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ABSTRACT

Organic semiconducting materials are gaining popularity as solar cell materials, in 

large part because of their ability to be processed onto flexible substrates and to be 

manufactured more cheaply.  However, organic materials are not nearly as efficient as 

silicon in regards to charge transport.  To circumvent this, a process called solution 

shearing on 6,13-bis(triisopropylsilylethynyl) pentacene (6,13-TIPS pentacene) 

significantly reduces the pi-orbital overlap, thereby enhancing the charge transport by 

an 80% increase.

To fully appreciate what is happening at an atomic level and how shearing the unit cell

to conform to a configuration that is both energetically favorable and conducive to 

charge transport, an atomically explicit model of molecules of 6,13-TIPS pentacene 

were analyzed via ab initio and Molecular Dynamics techniques.  In vacuo, the 

parameters of the unit cell [a,b,γ] were varied and subjected to minimization 

calculations, which yielded an energy profile.  From this profile, we were able to 

identify the five lowest energy configurations which were well aligned with the five 

polymorphs determined experimentally.

Closer examination of the molecular configurations suggested that the fluctuations in 

the energy profile were due to the bending and twisting of the acene backbone, the 

wagging of the silylethynyl groups, and the rotating of the methyl groups.  Compared 

to an equilibrium structure, there is a 4.5° deviation in the acene backbone and a 



nearly 10° difference in the silylethynyl angle across this energy landscape.  However,

when comparing the changes in these different angles against the energy profile, the 

minima for both are closely aligned.  

The crystal was also studied in ten different solvents represented by a Lennard-Jones 

atom, which varied only in size.  The new structure was submitted to energy 

minimization calculations.  From this data, it was determined that as the solvent size 

increases, the stability of the unit cell decreases.

Based on the data gathered, the energy profile of 6,13-TIPS pentacene is significantly 

affected by the rotating, wagging, and bending of the various side groups and the 

acene backbone.  Whether these deviations occur in sync or are a result of a “domino 

effect” is not yet clear.  The size of the solvent also impacts the energy profile; as the 

solvent radius increases, the molecules in the unit cell can be seen to almost push at 

the solvent in an effort to expel it from the unit cell.
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CHAPTER 1

INTRODUCTION

Semiconducting materials are of great importance to today's society because of

their many applications ranging from solar cells [1-24] to light-emitting diodes [25-49]

to field-effect transistors [50-80].  Semiconductors differ from metals and insulators 

because of their conductivities [81]; these conductivities are mediated by the presence 

and size of the material's band gap, which is the energy required to excite an electron 

from the valence band to the conduction band [82].  If there is no band gap (i.e., the 

valence and lowest unoccupied bands overlap), the material is a metal (or a conductor)

[82].  Semiconductors are classified as having a band gap between the valence and 

conducting bands ranging from 0.5 to 3 eV [82].  Insulators have band gaps greater 

than 3 eV and cannot conduct charge at room temperature [82].  The focus of this 

work will be on the application of semiconducting materials, especially organic 

semiconductors, for solar cells.

Solar energy is an attractive means of providing power; the promise of having 

an energy source that cannot be depleted and of being more environmentally friendly 

than fossil fuels makes them very attractive to the global demand market [83-90].  

Whether the economics of solar cell implementation are viable is a subject of great 

interest but beyond the scope of this fundamentals-based study.  The fundamental 

principle behind solar cells is that when a semiconducting material absorbs a photon of

light, the photon excites electrons to a higher energy state and leaves behind “holes” 

(see Figure 1.1).  However, instead of immediately relaxing back to the ground state, 
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the electrons remain in an excited state and induce an electromotive force in the circuit

[82].  The more closely the electron and the hole it leaves behind interact, the less 

efficient the charge transport will be [82].  The Coulombic effects between holes and 

electrons of the same crystal wave vector yield excitons [82].  Usually at room 

temperature, the binding energy is low [82]; however, as will be discussed later in this 

chapter, excitonic binding energy in organic materials is very high [91].  In this case, 

after the material absorbs a photon and generates excitons, the charges can be split at 

the junction (an interface between two layers of the same material [homojunction] or 

between two layers of different materials [heterojunction]) [82].  However, if the 

excitons have a high binding energy, the charges may recombine prior to arriving at 

the junction [82].  Efforts made to improving charge transport in organic materials are 

discussed later.

A variety of different materials are being used, or explored for use, as solar 

cells. While silicon is, by far, the market leader [92], there has been considerable 

interest in inorganic photovoltaic materials such as cadmium telluride, copper indium 

gallium diselenide (CIGS), and various forms of silicon, all of which have band gaps 

close to the ideal band gap of 1.5 eV [92].  Dye-sensitized materials such as titanium 

oxide [93-99] and polymers used in conjunction with inorganic materials [100-106] 

The most commonly deployed and most efficient solar cell material is silicon [107-

110] due to its purity [111], abundance, and energy band gap (1.12 eV) [112-113].  

The highest limit efficiency achieved by laboratory silicon solar cells is 25% [114]; 

the Shockley-Queisser limit for silicon solar cells, which is a theoretical estimate of 

the maximum efficiency to convert sunlight to electricity [115] is around 30% [114].
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Recent years have seen the rise of organic semiconducting materials used as 

the active layers in solar cells.  Their light weight [116-121], suitability for cheaper 

manufacturing via roll-to-roll processing [122-128], ability to be processed on flexible

substrates [116] and to be tailored to meet the demands for specific properties [129] 

make organic semiconductor materials a strong future contender as a solar cell 

material.  However, the biggest drawback for organic solar cells is their low 

efficiency.  Green et al. reported that an organic thin film system achieved an 

efficiency of around 10% [130], which is unusually high.  Typically, organic 

semiconductor materials only obtain around 5 – 6% efficiency [22,129,131-134].

This low solar efficiency is due to the nature of the bonding, the presence of 

relatively strongly bound excitons, and the mechanism for charge transport via a 

“hopping” mechanism [91].  Both organic and inorganic materials can exhibit covalent

bonding; however, the presence of van der Waals interactions in organic materials 

leads to a localized wave function and narrow bandwidth.  Also, a significant amount 

of energy (around 0.4 eV) is required to break the exciton binding in organic 

materials, whereas the potential energy between electrons and holes in inorganic 

materials does not even equal the thermal energy.  Additionally, charge transport in 

organic materials occurs is largely visualized as occurring via a hopping mechanism, 

which reduces the charge mobility [91].
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Conduction Band 

   Photon (hν)                                                 Eg                                 Band Gap

   Valence Band 

Figure 1.1. Schematic of charge transport from the valence band to the conduction
band in a semiconductor upon absorption of a photon.
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The focus of most organic semiconducting research efforts has been aimed at 

increasing the efficiency of the material.  Organic semiconducting materials used for 

solar cells include dye-sensitized, polymeric, and so-called “small-molecule” organic 

semiconductors.  In dye-sensitized organic semiconductors, the charge separation 

occurs at the junction between an oxide layer and the sensitizer; when the dye absorbs 

a photon, an electron is excited, and the sensitizer inhibits the recombination of the 

electron with the dye [135].  Some commonly used sensitizers include RuL' (L' = 

2,2',2''-terpyridyl-4,4',4''-tricarboxylic acid) and RuL3 (L = 2,2'-bipyridyl-4,4'-

dicarboxylic acid) joined with a titanium oxide layer [136].  

