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Abstract

This report documents research carried out by the author throughout his 3-years
Truman fellowship. The overarching goal consisted of developing multiscale schemes
which permit not only the predictive description but also the computational design of
improved materials. Identifying new materials through changes in atomic
composition and configuration requires the use of versatile first principles methods,
such as density functional theory (DFT). Using DFT, its predictive reliability has
been investigated with respect to pseudopotential construction, band-gap, van-der-
Waals forces, and nuclear quantum effects. Continuous variation of chemical
composition and derivation of accurate energy gradients in compound space has been
developed within a DFT framework for free energies of solvation, reaction energetics,
and frontier orbital eigenvalues. Similar variations have been leveraged within
classical molecular dynamics in order to address thermal properties of molten salt
candidates for heat transfer fluids used in solar thermal power facilities. Finally, a
combination of DFT and statistical methods has been used to devise quantitative
structure property relationships for the rapid prediction of charge mobilities in
polyaromatic hydrocarbons.
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1. INTRODUCTION

Enhancing the predictive power of computational materials simulation is instrumental to fulfill
the national mission. The virtual tuning of material's properties through the engineering of the
atomistic composition and structure represents a potential impact which can hardly be
overestimated. Entire technologies, e.g. involving bio-hazards, water purification, explosives,
molecular electronics, or harvesting light for renewable energy, would benefit from a successful
outcome of such a capability.

Various ingredients are required to achieve said goal.

1. A material's model that is system independent. For this work Density Functional Theory
(DFT) was chosen.

2. Sufficiently accurate models yielding material's property predictions which permit the
purposeful identification of novel materials with improved properties.

3. A model that allows for variable composition and, if possible, the calculation of gradients
in compositional space, dubbed Chemical Compound Space (CCS).

4. Multiscale approaches that allow to address the computational improvement of materials
at one time&length scale to optimize properties at other scales.

In the following, progress is documented regarding above points 2 and 3.






2. ACCURACY

2.1. Band-gap accuracy of DFT

Design of gallium pseudopotentials has been investigated for use in density functional
calculations of zinc-blende-type cubic phases of GaAs, GaP, and GaN. A converged construction
with respect to all-electron results has been described. Computed lattice constants, bulk moduli,
and band gaps vary significantly depending on pseudopotential construction or exchange-
correlation functional. The Kohn-Sham band gap of the Ga-(V) semiconductors exhibits a
distinctive and strong sensitivity to lattice constant, with near-linear dependence of gap on lattice
constant for larger lattice constants and a I'-X crossover that changes the slope of the
dependence. This crossover occurs at ~#98, 101, and 95% deviation from the equilibrium lattice
constant for GaAs, GaP, and GaN, respectively. See Ref. [1] for details.

2.2. Van der Waals forces in DFT

2.2.1. Interatomic many-body contributions in DFT

We have found spuriously large repulsive many-body contributions to binding energies of rare
gas systems for the first three rungs of “Jacob’s Ladder” within Kohn-Sham density functional
theory. While the description of van der Waals dimers is consistently improved by the pairwise
London Cg/R6 correction, inclusion of a corresponding three-body Axilrod-Teller Co/R® term

only increases the repulsive error. Our conclusions, based on extensive solid state and molecular
electronic structure calculations, are particularly relevant for condensed phase van der Waals
systems. See Ref. [2] for details.

2.2.1. Interatomic 2 and 3-body contributions from DFT

We have presented numerical estimates of the leading two- and three-body dispersion energy
terms in van der Waals interactions for a broad variety of molecules and solids. The calculations
were based on London and Axilrod-Teller—Muto expressions where the required interatomic
dispersion energy coefficients, Cs and C,, are computed “on the fly” from the electron density.
Inter- and intramolecular energy contributions have been obtained using the Tang—Toennies (TT)
damping function for short interatomic distances. The TT range parameters have equally been
extracted on the fly from the electron density using their linear relationship to van der Waals
radii. This relationship has empirically been determined for all the combinations of He—Xe rare
gas dimers, as well as for the He and Ar trimers. The investigated systems included the S22
database of noncovalent interactions, Ar, benzene and ice crystals, bilayer graphene, Ce dimer, a
peptide (Alay), an intercalated drug-DNA model [ellipticine-d(CG),], 42 DNA base pairs, a
protein (DHFR, 2616 atoms), double stranded DNA (1905 atoms), and 12 molecular crystal
polymorphs from crystal structure prediction blind test studies. The two- and three-body
interatomic dispersion energies contribute significantly to binding and cohesive energies, for
bilayer graphene the latter reaches 50% of experimentally derived binding energy. These results
suggest that interatomic three-body dispersion potentials should be accounted for in atomistic
simulations when modeling bulky molecules or condensed phase systems. See Ref. [3] for
details.



2.3. Nuclear Quantum Effects

Intermolecular enol tautomers of Watson—Crick base pairs could emerge spontaneously via
interbase double proton transfer. It has been hypothesized that their formation could be
facilitated by thermal fluctuations and proton tunneling, and possibly be relevant to DNA
damage. Theoretical and computational studies, assuming classical nuclei, have confirmed the
dynamic stability of these rare tautomers. However, by accounting for nuclear quantum effects
explicitly through Car—Parrinello path integral molecular dynamics calculations, we have found
the tautomeric enol form to be dynamically metastable, with lifetimes too insignificant to be
implicated in DNA damage. See Ref. [4] for details.
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3. ALCHEMICAL CHANGES AND DERIVATIVES

3.1. Free Energies of Solvation from Alchemical Growth

We have applied AIMD methods in conjunction with the thermodynamic integration or “A-path”
technique to compute the intrinsic hydration free energies of Li+, Cl—, and Ag+ ions. Using the
Perdew—Burke—Ernzerhof functional, adapting methods developed for classical force field
applications, and with consistent assumptions about surface potential (¢) contributions, we have
obtained absolute AIMD hydration free energies (AGnya) within a few kcal/mol, or better than
4%, of Tissandier et al.’s [J. Phys. Chem. A 102, 7787 (1998)] experimental values augmented
with the SPC/E water model ¢ predictions. The sums of Li*/Cl and Ag’/Cl" AIMD AGhyq, which
are not affected by surface potentials, are within 2.6% and 1.2% of experimental values,
respectively. We have also reported the free energy changes associated with the transition metal
ion redox reaction Ag*'Ni"— Ag'Ni** in water. The predictions for this reaction suggest that
existing estimates of AGy,q for unstable radiolysis intermediates such as Ni* may need to be
extensively revised. See Ref. [5] for details.

3.2. Alchemical derivatives of reaction energetics

Based on molecular grand canonical ensemble density functional theory, we have presented a
theoretical description of how reaction barriers and enthalpies change as atoms in the system are
subjected to alchemical transformations, from one element into another. Changes in the energy
barrier for the umbrella inversion of ammonia has been calculated along an alchemical path in
which the molecule is transformed into water, and the change in the enthalpy of protonation for
methane has been calculated as the molecule is transformed into a neon atom via ammonia,
water, and hydrogen fluoride. Alchemical derivatives have been calculated analytically from the
electrostatic potential in the unperturbed system, and compared to numerical derivatives
calculated with finite difference interpolation of the pseudopotentials for the atoms being
transformed. Good agreement has been found between the analytical and numerical derivatives.
Alchemical derivatives have thereafter also been shown to be predictive for integer changes in
atomic numbers for oxygen binding to a 79 atom palladium nanoparticle, illustrating their
potential use in gradient-based optimization algorithms for the rational design of catalysts. See
Ref. [6] for details.

