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Designing Molecules with Optimal Properties Using the Linear Combination of Atomic
Potentials Approach in an AM1 Semiempirical Framework
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The linear combination of atomic potentials (LCAP) approach is implemented in the AM1 semiempirical
framework and is used to design molecular structures with optimized properties. The optimization procedure
uses property derivative information to search molecular space and thus avoid direct enumeration and evaluation
of each molecule in a library. Two tests are described: the optimization of first hyperpolarizabilities of
substituted aromatics and the optimization of a figure of merit for n-type organic semiconductors.

I. Introduction one and/liR =1 for exactly one choice dffor all R sites,v(r)
corresponds to a real chemical species; such potentials are called
molecules accessible with a molecular weight below BB6r che“r_nical rep_res?ntable (CRptherwis_e,v(r)_ correspond_s to
example, there are more then2i@ossible derivatives of an |nter.med|ate or alchemical Species. S|lr71$eare continu-
n-hexane Designing optimal new molecular materials with ©US variables, the property optimization is a search A
specified properties requires scanning chemical space. Exp|0ra_coeff|0|ents that produce molecules with the most favorable
tion by direct enumeration and evaluation is prohibitively costly. Property values.
Traditional methods to design new structures are often based In our initial tests of the LCAP strategy, we have found that
on structure-activity relationships or combinatorial methods. ~Property surfaces need not be smooth, especially when changes
These are “forward design” strategies that start with a molecule, of AT are accompanied by changes in the total number of
evaluate its properties, and suggest strategies for improvementelectrons or of the molecular geometry. The roughness of the
Inverse methods begin with the target properties and seeksurface increased with the molecular diversity of the library.
structures that optimize these properfiébverse design” can  Following property derivatives continuously on the surface may
be implemented with continuous or discrete methods. Integer- therefore lead to two main problems. First, the search may stall
based exploration of discrete space can be inefficient (e.g.,in one of many local extrema corresponding to alchemical
branch and bound methdglsAlthough continuous optimization ~ species. Second, most of the optimization cost will be spent
has been explored previoudt§,it can be challenging to exploring alchemical species, rather than real molecules. Trying
associate optimization results with specific molecules. We to overcome the first problem by interpolation of the alchemical
recently described a linear combination of atomic potentials atoms to the nearest real atoms does not guarantee retaining
(LCAP) approach to transform molecular optimization, a the maximal property values. In order to overcome these
challenge of discrete optimization, into a continuous optimiza- challenges, a different optimization method is used here, namely
tion problem’ The LCAP approach has since been used with a @ “gradient directed jump®.In this approach, the property
plane wave based density functional theory and a gradientderivatives near a real molecule are calculated using the LCAP
directed Monte Carlo approatto optimize molecular hyper- ~ method. Then a “jump” is made (based on derivative informa-
polarizabilities. A Hiekel-based continuous optimization of atom  tion) to the next real molecule. The “gradient-directed jump”
types has also been implemented on molecular scaffolds thatretains knowledge of the property surface but avoids some of
produce extremely large librari@®thers have applied related the difficulties associated with surface roughness. The optimiza-
ideas to drug desightand protein folding? tion visits a series of discrete molecules, with jumps between
The LCAP method expands the external electrostatic poten- molecules directed by property gradients calculated only near
tials as a linear combinations of atomic (or chemical group) €ach molecule.
potentials Here we describe the development of a gradient-directed
LCAP jump method in an atomic-orbital AM1 semiempirical
M MR NR SCF framework® and apply it to (1) maximizing the first
v(r) = ; Z AR R =1 0=A=<1 electronic hyperpolarizability of organic molecules and (2)
=1 = = lowering the LUMO energy for structures based on an unsatur-
@) ated scaffold, with the aim of designing n-type organic
semiconductors.

Chemical space is vast, with an estimated®*16table

Equation 1 describes the external electrostatic potenialof
a molecule consisting dfl sites, each witmg possible groups.

g ) : [I. Computational Details
The /liR coefficients define the admixture of an atom or group P

at positionR. When/IiR = 0 for all choices of except a single II.1. LCAP in AM1. Implementing the LCAP optimization
with an AM1 semiempirical Hamiltonian requires modifying
* To whom correspondence should be addressed. the AM1 Hamiltoniad® and the wavefunctions to describe
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alchemical atoms. The essential changes include introducing _
alchemical atomic masses, defining an alchemical valence orbital qub;l
basis set, and modifying the one- and two-center integrals
appropriately. The approach described here can be applied to

first-principles LCAO-MO frameworks as well. The calculations
described here were preformed with the DYNAMO implemen-
tation of AM114