Many polymeric organic semiconductors have band gaps around 2 eV; 

however, combining a conjugated polymer with fullerene has been shown to overcome

the exciton binding energy almost seven orders of magnitude faster than 

photoluminescence [137].  Some polymer semiconductors include poly[2-methoxy-5-

(3',7'-dimethyloctyloxy)-1,4-phenylene vinylene) (MDMO-PPV), poly(3-

alkylthiophene) (P3AT), and fullerene derivatives such as 1-(3-

methoxycarbonyl)propyl-1-phenyl-[6,6]-methanofullerence (PCBM) [137].  Small 

molecules  like fullerene and phthalocyanine, for example, have an advantage over 

polymer semiconductors because of their higher purity and structure.  Fused acenes 

are a type of small-molecule organic semiconductor with reasonable electron 

mobilities.  Two of the more important members of this acene family are tetracene and

one of the most popular organic solar cell materials, pentacene [138].

Pentacene's hole mobility of over 1 cm2 V-1 s-1 [138], comparable to that of 

amorphous silicon [139]; this makes it an ideal candidate for a solar cell material, 

12



especially considering the notoriety of organic semiconductor materials for exhibiting 

poor charge mobility.  It is a p-type semiconductor [138] and is typically used in 

conjunction with fullerene, which Sakai et al. reported as having a more efficient 

exciton dissociation leading to enhanced charge transport via alternating-evaporation-

deposited active layers [140].

However, pentacene is not very soluble in common solvents which makes 

solution processing challenging [141].  In addition, herringbone packing structure does

not offer a particularly optimized path for charge transport [142], providing the 

impetus to functionalize pentacene to increase -stacking and thus enhance charge π

transport [142-143].  The -  interactions control crystal packing in these molecules π π

[144] and the desired output is to induce a geometry that will increase orbital overlap, 

which will lead to better charge transport [143, 145].

One method of functionalizing pentacene that has been studied via 

perfluorination [146].  However, while perfluoropentacene does exhibit a shorter 

distance between the pentacene backbones, it also adopts a herringbone structure and 

has a hole mobility of 0.22 cm2 V-1 s-1, which is significantly lower than the mobility of

unsubstituted pentacene.  Substituting the 6 and 13 positions of pentacene (see Figure 

1.2 [122]) with phenyl groups yielded a molecule with a hole mobility of only 0.1 cm2 

V-1 s-1 and a larger distance between the pentacene backbones, which impedes the 

charge transfer.  Another functionalization method involved adding alkynes to the 

pentacene backbone and controlling the stacking structure via the size of the 

substituent [146].  

Substitution of alkyne groups that measured either less than half or greater than
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half the length of a pentacene molecule (~1.5 nm) were found to yield slipped-stacked 

structures [146].  Alkynes that are even longer than those produce the herringbone 

motif [146] (see Figure 1.3 [142]), just like unsubstituted pentacene.  However, 

substitution of an alkyne group that measured around half the length of a pentacene 

molecule gave rise to a “bricklayer” structure [146] (see Figure 1.4a).  The 

triisopropyl silylethynyl group yields this favorable structure, and even though its hole

mobility is less than that of pentacene (0.4 cm2 V-1 s-1) [146], it has a resistivity lower 

than pentacene [142] and its bricklayer structure induces higher -orbital overlap (see π

Figure 1.4b) [144]. This structure is known as “TIPS pentacene” for its triisopropyl 

silylethynyl functionalization, and much of the work accomplished to determine the 

properties of TIPS pentacene has been performed by the synthesis and characterization

studies of John Anthony and co-workers [122,142-147].
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Figure 1.2.  Location of the 6 and 13 positions on pentacene, which are the locations
of substituents [122].
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Figure 1.3.  Herringbone structure of unsubstituted pentacene [142].
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Figure 1.4a.  Bricklayer structure of 6,13-TIPS pentacene.
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Figure 1.4b. 6,13-TIPS pentacene crystal structure has a bricklayer packing structure
that enhances π-orbital overlap, and thereby enhance charge transport.

18



The electronic properties of TIPS pentacene are known to be impacted by the 

choice of solution processing method and the accompanying solvent.  Park et al. 

discussed some of these methods and stated that the ideal processing method would 

promote good molecular ordering, which positively impacts the charge transport.  

Drop casting from a toluene solvent yields the best molecular ordering and an average 

mobility of 0.65 cm2 V-1 s-1 (the highest being 1.8 cm2 V-1 s-1); however, films that 

were drop cast from tetrahydrofuran only achieved a mobility of 0.1 cm2 V-1 s-1.  Dip-

coated films from chlorobenzene yielded mobilities as high as 0.6 cm2 V-1 s-1, while 

spin-cast films from chlorobenzene only reached a mobility around 0.2 cm2 V-1 s-1 

[147].

However, there exists another method that further increases the charge 

transport properties of 6,13-TIPS pentacene.  Giri et al. hypothesized that in order to 

continue to improve these properties, a similar approach should be taken to that is used

in inorganic semiconductors, namely to induce strain into the crystal [148].  To 

accomplish this, they created a so-called “solution-shearing” method, which uses two 

silicon plates, one stationary and the other inducing shear in the system.  As the top 

plate (or “doctor blade”) moves across the semiconductor, the liquid front evaporates, 

serving as a “catalyst” for crystal nucleation.  One of the most significant impacts of 

using this method is that the concentration remains constant regardless of the 

temperature or the deposition time, yielding more uniform films and improved 

morphologies [148-149].

Dr. Zhenan Bao's group at Stanford found that solution-shearing 6,13-TIPS 

pentacene caused the -  stacking distance to decrease significantly, from 3.33 Å to π π
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3.08 Å.  The hole mobility also increased from 0.8 cm2 V-1 s-1 at a shearing speed of 

0.4 mm/s to 4.6 cm2 V-1 s-1 at a shearing speed of 2.8 mm/s.  Interestingly, and without 

mechanistic explanation by Giri et al., there was a simple means to return the system 

to a thermodynamically stable state.  Toluene was the solvent used in the solution 

shearing.  Once the 6,13-TIPS pentacene had been sheared and the solvent evaporated,

toluene vapor was re-introduced into the system, which caused the structure to return 

to an equilibrium state [148].

