with a random distribaitof the I*, a
very broadP(N, ) profile has been detected (see bottom diagramigar& 2.16.). Prerequisite for
this curve shape is again an initiation step thalow in comparison to the propagation. In our RMD
simulations it had been generated by capture fatfilling r, < r,. Already the results in Figures
2.14. and 2.16. have indicated that the RMD apgramable to reproduce general experimental trends
of living polymerization reactions. Inefficient stiag reactions imply broad®(N, ) profiles (large #
numbers). In the present approach two mechanisngfpsuch a polymerization process have been

suggested: i.) inefficient starting reaction (hem®deled byr, < r,) and ii.) localized starting
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configuration of the initiators which implies thatany of the I* are in the inner region of the iaitr

droplet.

We continue our discussion with the RMD data irbl€a2.3. It summarizes N, >, and

(Equations (2.2) and (2.3)) values that have sived from single simulations under different

I Psim

conditions.

Example Reactive conditions < N >sim I psim
1 n=rp = 0557 =5x10" 49.99 1.06
2 h=r = 0551 = 1x10° 49.99 1.015
3 =t = 0401 = 5x10° 50.79 1.016
4 n = 0.55,¢ = 0.401 = 5x10° 50 1.026
5 n = 0.40,¢ = 0.551, = 5x10° 58.65 1.47

Table 2.3. Simulated average degree of polymerization < NloPsnd polydispersity index IPsim for
RMD simulations under different conditions. Themfitees are derived for a conversion DP = 100 %.
They are compared with N= 49 and b, = 1.02 (equations (2.5.) and (2.6.)). All simudets
considered in this table are based on a randonridigion of the initiators. The delay timeis given
inns, rin nm.

Case studies 1, 2, 3 and 4 are close to the boyodarliving/controlled polymerization. Neverthete
examples 1 and 3 show that an enhanced veloctY (65 nm in 1 relative to r = 0.40 nm in 3) imglie

a larger deviation from Ipa = 1.02 (i.e. 1.06 verdu016). In example 4 we are again closer to 1.02
due to the smaller= 0.40 nm. The largest deviation from this linstabserved for example 5, where
the slow starting reaction(F 0.40 nm) compared to the propagation £r0.55 nm) leads to

< N, >,, =58.65 and,__ = 1.47. In contrast to the case study of the iores/subsection, which led

Psim
to a bimodalP(N,) curve, a random distribution of the I* has beeapdd in example 5.

The results of the present section can be sumeth@as follows. 1.) The correlation of the
RMD data with limiting values derived analyticafigr a living/controlled polymerization has shown
that we are able to reproduce this limit by propetkesigned tuning parameters. 2.) The RMD
approach reproduces a general experimental trendhe increase of the polydispersity index fomsl

initiation and for high propagation speed. 3.)demss to be an advantage of the RMD simulations in
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the range of nanoseconds that they reproduce exgetal trends derived for reaction times in the
range of minutes. The present findings let us hibyé the simulations on polydisperse samples go
beyond a bare case study. In analogy to the RMR& datived for monodisperse samples, also the
guantities calculated for polydisperse ones offesight into experimental control parameters of a

living polymerization.

2.6. Conclusions

In the present contribution we have introducedeactive MD approach equipped with a
material-specific CG potential. We have chosenpiblgmerization of styrene monomers (represented
by ethylbenzene) to polystyrene as a model. To lst@wa living polymerization, irreversible bond
formation and the absence of chain terminationtiea€ have been assumed. For the mapping of the
CG beads we have employed a potential optimizedthen basis of atomistic equilibrium MD
simulations. It is characterized by system-spec#itial and angle terms that are less straightfawa
to implement than generic potentials. The differdegrees of sophistication in the potential are
perhaps the strongest discriminator between reysrgric models and the present implementation.

The RMD scheme developed requires the introduaifawo input parameters. The first is the
delay timer, between two reactive MD steps, which is charastierfor simulation methods of the
MD or MC type. The second parameter is related rntcaetivation term for bond formation. The

activation energy for this process is indirectlyeimined by so-called capture radiiandr, defining

the possibility that two nonbonded monomers foroheamical bond in a reactive step. This process is
implemented as the transition from a nonbondedlormled CG potential. In our first numerical study
we have allowed an instantaneous transition fronombonded to a bonded potential in a reactive
process. The simulations discussed in the thirtisebtave verified that there is no heat up in the
sample that exceeds the fluctuations in conventtie@guilibrium simulations. The largest T
enhancement found in the case of fast reactionndigsais still too small to be significant.

The capability of the present RMD formalism hagrbealidated for monodisperse samples.
The reactive MD code reproduces the results of libguim simulations. Densities, end-to-end
distances, radii of gyration as well as differeebignetrical distribution functions have been chdsen
the comparison of RMD and MD results. In this drour work we have shown that the present RMD
approach offers a straightforward access to egatkol polymer configurations, which is an additiona
application for it. Previous coarse-grained RMDdsts were more oriented in generating equilibrated

polymer structures. Thus, the natural possibility ttack the polymerization dynamics by RMD
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simulations had not been fully explored. Despite sahplifications, the present model has been
successful in reproducing the basic characterigtickving polymerization. The results derived for

polydisperse samples have also been correlatedatalyoto experimental trends. The different case
studies clearly emphasized the power of future R¥dlies for (living) polymerizations.
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3. Temperature Dependence of Coarse-Grained Potenti  als for

Liquid Hexane

3.1. Introduction

Atomistically resolved molecular dynamics (MD) silations of complex liquids and polymers
are often beyond current computational capaciti@slhus, there has been a strong need to develop
simple and fast alternative methods to study sugiems under conservation of the predictive
capability of atomistic MD simulations. Several rsEgraining techniques meeting these
requirements have been developed. In coarse-gra(%8) models, a number of atoms or
characteristic functional groups are combined isperatoms denoted as CG bead#is coarser
description of the system provides a significastéase in the simulation speéd!

A broad variety of CG mapping schemes has beenribed in detail in the literature for
different polymer system&!”! The simplest CG studies of polymers have beeropmed with spring
potentials connecting the beddsUniversal properties of polymers can be succdystldscribed by
these generic bead-and-spring motfels.” Recent years have seen the emergence of methods
enabling the development of material-specific CGeptals™ ® Polystyrene (PS) has served as a
prominent reference system in benchmark studiemd®d to demonstrate the predictive power of
different CG mapping schemEs> In the CG approach of Milano et!&f. developed for atactic PS at
a temperature of 500 K and ambient pressure, thdy@8s (of either m or r stereochemistry) were
considered as superatoms. The model successfpligdeced the structural and dynamic properties of
PS for different chain lengths. The intramolecigatential in this method was described by multi-
centered Gaussiaff§ To derive the tabulated nonbonded potential, theative Boltzmann
Inversion® (IBI) has been employed. The CG simulations ofrktndaris et al. using different PS
mapping scheme’ 2 ** have also been successful in predicting structamal dynamic quantities.
The IBI optimization was used in the work of Milaed al. and Harmandaris et al. A successful
application of the Iterative Boltzmann Inversion the challenging field of coarse-graining of
biomolecular systems has recently been reportétVényg et al*®! The inverse Monte Carlo technique
(IMC) of Murtola et al. is also a powerful methdtht has been used to coarse-grain
phospholipids/cholesterol bilayetsl The IMC technique differs from the IBI method metway of
extracting the effective pair-wise potentials frtdme target distribution functions. The presentestt
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the-art has been reviewed in an article of Petdrkaemer?” Beside these structure-based techniques
(i.e. IBI and IMC) other methods to optimize CGdetfields from atomistic simulations have been
reported in the literature. Force matching appreactuch as the “multi-scale coarse-grainiig”of

Voth et al. (MS-CG) or the MARTINI force-fielf? are successful approaches for coarse-graining
simulations of biomolecular systems such as lipidyers. Outside the context of polymers and
biomolecular systems, coarse-grained models foplsimystems such as water and benzene can be
found in the literatur&> 24 23!

In structure-based coarse-graining methods, thengals are often determined on the basis of
distribution functions for bond lengths, angle biegdand torsional angles, as well as for nonbonded
distributions that have been evaluated at atomissgolution. The IBI is a powerful and stable
algorithm for the optimization of such CG potergigHowever, when performing CG simulations with
IBl one has to take into account that the potenti@lve been optimized for a certain thermodynamic
state characterized by the reference temperatgrepiessure & and - in some applications -
concentration(s). Thus, there is no guaranteeal@® potential developed at a reference temperature
To can be adopted successfully for temperaturesTp.?®! As a matter of fact, the transferability of
CG potentials between different thermodynamic sthgs been widely investigated. In the CG model
of Gosh and Faller for ortho-terphenyl, the potstideveloped were significantly temperature
dependent and non-transferable while the distwoutifunctions showed weak temperature
dependencE” In contrast, Vettorel and Mayer have optimized @ Model for short polyethylene
chains'® and as a result obtained temperature transfepattmtials. The variationnal principle used
in the MS-CG method allowed Krishna et?dl.to generate potentials suitable for simulations at
different T for a Lennard-Jones liquid and a simplater system. The same method with small
modifications has been used to study the transfiyabf CG potentials for several compourié3.
The MS-CG technique has very recently been adapteerform potential optimizations in the NPT
ensemblé®® A recent coarse-grained model optimized to sineuRS, ethylbenzene (EB) and their
mixtures has been reported by Qian et*hlThey have found that the CG potential of PS is
temperature-independent over a range of 100 K.tiEmsferability of the EB coarse-grained potential
over an interval of 142 K was ensured by scalirgggbtential optimized atoWwith the factor f(T) =
(T/To)? when performing MD simulations at other temperesuf# To.

It is the purpose of the present MD simulationgnalyze the temperature dependence of CG
potentials of molecular fluids, in order to deeparderstanding of this concept and to determine its
range of applicability. As an example, we have endguid n-hexane, because, unlike the rathed rigi
ethylbenzene of our previous stlfdy n-hexane is a flexible molecule. This flexibilitpust be

translated into the CG mapping, which thereforedeei@tramolecular bond and angle terms. This
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scheme differs from the single-site model for EBeventhe CG potential is exclusively composed -
due to the mapping scheme - of nonbonded termshaVe applied the method proposed by Qian et al.
to the present hexane CG model and detected thaarnhlytic form of the T-dependent prefactor
differs from the f(T) = (T/5)*? behavior that has been reported for ethylbenzEaghermore, we
have found that different forms of the prefactorsmbe used for the same system (here hexane)
depending on the temperaturg at which the CG potential was optimized. In thesent work, we
modify the approach of the EB work. We have extdrntie single-reference model to a scheme where
the CG potentials at temperature T are determinea@ hnear superposition of two reference CG
potentials. These reference potentials are optinggehe limiting points Tand T, which bracket the
temperature range investigated: I T < Ty. We have found that the choice of @and T, has no
influence on the functional form of the interpobeti formula as long as we explore a region of
homogeneous phases. This will be shown by varjiedimiting points T and T; in the temperature
range investigated here. The functional form waddainly depend on the choice qf dnd Ty in the
presence of any phase transitions such as clugtemtrance into a glassy state, etc... In the same |
the consideration of quantum fluctuatiblswould require modifications of the present simple
interpolation. In this study, these boundariesraxemet; the system is investigated by a clas$itfal
approach in its pure liquid state.