For an alchemical atonX, the atomic charge is a linear
combination of the atomic charges of the atoms included in the
chemical library for siteR

R
Z>F§ = ’liRZi

)

Z; is the integer atomic charge of atamAM1 calculations use
a minimal valence (Slater) basis $&Since orbitals depend on
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The same approach is used to calculate

Two-center integralsuv|no) are calculated using an analyti-
cal expression based on the NDDO (neglect of diatomic
differential overlap) approximatiol. Two-center integrals for

atom types, it is also necessary to change the atomic orbitals@lchemical atoms are calculated using the real atoms’ two-center

based orl. For alchemical atoms in our LCAO-LCAP approach,
each basis function is defined as a fixed linear combination of
the atomic orbitals associated with the limiting atoms

Nr

o =S4,

®)

For atoms considered hegecan be s, p py, or p.. For example,

an alchemical atom X, intermediate between F and |, is a
combination of F atom basis functions with strengthand |
atom basis functions with strengih

¢§ = /11¢§ + /12¢|s
By, = A, + Ao,
X __ F |
B, = Ay, + Aoty
By, = A, + Aoty @)

This scheme matches the AOs of limiting atoms and
constructs a new AO from the linear combination of eq 3. The
variational LCAO-MO alchemical wavefunction is

_ X
wi - z C,ui¢ﬂ (5)
u

The one-center Hamiltonian integrals, suchlag (the one-
electron one-center integrals) &re
a1
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which becomes, using eq 3

R
D YA
&*W 2 -
S 2

_w? Z
A V_A
Ui = 2

i

(6)

r

Nr

e
— AMD )

X
U,u,u

integrals, as implemented in the standard AM1 approach. The
two-center integrals are

Guvino) = [ o2 o] (11)

Using eq 3 to define the alchemical atomic orbitals
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The assumptions of eqs 8 and 9 give

k
n

EMLD (12)

1
r

an nR2 I'IR3 r'IR4

(uvino)* = ;;g;ﬁ%ﬁ%?ﬂf“

L too) + Sty + ] 13
o) + vl + o) (@13

1
Z(/wlnn) +

Core—core repulsion terms are calculated using the same
assumptions (Supporting Information).

II.2. LCAP Gradient Directed Jumping Search. In the
molecular optimization, we use the gradient-directed jumping
search developed in our laboratd§The optimization in the
discrete molecular space is carried out by following the LCAP
gradients that improve the molecular property. In the earlier
studies’? the gradients were obtained analytically. Here we use
numerical derivatives (although analytical derivatives could be
developed). Each structure optimization begins with a random
molecule (random choice of binary values ttff), uses the
LCAP to calculate the gradients of the property surface near
that structure, finds the steepest gradients, and “jumps” to the
next candidate molecule pointed to by those gradients. The
specific scheme is:

1. Begin with a random molecul (A7 coefficients 0 or 1)

2. Calculate propertya of moleculeA

3. Compute the property gradients (numerically) with respect
to coefficients. There arp= 1...M positions, and gpossible
groups for each Roosition. For each position;Rompute the

for the alchemical species. There are three sums in eq 7. Thegradient of all possible atoms or groupsg ¥ find the largest
cross terms between different atom types are approximated aspne:

averages

_]“iRVi2
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H%‘u (8)
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e Build LCAP moleculeB in the geometry of molecula& by
changing only group Xat position Rto have small positive
(AiR = + 0.01) LCAP contribution, keeping all other groups as
in A



178 J. Phys. Chem. A, Vol. 111, No. 1, 2007

o Calculate propertys of moleculeB

o Build LCAP moleculeC in the geometry of molecul&
by changing group Xat position Rto have small negativeli'f
—0.01) LCAP coefficient, keeping all other groups asAin
o Calculate propertyPc of moleculeC
e The property derivative associated with changes to group
X; at position Ris A = Pg — Pc

When looking for maxima, find the group;Xhat has the
largest property derivative for each position Rhen looking
for minima, find the group Xthat has the lowest property
derivative for each position;R

4. Build the next moleculénew, containing all the Xgroups
(one per Rposition) that had the largest (or lowest) property
derivative.

5. Test to see if the new molecul@,ew, Was previously
visited

If no - go to step 2 for another cycle

If yes- end optimization

11.3. Calculations of Properties. Both the electric dipole
moments &) and the static hyperpolarizabilitie§)(are calcu-
lated using the finite-field method. The electric field F
dependent dipole is

== S{EF) — B F)} +55E@F) — B 2R,

Uior = Z ﬂiz (14)

i=X\y,z

The total hyperpolarizability is

Bii = |~ %{ E(2F) — E(— 2F)} + {E(F) — E(— Fi)}]/(Fi)3

1
Bi= 5 z B + Buik T B

k=Xy,z

ﬂtot = \/ﬁxz + ﬂyz + ﬂzz

E is the electronic energy. Typic&l values used are 0.1 au.