The goal of this work is to try to expand upon and understand what occurs 

during solution shearing at an atomic level. This understanding will allow us to 

appreciate what mediates the processing-induced transition from one polymorph to 

another, as manifested in the unit cell parameters of the most stable polymorph for a 

given shear.  Chapter 3 describes the molecular models and simulation methods used 

in this work.  The remaining chapters will discuss how the effects of solvent size 

affects the energy profile of the 6,13-TIPS pentacene crystal.
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CHAPTER 2

EFFECT OF UNIT CELL PARAMETERS ON THE ENERGY PROFILE OF 6,13-

TIPS PENTACENE

The first part of this chapter will discuss some of the fundamental principles of

Molecular Dynamics calculations used in this work.  This will lead to a description of

the procedure used to fit the missing parameters needed to complete the force field

used to model 6,13-TIPS pentacene.  The remainder of the chapter will then describe

how this model was used to explore the energy landscape for 6,13-TIPS pentacene as

we  vary  the  unit  cell  parameters  [a,b,γ].   These  unit  cell  parameters  control  the

geometry of the crystalline polymorphs of the system.  Because of the Van der Waals

forces,  polymorphism  (variations  in  crystal  geometry)  is  common  in  organic

semiconductors  [1].   Since  phase  homogeneity  is  important  for  organic  materials,

undestanding polymorphism if vital to control phase mixing [1-3].

One of  the  first  concepts  to  understand in  relation to  Molecular  Dynamics

(MD) is that of periodic boundary conditions [4-5]; for this study, a two-dimensional

surface  is  modeled.   Because  only  one unit  cell  is  constructed  in  the  simulations

(which is not the case in experiment) and the effects of surrounding crystal structures

need to be considered, periodic boundary conditions help take these considerations

into  account  by  modeling  a  continuous  “mirror-image”  structure  that  avoids  edge

effects [4].  Once the periodic boundary conditions, which are dependent upon the

crystal geometry, are determined, the force field that best describes the system and

40



accurately reproduces experimental data needs to be established.

The force field used in all the calculations in this thesis is MM3, which has

often been used in our group to describe organic semiconductor materials.  The force

field in a simulation is the blueprint for the interactions between atoms and molecules

in the system; essentially it is the only major input to the MD simulation.  The force

field includes the atomic definitions, effective sizes, and partial charges; equilibrium

bond lengths, angles, and dihedrals; Coulombic and van der Waals effects, etc.

Once all the force field parameters needed to describe the system under study

are  known,  an  algorithm  is  used  to  determine  the  energy  of  the  system  and  to

minimize this  energy for a  given set of processing conditions.   These calculations

search for the lowest-energy configuration of the system at the required specifications.

An initial starting point that is fairly close to the equilibrium is essential so that the

calculation can converge to an energy-minimized structure.  This proved difficult at

first since this system has not been extensively studied via computational methods.

Chen et al. conducted a number of experimental studies on the 6,13-TIPS pentacene

system  [6].   This  paper  includes  some  computational  results.   However,  their

description of the computational model did not provide all of the required parameters

to accurately describe the 6,13-TIPS pentacene system. 

The organic semiconductor material, 6,13-TIPS pentacene, studied in this work

was modeled  using the Allinger  et al. MM3 semi-empirical potential [7]. The MM3

method has been found to work well for representing the intermolecular forces in so-
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called  “small  molecule”  organic  semiconductors  [8-10].  MM3 is  a  semi-empirical

model, with parameters fitted to reproduce certain properties of the chosen molecule.

While the veracity of such models need to be validated against reference data (e.g.,

experimental data or  ab initio-generated data), it is not possible to study polymorph

formation  in  this  molecule  solely  using  an  ab  initio  method.   An  ab  initio

representation of even a single unit cell of TIPS-pentacene molecules would have been

a prohibitively expensive undertaking, hence the need to determine accurate semi-

empirical models for TIPS-pentacene.

In order  to model  6,13-TIPS pentacene molecules using the Allinger  et  al.

MM3 potential [2], it is necessary to determine values for the parameters in the model.

Many of these parameters  are available using freely available Molecular Dynamics

codes, such as TINKER [10]. However, not all the MM3 parameters needed to model

this particular molecule were available in the literature; parameters were missing for

the bond lengths, bond angles, and dihedral angles associated with an sp-carbon and

silicon (the Si-C triple bond); see Figure 2.1.

In  order  to  obtain  these  missing  parameters,  appropriate  values  for  the

equilibrium bond  lengths,  bond  angles  and  dihedral  angles  were  needed  from an

accurate source, in this case ab initio calculations.  For this purpose, one molecule of

6,13-TIPS pentacene  was  constructed  using  the  Avogadro software  [8]  and  its

structure was optimized in Gaussian09 [9] using the B3LYP hybrid functional and the

6-311++G(d,p)  basis  set.   The  equilibrium  bond  lengths,  angles,  and  dihedrals

determined from the Gaussian output as our reference data for the subsequent MM3
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parameter fitting are listed in Tables 2.1 and 2.2: Table 2.1 lists the equilibrium bond

lengths and angles determined by this method and Table 2.2 lists the dihedral angles.

Figure 2.1 illustrates the numbering scheme referenced in these Tables.  Once the

equilibrium parameters were obtained from the  ab initio  calculations, the next step

involved determining force constants, again using ab initio techniques.  To determine

the stretching force constant, the bond length (C4-Si5 in Figure 2.1) was stretched and

compressed in a series of small 0.1-Å steps, which yielded a plot of the change in

configurational energy as the bond length was varied. 

With all these  ab initio-generated reference data in hand, we tackled fitting

MM3 parameters to reproduce these data.  The data shown in Figure 2.1 were fitted

against the equation for the MM3 potential for bond stretching used by Allinger et al.

[7] (Eq. 2.1):

Es = 71.94 * ks * (l – l0)2 * [1 – 2.55*(l – l0) + 3.79 * (l – l0)2]  

[2.1]

In Eqn. 2.1, Es is the configurational energy (kcal/mol);  ks is the stretching

force  constant  (mdyne/Å);  l  and  l0 are  the  [varying]  bond  length  (Å)  and  the

equilibrium  bond  length  (Å),  respectively.   Figure  2.2a  provides  a  comparison

between the single-point energy data calculated using Gaussian 09 as the bond length

is varied  and the corresponding MM3 results using Eqn. 2.1.
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Figure 2.1.  Numbering scheme for carbon (C ), hydrogen (H), and silicon (SI) atoms
in a TIPS-pentacene molecule, used to determine potential parameters.
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Next, to calculate the bending force constant, the angles (C1-C2-C3, C3-C4-

Si5, C4-Si5-C6 in Figure 2.1), were bent in 1° increments and the resulting change in

configurational energy was plotted against varying values for the bond angles.  The

rotations  were  completed  using  quaternions,  which  are  three-dimensional  rotation

matrices [11].  The data were then fitted against the relevant equation for the MM3

potential for angle bending [7] shown in Eqn. 2.2:

Eθ = 0.021914 * kθ * (θ – θ0)2 * [1 – 0.014 * (θ – θ0) +5.6*10-5 * (θ – θ0)2 – 

7*10-7 * (θ – θ0)3 + 2.2*10-8 * (θ – θ0)4] [2.2]

In Eqn. 2.2, Eθ is the configurational energy (kcal/mol); kθ is the bending force

constant (mdyne Å/rad2); and  and θ θ0 are the varying bond angles (°) and equilibrium

bond  angle  (°)  respectively.   In  a  similar  manner  to  the  bond-stretching  fitting

procedure above,  Figure 2.2b provides a plot of the single-point energy data from

Gaussian 09 for the C3-C4-Si5 angle in comparison to the MM3 results  predicted

using Eqn. 2.2.