One additional motivation for the present reseahads been our recent effort in the
development of a reactive MD (RMD) code for so-@alliving polymerization in a CG resolutiéf.
RMD simulations as a function of temperature anldesd (such as hexane) should provide useful
information on the influence of a solvent duringaymerization process. With CG potentials that are
transferable to a larger range of temperaturesh $RWID simulations can be performed more

efficiently.

3.2. Generation of Coarse-Grained Potentials

In the framework of the single-reference approdhR, potentials from IBI optimizations at
different Tp are employed to generate other hexane CG potetial are suitable for a temperature T

+ To in the liquid phase. The scaling procedure presfipauggestétf! was expressed as with(r, T,)

denoting the nonbonded CG potential developedeateference temperaturg. T

u(r,T) =U(r, T,) xf(T) (3.1)
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u(r,T) is the nonbonded potential at temperature: Ty, while f(T) is the scaling function. In

reference 13, the model only consisted of nonbomatedactions. There, it was empirically found that
with the scaling function f(T) = (TH? it was possible to obtain accurate CG potentfafs
ethylbenzene at temperatureg To. In the fifth section we analyze the accuracy gfi&ion (3.1.) for
hexane in connection with a CG potential containagh intramolecular and nonbonded terms. In
analogy to the previous study on EB, only the nowleal hexane potentials have been scaled when
adopting Equation (3.1.). The bonded potentialseweft as they had been parameterized at~or
this model, we have studied a possible dependendheochoice of J and of the scaling function
f(T).

The extended interpolation scheme efgtesent work uses two CG potentials, T, )

and U(r,T,) to estimateu(r,T) in the intervening temperature range.

u(r,T) = C|_ X U(r,TL) + CU X U(r,Tu) with T s T=sTy (3.2)

U, T,) andU(r,T,) can be any potentials of the CG force-field irdra- or intermolecular terms.
Thus, the 2-point interpolation (3.2.) is used éoive both inter- and intramolecular potentialdaie

for use at any temperature T in the above inte@alandC, are T-dependent mixing coefficients
that generate the CG potential betwegnafd Tj. In the present study, we apply the simple linear

relations (3.3.).

_[Tu-T oo =T

U (3.3)
Tu-To Tu-TL

With this definition, the sum of the two coefficiens always equal to 1. For T 5 T(T = Ty), C,
(C,) does not contribute to the CG potential. As erspel above it is expected that the 2-point

interpolation (Equation (3.2.)) will lead to accte& G potentials within a T interval in the absente
phase transitions. For hexane this is fulfillecthie temperature range 190 — 338%K(liquid phase
under atmospheric pressure). Finally we should mmernhat neither Equation (3.1.) or Equation (3.2.)
can be traced back to a microscopic theory. Sonaditgtive considerations justifying Equation (3.1.)
have been given in reference 13. We have accemjadtién (3.2.) as a useful empirical interpolation

scheme that has been confirmed a posteriori oitgputational accuracy.
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3.3. Atomistic Simulations

To derive the target functions (distributions @inl distances, bond angles and non-bonded
distances) for the coarse-graining optimization sese performed a number of atomistic MD
simulations of liquid n-hexane in the temperatuege 220 — 330 K at ambient pressure (101.3 kPa).
The atomistic molecular dynamics package YASP veasiti"! NPT simulations were carried out with
250 molecules of hexane. We used a coupling tiffe2ops for the Berendsen thermostat and 2.0 ps
for the barostat with an isothermal compressibitifyl.6 kP&. A Verlet neighbor list cut-off of 1.1
nm in combination with a 1.0 nm cut-off for the bhomded interactions was chosen. The neighbor list
was updated every 10 simulation steps. The intracutdr bonded interactions of hexane were
described by the OPLS-AA force-fieftf! The nonbonded Lennard-Jones parameters came from a
force-field optimized for uncharged 2-methylpentéisemer of hexane) via the simplex algoritfifh.

In our simulations the reduction of the 2-methyka@&e hydrogen sigma parameter to 0.252 nm has led
to a better accuracy for the densipy &nd the diffusion coefficient. Our MD value of %56 kg/nt
derived at 300 K agrees within 1 % with the experital room-temperature densitiéé" of 652.9

and 654.9 kg/rh The MD based diffusion coefficient of 3.2651€m?/s derived at T = 300 K is of the
same order of magnitude as the experimBhtatoefficient of 4.14x18 cnf/s. In a series of
simulations at different temperatures (T = 220 9 83 we have calculated the hexane densities and
distribution functions required for comparison witbG results. The good agreement between
calculated and experimental densities can be obdernvTable 3.1.

T (K) Atomistic simulation| experiments (kg/fi)
(kg/n)

330 628.2 625.97
324 633.8 631.39
316 638.6 641.1

308 648.3 645.77
300 655.6 652.9
280 673.7 670.73
260 692.2 688.35
240 710.1 705.8
220 729.0 723.13

Table 3.1. Temperature dependence of the density of liguidiein the range 220-330 K from
experimentd’*! and atomistic simulations.
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3.4. Development of Coarse-Grained Potentials by It erative Boltzmann

Inversion

We have adopted a CG three-bead mapping for heffagere 3.1.). The two terminal beads
(type 1) comprise §Hs groups while the central bead (type 2) is defibgdhe GH, fragment. The
bead centers are placed at the center of mas® okfipective group of atoms (symbolized in Figure
3.1. by the red dots). The present mapping scherpbes one bond type (between beads of type 1 and
2) and one 1-2-1 angle type parameter as intrami@ednteractions. By means of the separation
between the center of mass of the beads as wélleas-2-1 angle, discrimination between atomistic
trans, gauche or cis conformations is still pogsiilhe nonbonded interaction between two hexane

molecules is described by three intermolecularauttons: 1-1, 1-2 (= 2-1) and 2-2.

Figure 3.1. Coarse-grained mapping scheme for hexane withtjyges of beads. A type 1 bead
represents a terminal £ls group, the central type 2 bead theHz unit. The red dots symbolize the
centers of mass of each group of atoms.

The MD code IBIsCH? was used to derive the CG potential of hexanehr@tet reference
temperatures: o= 220, 300 and 330 K. All inter- and intramolecytatentials optimized via the IBI
algorithm with ramp corrections were tabulated. Whe optimized CG potentials, simulations were
carried out in the NPT ensemble at ambient pres3ime coupling times for the Berendsen thermostat
and barostat were 0.2 and 5.0 ps, respectively, tivé isothermal compressibility being 1.6 KP&@he
cut-off for the nonbonded interactions was 0.9 nmd the neighbor list cut-off 1.0 nm. The neighbor
list was updated every 10 time steps. The optim@€&dpotentials used in the NPT simulations led to
densities of 725.5, 655.6 and 628.3 kyj/at T, = 220, 300 and 330 K. For each optimization
temperature Jthe atomistic and CG values differed by less théb.

Figures 3.2. and 3.3. show the intramolecularddength and bond angle distributions of the

hexane beads derived from atomistic and CG trajestoThe maximum in the bond distributions at
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'max = 0.267 nm indicates the dominance of atomistns configurations. The smaller maximum

around 0.245 nm arises fromgauchelike alkane structure. A&is arrangement is not observed,; it
would occur at about 0.22 nm. The bond angle tistion has a maximum at an anglg $omewhat
smaller than 180°. Note that= 180° between the centers of the beads refeas talkane altrans
configuration. We notice that the present CG sitma reproduce the bonded distributions of the
atomistic simulations with sufficient accuracy. Tagreement between angle distributions for both
simulation types is somewhat better than for thedso The atomistic radial distribution functions
(rdfs, g(r)) are correctly reproduced by the CGudations at any Jconsidered in the present series of
simulations (Figure 3.4.). The figure shows onlye oexample of the rdfs at each optimization
temperature. The reduction of the first rdf maximumthe sequenceé-1- 1-2(=2-1) - 2-2is a
manifestation of the decreasing probability of forgnintermolecular contacts with participation bét
central GH, bead. They are hindered by the excluded voluméeftérminal GHs beads. The CG
results of the present section can be summarizéallaws: For each thermodynamic state chosen, we
have shown that the CG potentials are accurategenimureproduce MD results, such as densities and

different distribution functions, which have beeaided in atomistic resolution.
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Figure 3.4. Nonbonded radial distribution functions g(r) beem 1-1 (§ = 220 K), 1-2 (T = 300 K)
and 2-2 hexane beadsy(¥ 330 K) as derived by atomistic and CG simulasion

3.5. Temperature Dependence of the Coarse-Grained P otentials

In this section, we compare the two Equations Y3ahd (3.2.) for their ability to generate
accurate potentials at temperatures other tharoptienization temperatures. The criterion used to
judge the accuracy of a potential is, in turn, agpability to reproduce the atomistic density and
distribution functions at a particular temperature. this end, coarse-grained simulations have been
performed in two different T windows. The first genbetween 220 and 330 K was later extended to a
second temperature range between 190 and 338 Krefén@nce temperaturesg ih connection with
the single-reference formula (Equation (3.1)) a26,2300 and 330 K. The values for &nd T, in
Equation (3.2.) for the first T range studied a2® 2nd 330 K. We have performed NPT simulations
with the parameters developed in the foregoingi@est The transferability test of the coarse-grdine
potentials at temperatures£ITy or T# Ty, To or has been performed under three different cimmdit

Firstly, we assumed that the CG potentials aredependent. This approximation is described(@y
= 1 in Equation (3.1.). The second type of simalatmakes use of the single-reference formula

(Equation (3.1.)) to calculate CG potentials atgematures # To. The functionf(T) has been chosen

to reproduce densities in the T window between &2@ 330 K with an accuracy of £1 %. However

we have realized that with Equation (3.1.), therfaf f(T) depends on the optimization temperature
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To. Finally we have checked the accuracy of the meerpolation formula (3.2.) which makes use of
two thermodynamic reference states, (Tu).

CG simulations under the assumption of T-indepehgmtentials {(T) = 1) are accurate
enough only in a narrow range aroung An exception in this series is the F 220 K case. With this
reference temperature rather accurate distribdtiantions in the entire T window ranging from 220
to 330 K have been observed. This transferabilitgysg however, not hold for the density (see Figure

3.5.). In Figure 3.5., CG densities derived usifiy = 1.0,f(T) = T /Tand f(T) = (W/T)"? are shown

together with the experimental results (which aeeywclose to the densities of the parent atomistic
model, cf. Table 3.1.). In the bottom-right pantFgure 3.5. we compare experimental densities to
the results derived from the interpolation form(aquation (3.2.)). The following message can be

extracted from Figure 3.5.: Simulations based(@) = 1.0 (i.e. identical potentials for T ang) Bre
valid only within a few K around ¢l(up-triangles). It can be deduced from the gootthiag between

experimental and CG densities that the best fafdorT, = 330 and 300 K i$(T) = T /T(star

symbols). We also observe that this factor is ndaable for Ty = 220 K. In fact, the best scaling factor
for To =220 K is f(T) = (H/T)¥? (down-triangles). When scaling the potentialdrojated at § = 330
and 300 K with f(T) = (§T)*? the agreement between CG and experimental desigtieduced with
decreasing temperatures (down-triangles on Figusg.3We want to mention that the use of the
ethylbenzene factor f(T) = (T{** has led to less accurate results for all optitiomatemperaturesgl

in the present case. By properly choosing a scdlingtion f(T) # 1 it is possible to reproduce the
target experimental values over the entire T interval considered,veitsee that the analytic form of
f(T) depends on of The bottom-right panel shows that the CG poténtarived with the help of the
2-point interpolation (Equation (3.2.)) lead to dities that coincide with the experimenpabver the

whole temperature range.
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Figure 3.5. Temperature dependence of the hexane dep3ityt{e circles Q) indicate experimental

results. The up-triangles1] denote the CG potentials derived with f(T) = ldathe stars X) the
application of f(T) = H/T. The down-triangle§]) denote the use of f(T) =¢T)"2. The crosses (+)
are used in connection with the 2-point interpalatiormula (3.2.) (T= 220 K, T, = 330 K).