3.3. Variable Composition and Accurate Derivatives in CCS

Analytical potential energy derivatives, based on the Hellmann—Feynman theorem, have been
presented for any pair of isoelectronic compounds. Since energies are not necessarily monotonic
functions between compounds, these derivatives can fail to predict the right trends of the effect
of alchemical mutation. However, quantitative estimates without additional self-consistency
calculations can be made when the Hellmann-Feynman derivative is multiplied with a
linearization coefficient that is obtained from a reference pair of compounds. These results
suggest that accurate predictions can be made regarding any molecule’s energetic properties as
long as energies and gradients of three other molecules have been provided. The linearization
coefficent can be interpreted as a quantitative measure of chemical similarity. Presented
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numerical evidence included predictions of electronic eigenvalues of saturated and aromatic
molecular hydrocarbons. See Ref. [7] for details.

3.4. Thermal and Transport Properties of Three Alkali Nitrate Salts

Thermodynamic and transport properties for nitrate salts containing lithium, sodium, and
potassium cations were computed from molecular simulations. Densities for the liquid and
crystal phases calculated from simulations were within 4% of the experimental values. A
nonequilibrium molecular dynamics method was used to compute viscosities and thermal
conductivities. The results for the three salts were comparable to the experimental values for
both viscosity and thermal conductivity. Computed heat capacities were also in reasonable
agreement with experimental values. The computed melting point for NaNO5; was within 15 K of

its experimental value, while for LiNO5 and KNOj3, computed melting points were within 100 K

of the experimental values. The results show that very small free-energy differences between the
crystal and liquid phases can result in large differences in computed melting point. To estimate
melting points with an accuracy of around 10 K, simulation methods and force fields must yield
free energies with an accuracy of around 0.25 kcal/mol. Tests conducted on a well-studied
sodium chloride model indicated negligible dependence of the computed melting point on system
size or choice of integration temperature. See Ref. [8] for details.

3.5. Molten Salt Eutectics from First Principles Simulation

Excess free energies of liquid mixtures have been computed using molecular dynamics
simulations that involve alchemical transmutations. These free energies, together with free
energy differences between liquid and solid pure components as obtained from Ref. [8], have
thereafter been combined to determine eutectic compositions and temperatures of the ternary Li,
Na, and K nitrate system. See Appendix A for details.
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4. CHARGE MOBILITIES OF POLYAROMATIC HYDROCARBONS

QSPRs have been developed and assessed for predicting the reorganization energy A (ranging
from 0.1 to 0.3 eV) of polycyclic aromatic hydrocarbons (PAH). Preliminary QSPR models,
based on a combination of molecular signature and electronic eigenvalue difference descriptors,
have been trained using nearly 200 PAH. Monte Carlo cross-validation systematically improves
the performance of the models through progressive reduction of the training set and selection of
best performing training subsets. The final biased QSPR model yields correlation coefficients g°
and r? of 0.7 and 0.8, respectively, and an estimated error in predicting A of +/-0.014 eV. See
Appendix B for details.
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5. CONCLUSIONS

Progress has been documented regarding the quantification of errors made when using
pseudopotentials and DFT functionals for band gaps of important semiconductors [1], when
using DFT for cohesive energies of weakly bonded systems [2, 3], and when neglecting the
nuclear quantum nature in proton transfer reactions [4]. Regarding CCS, studies were carried out
dealing with the continuous growth of ions for the computation of free energies of solvation [5],
or with the variable composition and derivatives of reaction energetics [6], or with the derivation
of general paths and accurate gradients that can connect any two compounds [7]. Using pseudo-
critical paths thermal and transport properties of three alkali nitrate salts were studied [8], their
ternary eutectics were elucidated through combination of those results with alchemical changes
to extract excess free energies of mixing [Appendix A]. Finally, QSPR models were developed
for the rapid estimation of reorganization energies of polyaromatic hydrocarbons [Appendix B].
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Muolten salt eutectics from first principles simulation

Saivenkataraman Jayaraman,! Aidan P. Thompeon,! and (. Anatole von Litienfeld®

! Multineale Dynemic Meleriols Modeling Depertment
8 Surfoce end Interfoce Seiences Deporiment, Sondio Notiono! Loborofories, Alhuquerque, New Mezico #7185, US4
(Dated: September 14, 2010)

A method to compte excedd free enargy of lgnid mivtnres with molecnlar dynamics simunlations
imvolving alchemical ttansmutations is presented. These frea energies, together with free energy
differences hoatweon lignid and solid pure components are nsed to determine entectic compoditions

and tem paratures.

Indraduction: Low meliing molten walt mixinres are
being wompht as heat trandfer fuids for solar thermal en-
ergy systems[l, 2]. Currently, entectics of alkali and al-
Imline earth nitrates and nitrites are being nsed. Due to
the high dimensionality of the search space , scanning
for bw melting mixture compositions experimentally is
a challenpge. Therefore, entectics are of great importance
in the rational design of optimred materials.

Here, we present a first principles approach to de-
termine entectic compositions and temperatures.  To
th end, fimt, a method to compute the excess molar
Glibbe free energy (g®7) of mixing of liquids is described.
It combimes thermodynamiss and statistial mechanics
principles applied to alchemical chan gess aomdncted neing
molecnlar dynamics (MD). Secomd, by apprxdmating the
solid phase properties by those of the pure coamponents,
we 1se the lignid phase g%~ data to estimate temperature
and compesitiom of multicomponent entectics. To illos-
trate our approach, we present its application to binary
and ternary mixtures of lithinm, sodinm and potassiim
nitrate, represented by empirical nteratomic potentials,
Both calemlated entectic temperature and composition
are In good agreement with experimentally determined
values[3—6].

Methodalogy: The fimst step in compnting ¢%* as a
fimction «f composition () is to compute Ay, the free
energy ammociated with the alchemical transformation of
one cumponent into another. In a binary mixdire A-
B at conposition =4, for example, an alchemical trans-
formation of particle A into B is performed ax a linear
finction of the trandformatiom variable A, and the free
energy difference for this transformation is compnted via

— XA

Az '
= dzt, A A
P PV f: Tl AR+ At

where fu gz i the free energy of alchemical trandorma-
tion of & to B at compestion (x4, 5, 2c). g5Z and gfZ
are ¢ of binary mixtires A-C and B-C respectively.
T4, Tmy, and o are component mole fractions, where

za+ x5 +xc = 1. Betting v~ = 0 in Eq. 4 yield: Eq. 3
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thermodynamic: integration[7], in similar vein to Haile's
parameter charging approach[8]. Figure 1 shows this al-
chemical tranformation schematically.

» H=
':o o:' ':o e
jl\:\lh_)o (—l’_‘n(-) C; I’_l ; \;_;o
MNa, Ng |"«l,-s.+1J N3-1

FIG. 1: Alchemical tranafivemation schew atic in a binary mie-
tra of A and B. Solid and open particles are of fype A and
B respectivaly.