Values for the Fourier coefficients for the dihedral angles containing an  sp-

carbon and silicon were taken from those containing an sp2-carbon and silicon. The

rationale for this is that the side groups are fairly rigid, regardless of whether they

contain a carbon-carbon double bond or a triple bond.

A computational description of a unit cell containing four TIPS-Pn molecules

was constructed using values for [a, b, ] that represent the bulk single crystal for the

equilibrium polymorph as determined by Anthony et al. [12]:  a-axis = 7.75 Å; b-axis
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= 7.56 Å; and  = 96.4°. The c-axis was set to 1000 Å in order to simulate a two-γ

dimensional structure.  The energy of this unit cell was then minimized in TINKER

and was used as the reference point for the energy difference quoted in all subsequent

calculations.

To determine the energy landscape as the [a,b, ] parameters were varied, theγ

effect of varying these three parameters was explored in the following broad ranges:

7.2 – 8.1 Å for the a-axis; 7.2 – 9.36 Å for the b-axis; and 72 – 116° for .  Eachγ

choice of [a,b, ] was submitted to an energy minimization calculation within TINKERγ

and  then  the  reference  equilibrium  energy  was  subtracted  from  the  resulting

configurational energy relevant to that [a,b, ] choice. This produces the values of Eγ Δ

shown in Table 2.3. 
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Table 2.1.  MM3 parameters for bond lengths and angles for the sp-carbon and silicon atoms in 6,13-
TIPS Pentacene.

Bond ks (mdyne/Å) l0 (Å)

C4-Si5 2.782 1.85

Angle kθ (mdyne/Å rad2) θ0 (°)

C1-C2-C3 1.52 119.81

C3-C4-Si5 0.1918 179.39

C4-Si5-C6 0.9037 108.69

Table 2.2.  MM3 parameters for dihedral angles for the sp-carbon and silicon atoms in 6,13-TIPS
Pentacene

Dihedral V1 (kcal/mol) ω0 (°) V2 (kcal/mol) ω0 (°) V3 (kcal/mol) ω0 (°)

C2-C3-C4-Si5 0 0 6.45 21.69 0 0

C3-C4-Si5-C6 -0.3 0 0 229.36 0 0

C4-Si5-C6-C7 0 0 0 45.36 0.167 0

C4-Si5-C6-H8 0 0 0 182.27 0.117 0
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Figure 2.2a.  Energy of bond stretching in the C4-Si5 as a function of change in the
C4-Si5 bond length.  Results for Gaussian 09 data are shown as a dashed red line.  The
result of fitting the Gaussian09 data to the MM3 potential using Eqn. 1 are shown as a

solid blue line.
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Figure 2.2b.  Energy of bond bending in the C3-C4-Si5 bond as a function of change 
in the C3-C4-Si5 bond angle. Results for Gaussian 09 data are shown as a dashed red 
line. The result of fitting the Gaussian 09 data to the MM3 potential using Eqn. 2  are 
shown as a solid blue line. 
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Scanning [a, b, ] space allowed the identification of a set of the lowest energy

states within the computed energy landscape. Table 2.3 compares the computationally

derived predictions of [a, b, ] against experimental values for the five lowest-energy

configurations of the unit cell. EΔ offset is the difference in E for the polymorphs usingΔ

the E of polymorph I as theΔ  baseline. It was estimated that the uncertainty in the

energies is between 0.01 and 0.02 eV.  Thus with some confidence, the three major

families  of  polymorphs  (I,  II,  III)  can  be  distinguished,  but  distinguishing  the

polymorphs within each family is more challenging. This prompted the  decision to

simply report the five lowest energies and match them as being synonymous with the

polymorphs found in experiments. 

As  can  be  seen  in  Table  2.3,  the  computational  values  for  all  of  the

polymorphs fit well against the experimental data: differences in ‘a’ and ‘b’ are around

0.1-0.2  Å (2-3%) and those in   are, at worst, <4° (<5%). The range of the relative

energies  ( E) is  practically identical for all  five polymorphs,  showing the relativeΔ

flatness  of  the  energy landscape in  which  the  polymorphs  are  found.  Despite  the

flatness  of  the  energy  landscape,  the  predicted  relative  energies  of  three  major

polymorphs match qualitatively with the experimental data.  Given that  finding the

crystal structure for a molecule like TIPS-pentacene is particularly challenging due to

the  conformational  flexibility  of  the  molecule,  the  degree  of  reproduction  of  the

experimental data is very encouraging.
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Figure 2.3 shows the energy landscape that was calculated to obtain the results

in Table 4. This 4-dimensional space is shown by plotting the change in energy (as in

Table 4), E, as two of the [a,b, ] parameters are varied, while keeping the third ofΔ γ

these parameters constant. It  was particularly interesting to investigate whether the

minimum is  isotropic across  all  three  parameters;  that  is,  is  the  minimum “bowl”

shaped or does it resemble a valley floor?  It can be  seen that, in general, the energy

landscape is not isotropic.  For instance,  Figs. 2.3a-b show the energy minimum for

polymorph I, in which there is no symmetry about either the a- or b-axis and some

symmetry about . For polymorph II,  γ Figs.  2.3c-d again see no symmetry is seen

about the a-axis and slight symmetry is noticed about the b-axis.  For polymorph III,

Figs. 2.3e-f shows that there is no symmetry about either the a- or b-axis. Overall, the

topology of the energy landscape is such that it is less sensitive to changes in the a-

and b-axes than changes in . To repeat the metaphor used above, the energy profile isγ

not  an  isotropic  bowl  shape  but  a  valley  floor  in  which  changes  in  a  and  b  are

“sloppy,” [13] but changes in  are stiff. This computational finding is consistent withγ

experimental data: that  is the major unit cell parameter distinguishing three familiesγ

of polymorphs.
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Table 2.3.  Comparison of Experimental and Calculated Parameters for the Five
Lowest Energy State and Polymorph Identification

Polymorph a (Å) b (Å)  (°)γ E (eV)Δ EΔ offset (meV)

I (expt.) 7.68 7.77 81.46 - -

I (calc.)
(expt. – calc.)

7.56
(0.1)

8.00
(-0.2)

80.0
(1.5)

-1.217 0

Ib (expt.) 7.67 7.91 80.25 - -

Ib (calc.)
(expt. – calc.)

7.56
(0.1)

8.10
(-0.2)

80.0
(0.2)

-1.203 14

II (expt.) 7.48 8.50 71.29 - -

II (calc.)
(expt. – calc.)