The ability of the CG potentials to reproduce dm&ribution functions in the range 220-330 K
has been estimated by the absolute root-mean-shudegiation (RMSD) between the target
distributions and the simulated ones. A plot of RMSD values as a function of T is shown on Figure
3.6. The blue symbols in all frames of the figuogrespond to the RMSD that we have evaluated in
the CG optimization via the IBI method (previoustgm). In the case of the frames a, b and c, the
black symbols represent the RMSD between the atanierget and distribution functions obtained
when the transferability is tested with the assuompof T-independent potentials (f(T) = 1). In the
case of frame d the black symbols are the RMSDItregurom the 2-point interpolation. Finally the
deviation from target distributions resulting frahe use of the CG potentials scaled with their best
factors (see Figure 3.5.) is shown by the red sysab&e see from the blue symbols in the four
diagrams of Figure 3.6. that the RMSD values fer tibnbonded rdfs and angular distributions (blue
circle, square, diamond and left-triangle in ea@mie a, b and c) resulting from the 1Bl optimizatio
are smaller than for the bond distribution (bluetiigngle). Figures 3.2, 3.3, and 3.4 of the prasio
section can be consulted for a representative ngiobfi these numbers. From graphs a, b and c it

appears that the adoption of the best factorstf{Bcale the nonbonded potentials does not afifiect t
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distribution functions significantly while the detysturned out to be very sensitive to it (see Fegu
3.5.). Only for =300 K and § = 330 K the bond distributions reveal a sensiitit the use of the
scaling factor f(T) = ¥T when approaching T = 280 K. In the case &1220 K the RMSD values
obtained from either the scaled (f(T) =AM or non-scaled (f (T) = 1) potentials are veryseldo
the RMSD values resulting from the IBI optimizati@siue symbols). This holds for all distributions
and temperatures T. Note that the RMSD obtained §er 220 K increases slowly with increasing T.
In the case of the 2-point interpolation schemaggrd) the reproduction of all distribution functso

is more stable. Its accuracy becomes evident espewsihen considering the scattering of the RMSD
values of the single-point scheme with increasiegasation from the optimization temperaturg T
(plot a, b and c). In Figure 3.7. we have plottattamolecular bond distributions as derived by
atomistic simulations and via Equation (3.1.) aB®.. The bond distributions in connection with
Equation (3.1.) are derived using the best faf{fby of each optimization temperaturg d¢onsidered
(see above). As expected from the RMSD plot of Fg8.6., the bond distributions at higher
temperatures (T = 308 K and 324 K) are well repoeduby choosing o= 300 or 330 K combined
with f(T) =T,/Tas well as by the potentials optimized at=1220 K and scaled with f(T) = ¢IT )2

At T = 260 K the target distribution is neverthaldgest reproduced by choosingT220 K with f(T)

= (TJT)*? rather than §= 300 or 330 K. Figure 3.7. also shows thabadyagreement is observed
between the target distribution functions and tl& @ofiles derived with the 2-point interpolation
(3.2.).

Encouraged by the results of the 2-point interpata{Equation (3.2.)) and the application of
the best scaling factor f(T) = ¢T)? associated with = 220 K (Equation (3.1.)), we have extended
the T window in the CG simulations. In the caséhefsingle-point method two new simulations at T =
190 and 338 K had been performed after scalingptihentials optimized atpl= 220 K with the factor
f(T) = (TYT)Y2 In the case of the 2-point interpolation schewe have shifted Tto 190 K while T,
has been raised to 338 K. Two additional IBl optiations have been carried out at these two

reference temperatures.
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Figure 3.6. Absolute root-mean-squared deviation (RMSD) beatwamet and simulated distribution
functions as a function of T. In all four diagrarttee blue symbols represent the RMSD values
resulting from the 1Bl optimization process. Inbaand c the black and red symbols refer to theadire
use of the potentials (f(T) = 1) a#T, and to the adoption of the best scaling facto) foF each b.

The black symbols in d correspond to the perforraasfahe 2-point interpolation method. In all four
diagrams the circles refer to the RMSD between eéiargnd simulated rdfs for the nonbonded
interaction of the 1-1 type, the squares referhte 1-2 and the diamonds to the 2-2 interaction .type
The RMSD values for the bond and angle distribstiare shown by up- and left-triangles.
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Figure 3.7. Bond distributions at temperatures T of 260, 308 324 K (from top to bottom) from
atomistic simulations and different CG variantseTdingle-reference distributions are based on CG
potentials optimized at T= 220, 300 and 330 K. The function f(T) =o{T)*? is used for the
simulations with reference temperature=3220 K. The linear function f(T) =oIT has been used for
To = 300 and 330 K. The 2-point interpolation are ided from equation (2) with 7= 220 K and T,

= 330 K.

Hexane is still in the liquid phase in this 148rkerval (at P = 101.3 kPa). Here, we show that
the same relation (3.2.) can still be used wheringrthe optimization temperatures and Ty. In
analogy to the investigations carried out for thmperature window 200 — 330 K, good accuracy is
again observed with relation (3.2.) as well as whi optimized potentials a & 220 K when scaled
with f(T) = (To/T)*2 In analogy to Figure 3.6. we have plotted in Fég8.8. the RMSD between the
target and simulated distributions in the range #9838 K for the 2-point interpolation (black
symbols) and for the two temperatures 190 and 338hich have been chosen in the single-point
method (red symbols). Figure 3.8. clearly shows tihe@ good accuracy of the two models as already
observed in Figure 3.6. still holds for the distitibns when a wider temperature range is considered
The 2-point interpolation yields a somewhat highecuracy than the single-point approach. For a
representative example, the intermolecular g(r}fier1-1, 1-2 and 2-2 beads at T = 260 K as derived
by atomistic MD simulations and by the 2-point npi@ation (Equation (3.2.)) with the larger [TTy]
interval are displayed on Figure 3.9. The agreentmitveen both simulations is perfect. The

intramolecular bond and angle distributions cal@daunder the same conditions and at the same T =
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260 K as realized for the intermolecular rdfs aneven in Figure 3.10. Although the agreement

between target values and scaled CG data is rgabas for the rdfs, the 2-point interpolatiostid

of sufficient accuracy.
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Figure 3.8. Absolute root-mean-squared deviation (RMSD) betwaryet and simulated distribution
functions as a function of T. The blue symbols espnt the RMSD values resulting from the IBI
optimization at § = 190 and 338 K. The black symbols refer to thmR+ interpolation method with

T. =190 K and T, = 338 K. The red ones indicate refer the use aépials optimized atgl= 220 K

and scaled with f(T) = @T)“2. The circles symbolize the RMSD values betwegetand simulated
rdfs for the nonbonded interaction of the 1-1 tyghe, squares characterize the 1-2 and the diamonds
the 2-2 type interaction. The RMSD values for thedoand angle distributions are shown by up- and
left-triangles.
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Figure 3.9. Radial distribution functions g(r) for 1-1, 1-2 @-1) and 2-2 pairs at T = 260 K from
atomistic simulations and the 2-point interpolati@&guation (3.2.)) with T= 190 K and T, = 338 K.
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Figure 3.10. Angle (top diagram) and bond length (bottom daag) distributions at T = 260 K from
atomistic simulations and the 2-point interpolati@&guation (3.2.)) with T= 190 K and T, = 338 K.
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The temperature dependence of the hexane dengitgsented in Figure 3.11. for the single-

point and 2-point interpolation methods. It is ameasion of Figure 3.5. to a larger T interval. bé=
that an increase of the T interval from 110 K t®& Xldoes not lead to a reduction in the accuracy of
the 2-point interpolation (Equation 3.2.). The &rgnd CG densities agree - on the average - within
%. Only for T = 260 K and 300 K the error is slighincreased to 1.2 %. In consideration of the
simplicity of the interpolation scheme, the agreemebserved for the densities is completely
sufficient. The single-point method also providesry good accuracy by reproducing the target
densities within 1 %.

3.6. Discussion

The optimized potentials and the target distrifmutiunctions of our hexane mapping scheme
are all T-dependent, irrespective of the optim@atiemperature oI (Figures A.3.1. and A.3.2. in
Appendix Section). When directly used a¢ Ty the optimized potentials fail to reproduce thedign
in the temperature range investigated. This agrétisthe experience derived for the EB syst&th.
similarly, we find that the use of scaling factassa prerequisite in the present T dependent CG
simulations. Nevertheless a more detailed invetstigashows that the suitable functional form to be
used depends oy {see Figure 3.5.). Here, we have only scaled tmbonded CG potentials with the
factor f(T). This was justified a posteriori by tfect that the bonded CG potentials appeared — avith
small exception (see below) - rather insensitivehtouse of f(T) in their ability to reproduce stwral
properties. As shown in Figsure 3.5, 3.6 and 3e8ntlodel optimized atgl= 220 K and scaled with
f(T) = (To/T)*2 matches the densities and all structural targettfans in the range 190 - 338 K with
sufficient accuracy. The potentials from the opgation at T = 330 and 300 K scaled with f(T) =
To/T are sensitive to the scaling process in theilitplio reproduce the structural target functions
especially the bond distribution - when approacHmger temperatures. Figure 3.6. shows that the
sensitivity to the scaling process in the high temafure range (300 — 338 K) is less pronounced than
at lower temperatures. For the potentials optimete@d = 330 and 300 K, Figure 3.6. shows a reduced
accuracy to reproduce distributions when going dawtemperature. Figure A.3.6. of the Appendix
Section illustrates the sensitivity as well as #lceuracy of the scaling process in matching thedbon
distribution at low temperature (T = 240 K). Thygé¢ of unexpected behavior in addition to the T
dependence of f(T) makes the single-reference medigspite its computational success - very

difficult to generalize.
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Figure 3.11. Temperature dependence of the hexane density dxparimentd’*!, atomistic and
coarse-grained simulations. The coarse-grainingwations use the 2-point interpolation method
(Equation (3.2.)) with T=190 K and T, = 338 K and the optimized potentials at3 220 K scaled
with f(T) = (T¥'T)*? to derive the CG potentials at a temperature T.

To further illustrate this feature we made unsusftésattempts to find a suitable factor f(T) fog ¥

190 K. The factors f(T) = 1, f(T) =dIT, f(T) = T/To, f(T) = (TYT)? and f(T) = (T/T)* (used for
EB) failed to reproduce the density as a functibf,osee Figure 3.12. The determination of a new
factor f(T) would be necessary in this example. Phgoint interpolation requires the absence of a
phase transition in the temperature window inveséig (pure liquid phase here). It appears that the
linear combination (Equation (3.2.)) used to derine CG potentials for a temperature T is
independent of the limiting points. Bnd T, of the window investigated in this study. With pmne
formula the densities and distribution functiongevevell reproduced in the two T windows between
220-330 K and 190-338 K (Figure 3.6. and 3.8.).
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Figure 3.12. Temperature dependence of the hexane dep3itgr(the CG potentials optimized ag T
=190 K and scaled with different factors f(T). Wwulated densities are compared with experiments.