The interaction of the transformiog particle with the
rest. of the mixture i geverned by the following, potential

1

The free energy difference for this trandformation ix com-
puted from thermod ynamie integration as

)

where 7 ix the total potential energy of the gystem, 7 =
%, ;. For a binary mixtnre A-B, ¢ & computed from
Ay uming

(T, A = Mg (r) + (1 — Meygir),

o
=2

@

=] 1
So(earn) = [ adu-a | ahde @
[u] [n]

while for a ternary mixture 4-B-C, g7 is given by

A
S5e

W

g4z +

A o3
A+ TE TA T TE

For a binary mixture, the free energy of a mixture in
a phase i g(za) = zagh + 2252 + 5™ + g%, where
g7 are the free energies of the respective pure compo-
nents and g™ = 1/FzaInza+ zslnzs), the ideal free
energy of mixing. At phase egnilibrinm, the chemical
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FIG. 2: Demonstration for Li-K system. The solid corves
are the frea energied of mixing for the lignid phase, while the
dashed lines are lines joining the two pore component solid-
lignid free anergy differences.

petentiak of the individual components are equal in the
coexisting pharess. This requirement can be represented
graphically by a commm tangent hyperplane drawn be-
tween points on the free energy surfaces of the coexdting
phases5]. For solid-lipnid phase coexdistence, Imowledge
of the stmctire and free energy of solid solntions is essen-
tial to compnte g€z, Althongh methods have been de-
veloped to compute free energy of simple solid solntions
[10] and to compnte solid-liqnid phase equilibria [11-13],
for mibdtnres: of more complex molecnles, this task of com-
puting free energiess of volid mixtnres still remaines chal-
lenging. More complicated, time-conrmming efforis have
been 1xed to compute phase diagrams of mixtures[14)].

The goal of this sindy ¥ to estimate the entectic com-
peitions and temperatnres, and bence acourate calenla-
tion of the entire phase diagram ix 1mnecessary. In onr
approach, the entecty: temperature and composition are
located as the point of tangency of a common tangent
Lyperplane construcied between pure component solid-
Liguid free energy differences to the liguid phase free en-
ergy of mixing (g™ = = g™ 4 ¢%=) mrface. ¢ ix cal
culated from Eqs. 3, 4 while ¢™ is analytic, and the
wolid-iquid free energy difference is compnted nsing the
method outlined in [15] Since binary and ternary mix-
tnres of lithinm, sodinm and potassinm nitrates are the
main fooe of thi stndy, henceforth the components of
the mixtures will be designated as Li, ¥a, and K respec-
tively. Figure 2 dememetrates the tangent approach for
the Li-K binary mixture.

Computational details Simulations were performed
pericdic systerms f 576 km pairs at 773.0 K nxing
LAMMPS[16], an open sonrce MD package. The em-
pirical interatomic potential is the wame ax that nsed o
a previons study of the melting points of pure 14, Xa and
K mpitrates[17]. The three binary systems Li-Na, Li-K
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and Na-X, as well ar the ternary Li-Na-K system were
chosen fr this study, and coanpositions equally spaced
over the entire composition range (11 for binary and 45
for ternary) were welected for simmlatioms. The MD sim-
ulation: were condncted m the NPT ensemble nsing the
Nowé-Hoover thermostat and barostat[18]. Time con-
stants of 0.1 and 0.5 pr were nsed for the thermostat
and barstat, and a timestep of 1 s was wed for the
simulations. A entoff of 12 A was used fix the Buck-
ingham and Conlombic interactions, with tail correc-
tions applied to the Buckingham patential. The particle-
particle-particle-mesh (pppm) method[19] was msed for
long-range electrostatios, with an aconracy of 1072,

Butectic point for mistures: The excess free energies in
the liguid phase of the binary mixtnures LiX(:-XaX (s,
XaN0 KN (s, LiND:-KN(;, and the ternary mixtire
LiNO:-XaXN(:-KN(; were computed. Free energy dif-
ferences between liqnid and solid phases for pure LiN Oz,
XaN0s, and KNOs were taken from Ref. [17], a theoet-
ial estimate according to Bef. [13].

Figure 3 flhwtratess onr method for three different tem-
peratures for the ternary mixture. The triangnlar plane
containing the solid-liquid free energy differences for the
pure LiNCs, XaN0; and KNC: moves npwards as tem-
peratiure increases, while the free energy surface for the
liqnid phase becomes deeper. The temperatire at which
the triangnlar plane it a tangent to the liqnid free energy
snrface is when the liquid phase coexdists with three solid
phares;, and hence, is the entecti. Figure 3(b), the pmk
arrow mape the location of the entectic composition onto

the triangle diagram.

Binary entertis for TeNa and Na-K mixtures were
compnted from plots similar to figure 2. For ease of leeat-
ing the temary entectic, a fifth order paynanial was fit
ta g™ of the liquid phase. Fignre 4 compares the com-
puted entectic ines with experiment. The varions binary
and ternary entectics are located on the e, The poly-
nomial fit captures the enrvature of the ternary mixtire
in the middle, while at the edges which are the location of
the binary mixtires, the fit does not perform well. Thixs
can be zeen in the case of the Na-K mixiure. Thi inacen-
racy does not play & role in the estimation of the ternary
entectic. The individnal arme of the phase disgram were
computed by constmeting tangent hyperplanes between
the liquid phase free energy and the respective pairs of
pire sdids carresponding to the low melting bmary en-
tectic being tracked towards the ternary entectic.

Table I compares the computed entecti: compositiones
and temperatures: fiw the binary and ternary mixtures
against experimental data available in lieratire. The
compnted entectic temperatnres and compositiones agree
well with the experimental data, especially considering no
information abont solid mixinres was need in compnting
these entectic points. We note that the entectic pomts
compnted by armming ideal mixing for the liquid phase
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of liquid and solid phases at (a) 398 K, (b 410 K, and (¢} 418 K. The pink vertical arvow in (b} indicatea the location of the
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TABLE I: Calculated entectic points, and experimentally determined emtectic points for himary and termary alkali mitrate
mixtared. Compoditions are in molefeaction unit, and the temperatnres in K. The sncertaintied in the valne compated in thia

atttdy are indicated in beackets

(3} (1)

Ha MOy T3 LD, — KN Oy T2 EWNaWO,— KN, T2

Refarence =0 TE P
Borgman and Nogoev[3] 0376-0.18-0.445 393
Carvethl4] 03-0.140.56 393
Bergman and Nogoev|20] -

Maeso and Largo [5] - -
Kramer and Wilaon [5]

This stndy (ideal mix) 0.44-0.235-0.325

0.5-0.5 479

- - 0.5-0.5 498
0350565 405

0.45-0.56 494
- - 40.5-69.5 408 - -
0.55-0.45 474 0.55-0.45 410 - -
- 0.5-0.5 LY

418 0.66-0.34[0.04) 44007 0.59-0.41(0.04) 436(6) 0.42-0.58(0.06) 462(8)

This study (non-ideal mix) 0.44-0.21-0.35(0.04) 411(4) 0.66-0.34(0.04) 435(8) 0.59-0.41(0.04) 423(6) 0.43-0.57(0.05) 460(8)

de oot deviate significantly from those for which ligquid
phase excess free enerpies were computed 1sing molecnlar
simmilations. The compositicne show very little deviation,
while for the mixtures, the temperature can deviate by
more than 10 X. Therefore, for mixtures which do not
deviate significantly from ideality, entecti: composition
can be estimated 1xing only pure component. free energy
data. The only computational expense will be in the
rigoros calenlation of the free energy difference between
the solid and hquid phares: for the pure canponents.