7.75
(-0.3)

8.40
(0.1)

68.0
(3.3)

-1.156 61

IIb (expt.) 7.57 8.59 71.67 - -

IIb (calc.)
(expt. – calc.)

7.76
(-0.2)

8.64
(-0.05)

68.0
(3.7)

-1.150 67

III (expt.) 7.56 9.02 65.23 - -

III (calc.)
(expt. – calc.)

7.75
(-0.2)

8.64
(0.4)

63.9
(1.3)

-1.134 83
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Figure 2.3. Energy landscapes for each of the three polymorphs to determine their

relative insensitivities to changes in a,b, and  parameters. γ Fig. 2.3a-b: Polymorph I.
Fig. 2.3c-d: Polymorph II. Fig. 2.3e-f: Polymorph III. 
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The structural consequences of making changes to [a,b,γ]  were investigated on

the disposition of the acene backbone, the rotation of  the methyl groups and the silyl-

ethynyl angle in the TIPS functional group, as described in the following sub-sections.

A small amount of bending in the acene backbone was observed (Fig. 2.4) and 

some twisting taking place as [a,b,γ] were varied. This was done by holding one of the

parameters constant at the calculated equilibrium value (i.e., b=8.0 Å) and varying a 

and . In Fig. 2.5a, each point is an average of the changes in the acene angle for all 

values of a at that particular value for .  Angular changes of up to 4.5° can be 

observed when γ is varied; whereas changes in either the a- or b-axis at constant γ 

produce backbone bending of less than 2°. This reinforces the shape of the energy 

landscapes observed in Figure 2.3 in which it was found that changing the a- and b-

axes alters the energy landscape less than changes in γ. Figs. 2.5 a-b also show that 

structural changes in the two sides of the acene backbone, which are called side A and 

B, oppose each other, inducing strain into the backbone. This strain is minimized 

when  reaches a value in the range ~80°, which encloses the region in which both 

polymorphs I and Ib occur (80°). At constant γ of 80° (Fig. 2.5c), the opposition of 

sides A and B again work against each other, but a minimum distortion in the angle of 

the acene backbone (~0.6°) occurs at about 7.6 Å (the location of the calculated 

structures for polymorph I) and at about 7.8 Å, which corresponds to polymorphs II 

and III. 
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Figure 2.4. Observation of bending (top) and twisting (bottom) of the acene backbone.
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Fig. 2.5a. Changes in acene angle  with respect to γ at constant b=8 Å. 
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Fig. 2.5b. Changes in acene angle with respect to γ at constant a=7.56 Å.  
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Fig. 2.5c. Changes in acene angle with respect to the a-axis at constant γ=80°.
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The effect on the strain in the molecule as the methyl groups attached to the 

silicon atom is allowed to rotate was considered, as shown in Figure 2.6. The 

hypothesis was that, as the methyl groups comprising the TIPS group “ratcheted” 

around, they would cause a conformational strain that would be manifested in a rise in 

energy. It is believed that this rotation is the origin of the acene backbone twist and 

bending observed in subsection (a) above.  In a similar fashion to Fig. 2.5, Figure 2.7 

shows how the energy varies as two of the [a,b,γ] parameters were changed while 

keeping the third constant. Minima are seen in the vicinity of γ values in the region of 

76-80° and 92-96° in Figs. 2.7a-b, closest to polymorphs I and II. The γ value of ~64° 

corresponding to polymorph III in the calculations produces a particularly strained 

angle up to 4° different from that of the experimental value for the bulk. For data at 

constant γ, Fig. 2.7c shows the lowest distortion of the methyl angle from the 

equilibrium value in the region of 8.0 (characteristic of polymorph I) and 7.3 (which is

not characteristic of any of the polymorphs).

59



Figure 2.6. Illustration of the methyl groups attached to the Si atom of the TIPS
group, whose rotational movement we monitored.
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Fig. 2.7a. Changes in methyl angle  with respect to γ at constant b=8 Å.
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Fig. 2.7b. Changes in methyl angle with respect to γ at constant a=7.56 Å. 
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Figure 2.7c. Changes in methyl angle  with respect to a at constant γ=80°.
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The origin of the degree of bending and twisting of the acene backbone 

observed above could also lie in the tendency of the bulky TIPS group to “wag” up 

and down relative to the plane of the acene backbone, that is, changes in the silyl-

ethynyl angle, as shown in Figure 2.8.  In a similar manner to the preceding 

subsections, differences in the silyl-ethynyl angle were observed as two of the three 

[a,b,γ] parameters were varied. Figures 2.9a-b show differences in this angle from the

equilibrium structure when a and b, respectively, are held constant. It can be seen that 

relatively large changes of up to nearly 8° are possible.  This causes a larger distortion 

than either the rotation of the methyl groups in the TIPS moiety or the bending of the 

backbone in absolute terms. Minima occur at 68° (closest to polymorph II), 84° 

(closest to polymorph I) and 100° (close to polymorph I) with the least strain at 84°.  

The two sides of the molecule oppose each other at low values of γ; for 

constant a or b, they converge around 84° (close to polymorphs I and Ib). Fig. 2.9c 

shows the difference in the silyl-ethynyl angle for constant γ; here it can be seen that 

the strain in this “wag” angle reduces as the value of a or b increases. It is lowest 

around 8.0 and 8.1, close to values for polymorphs I. 

Taking the results of all these three structural changes together, i.e., changes in 

the angular disposition of the acene backbone to bend or twist, the wagging of the 

silyl-ethynyl groups, and the rotation of the methyl groups, it is noted that the resultant

strain in the molecules is minimized at [a,b,γ] values consistent with the energy 

minima previously calculated and hence with the major polymorphs (Table 2.3). 
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Figure 2.8.  Identification of the silyl-ethynyl angle, circled in brown, whose tendency
to wag up and down (as indicated by the arrows) was studied as we vary the unit cell

parameters.
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Fig. 2.9a. Changes in the angle that the silyl-ethynyl angle makes with the acene
backbone (zero degrees implying c-planar with the backbone) with respect to γ at

constant b=8 Å.
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Fig. 2.9b. Changes in the angle that the silyl-ethynyl angle makes with the acene
backbone (zero degrees implying c-planar with the backbone) with respect to γ at

constant a=7.56 Å.
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Figure 9c. Changes in the angle that the silyl-ethynyl angle makes with the acene
backbone (zero degrees implying c-planar with the backbone) with respect to a at

constant γ=80°.

68



REFERENCES

1.   Brillante,  A.,  I.  Bilotti,  R.  G.  D.  Valle,  E.  Venuti,  A.  Girlando.   “Probing
polymorphs  of  organic  semiconductors  by  lattic  phonon  Raman  microscopy.”
CrystEngComm, 2008, 10:  937 – 946.