We now investigate the effect of the differentlsgafactors f(T) on the CG potentials that
have been optimized via the Iterative Boltzmanretsion at § = 220, 300 and 330 K. The factor f(T)
= (To/T)*?leads - for any T — to a shift of the minimum loé nonbonded potentials (1-1, 1-2 and 2-2)
towards positive values. Therefore, densities @eriwvia T = 220 K and f(T) = (FT)*? are
sufficiently lowered. They are of better agreemaith experiments than the densities determined via
To = 220 K and f(T) = 1 (see Figure 3.5.). An exampfesuch a shift-up of the minimum of
nonbonded potential is provided in Figure A.3.4hed Appendix Section. The factor f(T) /T has
the inverse effect on the potentials that have lggimized at § = 330 K. We can see from Figure
3.5. that the densities before potential scalim@r{gle-up symbols) are lower than the experimental
values (circles). The factor f(T) =/ shifts - for any T - the minimum of the nonboddgotentials
towards negative values (see Figure A.3.5. of AgpeBection). The scaled nonbonded potentials are
thus less soft than the non-scaled ones and thdaed densities increase towards the experimental
ones. For the potentials optimized gt=I300 K the correction of the nonbonded potentigisends on
the actual position of T. The minimum of the nontbedh potentials is shifted in the direction of
positive values when T > 300 K while the contragppens when T < 300 K (Appendix Section,
Figure A.3.6. and A.3.7.). The single-referencelisgafactors f(T) therefore tune the depth of the
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potentials that have been optimized with the IBlthod in a way to reproduce the correct densities.

However, we have also seen that potentials at angily scaled with the best factor f(T) yield
nonbonded potentials that differ from the optimizBd ones at this T. Figures A.3.4., A.3.5., A.3.6.
and A.3.7. of the Appendix Section illustrate thmint. In contrast with the single-reference saalin
method, the 2-point interpolation reproduces thedptimized potentials for any T =¢Tith high
accuracy. The 2-point interpolation seems, neviasise to be less accurate in reproducing the high
energy domain of the angular potential while irasher accurate in the relevant low energy region
between 120 and 180 degrees. As a matter of faalekiation between the 2-point interpolation and
IBI optimized angular potentials in the high enempmain does not influence the corresponding
distribution. The ability of the two-point inter@dlon to generate potentials similar to the IBI
potentials at the same T is demonstrated in FigAr8s3. and A.3.9. of the Appendix Section. The
examples just discussed are clear evidence favah@gwo-point interpolation in the derivation of

temperature dependent CG potentials.

The use of scaling factors is necessary when than@pping scheme for a given system does
not lead to temperature independent potentials. é&s@mple, in the framework of the MS-CG
technique a powerful temperature rescaling probessbeen formally establish€d. Nevertheless,
this scaling process requires expensive sampliigeo€onfigurations to be efficielit:?® This process
might become difficult for complex polymeric or biolecular systems. A complement to this MS-CG
model (i.e. the EF-CG method) has been used by Vearad. to test the transferability of effective
potentials for number of properti&% (symmetry and size of the system, temperature.. evkral
compounds including an ionic liquid. To our knowdecthis work belongs to the sparse studies where
a set of CG potentials for a low molecular weigygtem has been transferred with reasonable success
and in the absence of scaling factors to diffetentperatures. More examples for CG systems of
higher molecular weight for which the potentiale &smperature independent over a wide window can
be found in the literaturé.*® *® Of particular relevance for our work is the appoaf Vettorel et
al*® on the temperature transferability of CG potesti@r polyethylene chains containing 8 to 44
carbon atoms. In contrast to our short alkane shtiry have developed via IBI optimizations a T-
independent set of potentials. The group of atoomposing the bead has been th#lfragment
which is similar to the hexane beads defined is #rk. It is interesting to see that it differerfr the
present hexane model prevailingly in the lengtthefalkane chain and the choice of the centeref th
bead. In our case, the bead center correspondbetadnter of mass of the bead while in the

polyethylene work it has been located at any se@amdon atom of the chain backbone. It would be
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interesting to evaluate the relative importancehef size of the system and the choice of the bead

center location by applying their CG scheme toshart alkane system

3.7. Conclusion

In the present MD study we have analyzed the teatype dependence of coarse-grained
potentials for liquid n-hexane that are definechdmy intramolecular and intermolecular contribusion
A temperature interval of up to 148 K (the entirquid range from 190 to 338 K) has been
investigated. It was shown that a CG potentialvéetiby a linear interpolation between two CG
potentials optimized at the boundaries of the Terwdl was able to reproduce the density, the
distributions of bond lengths and angles and tfiterént nonbonded radial distribution functions in
the entire temperature range. As reference we lkhesen the parent atomistic simulation or the
experiment. The use of the 2-point interpolatioaved to be robust. We also showed that the old 1-
point extrapolation (ref. 13), which uses extrapeda CG potentials from a single reference
temperature, can only be made predictive if theeqitdls are scaled by a T dependent factor. This
function needs to be determined empirically, ideddnt for different system, and seems to depend in
an unpredictable way on the reference temperatgreNévertheless, accurate potentials could be
generated in the T range 190 — 338 K with the pgatlsnoptimized at §= 220 K and scaled with the
factor f(T) = (To/T)1/2. It was shown here that the new two-pomteipolation also works for a
molecular liquid with internal flexibility. We wilapply the interpolation procedure to other systems

in order to further test its range of applicability
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4. Interphase Formation during Curing: Reactive Coa  rse-Grained

Molecular Dynamics Simulations

4.1. Introduction

The ability of polymer materials to adhere to daubstrates has been intensively exploited in
the design of polymer matrix composites, in coatpr@cesses and in the adhesive joining of
surfaces"™ Polymer adhesion onto solid surfaces originatemfinteractions spanning the range
from weak van der Waals forces to chemical bonthéion with surface constituerts Adhesion is
generally accompanied by a modification of the pwy properties near the adhesive-substrate
interface region. Polymer-substrate interaction®em@ne the polymer properties in these particular
domains denoted as ‘“interphas€s! They are considered as important regions influendhe
durability of adhesive-substrate systems. Thugnse experimental efforts have been devoted to the
characterization of interphasésy The development of experimental techniques forirthe
investigation, however, is rather challenging. Meaments are particularly difficult for so-called
“closed” joint configurations in which the adhesipart is covered by two solid surfacds‘Open”
joints offer an easier experimental access; thes@aymer films coating only one surface. Progearti
are then measured for different film thicknessdee hterphase behavior is observed for thin polymer
films while bulk properties are found for thick afe> 5 7 112

Epoxies and polyurethanes belong to two popubmssas of polymers for coating as well as for
the adhesive joining of surfacés> 8 12These adhesives are frequently prepared as redictivd
mixtures of monomers and linkers. In the initia@pstthe surface is coated with the reactive mixture
Subsequently, the cross-linking reaction is initikand an adhesive polymer network is genefattd.

2l The interphase properties of epoxy and polyurettethesives cured onto various substrates have
been a subject of detailed experimental investgati Wehlack et &' described the formation of
organometallic bonds near the interface regionadfl,galuminum and copper coated by epoxy and
polyurethane network films. Bockenheimer ef-Alanalyzed the influence of mechanically pretreated
aluminum surfaces that have been blasted eithér alitmina grit or glass beads on the formation of
epoxy films. They showed a correlation betweenndeire of the surface pretreatment and the degree
of cross-linker conversion in the resulting polynfiéms. Both the network morphology and the

mobility of the particles at the interface wereatetl to the surface pretreatment. With the help of
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scanning force microscopy and energy dispersivaykanalysis, Chung et &l.revealed a mechanical
interphase for epoxy resins cured with amine comgdsuon a copper surface. In their study the
interphase could be divided into a high-stiffnesgion close to the surface and a low-stiffnessoregi
in its direct neighborhood. In contrast to ChungaBf' who have discussed a stiffness gradient,
Safavi-Ardebili et al®! extracted from an energy dispersive X-ray analgsi$ nano-indentation tests
the formation of a hard homogeneous interphase wheng an epoxy adhesive onto an aluminum
surface. All of these investigations highlight demplexity of interphase regions which are subject
chemical, dynamical and morphological alteratioeading to properties that differ from bulk
behavior.

Complex interfacial processes are thought to Bpamsible for the properties of the polymer
interphase. Experimefits” ' *?land electronic structure calculatifiisemphasized the possibility of
preferential interactions between the surface arelal the adhesive components leading to selective
enrichment or even segregation. This preferencearticularly important for adhesives which are
applied as liquid mixtures. They can be easilyueficed by surface-induced segregation prior to the
curing process. The current opinion is that sugreggtion processes are one of the principal effect
that influence the interphase properties in polyoadhesive compound$™!

As a result of certain experimental uncertaintres)ecular dynamics (MD) simulations have
become an important tool to investigate interpl@sgerties. MD offers access to static structunal a
dynamic properties of molecular and polymer systérhe method has been used extensively to study
polymers in contact with solid surfacdé$®¥ In the present approach, we simulate a crossainki
reaction of an adhesive formed by reactive monoraatk linkers in the presence of a surface. The
study is performed in the framework of a reactiv@enular dynamics (RMD) scheme. In this method
a conventional MD implementation is augmented tovalkconnectivity-altering processé$3? RMD
has been used previously to study reactive proséssg/stems with a surface region. Fogarty &fal.
have described reactions at a silica-water interfaing the reactive force-field ReaxFF developed b
van Duin and Goddaré> *¥ With a different reactive force-field the same qess has been modeled
by Mahadevan and Garofalifif! ReaxFF has been employed also by Quennevillel®t & study the
interaction of dimethyl methylphosphonate with aptmus hydroxylated silica particles. In contrast to
these RMD studies on the formation of only one deva new bond(s), Liu et & have modeled a
polymerization process in the vicinity of a surfatbey investigated the properties of grafted paym
brushes as a function of the initiator density irswaface-initiated polymerization. Their generic
polymer model was described by the finitely extelesinonlinear elastic (FENE) potentil
combined with a Weeks-Chandler-Andersen potéifliébr the intermolecular interactions. In analogy

to other reactive MD simulations on the basis ofeg& interactions or in coarse grained (CG)
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resolution, the bond formation in the latter workshbeen described with the help of a distance-
dependent criterion, i.e. a so-called capture sgdmd a characteristic time for the relaxatiornhef
system between two connectivity-altering stéps’™ 31 While ref. 37 is one of the few RMD
simulations of a surface-induced polymerization|kbpolymerizations have been analyzed in a
number of reactive MD approaché® 3! 4% |n the majority of these computer experiments,egien
polymer models have been used. In the simulatibniseoStevens group, monomers and linkers were
placed between two walls; then they were equildtdf 2> The chemisorption processes between the
adhesive components and the surface have been edodal a distance-based criterion. A Lennard-
Jones potential and a modified FENE potential vaatepted to describe the network. The modified
potential allowed bond breaking in the adhesiva asction of the simulation conditions as wellods
the model parameters of the RMD scheme. No integhavestigation was attempted in these studies.
The present manuscript focuses on the impact aeégation processes caused by selective surfaces on

interphase formation during the curing of adhesives

In a recent RMD studif! we have simulated the polymerization of styrendexides (modeled
as ethylbenzene (EB)) to polystyrene (PS) chairtk tie help of realistic CG potentials that have
been generated from atomistic calculations viaatiee Boltzmann inversion (IBfY In the
optimization of the CG potential, PS, EB and theiixtures have been considered. Despite the
unavoidable approximations of any reactive MD sobewe have been able to reproduce some basic
features of “living polymerization”. This term dedgxes polymerizations that do not experience any
termination mechanisms such as chain or initiadcombination. Indeed, in our precursor study the
polymer chains could grow until no free monomer dseavere left in the reactive mixtures.
Furthermore, we have shown that the RMD methodgkiy efficient to derive equilibrated structures
of monodisperse polymer samples. This capabilitypwf reactive MD tool encouraged the present
extension to a more complex process. With the teeetensions in our RMD code we can simulate
three-dimensional network formation in the presewica surface. For this purpose, additional reactiv
steps have been implemented into the computer @mogthe cross-linking process being the most
important one; see below. In this first RMD studyimterphase formation during curing we have
employed the CG potentials already used in ourntegelymerization study of EB to P&l For the
curing process in contact with a surface, this midé has been supplemented by a tunable surface
potential. By means of a preferential surface adgon for one of the reactive species, enrichment
processes have been simulated.
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4.2. Theoretical Tools