Conclugions: We nsed alchemical chanpges to compute
excess free energies of mivinres. The proposed method
viekls good resnls for the entectic composition and tem-
peratire. The search space for experimentally locating
the lwest melting composdtion can be rednced drasti-
cally nsing this method. Thik method # versatile enomph
to be extended to higher dimensional mixtures provided
that pood intermalernlar potential parameter: are avail-
able. The free energy difference between the pure solid
and hHquid phares, and the hqnid phare excess molar free
energy of mixing are the only mformation which need to
be compited. Fer mixtures which do not show significant
deviation from ideal mixing, mixinre calenlations can be
avoided entirdy. Both the alchemical change methad
and the tangent method can be extended quite easily
to higher dimensional mixtimes, or dther potentials or
even ab-instic MD. The alchemical method i not Km-
ited to empirical potentials, and preater acenracy will be
achieved wing ab-nitie methods [21]. Extension of the
method to mixtures of monovalent and divalent o mulk
tivalent. cations will be investipated.
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Quantitative structure-property relationzhips for charge tranzfer rates of polycyclic
aromatic hydrocarbons
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Cluanti takive skrastare-property relationzhips (5P R=) hose been developed and seseesed for pre-
dicking the recrganization energy A of polyoyclic aromatic hydrocarbons (PAH). Preliminary QPR
models, bazed on o combinastion of molecular signature and electronic sigenvalue difference descrip-
tors, hawe been trained using neszly 200 PAH. Monte Carlo croes-validation systematicall ¥ improves
the performance of the models through progressive reduction of the roining set and selection of best
performing troiming subsets. The finel bicsed QSPR modsl wiclds cormrelotion cocficients q2 and 72
of 0.7 and 0.8, respectively, and an estimated error in predicting A of £0.014 W

I. INTRODUCTION

A key property of organic semiconducking materials
15 that their conducking propertiss can be tuned by op-
timizing their chemical structurs™®. A practical routs
to do this includes synthesis of & new compound, opti-
mizabion of ks processing conditions, fabrieation of the
device, and measurement of its performance (properkiss).
By repeating this procedure one can frimulats structure-
proceasing-property relationships and proessd with the
rational design of organic ssmiconductors.

It iz of course temphing to assist this design by Aest
optimizing material properties using computer simula-
tions and modeling. To do this, one has to At devis
methods able to predict the property of interest starking
from the dhemical struckure and (preferably) without, or
with & minimum of, Atking parameters. The second step
conaists of correlating these properties with the structurs
for a specified training set of compounds, and then invert
the formulated quantitative structure-property relation-
ghip in order to predict opbimal eompounds for & apecific
property range.

For organic s=miconduckors, already the Arst atep in
this acheime i3 non-trivial since charge carrier mobility
depends on the elechronic structure, local molecular or-
dering, as well as global percolation pathwigrs for charge
carriers. Without going into the details we can say that
this is a typical multiscale probleim and attempts to solve
it conatitute an entire ressarch Geld® 7. Our current ex-
perisnce tells us that it i3 not possible to directly evaluats
charge carrier mobility as a property of inbersat for an
arbitrary chemical compound, sines ssveral assumptions
#hall be made about the material morpheology, type of
transpork, and the model used to describe it. One could,
nevertheless, ask the question whether it s poasible to
find adequate quantitative structure property relation-
ships (Q3PHRs) in order to relate chemical structure to
charge transport properties, once the link betwesn the
atructurs and mobility is well established.

In this paper, we coastruct and assess the quality of
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several such QSPRa in the context of organic ssmicon-
ductors. As a test gystemn, we use polycyclie aromatic
hydrocarbons [PAHz) FPAHs or, more specifically, dis
cotic liguid crystals when condensed, have already found
application in orpanic solar cells and feld =ffeck tran-
sigtora®®19 A typical chemical structure of a discotic
liquid eryatal consists of a Aak conjugated core with side
chaina atbached to its periphery Discotics s=lf-assemble
inte eolumnar structures with aromatic corss stacked on
top of each other Owerlap of the w-orbitals of these
cores enables charge transport along columns, rendering
thess materials one-dimensional ssmiconductors. The ef-
feiency of charge transport can be enginesred by either
wvarying the shape and size of the conjugated core or by
influencing their packing by modifying the attached side
chains.

Due to astruchural, dynamical, and energetic disor-
der, charge transport in discotic liquid crystals oc-
curs via charge carrisr hopping betwesn the neighboring
moleculss. The rate of hopping is given by the high-
temperature non-adisbatic Mareus theory®2%2

N RIS
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where Jy; is the electronic coupling matrix element be-
twesn the neighboring moleculss ¢ and j, A ig the re-
organization energy, AG;; is the free energy difference
betwesn the initial and fnal states, kg iz Boltamann’s
eonstant, and T iz the temperature.

Eg. (1) identifiss s=veral important for charge brans-
pott parameters. The tranafer intepral, Ji;, is relabed to
the overlap of electroniec orbitals (highest occupied molec-
ular erbital (HOMO) for the heole and lowest meleeular
orbital (LUMO) for the electron transport). As such, it
is wery sensitive to the relative position and orientation of
neighboring molecules™1 ™22 In ecolumnar phases of dis
cotics, the maximum of the transfer integral is achieved
in a face-to-facs molecular arrangement, with the typical
intermolecular distance of & = 3.5 A% Tn what fol-
lows we azsume such an “ideal” melecular arrangement,



slnes it maximizes charge transport and henes provides
an upper bound for the charge mobility which can be
reached experimentally. We ignore the distribution in
tranafer inbergals due to thermal Auctuations as well as
static defects in morphology.

Ancther parameter, AG;;, is bthe fres enerpy differencs
betwesn the states with charge localized on the molecule
tor 7. For an ideal face-to-face arrangement this contri-
bution vanishes dus to equivalence of the initial and fnal
stakes.

Finally, an important ingredient inAuencing charge
transport s the internal reorpanisation ensrey, A IE only
depends on the chemical struchure of & compound, not on
processing or motphelogy. It expresses the strength of
electron phonon coupling and has an exponential impack
on the transfer rate, with small A favoring more efficient
charge transport.

For an ideal facsto-face eolumnar aligniment the mo-
bility of charge catrier along the column is proportional
to the hopping rate with AG; =0

wigd? _ T x A
= = — )
kxT  RepT Y ke Ta S ey (2)

where 4 is the distancs betwesn neighboring sites and all
other symbols have the same meaning as in BEg. 1. We
can therefore argue that large hopping rates (that is large
transfer intergals, small reorganization enscgies] favour
high charpe mobilitiss. Hencs, the potential deacriptors
ghall link the chemical sttuckure of & compound with the
hopping rate, or, alternakbively, J;; and A valuss.

In this astudy we develop appropriate structure-
mebility GSPRs. To do this, we frst present how the
FPAH compound data sst was generated and used to ae-
lect the parameters dominating the charge transport in
columaar phases of discotics. We then present two de-
acriptors and assess their perforimance within preliminary
GSPR medels. Finally, a robust QFFPE model s de
wveloped wsing Monte Carle crom--alidation for wariable
training test-set ratios.

II. COMPOUND DATA SET

When attempting to predict the charge carrier mobili-
ties of PAHs uasing yet-to-be specified molecular descrip-
tors, it is not clear a priori which of the thres physi-
cal parameters introduced abowve dominates the charge
transfer rates. In order to (a) facilitate identification
of the dominant physical parameter and (b)) s=tup the
reference valuss for our prediction, we hawve generaked
o ecompound data set of PAHs and analyzed its prop-
ertiss. Starting from benzens, we have appended addi-
tional aromakic rings at random avalable bonds. We
hawe used standard earbon-carbon and carbon-hydrogen
bond-lengths and angles, checking for atom overlaps as
well az aromaticity, and discarding multiple copiss of the
awme PAH. Thus, a data ast of 211 closed shell aromatic
FAHs with up to nine benzene rings has besn generated.
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For the remainder of this paper the foeus will lie on
hole transport. In this cass, the reorpanization enecgy
can be writhen as a suwm of the relaxation energies in
neutral and positively charged state

A=EY-EL+E - Et (3]

Hers 57 is an energy of the compound in charge state g
and geometry g, ¢ = U corresponds to & neutral molecule,
g =+ to a cabion. g = » indicates optimized geometry
of & neutral meolecule, while g = c corrssponds to an
optimized cation geomety.