2.   Brillante,  A.,  I.  Bilotti,  R.  G.  D.  Valle,  E.  Venuti,  M.  Masino,  A.  Girlando.
“Characterization  of  Phase  Purity  in  Organic  Semiconductors  by  Lattice-Phonon
Confocal Raman Mapping: Application to Pentacene.”  Advanced Materials, 2005, 17:
2549 – 2553.

3.  Brillante, A., I. Bilotti, C. Albonetti, J-F. Moulin, P. Stoliar, F. Biscarini, D. M. de
Leeuw.  “Confocal Raman Spectroscopy of α-Sexithiophene:  From Bulk Crystals to
Field-Effect Transistors.”  Advanced Functional Materials, 2007, 17:  3119 – 3127.

4.  Allen, M. P., D. J. Tildesley.  Computer Simulation of Liquids.  Oxford: Oxford
University Press, 1987.

5.  Frenkel, D., B. Smit.  Understanding Molecular Simulation:  From Algorithms to
Applicatoins.  Waltham:  Academic Press, 2001.

6.   Chen,  J.,  J.  Anthony,  D.  C.  Martin.   “Thermally  Induced  Solid-State  Phase
Transition of Bis(triisopropylsilylethynyl) Pentacene Crystals.”  Journal of Physical
Chemistry B, 2006, 110:  16397 – 16403.

7.  Allinger, N. L.; Yuh, Y. H.; Lii, J. H. Journal of the American Chemical Society
1989, 111, 8551.

8.  http://avogadro.openmolecules.net/wiki/Main_Page

9.  http://gaussian.com/

10.  http://dasher.wustl.edu/tinker/

11.  Hanson, A. J.  Visualizing Quaternions.  Amsterdam:  Elsevier, 2006.

12.  Anthony, J. E.; Brooks, J. S.; Eaton, D. L.; Parkin, S. R. Journal of the American 
Chemical Society 2001, 123, 9482.

13.  Machta, B. B.; Chachra, R.; Transtrum, M. K.; Sethna, J. P. Science 2013, 342, 
604.

69

http://dasher.wustl.edu/tinker/
http://gaussian.com/
http://avogadro.openmolecules.net/wiki/Main_Page


CHAPTER 3

EFFECT OF SOLVENT SIZE ON THE ENERGY PROFILE OF 6,13-TIPS

PENTACENE

Molecular simulation techniques were used to determine the effect of both 

solvent molecule size (in terms of the molar volume) on the energetic preference for a 

particular polymorph of the TIPS pentacene as well as the local impact of a solvent 

molecule on the bend of the acene backbone on proximal TIPS pentacene molecules. 

As stated above, the goal of this study was to investigate the effect of residual

solvent on the selection of the most energetically favored polymorph.  The reason for

this study was the experimental observation that their choice of solvent affected the

polymorph  that  was  exhibited.   The  solution-shearing  process  is  a  complex

combination of shearing, crystal nucleation and growth, and solvent evaporation.  Our

approach was to take one piece of this process, essentially the last stages of crystal

formation, and study the interaction of the TIPS pentacene omlecules in the unit cell

with  a  nearby  solvent  molecule.   The  intent  was  to  determine  how the  unit  cell

dimensions  [a,b,γ]  respond  to  the  presence  of  this  solvent  molecule  in  order  to

minimize the energy of the system.  A secondary goal was to determine the response

of the molecular configurtion to the presence of the solvent molecule.  Here, we were

looking at any extent of backbone bending, etc.,  as in the previous study of TIPS

pentacene polymorphism described in the preceding chapter.
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In order to set up this study, we built one molecule of 6,13-TIPS pentacene

using  Avogadro  [1]  and  optimized  its  configuration  in  Gaussian09  [2]  using  the

B3LYP hybrid functional and the 6-311++G(d,p) basis set.  The resulting model, in

terms of the detailed structural coordinates of the atomic constituents of the molecule,

was then minimized in the well-known Molecular Dynamics code, TINKER[3], with

periodic boundary conditions of 1000 Å in each direction. The resulting structure was

used  to  build  a  unit  cell  containing  four  molecules  of  6,13-TIPS  pentacene  via

TINKER's built-in “crystal” program.  The parameters used to build the unit cell were

those observed experimentally[4] as the equilibrium polymorph. That is the parameters

are: a-axis = 7.75 Å; b-axis = 7.56 Å; and γ = 96.4°.  The c-axis was set to 1000 Å in

order to simulate a two-dimensional structure.  The energy of this unit cell was then

minimized  in  TINKER  and  was  used  as  the  baseline  for  the  change  in  energy

calculations.

The  commonly  used  solvents  studied  experimentally  cover  a  range  of

molecular  sizes  and  other  important  molecular  characteristics,  such  as  multiple

moments. In this study, we were interested in separating the effect of solvent size on

the  energy  profile  of  6,13-TIPS  pentacene  from  any  potentially  countermanding

polarity effects.  To that effect, a single spherical (non-polar) Lennard-Jones (LJ) atom

of varying radius was placed between two of the molecules of the unit cell, as shown

in Figure 3.1.  The radius of the effective LJ atom determined to be appropriate for

each solvent was determined by assuming a spherical shape for the solvent molecule

and using its experimentally determined molar volume as a guide. 
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Figure 3.1.  6,13-TIPS Pentacene unit cell showing position of inserted Lennard-Jones
atom (brown).
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The energy of the system, TIPS pentacene molecules and interspersed LJ atom,

was  then  allowed  to  minimize.  For  the  results  reported  below,  the  energy  of  the

equilibrium unit cell without the LJ ‘solvent’ molecule present  was subtracted from

the energy of each of the minimized unit cells to determine the energy difference to

the system resulting from its inclusion as a function of the radius of the inserted LJ

atom.

The radius of the LJ atom was varied from 3.18  to 3.94 Å in order to cover

solvents  ranging from tetrahydrofuran  (equivalent  LJ  radius  of  3.18 Å)  to  tetralin

(equivalent LJ radius of 3.94 Å) that are of interest in the experimental studies.  Table

3.1 provides a  list of the solvents used, their experimental molar volumes, and their

resulting radii if represented as a LJ sphere. 

To determine how the presence of the Lennard-Jones atom affects the energy

profile of the crystal structure, the unit cell parameters were varied over the following

ranges: 7.2 – 8.1 Å along the a-axis, 7.2 – 9.36 Å along the b-axis, and 72 – 116° for γ.

Table 3.2 lists the solvents in order of increasing Lennard-Jones radii, the 

change in energy caused by the presence of the LJ atom (shown as ΔEequil in eV) and 

their preferred [a, b, γ] parameters corresponding to their lowest-energy configuration.