4.2.1 Coarse-Grained Model

Experimental data have demonstrated that integphlibgknesses can vary from several
nanometers up to the micrometer rafig®.®? Such length scales preclude MD simulations at the
atomistic level. To study the present polymer-stgfaystems with their large number of monomer
units we have chosen an RMD variant in a coarsengparesolution. The iterative Boltzmann
inversion (IBI) has been used to derive the CG paks presently employdd *? Bl is a structure-
based method that allows the optimization of CGeptials retaining - to some extent - chemical
features of a compound. In our recent WHwe have combined the RMD algorithm with the 1BI-
based potentials of ethylbenzene, polystyrene &ed tixtures. We adopted a mapping scheme
where each EB molecule and PS monomer is represbgtene CG bead. In our previous work, the
polymerization of PS chains proceeded from anahiiquid of EB beads. The adopted CG potentials
were defined by three types of intermolecular extdons (PS-EB, PS-PS and EB-EB). Intramolecular
interactions were described by bond stretchingaangle bending potentials.

The same set of coarse-grained potentials istadop the present simulation. The monomers,
initiators and cross-linkers are simply EB beadmdd into bifunctional, monofunctional and
tetrafunctional units. The intermolecular potentbatween the unconnected units is modeled via the
EB-EB potential. The PS-PS intermolecular potensalised between connected units. The PS-EB
cross-potential serves as interaction potentiakéen the polymerized beads and the yet unconnected
ones. Polystyrene networks are - to our knowledget- employed as technical adhesives. Our
intention in the present simulation thus has neinbiie reproduction of a real chemical system @ut t
model some general principles of curing process#s surface selectivity to one species. The chain
propagation considered in our recent reactive sitioi$® has been extended by a cross-linking step.
Additionally, a generic surface with adjustableenaictions toward the different species has been

implemented.

4.2.2. Polymerization and Cross-linking Processes

A detailed description of the RMD method presentiippted has been given elsewH&dn
the following, only its main features will be summzad. As the different reactions contributing to a

curing process are specific to the chosen systénss,necessary to define the connectivity-altering
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steps presently implemented. Chain reactions auosdterl reactions of the cross-linking type are

performed in this reactive scheme. A cluster israef as a fragment comprising a linker with atieas
three bonds. The chain reactions consist of imtmatpropagation and termination. Cross-linking
reactions happen when two growing clusters reaat thieir active centers. Cross-linking is the
prerequisite of curing finally leading to percotegi clusters. In our computation scheme we have
allowed the formation of linker-linker bonds. Temation occurs when two polymer chains react via
their active centers. Recombination of two initrates not included in the set of predefined reaxio
All bond formations are irreversible.

At the beginning of the curing reaction, only théiators are active centers. As the reaction
proceeds new activated centers are created vigrtpgagation steps. Therefore, a list of the active
centers is updated in course of the reactive sitmonla Active centers that have reached their
maximum number of bonds are removed from the neadist. After each propagation and cross-
linking step, the active centers are appropriatensferred to the ends of the growing chains. As
pointed out above we have employed a common seC@®fbeads which only differ in their
connectivity. The mass of the beads equals 104ia.m.

The two parameters required to control the readdimulation are the capture radius r and the

delay timet, % New bonds between reactive centers and beadseimtkture are allowed to be
formed only in so-called reactive steps that amassed by the delay timie. Prospective bonding

partners are searched in the neighbor list of ttizeacenters. Within each list, the beads inshie t

capture radius r of the active centers are possialaidates for bond formation. The new bond is
formed with the bead closest to the active ceffités maximum number of allowed bonds has not yet
been reached. The bonded state is created by guonnthe relevant intramolecular interactions
between the newly connected beads. Nonbonded ctitana between them are turned off. Each active
center can bind only one bead during a reactive. $tellowing a bond formation step, conventional

MD steps are performed during the delay timan order to relax the system. The present RMD

scheme is thus a succession of reactive stepsate@dry relaxation periods for the growing system.
From our first study with the present connectiatiering method it appeared that the velocity of a
reaction is prevailingly determined by the valueled capture radius r. The smaller the captureusadi
the slower the reactive process becomes. With dlemmpact, a delay time increase also causes
slower reactions. The combination of the two patams in the present reactive simulations leads to
curing processes that are much faster than in erpats i.e. that occur within a time-scale feasibée
MD. For more details we refer to our recent RMDdst® The curing processes take place here in the

range of nanoseconds while they occur experimgntathe regime of hours.
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4.2.3. Surface-Particle Interactions

Adherend surfaces that are used experimentallyercav broad variety in their structural
features. In experiments both rough and rather fmsarfaces have been adopted to investigate the
nature of the induced interphaskes'™ '? The surfaces in the present model are continuous,
unstructured, and flat. For a schematic representaif the simulation cell see Figure 4.1. The

following generic potential has been used to mtluelsurface-adhesive interactioti

w22 e

whereeg is the potential depth and D = 0.38 nm the sizthefexcluded distance between the surface
and the different adhesive species. The coordinateasures the distance between the center-of-mass
of a bead in the mixture and the surface plane. &heation defines an averaged potential resulting
from an integration of a 12-6 Lennard-Jones fumcparallel to the x, y surface and in the vertical
direction.™®!

The flat surfaces in the simulation box are immeated by two additional “beads” initially
positioned at (0, 0,A£R) and (0, O, -g2). The coordinates of the two beads along theiz lacate the
position of the flat surface layers. The interactwith a surface layer is one-dimensional and dépen
only on the distance between the particle andakerlposition in the z direction (Equation 4.1 heT
equilibrium distance gdbetween the two surfaces defines the thicknegbefsolid substrate. The
surface model has been inspired by a recent aftime our groug®® The two surfaces are connected

by a harmonic potential (Equation 4.2.) with k diémgthe force constant.
1
u(d) = 5 k(d-d,) (4.2,

An equilibrium distance dof 2 nm which is bigger than the cutoff distance the nonbonded
interactions (1.6 nm) has been adopted. The valoptead for k is equal to 50.1RJ/mol; it guarantees
that no large oscillations of the surface layemuad d = 2 nm occur. In fact, with this k value the
magnitude of the layer oscillations in the z dil@ttis not bigger than 1% of the imposed equilibyriu
distance of 2 nm. With the present setup no additiconditions have been necessary to fix the two
surface-beads to the lab-origin. Spatial displacegmef the surface “beads” are caused by the forces
exerted by the particles in the system and thengpmposed to maintain the surface layers separatio
The quantity d in equation (2) measures the inatedus distance between the two surfaces in the z
direction. They are mobile only in the z directititowever they do not participate in bond formation
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restricting the interaction with the monomeric gatymeric particles to physisorption. For simphcit

we have chosen the masses of the surfaces eghal RS monomer masses.

Periodic boundary conditions (PBC) are employedlirCartesian directions. All beads with z
> +0d,/2 occupy the upper region of the box, beads wih-zl/2 the lower one (see Figure 4.1.). There
are no beads between the surfaces. Beads leawrmgititral box at the top of the upper region refent
it from below; vice versa for the beads in the lowalf which feel the second flat surface at (0; O,
d,/2). Constant pressure is maintained by couplirgztldimension of the periodic box to the desired
normal pressure by a Berendsen bard&¥athe positions of the two-surface beads are alsiidied
in the barostat rescaling process. In order tovdaeference values, bulk simulations (i.e. absenee
surface) are also carried out both for the startimgture and for the cured networkBeriodic
boundary conditions in the three cartesian direstibave been adopted for the cubic boxes of the
reference bulk simulations. Here, the position aésg due to the Berendsen barostat has been
performed in the three cartesian directions, tdwe Virial has been adopted to calculate the pressur
both in the surface and bulk simulations. The ayenzalues for the different pressure components
were all found to be within a common set of errarsbfor all the surface simulations (i.e. polymer
network; starting mixtures). Since a clear discnation in the magnitude of pressure components did

not appear; it seems that no pressure anisotropyolserved in the systems.

4.3. Simulation Detalls

All simulations have been performed in the NPTeemsle at a temperature T of 400 K and a
normal pressure P of 101.3 kPa with a total of 200@arse-grained particles. Two of these beads are
used to define the z positions of the flat surfaagexplained above. The time-step is 5 fs and the
coupling time for Berendsen thermostat and bar@®&t0.5 and 5 ps. A cutoff of 1.6 nm has been
chosen for the nonbonded interactions while thdeét@eighbor list cutoff is 1.7 nm.

Two attractive surface potentials (Equation 4hhye been used with effective potential depths
€ of 8 and 20 kJ/mol (At T = 400 K, the thermal ayecorresponds to KT = 3.33 kJ/mol). Two series
of simulations have been performed. In the firstese the beads in the reactive mixture feel theesa
surface potential irrespective of their chemicantty. In the second series, the surface-monomer
potential differs from the surface-linker one. Tdifferent combinations have been considered in this

second series of simulations.
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Figure4.1. Two-dimensional (X, z) representation of the sataih box with two flat continuous
surface layers separated by the distangétie continuous surfaces are connected by a hammon
spring. Periodic boundary conditions are only shdenthe z direction. However they are also
present in the X, y directions.

The first is linker-selective;: the 8 kJ/mol potiahis used for the surface-monomer interactionlevhi
the linkers are attracted by the stronger surfaterpial. The second variant is monomer-selective;
monomers interact with the surface via the 20 kI/podential while the linkers feel the 8 kJ/mol
potential. For convenience, we will use the notatifp,, with M, L = 8, 20 kJ/mol to label the
different simulations. The first index M charactes the surface-monomer interaction, the second
index L the surface-linker interaction. The surfaméator interaction is identical to the surface-
monomer one. Throughout the simulation, the intevadetween a component of the reactive mixture
and the surface is conserved even if the bead@porated into a polymer molecule.

The area of the surface layers is constaiis; équal to 10x10 nfrin the x and y directions.
The thickness of the fluid layer is about 50 nnshtinks during network formation to about 36 nm. |

all RMD simulations the capture radius is r = Orsb and the delay time, = 5x10° ns. The given r

value has been used already in our previous $figshile T, has been increased in comparison to our
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recent RMD work to allow better relaxation of thestem between two reactive steps. In the starting

mixture, 10% of beads were chosen as linkers aBd as initiators. When properties have been
analyzed as a function of the separation z fromsthvéace, the thickness of the slabs equalled &8 n
which represents 50% of the cutoff distance.