(15)

Ill. Applications

Electronic Energy and Dipole-Moment SurfacesWe used
the AM1-LCAO-LCAP approach to explore electronic energy
(Figure 1) and dipole moment (Figure 2) surfaces for the
continuous changkl;C—CH3 <= NC—CN. This is a two-site
system whereX and Y correspond to—CHz and —CN,
respectivelyl = 0 denotes Chklandl = 1 denotes CN. There
are three molecules in this familyi3C—CHg, NC—CH3, and
NC—CN.

The initial geometry is the AM1 optimized geometry of
H3C—CHas. The nitrogen and carbon atoms NC—CN and
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Figure 1. Electronic energy surface fét;C—CHz < NC—CN. The

contours are drawn as a function of the two {teighing coefficients

(11 andXy). The lower left corner correspondsiaC—CHs, the upper

right corner corresponds {dC—CN, and the other corners correspond
to NC—CHa.
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Figure 2. Dipole moment surface dflsC—CHz; <> NC—CN. The
contours are drawn as a function of the twotighing coefficients
(A1 and ). The lower left corner corresponds xC—CHs, the top
right corner corresponds tBlC—CN, and the two other corners
correspond ttNC—CHg.

CHART 1
-NO,, -NO,* (perpendicular)
Z (donor) = -N(CHj),, -OH,

1a.
OQN—ON H,
X;4=CHorN
1b. \)(1=X
\ /¢
X4 X3 -NH,. -NH, * (perpendicular),
-L, -Br, -F, -H

Y (acceptor) = -CN, -H,
1c.
OZN—ON(CHa)Z

H3C—CH3 occupy the same positions in space, and ethane has
an eclipsed structure. One hydrogen atomHgC—CHj3 is derivatives have been studied intensively in this context. The
changed to nitrogen iNC—CN, and the other two hydrogen electronic structure and hyperpolarizability are sensitive to the
atoms on each carbon NC—CN disappear in thitNC—CN chemistry of the donor, bridge, and acceptor, as well as to the
structure { values go from one to zero). The number of valence molecular geometry?-20
electrons is changed from 14 to 18. Figures 1 and 2 show that Here, as an example, we optimized the chemical structure of
the electronic energy and the dipole moments change smoothlyPNA derivatives by changing the donor and acceptor units, as
with the LCAP coefficients. well as by changing atom types in the bridge. CHdrshows
First Hyperpolarizability Optimization of PNA Deriva- all of the possible groups and their locations on a PNA-like
tives. Organic molecules with large electronic hyperpolariz- framework. The donor grou@ library includes —N(CHa),,
abilities typically have unsaturated bridges linking donor and —OH, —NH; (planar),—NHz* (* indicates that the NH plane
acceptor substituentgp-Nitroaniline (PNA), 13,1718 and its is perpendicular to the ring); 1, —Br, —F, or—H. The acceptor
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_ For example, O (of OH), N (of NbJ, Br, F, and H in the donor

2 <H30)2~~®—Noz group Z are all located at the position of the nitrogen of
2 20 — N(CHa),. For iodine, the original distance of 1.39 A between |
*E and C was too small for SCF convergence, so it was extended
= 154 to 1.85 A. Twelve optimization runs were conducted, each
<=8

beginning with a randomly chosen molecule. On average, five
steps were required to complete the optimization. Figure 3 shows
the progress of an optimization resulting in tNgN-dimethyl
p-nitroaniline structurelc. N,N-Dimethyl p-nitroaniline was
found to be the optimum in all 12 searches, independent of the
initial random molecule selected.