Aceording to BEq. 3, the reorganization energy can be
easily evaluated using electronic structure caleulations by
computing four enerfies on the two potential energy sue-
faces of the neutral and cakionic species. A has besn com-
puted for each compound with density functional the-
ory (DFT) using the B3LYP hybrid-functional®® and the
B-3114+g(d,p) basis set, using the Gaussian 03% pro-
pram suite. Four caleulations per compound are neces
sary, peometry optimizations for the neutral (E2) and
cationic [ET) species, and single point enetgy caleula-
tions for the cabtionic species in the neutral geometey
(EF) as well as for the neubral species in the cationic
peometey (E2). Fig 1(a) displays the values of A in as
eznding order topether with their distribution in the data
set. The 211 compounds have an average recrganization
energy of 0.13eV, with a spread from 0.06 to 0.30€V (s=e
also Table 0T for more details).

As was mentioned abowve, the tranaer inbegrals J; in
Eg. (1) depend on the relative geomstrical configuration
of two molecules For our s=t of PAHs, these trangder in-
teprals hase their maximum value for o face-to-face ori-
entation, in whidh the overlap of the w-orbital system ia
maximal. Typically the molecules arrangs at 4 van der
Waals distance of about 3.5A Thersfors, we have cal-
eulated Ji; for such a co-facial prometry (or eolumnar
alignment] &b such & mutual distance, based on Zernec’s
Intermediaste Meglect of Differential Overlap (ZOTDO) us
ing the Molscular Orbital Owerlap (MOO) package™.

Panel (b) of Fig. 1 shows the resulking walues of J in
ascending order and its distribution within the data a=t.
The tranafer inteprals span aranpeof 0.1 to 0.5V, which
iz relatively larpe due to the assumed columnar stack-
ing of the molecules. The distribution s rabher sharply
peiked at about 042V, indicating that thers are only
faint variations of J within the data s=t. Using the wal-
ues obtained for the reprpanization energy and the trans-
fer integral, we have evaluated Bq. (1) to determine the
branafer rabes wy; for sach compound. The corresponding
digtribution is shown n Fig. 1(c).

Finally, Fig. 1(d) combines the three parameters = =
A, J, w plotted as a funchion of the Asorted compound
index. To facilitate an easy comparison, all values are
shown relative to the value of the eompound with in-
dex zero (zg). This representation illustrates that among
the thres parameters the reorganization ensrgy has the
larpest velative wariancs, and that the trander integrals
only aightly Auetuate around a constant value The lat-
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FIG. 1. (Chlor online) Analysis of recrganization energies, transfer integrals, and transfer rates in the PAH compound data
=ct: Sorted wolues of (2] A [Black circles], (B) 7 [green up triangles], and () w [Hue down triangles] a= functions of compound
indices, a= well a= the respective compeound distributions (red lines). For illustrative purposes, three compounds ab b values
008, 0.14, and 0.18eY are shown o= insets in panel (). Fanel (d) shows a combined plot of the three properties against
the Mzorted compound indes. The red dazh-dotted line indicates a A-only prediction of the transfer rates bazed on Eq. (1)

azmuming & uniform traosfer integral for the date. ==t

ter i3 a good indication that it s indeed mainly the re-
otganization ensrpy that dominates the transfer rates,
and thershy the charpe carrier mobilities via Hq. (2).
To emphasize this notion, we have also included a A
only estimate of the transfer rabes, which is bassed on
the assumphion of & constant transer integral for the en-
tire daka s=t. The reault (shown in Fig. 1(d) by the red
dash-dotted line) eorroborates the notion of A-dominated
charpe transfer. Based on this analysis one can conclude
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that a prediction of charge transfer propertiss/mobilities
in PAH= from molecular descriptors can be reduced to
the prediction of the molecular reorganization energy. In
the following s=ction we will analyze the performance of
different descriptors referring to results presented in this
sechion.



III. RESULTS AND DISCUSSION

Any attempt to develop analytical but gquantitative
atatistical relationships between physical properties of a
compound and its shructure relies on the definition of
wvariables [deseriptors] that characterize the underlying
atomistic structure. Many descriptors are conesivable in-
cluding, for instance, thoss that are exclusively based on
geometrical molecular features such as dewiations from
planarity or linearity. Appendix A describes ssveral of
such scalar descriptors that we have investigated but re-
jeeted simply dus to their low correlation with the reor-
ganizabion ensrgy (ase Table ). For the sake of a com-
pact pressntation, we limit the discussion in this ssetion
to the two descriptors (signature and Ae) that turned
out to hawve the larpest correlation with A We frst dis-
cuss their use for the preliminary QSFPE models that are
based on the full 211-compound PAH data s=t. Then we
present the development of “biassd” QSFR modsls after
pattitioning the data s=t into a 188-compound training
aet and a 23-compound test sst. Finally, we discuss the
wilidity of the biased models in the light of their predic-
tive power regarding recrganization energies of the test
ast compounds.

A, Molecular signature

The melecular signature & 4 compilation of a st of
atomic signatures, {o} that occur in & melecule. It was
firat presented and applisd in the conbext of structure slu-
cidation®®, and later defined for acyclic compounds and
ug=d in QSPR analysss™. An atomic signature describes
the extended covalent bonding neighborhood of an atom
within a molecule up to a certain “height” (k). Je= Fig. 2
for more details on how atomic sigeatures (Mo are gen-
eraked. The melecular sigrature for a given height s a
wector that contains the frequencies of all the *o occur-
ing in the molecule. As such it repressnts o methodical
codification system over an alphabet of atom types

The MolConverter program from ChemAxon®™ was
us=d to convert the zyz-coordinate fles of the struckures
in our PAH data astto corresponding SMILES (simplified
melecular input line entry specification) strings. SMILES
describe chemical struckures and topeologies using shork
textual strings®. From the SMILES strings molscular
signatures have been determined for individual heights.
The straight-formared correlation betwesn thess molecu-
lar signatures and the reorganization energy s insufficient
for predickive quality For example, the correlation coef-
ficient, +2, of molzeular sigratures with & € (0,1,2,3)
wersus A does not excead 0.30.

B, HOMO oipenvalus difference, fe

Az mentionsd abowe, the recrganization enstgy A ex-
presses the streapth of electron-phonon coupling in the
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FI3. 20 The fieure shows atomic ségnofures (ho) from
height A = 0 to 4 for an exemploary sbom X in 2
methyldecabydronaphtalene. "o of atom ¥ i determined a=
followrs, (17 The =ubgraph containing &ll atoms ot distance 4
from atom X isextracted. (2) This subgraph is canonicalized
with stom X hosing label 1. (3) A tres spanning all edges
of the =ubgraph i= constracted. (4] All labelz appearing cnly
once are removed and the remsining labels are reoumbersd
in the order they oppeor. (5) The atomic signaturs i= deter-
minsd after reading the tree in o depth-firet order, the depth
corresponding to height b

moleculs. Thus, it is not surprising that a descriptor
based solely oa structural feabures, such as the meleeular
stgnature, correlates with A only insufficiently. We have
therefore leveraged the notion of variable number of slec-
trons, M., such as put forth within conesptual DFT#2,
in order to associate electronic properties to deseriptors
that improwve this correlation.