Prior to the curing process, the liquid startinggtome with monomers, initiators and linkers is
prepared. In all simulation types, the linkers anifiators are randomly assigned in the starting
mixtures. Nevertheless, this random distributionsidsequently slightly altered in the case of
simulations with preferential surface interactiaosaccelerate equilibration. For preferential scefa
linker interactions, a slightly enhanced linker centration in the surface regions has been genkrate
From the previous random assignment 20 bifunctiomahomers are relabeled as linkers within a 2
nm separation from each surface region augmentiadjriker concentration. In the rest of the box, th
same amount of linkers is randomly relabeled asnicsifonal beads. This allows conserving the total
number of linkers initially introduced. For the agite case, the surface region is slightly depléated
the linker concentration. Within a 2 nm distancenireach surface layer 20 linkers are randomly
relabeled as bifunctional monomers and an equalatne relabeled as linkers in the rest of the box.
After the preparation of the different starting tapes, equilibration runs driven by MD were
performed up to the appearance of stable linkerilligions; see below. After the establishment of
these stable configurations we have assumed thagdhilibration of the starting mixtures has been
achieved.

During the equilibration runs of the liquid stagi mixture, the distribution of the linkers and
the bifunctional monomers in the simulation boxrisnitored. To do so we define in each slab the
local linker mole fraction as X =er / (Ninker + Nmon + Ninit) @and the normalized local mole fraction
XN = X/ Xpuk- The local linker mole fraction X is the ratio tveten the number of linkersiNer and the
sum of the number of monomers,d\ initiators N, and linkers Nyer. When an averaged X is
evaluated via the amount of each species introdutdide whole box (INker = 2000, Nyon = 16500
and Npit = 1500), the reference valugu = 0.10 is obtained. Normalized local mole fractialues
Xn are given by the ratio between local linker matecfion values X and the reference linker mole
fraction X,uk. The simulation box is divided into slabs ang iX computed in each of them. Spatially
resolved X values are recorded at different times of the ldyation runs. The profile of the
normalized local mole fraction of the starting mied is considered as equilibrated when concentratio
changes become negligible. Once the state of nilglighanges of the spatially resolved profiles is
attained, production runs of 2 ns are additionpltyformed to evaluate the equilibrateq profiles.
They will be discussed in the Results section. IFgrmiilibrated configurations are used as starting

point for the RMD curing runs. After curing simutais of 8 ns the polymer-surface systems are
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subjected to equilibration (5 ns) and productionsr@2 ns) for the extraction of the properties. The
guantities have been averaged over five differanukations. For the reference bulk simulations the
amount of initiators and linkers is identical te thimulations with the surfaces. The referencé& bul
networks are also created via RMD. In the bulk $atons, the linkers and initiators are randomly

distributed in the starting mixture.

4.4. Results and Discussion

In this section the properties of the cured sampdsulting from the different starting mixtures
are analyzed. During the curing of the systemsk(buhiform and selective surface) the reactions
become more and more diffusion controlled as ctasté higher molecular weight are created. In all
simulations of curing systems (bulk, uniform antesive surface) the above mentioned 8 ns interval
for curing has been sufficient to generate a siggiblution that does not change with extensiothef
curing interval. Thus we have analyzed all systeafter 8 ns of curing. For all systems, all
bifunctional monomers, linkers and starters hakerngart in the reactive process. All final product
(bulk, uniform and selective surface simulationsy eomposed only by clusters and free terminated
chains (i.e. terminated chains not connected to @uoster). These chains are no longer reactive.
Irrespective of the simulation type a percolatihgster that fills almost the entire box is obseried
every RMD run. In all reactive simulations, thesgolating clusters have incorporated more than
18000 beads. Each percolating cluster is accomgdniefew smaller clusters that did not percolate
because of the diffusion-controlled nature of thaction in the end phase. To give an idea on #ee si
(i.e. number of beads) and the number of remaisimgller clusters we have averaged these two
guantities over the total number of reactive simaotes (bulk, uniform and non-uniform surface
simulations). On average the number of small ctasgeequal to 3.0 with a standard deviation of 3.0
The average number of beads in the smaller clustdrstween 27 and 28 with a standard deviation of
8.0. We have averaged in the same way the numbatkefs incorporated in the small clusters and a
value of 1.0 with a standard deviation of 1.2 isaged. This number shows that nearly 100% of the
linkers are found in the percolating clusters pesgive of the curing simulation type. In the sansg,
we have considered the terminated free chainsatigapresent in the final products irrespectivehef t
simulation type. An average of 159.0 terminateck fobains with a standard deviation of 13.5 is
calculated. These averaged numbers and their sthddsiations show that the final cured samples do
not differ much. A number of 5 simulations have rbgerformed for each simulation type. For all
cured systems the last configuration is equililwtatieiring 5 ns. Following the equilibration, the

analysis of the mass-density profiles, normalizedlenfractions, segment orientation angles and
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average chain length are performed on the curedupts after a production run of 2 ns with a
trajectory output frequency of 50 steps (8000 ttajgy frames). For each simulation type the time-
averaging of a property is followed by an averager dhe 5 simulations. For all the following graphs

the properties are analyzed as a function of tharséion z relative to the top surface layer.

4.4.1 Density Profiles

Mass density profiles resulting from the simulaicEp s and Epo 2o with identical interactions
between the surface and the component beads gkydid in Figure 4.2. Figure 4.2a shows the
profiles for the reactive starting mixtures andufeg4. 2b the RMD results for the cured networke T
top surface layer ({R) is located at the graph origin z = 0 of Figdt2. For the discussion we use

normalized mass densitieg defined asp* = p/p,, . The quantityp represents the absolute mass
density which is calculated as a function of th&tatce from the surface z apg,, the average mass

density of the bulk samples. Maxima and depletiones in the starting mixtures and the cured
products indicate layering that is noticeable witl.7 nm from the surface. The influence of the
surface potentials leads to two pronounced maximtheé densityprofiles of the starting mixtures
(Figure 4.2a). For the stronger surface potertti@ first peak is enhanced by a factor of fivatiee

to the bulk density. This drops to a factor slighHtrger than 2 in the kg simulation. In the cured
samples (Figure 4.2b) the density oscillations ribar surface are less pronounced. Here the first
maximum in the Ep 2orun exceeds the bulk density only by a factorbuia 3. The second and third
maxima are roughly of the same intensity. The hidlexibility of the beads in the starting mixtures
(i.e. no bonds) leads to a more efficient layeringn in the cured network for the stronger surface
attraction. The difference between uncured anddcsiystems becomes much smaller when the surface
attraction is reduced to 8 kJ/mol. In the uncurextume three small peaks are clearly distinguisdabl
for z > 1.4 nm in the Ep 2o simulations, whereas only small density fluctuasi@re observed in the
Eps s sSimulation. For the polymerized system two weaddseare found for z > 1.5 nm for both surface
potentials. They differ less than in the reactitagtsrg mixtures.

Density profiles for the simulations g and Epo g with selective surface interactions are not
shown; they are similar to the profiles in Figur@.4for both the starting mixtures and the cured
samples. In the Epo simulations the bifunctional monomers and initiatevhich represent more than
90% of the total number of beads are attractechbyBtkJ/mol potential. Thus it is not surprisingtth
the density profile of the EBpo simulations is similar to the one derived from Hyg s simulations. For
the same reason the normalized density profilevddnwith the Epy g potential is similar to the Bp2o
distribution. The segregation process in the prtesenulations has, therefore, little influence e t

4. Interphase Formation During Curing 134



resulting density profiles of the different systemhis is not so surprising, since all bead typageh

the same mass and interactions. In all simulatipegormed the surface induced mass density
oscillations persist to a z distance of roughly 207. The range of this perturbation by the intezfac
depends neither on the type of the sample (stamixgure or cured network) nor on the strengthhef t
surface attraction. In consideration of the pre€&@tpotential evaluated for PS-EB mixtures it i$ no
surprising that the same interphase dimensionspnwheasured via mass density fluctuations, have
been observed in atomistic and equilibrium MD siatiohs of nano-composites formed by atactic PS
and a spherical silica nano-parti€®.*® An interphase dimension of about 2.0 nm for thasitg
oscillations has been observed also by Maguird. eah atomistic simulations of an epoxy polymer
network onto an alumina surfae.

In Table 4.1. we compare bulk densities simuléedhe pure bulk starting mixtures with the
densities in the centre of the fluid phase (z >r2rij from simulations with a surface potential; fivel
them in close agreement. Curing is accompanied $igraficant densification (volume shrink). The
average density for the pure bulk starting mixigré35.4 kg/m (Table 4.1 - left column). This value
is increased to 1060.8 kginwhen the pure polymer network is formed (Table 4.dght column).
These densities reflect the experimental densifiethyl benzene and polystyrene, against which the
coarse-grained potential was originally parameteff?’ The pure bulk network has been generated
by RMD simulations with the different species iremtical amounts as in the corresponding surface
simulations. Table 4.1. shows a good agreementdagtwthe pure bulk and the surface bulk-densities
for all surface types (uniform and non uniform sgd potentials) and systems (starting mixture and

polymer).
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Figure 4.2. Normalized mass-densjty = p/p,,. for (a) starting mixtures and (b) cured polymess a

a function of the distance from the surface z @ KUor the uniform potentials kp (broken curves)
and Epo 2o (full curves). The top surface layer is locatedheg graph origin z = 0.

system p ( kg/nT) starting mixture | p (kg/nT) cured polymer
bulk 735.4 1060.8

Epss 735.8 1062.4

Epzo.20 736.5 1060.4

Eps.20 735.9 1059.5

Epsos 734.1 1059.2

Table 4.1. Comparison of the bulk densities (T = 400 K) ia #tarting mixtures (first column) and in
the cured networks (second column).The mass-den$iive been derived for the pure bulk (second
row) and in surface samples with the potentialg. Eremaining rows). For the surface systems the
bulk density was evaluated in the region z > 2. 7faniboth starting mixtures and cured systems.
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4.4.2. Local Composition

We now analyze the normalized local mole fractbthe linker Xy = [Niinker / (Niinker + Nmon
Ninit)[/Xpuik for equilibrated starting mixtures and cured neksas a function of the distance from the
surface. The local mole fraction has been calcdlateeach slab and time-averaged over a number of
trajectory frames. We have also used the same cdabtruction for the bulk system. The time-
averaged values obtained in the different slabshefbulk system were again averaged over the
number of slabs. We first analyze the starting ores. We derive the expected mean valygk X
0.10 (see simulation details section) with a steshdaviation of 0.06. The same sampling process ove
the number of trajectory frames and the numberlatissis applied for the normalized local mole
fraction Xy in the case of the simulations with the unifornrface potentials By and Epo 2o
Standard deviations of 0.04 (&g and 0.03 (Ef 29 around the normalized valug X 1.00 is derived
for these samples. The normalized linker mole ioacfor the bulk and the simulations with the
uniform surface potentials (Epand Epo 29 is symbolized by the horizontal line at a valdel @0 in
Figure 4.3.