10

0 The molecule with the largegt,;, found by enumerating and
1 2 3 4 5 6 analyzing all molecules in the set (Figure 4) Ns\-dimethyl
Step # para-nitroaniline,1c. The same molecule was found to be the
Figure 3. Example of an optimization profile that searches for the maximum in the LCAP optimization. To test the viability of
highesti: (in units of 10°%° esu) of PNA analogued\,N-Dimethyl the frozen geometry assumption, we preformed AM1 geometry
p-nitroaniline, 1c, is found to be the optimum. optimization for each of the 512 molecules in the library and
20 calculatedp for each (Supporting Information). Comparing
= 18 — the frozen geometry with the optimized geometry for several
B 16 ‘”SC’ZN_ONOZ molecules, we found that the two geometries were similar,
8 14l justifying the frozen geometry assumption. This analysis
= ) confirms thatN,N-dimethyl p-nitroaniline is indeed the species
¥ with the largest hyperpolarizability in this library.
510 Organic n-Type Semiconductors.Organic semiconductors
@ 38 are of great interest for applications in thin-film transistors, light-
6 emitting diodes, and other electronic deviéks-type (electron
41 accepting) organic semiconductors are relatively uncomgfon,
21 and there is great interest in discovering more candidates. In
0 ‘ . ; \ 2003, the Marks group showed that a perfluoroarene-substituted
1 51 100 151 201 251 301 351 401 451 501 polythiophene2a, can be used as an n-type organic semicon-
Molecule # ductor?® The investigators attributed this behavior, among other
Figure 4. Calculateds: values for the 512 molecules in the library,  things, to a low LUMO energy. Usinga as the lead structure
assuming a frozen geometry. for our LCAP optimization, a large library was created and
optimization was conducted in an attempt to discover structures
groupY may be—NO; (planar),—NO* (perpendicular),-CN, with even lower LUMO energies.
or —H, and each atom ringX() can be CH or N. Perpendicular Heteroatom species were varied in the LCAP optimization,

geometries are twisted by 9@ the ring plane, in order to  as were electronegative substituents on the terminal rings (see
include several geometries of the same chemical group in theChart 2b). The chemistry at 14 sites was changed, with three
optimization. This is a small library, allowing enumeration of possibilities at each site, leading to 4.8 million structures
all 512 structures and their properties to explore the outcome (without reducing the count for symmetry equivalent structures).
of the LCAP optimization. The PNA-based library assumed planar frozen geometries.
The strategy described in section 11.2 was applied to optimize In the library of n-type semiconductors, the geometry changes
Brot, and eachByt value was calculated using the finite-field dramatically with chemical changes. Figure 5 compares the AM1
method of section 11.3. Molecular geometries were frozen and optimized geometry a2awith that of2d. When the 5-member-
were based on the AM1-optimized geometries of the largest ring heteroatoms are changed from sulfur to oxygen, the
molecule ;-4 = CH, Y = NO,, Z = N(CHa),), which is geometry changes from twisted to planar.
planar. For all chemical groups, we assume that atoms are We changed the LCAP optimization protocol to allow
located in the same positions as in the AM1-optimized geometry. geometry evolution at each step by introducing geometry

2d.

[\
/

e Flllie

Figure 5. Comparison of the AM1 optimized geometry 24 perfluoroarene-modified polythiophene wizd perfluoroarene-modified polyfuran.
When the 5-member-ring heteroatoms are changed from sulfur to oxygen, the geometry is changed from twisted to planar.
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CHART 2

X=F, Cl, H
Y=NH, S, O

8

optimization for each lead molecul in the second LCAP ;\'—AAIBLElt _A'\{'hl CZ?:"CEE“Ed ELumo Values for Several Key
optimization step. In each cycle of the optimization, lead olecules in the forary
moleculeA; is geometry optimized (without LCAP), th& umo X110 Y1

<

5 Y3 Y, geometry Eiumo [€V]

value is calculated, and the property derivatives are calculated 2a F S S S S twisted —1.609
for that specific geometry (with LCAP). Following the steepest 2e  ClI S S S S twisted —1.495
property derivatives, a new lead molecélg; is chosenanda 2f H S S S S  planar —1.397
it : ; ; : 2d F O (@] O O planar —-1.769

new optimization cycle begins (details appear in the Supporting 29 F NH NH NH NH twisted 1494
Information). . 2h F S O O s twisted ~ —1.398
Nineteen optimization runs were conducted, each begins with 3¢ F o s s 0 planar —1.844

a randomly chosen molecule that has the prescribed covalent

framework. An average of five steps was required to reach an ¢an be deduced from this table as controlling the LUMO energy.
optimized structure. Figure 6 shows an optimization profile, with The firstis the electronegativity of the phenyl substituents: more
the lowest LUMO energy found for perfluoroarene-furan- €lectronegative substituents are more favor&blEhe second
thiophene-thiophene-furan-perfluoroareris. Perfluoroarene-  factor is the heteroatom: the stronger thelonor strength, the
furan-thiophene thiophene-furan-perfluoroarene, with planar lower the LUMO energy? The third factor is the coplanarity

geometry andE uvmo = —1.844 eV, was found in all nineteen of the rings. Steric interactions cause chain twisting that
runs as the optimum structure, independent of the randomly decreases the effective conjugation and rasewo. For
chosen initial molecule. example, the geometry @his twisted and the LUMO is located