PFirat, we note that Bg. (3) can be rearranged in terms
of the differsnce betwesn vertical “sxeitation™ enstpiss, 8,
linking shates of same geometry but different &, wielding

A= [EX(N, - 1)) - EZ(N,) - [EX (N, — 1) — E2(N,)]
= &, — & i)

Here, 8, is the iso-nuclear chanpe in energy due to re
mowval of an electron from the neutral species in iba re-
laxed geometcy, while 4. is the iso-nuclear change in en-
erpy dus to addition of an electron to the cationic species
in its relaxed geometry

Beferring to the molecular prand-cancnical enssm-
ble DFT-based exploration of chemical compound
space™ 3% me can estimate the § contributions in Eq. (4)
through Arat order Thylor expansions in number of elec-
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trons, IV, Specifically they read

DE(N,)
BN+ AN} = B(Ne) + —5
For an exact expression for the exchange-correlation po-
tential within density-functional theory, all higher order
terms would vanish for 0 £ AN, % 2 beciuse the total
potential enstgy of & meoleculs with fxed external po-
tential changes only linsarly as one varies the number of
electrong®®. Hince the derivative of the snerpy with
respect to IV, is piven as the sigenvalue of the HOMO
[e], we can combine Bgs. (4, §) and express A as

AN, + Q(ANEL (5]

_ GEL(N.) _ ®
8, = 3—M&Ne = e [NJAN,
SEJN,) a
6c = B—M&N, = E.__(N,:]ﬂN,
A= -, (f)
where AN, = —1, and 2(N.) and £(N.) denote the

eipenvalues of the highest occupied molecular Fohn-
Sham orbitals of the neutral molecule in the respective
optimal neutral and ciabionic prometoy

However, the sxict form of the exchange-correlation
functional is not only unkinown, it has alss besn shown
that the self-interiction etror inereasss for fractional oc-
cupikion within widely used functionals®' . The difference
betwreen electronic sigenvaluss of the HOMOs in the neu-
trally and cationically relaxed geometries €2 — & yields
therefore only an estimate of A due to the use of approx-
imate functionals. In our case, we have tested the qual-
ity of this approximation based on the BILYFP hybrid-
functional by eorrelating the differencs in A obtained
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from the eigenvalues as in Eq. (6) with A obtained from
the energies aceording to BEq. (3). As shown in Fig. 3(a),
the correlabion i3 very strong with a correlation cosfficient
v of 0.96, It se=ms likely that the remaining deviation
iz indesd due to the approximate nature of BILYP. The
uge of o funetional that correctly aceounts for fractional
oceupakion numbers, such as deweloped by Mori-3dnchez
et 4l * can be expectad to improve this correlation sven
further.

The (approximate) determination of the reorganization
energy acearding to Bg. (§) still requirss the caleulation
of three energies on the potential ensrey aurfaes, i, the
optimiz ations of neutral and cationic geometries, as well
a3 & single-point caleulation for the neutral meleculs in
the cabionic geometry. While this s one caleulation less
than in Eq. (3], it is inconvenient since ideally one would
like to predict A from ground-stake properties of the nsu-
tral melecule alone, ie, without hawing te caleulate EE.
We have therefore probed if €7 correlates with & in the
PAH data a=t. The inset in Fig. 5(1) shows <2 plotted
wersus the respective ¢ One can clearly identify a lin-
ear relationship and prediet €2 using & only. The linsar
regreasion yields 277 = 083 x &£ — 0.26 [6V] with a
remarkable correlation of »* = 0.94.

Bas=d on thess two relations, we have used Ae az a
scalar descriptor for A such that

ArAe = &£~ _ 2 (7

Fig. 3(b) shows the correlation of the actual A from
Tq (%) with the ssbimate Ae, A & 101 x Ac + 0.001
[eV]. The regreasion for this sxpreasion, howsver, yislds
a rather low correlation coefficient of only v2 = 0.39.



TAEBLE I Preliminary QSFR models, (i) - (+iii), and corre-
sponcing qz walues for mudtiple linear regression (MLR:] and
partal leost squares CF'LS), respectively. Jee Section IIIC
and Appendix A for mere detadls. & i= the signaturs height,
#o refers to the number of stomic ségnafures, i.e. the dimen-
sion of the molecular signature wector. These models were
generoked using the dato set of 211 PAH=. Highlighted model
(i) has been u=ed for the constraction of the "hia=ed” (QSFR.

b type | #o| (1) (i) | (iw]d | (o) |(wi) | (wid]) | (wiii)
0-5|MLE| 8z(0.20|0.82([0.20{0.2&8[0.20{0.20(0.A3| 0.64
3| FLg B3(0.47| 047 [|0.47|048|0.47(047|0.46| 045
04| FL3 | 431|0.50]| 050 ||0.50{042|0.50({0.50(0.50| 0.28
05| FLS [1836(0.50]| 0.60 |[0.50({0.60|0.60({0.60(0.50( 0.31

(i) molecular signaturas
molecular signatures + He
(i) molecular signatures + &M
(iw): molecular ségratures + 4L
() molecular signaturas + 4F
(wi): molecular ségnatures + dH
(wi): molecular signatures + d + dL + 4F + 4H + A«
(wiii): (+ii], redundant desmiptore removed bazed on UFS

WWhile it sesms possible to remove any reference to the
cationic geometry from to the estimate of A using the
electronic eipemvilue descriptor Ae in Bq. [7) it is also
clar that this solely electronic deseriptor slone is not suf-
ficient to reliably predict reorpanization energiss.

., Preliminary QSPR models from combining
molecular signatures with Ae

From the two preceding sschions, it is apparent that
when used separately neither the structural meleeular
signature nor the electronic sigemalue descriptor Ae ars
aufficient for reliable quantitative sstimates of the reorga-
nization energy in our 3=t of PAHs Sines A iz & measure
of the coupling of struckural anrd electronic degress of
freedom in & molecule, & s natural to attempt a combi-
nation of the two descriptors For the different heights
of molecular signatures (ses Section IITA), we have st
up different preliminary QSPR medels using signatures
of heights 0-3 through 0-5 for the PAH compound data
st (without outliers). Specifically, leave-oneout cross-
walidated corrslation cosfficient (§2) have besn caleulated
wsing multiple linear regression (MLHR) and partial least
agquares (PLE). These coefficients, togsther with the pre-
liminary models, are listed in Table I, and more technical
details are given in Appendix B. For the sake of com-
pleteness, we also present the results for additional med-
els that are not based on Ae bub that combine molecular
signature with various other scalar struetural deseriptors.
Thess additional models proved less promising and ars
explained in Appendix A.

Our results show that while the PL3 caleulations yield
& g% of around 0.50, indicating predictability in gensral
for all the models, they do not suggest o preference for a
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partieular deseriptor combination. MLE results, in con-
trast, indicate a clear prefersnce for the model combina-
tion of molecular signaturewith Ae[model (i) in Tabl=1],
which has a ¢* of 0.62 Fbr the alternative combina-
tions of molecular sigrature and warious struchural sealar
descriptors the corresponding +2 ranges only from 0.20
to 0.29 An additional model which eombines all deserip-
tors considered in this study [model (wii) in Table I does
not improve the pedormance of preliminary Q3P B model
(ii), =ven when using unsupervized forward selection of
descriptors (e Appendix B2) to further eliminate re-
dundancy among descriptors [model (wiii)].

Thus, the combination of height 0-3 sigratures and Ae
in model (ii) iz identified as the optimal starting combi-
nation for desveloping the “biased” QSFR model in the
next section.

D, Biased QSPHR models from Monte Carlo
cross-validation

Wefound that the previoudy identified optimal prelim-
inary QSPR model can further be deweloped into a “bi-
ased” OEPH model with the help of Monte Catlo croas-
wvalidation. Tb this end, the PAH compound data ast
was fArst split inbo a total 188-compound training sst,
and a test s=t of 23 compounds, enabling the a posteriort
validation of the biased models. The test sst was de-
termined using dissimilarity bassd compound selechion,
a3 described in Appendix B 3, and the resulting test ast
compounds are shown in Table IT

Thereafter, out of the total 188-compound training st
subsstes with varying percentapes x were defined, where
x € (5,10,15,..90,95)%. For sach x, 10,000 random
partitions from among the 188 compounds were gener-
ated. All the random partitions were subjected to train-
ing using the preliminary Q3P R model (ii), i.e. height 0-3
molecular signatures combined with Ae based on FPLS.