In the ER20 and Epggsimulations with selective surface interactionsegregation of the
components in the starting mixtures is expectece [Blosal composition as a function of the distance
from the surface is shown in Figure 4. 3a. Iy gsimulations, X is enhanced over the bulk value
inside the surface cutoff interaction (1.6 nm) doi¢he linker-selective interactions with the suga
At z = 0.8 nm (first data point) a strong increaséhe linker concentration (= 4.77) is found. In the
opposite case kps a linker depletion is found at the same distaf}e = 0.17).For the linker-
selective and the monomer-selective surface, Baltaminversion of the two probabilities gives local
excess chemical potentials for the linkers in tirst flayer of -5.2 kJ/mol and +5.85 kJ/mol,
respectively. Beyond the surface cutoff distancé (Am), the X values of the Efpo (Epo9
simulation are slightly below (above) the bulk \aldue to the surface enrichment (depletion) in
linkers. But they are nevertheless very close t lihlk values and the uniform &pand Epo 20

simulations.
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Figure 4.3. Normalized local mole fraction of linkers, X X/Xyuk as a function of the distance z from
the surface for (a) the uncured monomer mixtures @) the cured polymers. Uniform and selected
surface potentials are considered as well as pwi& bystems are considered, toogkpndicates a
preferential adsorption of the linkers, andJgpa preferential adsorption for all non-linker eméis. A
value X, > 1 indicates an enrichment of linkers over theeawted bulk value, a valuey)X 1 a
depletion. Also indicated is a typical standard idgen bar for the pure bulk and one for the bulk
region in the Ep2o simulation. The two bars are given at the left aigtit margin of the two plots. The
top surface layer is located at the graph origin @.

In analogy to the reactive starting mixtures werehanalyzed the normalized local mole
fraction Xy in the cured networks as a function of the sepmarat from the surface. The normalized
local mole fraction in the present case is a goolicator of the localization of the linkers in thered
networks. A time averaging followed by an averggaver the number of slabs of the mole fraction
values is again performed here in the case of title dnd the Eps and Epo 20 Simulations. For the
reference polymer bulk, the mean valug& 0.10 with a standard deviation of 0.05 is obtdirféor
the simulations with uniform surface potentials ttoeemalized mole fraction X=1.00 with deviations
of 0.06 (Epg and 0.08 (Em .9 is calculated. The distribution of linkers in thered network with
uniform surface potentials is similar to the bul¢wiork, i.e. uniform. The starting mixtures reacted

the presence of selective surfaces,f@and Ep g generate a cured network with a distinct linker
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distribution. For a preferential attraction of tm@nomers in the Epgsimulations, X falls to roughly
0.47 near the surface (z = 0.8 nm) , see Figurgb4.This indicates a decrease in the local linker
concentration in the polymer network. An opposit&ér distribution is found for the linker-seleativ
surface (Ep2g with a maximum of X = 1.8 at a distance of z = 1.6 nm. The valuesbeatranslated
into “excess chemical potentials” for the linkelrere, we use the term “excess chemical potentials”
although the RMD based configurations refers tooaedn non-equilibrium state due to sudden bond
formations. Thus, ¥ = 0,47 and X = 1.8 at the surface correspond to local “excdssmical
potentials” of +2.5 kJ/mol and —2.0 kJ/mol for thenomer-selective and the linker-selective surfaces
respectively. As the RMD steps of sudden bond faionaarrest the conformations, one can expect a
certain degree of frozen non-equilibrium here, iontcast to the fluid starting mixtures. The
implications of such sudden bond formations on“the&ess chemical potentials” for the linkers will
be studied in future simulations as a functionhef delay time.

When comparing the Xprofiles of starting mixtures and cured netwonkd=igure 4.3., some
general differences between both systems becomedimately apparent. The surface enrichment or
depletion of linkers is much smaller in the curedworks than in the starting mixtures. Apparently,
the initial concentration profile of the differembmponents in the starting mixtures is strongly
perturbed by the reactive processes. When measutednms of the normalized mole fraction Xhe
curing process leads to a broadening of the intexplrelative to the initial system. The bulk value
1.00 is now approached for a separation from thtasel of roughly 4 nm, rather than 1.6 nm in the
unreacted mixture. This is a consequence of thadaming of the initially enriched or depleted regio
by the network formation. More investigations oisttbroadening effect are also part of future
simulations. A possible hypothesis is that therptiase broadening is caused by diffusion procesfses
unconnected linkers towards the surface (mononlectbee simulations) or into the interphase region
(linker-selective simulations). This hypothesisiveé confirmed or rejected on the basis of ourritu
simulations. The snapshots in Figures.4.4. andc&b.be considered as a complement of Figure 4.3.
that illustrates the interphase broadening jusiudised. Figure 4.4. refers to a preferential @ttma of
the linkers towards the surface while the oppasatee is represented in Figure 4.5. To visualizarlgle
the linker distributions in the simulation boxeg ttarters and bifunctional monomers are not shown
in the pictures. As the upper and lower halveshefdimulation boxes were symmetric, the snapshots
have been restricted to the upper parts. The goead symbolizes the top surface layer. The left
pictures in Figures 4.4. and 4.5. show the linkstridbutions (red beads) in the starting mixturesip
to curing. The right pictures illustrate the linkdistributions in the cured polymer networks. Thé |
picture in Figure 4.4. clearly shows an accumutatd linkers at the surface in the starting mixture

This accumulation creates a very pronounced andreddthin film in the vicinity of the surface. An
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accumulation of the linkers is still visible in thase of the polymer network (Figure 4.4., riglttynie)

even if this effect is weaker than in the startmixture. We also see that the accumulation in the
polymer network has extended more into the sanifte. left picture of Figure 4.5. shows that the
linkers are less present at the surface than istdréing mixture in Figure 4.4. In this case tteters
and bifunctional monomers are predominantly ocaugyhe surface-near region. A comparison with
the resulting polymer (Figure 4.5., right pictusiows that the linkers have a higher concentration

close to the surface after the formation of thevoek.
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Figure 4.4. Snapshots of simulations with preferential surfatteaction of the linkers. The linkers are
represented by the red beads. The green bead siyedthe top surface layer. Only the top half ef th
box is shown for the starting mixture (left pictu@nd the polymer network (right picture). The
starters and bifunctional monomers have not beepldyed for a better visualization of the linker
distribution.
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Figure 4.5. Snapshots of simulations with preferential surfaatraction for the bifunctional
monomers and starters. The linkers are represehyethe red beads. The green bead symbolizes the
top surface layer. Only the top half of the bosh®wn for the starting mixture (left picture) anbt
polymer network (right picture). The starters anfiibctional monomers have not been displayed for a
better visualization of the linker distribution.
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4.4.3 Segment Orientation

The orientation of a pair of connected beads ix&ato the surface can be defined by the
absolute value of the anghld between their bond vector and its projection dh&x, y surface plane.
With this definition a bond vector with an orientat angle of 0 lies parallel to the surface. The
midpoints of the bond vectors are used to assigmtto different slabs. In addition to the simulaso
of the surface systems the bond orientation angke lleen also calculated for the bulk material
(projection onto the x, y plane). The calculate@rage of 32.7 equals the theoretical value for a
random orientation of bonds. In Figure 4.6. thitugas represented by the horizontal line. Added to
the graph are the orientation profiles for the twoform surface potentials gpand Epo 2o Both
attractive surface potentials induce an alignmemaltel to the surface in the first layer (distascg
nm), with an alignment being more pronounced far tronger Ep ., The deviation from the

random value is about -1€r Epy 2oversus -7 for Eps g.

From Figure 4.6. we deduce that the bond orientatanverges to the (random) bulk value for
z~ 2.4 nm. Within the error limits of the simulatiomethod we observe roughly the same interphase
thickness as estimated from the density oscillgstiom recent non-reactive equilibrium MD
simulations of PS — silica nanocomposites with gphe surfaces in atomistic resolution we have
found that the bond orientation converges to tHk Balue at shorter distances than the mass defisity
The present network data might indicate that tmen&tion of additional bonds during curing implies a
somewhat stronger orientational ordering in thacstme than for the linear polystyrene employed in
the nanocomposites. Reactive simulations with sekeattractions for the constituents have agaih le
to angle profiles very similar to their uniform cdarparts, as they are dominated by the majority

component.
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Figure 4.6. Average bond orientation angle&$ (T = 400 K) as a function of the separation arfr
the surface. <4|> = 0° (9¢°) denotes an alignment parallel (perpendicular) te surface. The broken
horizontal line refers to the pure bulk value witndom orientation of the vectors @ = 32.7°)
while the two others refer to simulations with omih surface potentials (kjg, Epo29 for the
components. The top surface layer is located agtaph origin z = 0.

4.4.4. Average Chain Length between Cross-links

Another property of interest is the number of lsemdthe chains between two branching points.
Cross-linkers with at least three bonds (maximumneativity is four) are considered as branching
points. A chain is defined by a sequence of beatls two bonds (bifunctional monomers or cross-
linkers) between two branching points. Its lengthidNdefined by the number of its beads, excluding
the cross-link beads. Criterion for the assignnwrd chain to a slab is the location of its cemter-
mass. The length of each chain is calculated. Frdmmanching point three or four chains can originat
The same analysis has been performed for the ketikank averaging over the entire box volume.
Here we derive a mean value <N= 4.06 with a standard error of £0.04. In Figdr@. this limiting
value appears as the horizontal line.

In this graph, we have compared the distance dkgpee of <\N> in the surface systems with
the bulk material. For the simulation runs withfarn Eps g and Epp 20 potentials, the average chain
lengths in the different slabs are close to eablerotAveraging over the slabs yields a value o74.0

0.08which is similar to the bulk material. There wasmugiceable deviation near the surface for the

4. Interphase Formation During Curing 142



two simulations with uniform surface potentials.iSichanges for the cured network with selective
surface interactions gpo and Epps The linker-selective surface &g induces an average length
smaller than the bulk value for £ 4 nm. Conversely, the monomer-selective surfacg dpads to
chains longer than in the bulk forz4 nm. Beyond 4 nm, the chain lengths, =Mf both simulations
fluctuate around the bulk value. This result cobtd expected on the basis of the normalized local
mole fraction profiles of the linkers in the crdss«ed polymer samples resulting from the simulasio
with surface selectivity (Figure 4.3.). Also thaker concentration approaches bulk behavior attabou
4 nm in both cases. Thus, the chain length didiobwbserved in the cured network is a consequence
of the surface-induced distribution of linkers andnomers (Figure 4.7.). In a more general sense, th
average chain length in polymer networks is exmgettecorrelate with the availability of reactive
units. For the non-selective surfaces, homogeneotmsalized mole fraction profiles are found for the
starting mixtures and the bulk. As a result, simtlaain length distributions are found for the baiid

for the surface systems. The starting mixtureslibgated under the influence of selective surfaces
show a deviation from the bulk network. Preferdrdttraction of the linkers to the surface causes t
average chain length to be smaller {zan Figure 4.7.). When the bifunctional monomers arore
attracted the reduction of linkers near the surfzeses the average chain length to be largee ¢ip
Figure 4.7.).
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Figure 4.7. Average chain length <I% as a function of the distance z from the surféite 400 K).
The reference bulk valug N 4.06 is shown as horizontal line. In analogyFigure 4. 3, typical error

bars for the pure bulk (left symbol) and the budigion of the surface selective simulationsokp
(right symbol) are shown. The top surface laydocaited at the graph origin (z = 0).