It is difficult to prove that2c is the global optimum in the ~ Only on the four heteroatom-containing rings. In contrasiis
molecular library, since the library contains 4.8 million struc- @ planar molecule, the LUMO is more delocalized, and the
tures. Figure 7 shows calculatBg o values for 200 randomly ~ LUMO is localized on the phenyl rings and on the heteroatom-
chosen structures and Table 1 shows calcul&ego values containing rings (Supporting Information). Based on these

for several key molecules in tt&b library. All calculatedE_uvo observations, a molecule with a low LUMO energy in this
values are above that designed using the LCAP approach, whichstructure class should be planar, with as many fluorines on the
yields structure2c, with E.ymo = —1.844 eV. phenyl rings as possible, and a maximum number of sulfur

Table 1 shows the chemical, structural, &dyo data for atoms in the 5-member-ring heterocycles. Even knowing these
several candidates with |0 ywo's. Three important factors ~ general structurefunction rules, discovering the optimum

-1 o
-1.3 o 4 0 oo ... . (]
-1.1 . ‘. G . ® .
-14 121e S ..0080~g XA
- s o o P 3% . o * 3
%% o o * N L)
-1.5 _ -1.3 ...0. R 000 H ° .... .. .. ., ]
— [ ] L)
% 1.6 E.14 o7 o ., ® “.' ® oo s o oo .
o o ®e oo o eoe & %, 0
2 ERER A LA .
uf -1.7 &5 . r ) o %o o
. -16{%e @ . . o
S °
1.8 - -1.7 ¢ *
\. Optimized structure 2¢
19 D -1.8 { E_yyo = -1.8442eV
1 2 3 4 -1.9 ‘ :
Step # 0 50 100 150 200
Figure 6. Typical optimization profile for the lowedE ymo (in eV) Random molecule #
in the library based ofb. Perfluoroarene-furan-thiophenthiophene- Figure 7. AM1 calculatedE ymo values for 200 randomly chosen

furan-perfluoroarenegc, is found to be the optimum structure. molecules in the2b library.
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structure from a library of 4.8 million possibilities is difficult

J. Phys. Chem. A, Vol. 111, No. 1, 200781

computing and communications technologies on chemical science and

without the LCAP strategy. These three structural factors have technology National Academy Press: Washington, DC, 1999; pp 74.

been described previoust§2>and they have significant impli-
cations for the design of new organic semiconductors.

IV. Conclusions

The LCAP method was implemented in a semiempirical SCF-

LCAO electronic structure theory framework. This LCAO-
LCAP approach was used with the AM1 Hamiltonian to

optimize the properties and structures in large molecular spaces”

(4) Ostrovsky, G. M.; Achenie, L. E. K.; Sinha, MComput. Chem.
2002 26, 645.

(5) Kuhn, C.; Beratan, D. NJ. Phys. Chem1996 100, 10595.

(6) Franceschetti, A.; Zunger, ANature 1999 402 (6757), 60.
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2006 128 3228.
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(9) Xiao, D.; Beratan, D. N.; Yang, W. Inverse molecular design in a

olecular orbital framework. SubmittedD06
(10) von Lilienfeld, O. A.; Lins, R. D.; Rothlisberger, WPhys. Re.

using a gradient directed jumping strategy. We explored the | ot 2005 95, 153002.

optimization of first molecular hyperpolarizabilities and LUMO

(11) von Lilienfeld, O. A.; Tavernelli, I.; Rothlisberger, U. Chem.

energies. In the latter case, the LCAP approach was combinedPhys.2005 122 14113.

with geometry optimization. The structural library was con-
structed based on known lead moleculs),(and the optimized
structure was predicted to have a LUMO energy abeQt2
eV below known structures.

This study shows that the LCAO-LCAP inverse design

strategy can explore large molecular spaces using semiempirica;vI

(12) Koh, S. K.; Ananthasuresh, G. K.; Vishveshwara|r. J. Rob.
Res.2005 24, 109.

(13) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. B. P.
Am. Chem. Sod 985 107, 3902.

(14) Field, M. J.; Albe, M.; Bret, C.; Proust-De, Martin, F.; Thomas,
A. J. Comp. Chem200Q 21, 1088.
(15) Pople, J. A.; Beveridge, D. Approximate molecular orbital theary
cGraw-Hill Book Company: New York, 1970.

SCF methods. We have also demonstrated that the approach is (1) kurtz, H. A.; Dudis, D. S. Quantum mechanical methods for
applicable to important molecular design challenges, including predicting nonlinear optical properties. IReviews in Computational

hyperpolarizabilities and orbital energy engineering.
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