The medels obtained, dubbed M¥ (k € 1,2,...,10, 000),
were subzequently ranked according to their performance
as measursd by % For My, ¢° = 0.44 and 2 = 0.53,
we note that ¢3(Myn) lies below the eonventional pre-
dictive thresheld of 0.50. As deseribed in more detail in
Appendix B4, ¢° ean be improved by reducing the train-
ing subsst size z, followed by the QIPR modsl training
of 10,000 random partitions for sach of these reduced
training aubsets.

Pig. 4 illustrates the results for varying percentage x.
The average g%, i.e the averape of the cross-validated cor-
relation coefficients over all randomly chosen partitions,
declines progressively as the braining st size decreasss.
The standard deviation around that averags, however,
increasss even more, thereby enabling us to identify “bi-
ased” modsls ML namely modsls that yislds the hest g2
out of all the 10,000 models that have besn trained for
sach partition at a particular z. This behavior iz in line
with Ref 42.



0&-

06
o
T b
o4
ozl .
e o
AhtZ=14 L
o . I . ! . ! . ! . 1o
(] 3 an &0 S 100

size of treining set, %%

FIG 4 qz([\f[z) of the best five portitions & £ (I,H, 1o, IV, V:]
[out of 10,000) 2= a function of training =ubeet size = in steps
of §%. VYellow represents the awerage q° of 10,000 partitions.
Root mean squere (R['u‘IS) deviation [ch] of actual A from A
predicted by NI:_I for test set compounds in Toble 1T by
refers to the beet partition (1), and i= dubbed the bizzed QSFR
aodel.

B, Tost sot results of biased QSPR modsls

Fig. 4 sugpests that making predictions of the reorga-
nization energy based on the biased (best pedorming)
Monte-Carlo models will always be the more favorabls
the smaller the subsst. From the behavior of ¢° versus =
one could be tempted to deduce that the optimal medsl
should be bassd on the smallest training subsst. How-
ewver, it ia clear that this iz not & sufficient requirsment
for the predictability of a model, and that external (a
posteriori) validation & a sounder way to assss the reli-
sbility of 4 QIPR model*® Thus, to determine the op-
timal size of the training subsst, we hawve computed the
root mean squars (RMS) deviation of predicted A from
ackual A for the 23 test sst molecules wsing the biassd
ML, where z =5,10,...,100 (Note thak we sxcludsd two
outliers from the teat ast sines they had the larpest reaid-
uals and eorresponded to extreme A values (maximuim
and minimum) withia the estire compound data s=t).

As shown in Fig, 4, as x decreasss from 100 to 60 %
BMS remaing rouphly congtant (~ 16 meV), and starts to
atrongly increase in oscillatory fashion for subasts amaller
than 55 % Sines BMS is minimal at = = 40% (14 meV),
we define the corrssponding bissed model My as our
best QIPR model for predicting A of PAHz. In contrast,
model Mign has a hipher BMS of 17 meV. Biassd GSPR,
model My does not only have a lower BMS deviation
but also exhibits improved correlation cosfficisnts, ¢ =
0.70 and +* = 0.80. Takle IT lisks the residuals for the
predictions of A based on models Moy and My

In summary, model Mo predicts the reocrgaaization
enstgy of mors than 75% compounds within & reasonable
margin of ervor [+ 20 meV). biased model My, howsver,
predicts a larger number (=85%) of test act compounds
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within the same etror margin £+ 20 m=W.

IV, CONCLUSIONS

Based on eonesptual density funchional theory, wehave
develped a new frontier orbital eigenvalue deseriptor fe
for the empirical prediction of reorganization enerpies, A
For o compound data base of ower 200 polycyclic aro-
makic hydrocarbons, we have investigated the suitability
of a combination of a atruckural (mol=eular signature)
and an electronic (Ae) deseriptor for quantitative sbrue-
ture property relationship [QSFR) models of reorgani-
zakion energies. For the entire data zet, we find that
preliminary QSPR models vield at best a correlation co-
efficient of ¢ = 0.5 Monte Carlo crossvalidation with
training subsets of reduced sizes enabled us to ideatify a
“biased” model, Myy, with markedly better performances.
Specifically, Mg viclds a ¢° and +* of 0.70 and 0.80, r=
apectively, and & root mean square deviation of predicted
from ackual A of only 0.014 V. Additional scalar struc-
tural descriptors, such average interatomic distancs, de-
viation from linearity, or deviation from planarity hawve
been devised and tested, but vielded oaly negligible im-
provement when combined with molecular signature. We
can also support the basic assumption of sslection alpo-
rithims based on dissimilarity which requires that coim-
pounds spanning structure/deseriptor space also span
property/ achivity spaes.

We conclude that a biased QFIFH, based on a com-
binahion molecular sigrature and Ae and Monte Carlo
croas-validated training, appears sufficiently reliable to
be used to for the routine predickion of upper bounds of
charge carrier mobilibies in dizcotic liquid crystals.

V. SUPPLEMENTAL MATERIALS

PLY paraumeters for the robust models My, and Mypg.
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FIG. 5 Exemplory strucbure displaging all the varous types
of generated H-H defrult distances: 45 = 0624, dH; =
1814, dH, = 1014, 25, = 2514, dH, = 254 &, ond
dHe = 28T A,

iz the projection of the atom on the fitted plane, and
i3 the total number of atoms in the melecule.

. Deviation from bnsardy, 4L

2L repressnts deviation from linsarity. 4L expressss
the 2-dimensional molecular curvature of the generated
PAHz In this cass, two principal components wers re-
quired; the first component defines the vector for the G-
ted line through Cartesian coordinates, and the second
component provides cosfficients for the perpeadicular to
the fAtted line. This descriptor, dL, was defined as the
averape auim of aquared deviations of all atoms from the
line

1 Lz
b= 2 I — il (42)

where v is the projection of atom  on the ftbed line.
Thes= caleulations (and the calculation of 7)) were per-
formed using the prircomp method in MATLAB®

4. Wumber of close hydrogens, 45

dH enumerates closs hydropen atoms and iz related to
the compound’s likelihood to deviate from planarity. A
given PAH may contiaia steric hydrogen-hydrogen repul-
slons that fores it to assume & non-planar geometry. The
auimber of such interactions in each melecule has been
included as another deseriptor (hydrogen iateraction de-
acriptor or dH). We considered pomsible H-H interac-
tions (up to 3.0 Adistaness) in the PAHs with the default
geometey, e, with structures pensrated by the growth
algorithm, using default bond lengths, as displayed in
Fig. 5.

Linear repression of the dH, wector, consigting of pres-
ence (1, 2, or 3 in nuimber) or abasnes (0) of one or more
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H-H distances of 0.62 Awith ¢ results in  correlation
coefficient of 0.80 confirming a strong positive correlation
with deviskion from planarity. Henes, the ¢5, H-H in-
terackion vector was included as the hydrogen interaction
descriptor, dH. Since ita caleulation does not require pe-
omestry optimization, it would sventually be desirable ko
replace dF by dH.