4.5. Conclusions and Outlook

In the present work we have adopted reactive Mbuktions in coarse grained resolution to
model a polymerization process leading to crodselihnetworks near an interface. Starting point of
our analysis has been the preparation of liquidtrea mixtures that have been equilibrated in the
presence of flat surfaces with tunable potentialgary their adsorption strength and selectivitlisT
approach mimics the experimental situation thatréaetive starting mixture is for some time exposed
to the influence of a surface prior to the actimatof the curing process. The surface interactianse
enough time to influence the local distributiontieé different chemical species in the initial stayt
mixture. Our simulations show that non-selectivdames yield concentration profiles that correspond
to a homogeneous bulk-like mixture. This is no kenghe case when the surface-linker and the
surface-monomer interactions are different. In ssiohulations, the regions near the surface show an
enrichment of one species and a depletion of theerotThese different starting mixtures are
subsequently cured to examine the influence osthiace selectivity on the final polymer network.

For the cured polymer networks, we have obsetlat properties like mass-density
profiles and bond orientation distribution do nepdnd on the surface selectivity. For these prgsert

the range of the surface perturbation is indepenaiethe selectivity and short. In fact, bulk beloav
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is recovered beyond 2.7 nm (density) or 2.4 nm d@borientation). In contrast, the mole fraction
profiles of the linkers and bifunctional monomessveell as the average chain length between cross-
links are influenced by the surface selectivityeYiffer from the bulk behavior within 4 nm of the
solid interface. The fact that these two quantites coupled is no surprise, since surface selsctiv
determines the concentration profiles in the foaled network and, in turn, the concentration peefi
determine the chain lengths. A higher local conediain of linkers leads to shorter chains and vice
versa. The fact that different properties conveéayéheir respective bulk values at different distem
from the surface is a nice illustration of the phreienon that the measured thickness of a polymer
interphase near a solid surface strongly dependiseoprobed quantity.

This study has shown that RMD is an adequate ttma@nalyze the influence of the
surface for adhesives formulated as reactive nestuin the present RMD simulations we are in the
regime of typical van der Waals interactions withigmtial depths of 8 and 20 kJ/mol. It can be
expected that for stronger surface potentials #meugbation in the composition may extend farther
into the bulk affecting all properties that areatetl (i.e. average chain length). This range daser
induced changes of the network properties (i.eirtexrphase thickness) may be further increased by
unlike interactions between monomeric speciesh@égdresent simulation all unconnected beads have
the same interaction potentials), or by lower Imkencentrations in the reactive mixture. These
possible factors for a stronger extension of therphase into the bulk will be considered in future

simulations.
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5. Outlook

The present PhD thesis has been focused on ¢éwvglthe Reactive Molecular Dynamics
(RMD) tool to investigate the formation of intergles at a generic level and on making first steps
towards the use of material-specific coarse-graipeténtials. Following these preliminary steps,
many new challenges still await to be tackled.

Among the challenges that can be tackled at threerge level, the investigation of locally
resolved mechanical properties in systems havinmi@nphase belongs to the most important ones.
Experiments found that the largest interphase ti@skes are observed for the mechanical properties.
In the context of mechanical properties, we woikd to mention the RMD model of Tsige et &l.,
commented on in detail in the first chapter. Thygineric simulations deal with the failure mechaisism
in adhesive polymer networks cured in contact veitinface layers. Performing simulations of the
Stevens et al. types with samples having propersiesh as their cross-link density, perturbed (i.e.
following segregation processes) would lead to wetgresting insight. In fact, bond breaking events
in the interphase region could be compared todheré events in more distant regions. This wowdd b
a way of tackling the influence of interphaseshia tlurability of hybrid-materials.

One of the most difficult challenges of the futisecertainly the development of coarse-grained
potentials to model experimental adhesive/surfgsgems such as epoxies cured onto copper or alumina
surfaces. In the third chapter, we have emphasimddterative Boltzmann Inversion (IBl) approa@nc
be used to optimize such material-specific poténtidevertheless, IBI optimizations rely on samglin
structural properties from parent atomistic simolad of the adhesive/surface systems. This meaats th
the first effort to obtain specific coarse-grainaatentials reside in setting up atomistic systenits w
“realistic” interactions. Temperature transferdpilssues of the IBl-potentials can be avoidedibpsy
performing the simulations at one thermodynamitestd interest. In contrast, the transferabilitytiod
IBI-potentials for different concentrations of theacting species is more problematic. In fact,he t
most rigorous case the IBI-potentials should repcedthe structural properties at different growth
stages from the monomer liquids to the polymer ailes. The ethylbenzene/polystyrene coarse-
grained model of Qian et 8l. offers an interesting discussion on this particydaint. While 1BI-
potentials are able to yield realistic structunadperties of polymers that can be followed as ation
of growth processes, the investigation of dynamacel mechanical properties will remain qualitate
the coarse-grained level. In this context, reimsgrthe atomistic details of the parent simulatiahshe

end of the growth via a back-mapping proceduredccbelan alternative.
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Outside the context of interphase formation thesgaé RMD tool would certainly be adequate
to simulate the grafting of polymer brushes fromayzarticles or flat surfaces. Generic models alyead
show how the underlying physics of such processes ke revealed via RMD simulatiofs.
Nevertheless, the use of IBl-potentials in sucletgpgrowth could allow one to follow the structura
evolution of specific polymer brushes at differastéges of the growth as a function of the surface
initiator density. In fact, the structural configtions of polymer brushes rely on the conformatioins
the grafted chains and, generally, a relativelydydescription of such properties can be achieved by
IBl-potentials.
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Figure A.3.1. Target distribution functions calculated from th@mistic trajectories for five different
optimization temperatures,.TThe mapping scheme employed is displayed in €iguk. of chapter 3.
In diagrams a, b and c the target nonbonded radistributions g(r) between the beads of type 1-1, 1
2 and 2-2 are shown. The target bond and angletimme are displayed in diagrams d and e.
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Figure A.3.2. Coarse-grained potentials resulting from the Itera Boltzmann Inversion for the five
optimization temperatures, Tonsidered. The mapping scheme employed is despiayFigure 3.1 of
chapter 3. The diagrams a, b and ¢ show the nondpdtentials between the beads of type 1-1, 1-2
and 2-2. The bond and angle potentials are disglagediagrams d and e. Note that the potentials in
diagram a are different from the ones in b and we(eif this is not completely apparent from the
plots). In diagram d the potentials optimized at=T300, 330 and 338 K completely overlap. The same
holds for the potentials optimized at 190 and 220rKdiagram e the overlap is again between the
potentials optimized aty = 300, 330 and 338 K.
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Figure A.3.3. Comparison between the target bond distributienwed from the atomistic trajectory

at T = 240 K and the results of the different soglmethods. The curves are colored according to the
coloring scheme in Figure 3.6. of chapter 3. Therefthe target distribution derived at T = 240K i
plotted in blue in all four diagrams of the figurehe black curve in the bottom-right diagram is the
bond distribution resulting from the use of thednp interpolation. In the three other diagrams the
black curves correspond to the direct use of themtals (f(T) = 1). The red curves are the outptit

the simulations in which the best factor f(T) fack T, has been employed. The RMSD values between
the target function and the simulated ones have Bgmbolized following the coloring scheme defined
above.
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Figure A.3.4. Effect of the scaling factor f(T) = (T T )2 on the nonbonded coarse-grained
interaction potential between two beads of typeegulting from the IBI optimization. The same
potentials are plotted in the left and right diagra. The right one is zoomed to emphasize the curve
shapes in the vicinity of the minimum. The blac# sed curves are the potentials optimized with the
Iterative Boltzmann Inversion at 330 K and 220 KeQreen curve is the potential resulting from the
scaling process using f(T) = 1T )“? with Ty = 220 K and T = 330 K (Equation (3.1) of chaptgr 3
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Figure A.3.5. Effect of the scaling factor f(T) =TT on the nonbonded coarse-grained interaction
potential between two beads of type 1 resultingnftbe IBI optimization. The same potentials are
plotted in the left and right diagrams. In analogith Figure A.3.4 the right one is zoomed. Thebkla
and red curves are the potentials resulting from ltlerative Boltzmann Inversion at 330 K and 220 K.
The green curve is the potential resulting fromgsbaling process using f(T) 7T with T = 330 K
and T = 220 K (Equation. (3.1) of chapter 3).
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Figure A.3.6. Effect of the scaling factor f(T) =TT on the nonbonded coarse-grained interaction
potential between two beads of type 1 resultingnftbe IBI optimization. The same potentials are
plotted in the left and right diagrams. In analogith Figure A.3.4 the right one is zoomed. The klac
and red curves are the potentials resulting from Itlerative Boltzmann Inversion at 330 K and 300 K.
The green curve is the potential resulting fromgsbaling process using f(T) 7T with T = 300 K
and T = 330 K (Equation. (3.1) of chapter 3).
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Figure A.3.7. Effect of the scaling factor on the nonbondedrsearained interaction potential
between two beads of type 1 resulting from theofBimization. The same potentials are plotted & th
left and right diagrams. In analogy with Figure Al3the right one is zoomed. The black and red
curves are the potentials resulting from the ItemtBoltzmann Inversion at 220 K and 300 K. The
green curve is the potential resulting from thelisgaprocess using f(T) =of T with T = 300 K and

T =220 K (Equation (3.1.) of chapter 3).
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Figure A.3.8. Comparison between the coarse-grained potentibtained from the IBI optimization
at 220 K (black curves in diagrams a, b and c) #m&potentials generated for CG simulations at T =
220 K by the 2-point interpolation with E 190 K and T, = 338 K (red curves in the diagrams). The
energy values of the nonbonded potential for twadbeof type 1 (diagram a) and of the bond and
angular potentials (b and c) are expressed in kl/miloe small pictures inserted in the three diagsam
are only a zoom around the minimum of the potential the diagrams d, e and f we have plotted the
target distributions associated with the potentialentioned above. These distributions are derived
from thelBI optimization at 220 K (black curves) and frohe tsimulation which has used the CG
potentials generated by the 2-point interpolatiaras 220 K (red curves).
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Figure A.3.9. Comparison between the coarse-grained potentibtained from the IBI optimization
at 300 K (black curves in diagrams a, b and c) #m&potentials generated for CG simulations at T =
300 K by the 2-point interpolation with E 190 K and T, = 338 K (red curves in the diagrams). The
energy values of the nonbonded potential for twadbeof type 1 (diagram a) and of the bond and
angular potentials (b and c) are expressed in kl/miloe small pictures inserted in the three diagsam
are only a zoom around the minimum of the potential the diagrams d, e and f we have plotted the
target distributions associated with the potentialentioned above. These distributions are derived
from the IBI optimization at 300 K (black curveg)dafrom the simulation which has used the CG
potentials generated by the 2-point interpolatiaria= 300 K (red curves).
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7. Simulation Packages and Super-Computers

The molecular dynamics simulation package YASPettped by Prof. Dr. Florian Miller-
Plathe®™ has been used to perform all the required atoenithulations. All equilibrium coarse-
graining simulations have been performed with BlisCO package developed in the group of Prof. Dr.
Florian Miiller-Plathe by Dr. Hossein Ali Karimi-Vzaneh!? The Reactive Molecular Dynamics tool
B developed for the purpose of the present PhD4gligsin extended version of the IBIsCO package.

The simulations have been run on two clusters seghply the companies TRANSTEC and
RAID MEDIA. They are both located in the theoretipaysical chemistry group of Prof. Dr. Florian
Mdiller-Plathe. We are grateful to the SPP1369 pyioprogram on “Polymer-solid contacts:
Interphases and Interfaces” for the financial suppdthe RAID MEDIA cluster. The present PhD

project has been achieved in the framework ofghizrity program.
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