Looking at the values of ΔEequil in Table S1, it is clear that the energy is most 

favorable (most negative) for the smallest solvents and that there is a consistent trend 

of decreasing configurational stability with increasing solvent radius.
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Table 3.1.  Table of Solvents, Molar Volumes, and equivalent Lennard-Jones Radii

Solvent Molar Volume (Å3/mol) Effective Lennard-Jones

Radius (Å)

Tetrahydrofuran (THF) 134.7 3.18

1,4-Dioxane 141.7 3.23

Benzene 148.0 3.28

Chlorobenzene 168.4 3.43

Toluene 176.6 3.48

o-Dichlorobenzene 187.8 3.55

m-Xylene 205.1 3.66

Tetralin 226.4 3.78

Mesitylene 231.2 3.81

Decalin 256.3 3.94
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The average of all the changes in energy over the entire range of [a,b,γ] 

parameters that we studied was calculated as the radius of the LJ atom “solvent” 

molecule is changed (see Figure 3.2). As such, each data point in Figure 3.2 

corresponds to the aggregate of 432 values of the energy from different  [a,b,γ] 

combinations. As might be expected, this figure shows a linear tendency in the change

in energy with the solvent radius. The range of solvents studied cover a significant 

change in ΔE, a range of about 0.5 eV, which is surely sufficient to affect the behavior

of the crystallizing TIPS pentacene molecules. The error bars in Figure 3.2 reflect the 

median absolute deviation (MAD).

Figure 3.2b provides a box plot of values of ΔE for the solvents; it shows the 

median, upper and lower quartiles, and the extent of outliers (outliers are the red 

crosses) for each case.  As can be seen from the graph, there are few outliers relative 

to the total number of data points.
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Table 3.2.  Effective LJ spheres representative of “Solvent” atoms and their effect on
preferred crystal structure parameters

LJ “Solvent” LJ radius

(Å)

ΔEequil (eV) a-axis (Å) b-axis (Å) γ (°)

THF 3.18 -2.14 8.29 7.80 75.16

1,4-Dioxane 3.23 -1.96 8.04 7.79 77.30

Benzene 3.28 -1.97 7.95 7.74 75.46

Chlorobenzene 3.43 -1.87 8.28 7.79 74.33

Toluene 3.48 -1.85 7.95 7.75 75.32

o-Dichlorobenzene 3.55 -1.79 8.00 7.75 75.60

m-Xylene 3.66 -1.64 8.24 7.97 76.10

Tetralin 3.78 -1.57 8.26 7.92 72.52

Mesitylene 3.81 -1.61 7.45 7.97 73.87

Decalin 3.94 -1.32 7.79 7.54 70.87

76



Figure 3.2a. Average change in the energy of a TIPS pentacene unit cell as the radius
of the inserted LJ atom is increased. Mean energy change shown as blue dots; median
energy change shown as red dots. A linear fit to the data is shown as a solid black line.

Error bars are provided in terms of the median absolute deviation.
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Figure 3.2b.  Statistical data of ΔE for each solvent.
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The effect of the presence of the single LJ atom on deviations in the acene 

backbone of the TIPS pentacene molecules nearby (defined in Figure 3.3) away from 

those for the equilibrium unit cell configuration (without solvent) was also studied.  

The mean and median (and the standard deviation) of all the acene angle and side 

group angle changes over the entire range of [a, b, γ] parameters that were studied 

were calculated for each of the solvents and plotted against the solvent radius (see 

Figure 3.4).  From Figure 3.4, it can be seen that changes in the angle formed by C1-

C2-C3 (side A), which are three carbon atoms on the acene backbone, as the inserted 

LJ atom increases in size are more significant than the corresponding angle on the 

other side of the backbone (side B), C3-C4-C5. Side A demonstrated an acene 

backbone bend of 1-3º, becoming increasingly bent as the size of the LJ solvent atom 

increases. In contrast, side B showed only about 1º of bend on average and this does 

not change as the size of the LJ atom is increased. Thus, the bending of the molecule is

quite localized, and the acene bends and twists slightly (see Figure 3.5). The linearity 

of the changes in angle for the acene backbone angle with respect to the solvent radius

indicate that the acene bending and twisting have an impact on the energy profile.

          The linearity of the change in energy against the solvent radii can be seen when 

looking at all of the polymorphs for each of the solvents (see Figures 3.6 – 3.10).  The

five minima for 6,13-TIPS pentacene in each solvent were determined; the energy of 

the crystal using the parameters assigned by Giri et al. without solvent was used as the

base line.
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Figure 3.3.  Schematic of the TIPS-Pn molecule identifying (a) the sides of the acene 
backbone angles as side A (blue lines point to the side implicated as “A”) or side B 
(red lines). Lines connecting the atoms labeled as C1, C2, and C3 determine the angle 
calculated to determine the bend in the acene backbone on side A; atoms C4, C5, and 
C6 form the corresponding angle on side B. 
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Figure 3.4.  Change in acene backbone angle vs. solvent radii. The mean change in
acene backbone angle for sides A and B are shown as blue and red symbols,

respectively, connected by a linear trend line. The median changes are shown as green
and purple symbols for sides A and B, respectively. 
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 Figure 3.5.  Two snapshots from the energy minimization of the TIPS-Pn unit cell in
the presence of the LJ atom  (brown sphere) showing the bending and twisting in the

acene backbone that the atom induces by its presence.
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Figure 3.6. The energy minima for Polymorph I for each solvent.
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Figure 3.7. The energy minima for Polymorph Ib for each solvent.
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Figure 3.8. The energy minima for Polymorph II for each solvent.
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Figure 3.9. The energy minima for Polymorph IIb for each solvent.
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Figure 3.10. The energy minima for Polymorph III for each solvent.
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CHAPTER 4

CONCLUSION AND FUTURE WORK

Conclusions

           The focus of this work is a computational determination of the energy profiles 

of the organic semiconductor molecule, 6,13-TIPS pentacene, and its changes with 

respect to variations in the [a,b,γ] unit cell parameters.  Using MM3 models and 

energy minimization techniques of a search of the [a,b,γ] space, it was observed that it

is possible to identify all five of the polymorphs (I, Ib, II, IIb, and III) observed 

experimentally as mapping to the five lowest energy structures that were found. This 

semi-empirical model had been parameterized against ab initio data that were 

generated for interactions within the molecule that were not available in the TINKER 

database.  Given the conformational flexibility mentioned above, this is by no means a

foregone conclusion.  The quality of the reproduction of the polymorphs provided the 

confidence to investigate the molecular origin driving their formation. 

It was also found that there was a correlation between minimizing the strain in 

the molecule and the location in [a,b,γ] space of the major polymorphs. As the [a,b,γ] 

parameters  values were changed, it was observed that the acene backbone bends and 

twists, the methyl groups and the silyl-ethynyl angle in the TIPS functional group 

rotate. Determining which of these three structural changes (backbone distortion, 

methyl group rotation or TIPS group wagging) is primarily responsible is not 

completely clear. However, several observations helped to create a reasonable picture 
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of the sequence of events that lead to the energetic preference of a particular 

polymorph.

First, the largest strain is encountered when the TIPS group wags or rotates. 