2. Porformance of scalar descriptors

Table ITT lists descripbive statistics for A and the scalar
descriptors. The last row in the table lists the correla-
tion ecoefficient of the deseriptors with A, The highest
oceupied melecular orbital sigenvalue based and melecu-
lar distance based descriptors correlate with A somewhat
better than all others, supgesting absencs of a linsar re-
lationship betwesn the latter and A

TAEBLE III. Descriptive stobistice for recrganization energy
& and 2]l the scolar descriptors defined in Section A1, The
descriptors carrespond to molecular awverage distance (4],
deviation from lineanity (D), deviskion from planarity (4F],
nmuarnber of cloee hydrogens (dF7), and He

W [V [4bd [A][2L A [4F [EA[4E [A]] e 2V
Mlean 0.13 5,85 517 0.14 0.52 013
Std Err 0.00 0.0 010 0.01 0.05 0.00
hedian 0.14 585 5.11 0.00 0.00 013
Std D 0.03 0.55 148 0.22 0.86 0.02
Furtosi= 368 4.00 083 718 0.88 578
Skewnes= 0.92 -1.08 0.85 2.28 1.10 0.28
b i e 0.08 277 202 0.00 0.00 0.08
Mz auen 0.30 .09 11.54 1.53 3.00 0.25
T . 027 o.oo 0.07 0.o07 0.39

2. Details of the molecular signatures

The number of unique atomic sigratures caleulated for
height 0 through height § are listed in Table IV, For in-
stance, sines the height 0 atomic sigrature i3 simply the
atom type itsslf, there are only two unique atomic sigra-
tures ([C] and [H]) corresponding to thess two atoim types
in any given PAH. The collection of atomic signatures for
heights 0-3 (63 signatures) was found to be sufficient to
produce a deacriptor matrix with the minimal aumber
of atomie signatures required to uniquely represent every
molecule in the data s=t. Thus, whersas heights 0-1 and
0-2 produced an insufficient nunber of ahomic signatures
(5 and 12, respectively) for this purpose, heights 0-4 and
0-5 (431 and 1635 atomic signatures, respectively) re
aulked in over description of molecules in the data s=t. It
turns out (see Table I) that poing beyond height § fails
to improve the QSP R, models.



TABLE IV: Mumber of atomic séignatures for incressing
height= (for 213 PAHE)

Height o 1 2 3 4 I+]
Total [428(632[1565]3362|6222(AR34
Unigue| 2| 3 7| 51| 3848|1208

Appendix B! Methodology of the QSPR analysis
1. Btatistical evaluation

TUnlike MLR, PLY & capable of handling short and
wide (or over-aquare) mabrices auch as theoas frequently
encountered in QFAR MQSFER studies®®*® . In this study,
the deseripter mabrix consisted of rows corresponding to
compounds and columns corresponding to descriptors.
FLS and MLE with leave-ons-out cross-validation caleu-
lations were performed in MATLAR using the plsregress
and regress funchions, respectively. Whereas PLS was
ussd for all combinations of heights and descriptors, MLE
was uged only when the input matrix had appropriate di-
mensions. For all models, the correlation cosfficient (+2)
and the leaweonsout crossvalidated correlation coeffi-
cient (g°) were caleulated by

S5E
R
- S&T
PRESS
R, I ik ittt
g 35T

where S5E (3 sum of aquared errors, 88T is the total
suim of squares corrected for the mean, and PRESS is
the prediction etror sum of aquarss. For PL3S modsls the
optimum aumber of components, ¢, was also determined
with ¢ = § taken as the eutoff for maintaining a low
complexity model.

2. Unsupervised forward selaction (TTES)

For some initial models, redundant deseriptors were re-
moved resulting in & maximally orthoponal subsst. Pro-
gram of Whitley et al*” was used for daba reduction.
Briefly, the UFS alporithim®® fiest sslects the two de-
scriptors with the smallest pairwise correlation coeffi-
cient. It then rejects all descriptors whose pairwise cor-
relation cosfficient with the frat two descriptors excesds
& user-specified value, v2 .. < 1. The algorithm con-
tinues iteratively until all deseriptors are sither selected
or rejected. A descriptor iz aslected if it has the small-
eat aquared mulkiple corrslakion eoefficient (smec) with
previoudy sslected deseriptors and all descriptors with
smee > r2__ with eurrently selected descriptors are re-
jected. In this study, 23, was s=t to 0,99 In addition,
deacriptors with a standard devistion near zero (< 0.005)
were also removed.
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10
2. Test sot ganeration

Given n data points, supposs they ave split in two
parts. The ficst part, containing ny, data points, is used
for training a statistical model. The sseond part, called
the test set, containg ny, = n— 7y dats points and s st
aside for model wvalidation, i.e., for evaluating the pre-
dickive ability of the model trained on n, data pointa.
Diizsimilarity based compound selection was used to ae
lect my best aet compounds as followa. First, the Taai-
moto coefficient®™, 5, was uwsed to compute the pairwiss
similatity betwesn compounds in the data ast:

= dik ik
Sy, M) =y
l g @i+ G — dudin

where M, and M; ars the ¢** and 5% rows in the deserip-
tor mabrix and represent two compounds for which 2 ia
being computed; ¢, = 1, 2, ..., n, with n = 211 for the
PAH data set; and &k =1, 2, ., m, with m = number
of descriptors, @ (The deseriptor ast used was height
0-3 signatures and all scalar descriptors, and values were
range scaled so that they f=ll betwesn 0 and 1) Flom
this, the dissimilarity matrix, D, was determined whose
elements are complementary to the parwise Thnimeoto
coefficients:

DM, M) =1 — S(M;, M),

This dissimilarity mabrix has besn used with an iterative
sphersexclusion algorithm for calculating a single, deter-
miniatic test s=t, T, based on the assumption that a s=t
of ecompounds spanning struckure (descriptor) spacs will
also span the property spacs®™® 2 A sphere-exclusion
alporithin simploys a ussr-defined thresheld diasimilarity,
, to reject, in each iteration, all compounds that hawve a
dizsimilarity less than £ with each compound in the test
set for the current iteration. Thus, ¢ i3 the radius of &
hypersphers in the descriptor space and its value deter-
imines the size of i, In this study, this walue was fixed
at 0.03 becauss it transated to a reasonably sized T,
(23 compounds or shout 10% of n). 7. was initialized
by aslecting the compound with the smallest sum of dis-
gimilarities. Subssquent iterations saw the sslection of
the compound most similar to members of the test ast
for the current iteration. T\ was caleulated in this way
using D-5IM wersion 1.2%% The resulbing braining s=t,
Tir, comprising 188 compounds remaining after exclusion
of the tast st compounds from the original daka sst, was
uzed in the subssquent robust QEPR, modeling.

Interestingly, corvelabion analysis of A with the sum
of dimsimilarities for the test and training set com-
pounds seems to support the premise behind dissimilac-
ity based compound sslection via sphere-exclusion alpo-
rithims: sbructurally dissimilar compounds will alse span
the activity/property space. Thus, while the eompounds
of the T}, training s=t exhibited no correlation with A
(7 = 0.0), that with the 23 test set compounds was sig-
nificant (¥2 = 0.5).



4, Monte-Carlo cross-validation

It has besn suppested that leawe-onsout croas-
wvalidation is agyrmptotically inconsistent and tends to ae-
leet an unneesssarily large modsl*® Tt has alss been
shown that Monte Catlo cross-validation is more sba-
ble and aelects more optimal models than lesve-oneout
croas-validation®®. In order to improwe the PLS stabis-
tices, for the optimal eombination of deseriptors (height
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0-3 signatures and Ae), fractions of T}, have besn ran-
domly selected asx training subsets. The number of
molecules in sach subset was varied from 95% of T}, to
BY in decrements of 5%. Fbr sach fraction: (a) 10,000
randem subsets were generated resulbing in a total of
190,000 ino dels, and (b) the five best models (with high-
est g% values) were identified resulbing in a total of 95
models for final analysia

* Electronic addres=: cavonli@zandia. gow
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