Second, the degree of twisting observed here in the acene backbone was not observed 

in earlier computational studies of the parent pentacene molecules. This suggests that 

the acene backbone changes are an effect rather than a cause. Given the steric “bulk” 

of the TIPS group this conclusion seems intuitively reasonable. Piecing this 

information together, it is possible that this is a “domino effect:” the methyl groups 

that constitute the TIPS group rotate, but work against each other on opposite sides of 

the pentacene backbone.  This causes the silyl-ethynyl groups to wag. As one side 

wags, the other side approaches the equilibrium angle.  Eventually, they begin to work

together, but they induce strain into the acene backbone causing it to bend and twist.  

This possibly affects the energy landscape. Evidence for this connection between 

minimizing strain in the TIPS-pentacene molecule and the energy landscape is 

provided when it is considered that the minima for the angular differences (i.e., a 

minimization of the strain) align closely with the minima of the energy profiles.

The effects of solvent size on the energy profile is also important to this study. 

A Lennard-Jones atom was placed within each of the configurations mentioned above 

and its size varied so that it represented solvents from tetrahydrofuran to decalin. The 

dependence of the average change in energy on the size of the solvent produced a 

linearly increasing trend. As the solvent size increases, the more unstable the 

equilibrium crystal structure becomes. This instability may be caused by the localized 
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strain that the Lennard-Jones atom places on the acene backbone. As the solvent size 

increases, the bending and twisting of the acene angle on one side of the TIPS-

pentacene molecule increases linearly; therefore, the strain on the molecules follows 

the same trend as the change in energy in relation to the solvent size.

Future Work

This project could progress by observing, via molecular dynamics, how the 

molecular orientation evolves as the system is sheared at a constant velocity.  Giri et 

al. reported using shearing velocities between 0.4 and 8 mm/s [1].  Accessible length 

and time scales in MD are angstroms and tens of nanoseconds, respectively, which 

“translates” to velocities on the order of 1e-2 Å in a 10-ns simulation.  

Chynoweth et al. developed an MD algorithm suitable for studying organic 

materials (specifically, lubricants) under shear.  One of the issues with shearing a 

structure using MD is how to account for periodic boundary conditions [2].  For cubic 

structures, a Ewald sum is usually employed; however, Lees-Edwards boundary 

conditions can be applied to a system under shear, taking into account the changing 

boundary [3].  Another issue regarding shear in MD simulations is that a temperature 

gradient can be induced at large shear rates, which is problematic when running 

simulations employing a thermostat.  To circumvent this issue, the SLLOD equations 

of motion can be used, which are a set of perturbed equations of motion that allow the 

system to remain at a constant temperature and can be applied to spatially 

homogeneous systems [4].

To properly study the shearing effects on 6,13-TIPS pentacene, the bottom two
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molecules could be fixed with a constant shear rate applied in the direction of the b-

axis to the top two molecules; the Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS) simulation engine will need to be used, which, unlike 

TINKER, can handle the SLLOD equations of motion and can utilize a similar 

approach to the Lees-Edwards boundary conditions.

The analysis of these structures will involve observing how the energy is 

affected by the changing unit cell angle and comparing the energy for one angle at one

applied shear rate against all other rates.  Also, determining the relationship between 

the energy and the changing the a- and b-axes will be undertaken.  

From Vacuum Conditions to a Solvated Structure

The original experimental observation by the Bao group of the equilibrated and

metastable structures of 6,13-TIPS pentacene involved the introduction and 

evaporation of toluene solvent.  Hence, another step in this project will involve 

studying the behavior of 6,13-TIPS pentacene undergoing shear in a toluene solvent.

Chen et al. performed an experimental study that tested the solubility of 6,13-

TIPS pentacene in a series of organic solvents, which revealed that it is most soluble 

in toluene.  Also, because of toluene’s high boiling point, its evaporation could be 

controlled to form larger crystals and hence was the obvious choice for the Bao 

group’s study [5].  Park et al. studied different solution deposition methods using 

different solvents and how each one affects the field-effect mobility for the organic 
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thin film transistor using 6,13-TIPS pentacene.  They determined that, of the methods 

and solvents tested, drop casting using a toluene solvent yielded the highest field-

effect mobility (1.2 cm2/Vs) [6]. 

The next task will be to model a vapor-liquid interface between the unit cell of 

6,13-TIPS pentacene and toluene vapor.  The simulations would allow us to be able to 

visualize and comprehend how the interactions of toluene with 6,13-TIPS pentacene 

can stabilize the unit cell at an equilibrium configuration and how its absence 

significantly reduces the system’s stability.

In order to study the effects of toluene on the dynamics behind the transition 

from a metastable to an equilibrated state, the energy-minimized unit cell and 

sufficient toluene molecules to cover the top of the two molecules to which the 

velocity would be applied would be isolated.  The toluene layer will be large enough 

so that (if shear were being applied) the top two molecules would remain covered for 

the longest values of the a- and b-axes and the largest value for γ.  

After each configuration has been energy-minimized, they will also be 

equilibrated but separately at first; this is to allow each structure to be able to come to 

a “steady” configuration at the required temperature without interfering with each 

other.  The toluene will be equilibrated as a vapor, and 6,13-TIPS pentacene will be 

equilibrated as a liquid.  Once they have both equilibrated, the two “layers” will be 

combined and form a vapor-liquid interface, NPT (constant pressure and temperature) 

simulations will be performed, and the energy with respect to simulation time step will

be observed.  In addition, determining how the unit-cell angle and the lengths of the a-

93



and b-axes change will be investigated. 

This is an initial investigation working under the assumption that since the 

bottom two TIPS molecules remain fixed during the shearing process, surrounding 

them with toluene vapor may not be necessary.  However, toluene is the solvent in the 

solution being sheared; the reorganization observed by the Bao group could be due to 

toluene providing some sort of stability to all of the atoms in the system.

           To observe the solvated 6,13-TIPS pentacene system under shear, the previous 

two calculations will be combined by first minimizing and equilibrating liquid 6,13-

TIPS pentacene and toluene vapor and then combining them.  Once the two are 

brought together (whether as two separate “layers” or as a fully-solvated system, 

depending on what will be determined from the previous calculation), they will be 

equilibrated and a constant shearing velocity in the direction of the b-axis will be 

applied to the top two molecules.  The relationship between the change in unit-cell 

conformation and the energy will be determined and compared against what was 

found for the system in vacuo.

Parameterization

              In order to study this in LAMMPS, the system will need to be re-

parameterized as MM3 is not supported in LAMMPS.  Instead, OPLS could be used to

model the bond lengths, angles, and dihedrals.  The same steps for parameterizing 

6,13-TIPS pentacene in MM3 will need to be used in OPLS.  Whatever bond lengths 

and angles are unknown, a Gaussian09 optimization calculation will need to be run to 

obtain the equilibrium parameters.  Then, the bond lengths will need to be stretched 
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and contracted and the bond angles will need to be bent; each configuration will be 

submitted to a single-point energy calculation in Gaussian09 and the data fitted against

the bond stretching and angle bending equations for OPLS.  
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