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SUMMARY

Noncovalent interactions are of pivotal importance in many areas of chemistry, biology,
and materials science, and the intermolecular interactions involving aromatic rings in
particular, are fundamental to molecular organization and recognition processes. The
work detailed in this thesis involves the application of state-of-the-art ab initio electronic
structure theory methods to elucidate the nature of p-p interactions.

The binding energies, and geometrical and orientational preferences of the simplest
prototype of aromatic p-p interactions, the benzene dimer, are explored. We obtain the
first converged values of the binding energies using highly accurate methods and large
basis sets. Results from this study predict the T-shaped and parallel-displaced
configurations of benzene dimer to be nearly isoenergetic.

The role of substituents in tuning p-p interaction is investigated. By studying dimers of
benzene with various monosubstituted benzenes (in the sandwich and two T-shaped
configurations), we surprisingly find that all of the substituted sandwich dimers
considered bind more strongly than benzene dimer. We also find that these interactions
can be tuned by a modest degree of substitution. Energy decomposition analysis using
symmetry-adapted perturbation theory (SAPT) reveals that models based solely on
electrostatic effects will have difficulty in reliably predicting substituent effects in p-p

interactions.



CHAPTER 1

INTRODUCTION

1.1 Noncovalent Interactions and Molecular Recognition

Attractive interactions between aromatic p systems are one of the principal
noncovalent forces governing supramolecular organization and recognition processes.
These aromatic p-p interactions are ubiquitous in diverse areas of science and molecular
engineering.’® They are key interactions influencing the tertiary structure of proteins,**
the vertical base stacking in DNA,*® and the intercalation of different drugs into DNA.°
p-p interactions also play amajor role in stabilizing host-guest complexes'®** and in self-
assembly based on synthetic molecules.****

Despite the fact that the importance of p-p interactions is widely recognized
among scientists, their small value (2-3 kcal mol™) presents a challenge for both theorists
and experimentalists to obtain a full understanding of their origins and geometrical
preferences. In contrast to hydrogen bonds, which are well-understood, strong, and highly
directional electrostatic interactions, p-p interactions are harder to model due to the
multiple points of intermolecular contact and strong dependency on functional groups
involved. Therefore, one has to take into account the electrostatic, dispersion, exchange-
repulsion and induction forces which al play a mgor role in stabilizing these

interactions.



1.2 Thesis Objectives

To achieve the goal of understanding p-p interaction and how they may be tuned,
we first consider in this thesis the simplest prototype of aromatic p-p interactions, the
benzene dimer. We explore different configurations of benzene dimer using state-of-the-
art electronic structure methods. Explicitly correlated MP2-R12/A techniques,**
coupled with focal-point analysis,*® yield the first converged estimates for the binding
energy of this system which are accurate to within a few tenths of one kilocalorie per
mole.

We then explore the role of substituents in tuning p-stacking interactions by
examining the dimer interactions of benzene with monosubstituted benzenes, with
substituents OH, CHgs, F, and CN. Very little theoretical or experimental work has been
done to examine substituent effects on binding energies and geometries of p-p systems.
By enhancing or reducing the strength of p-p interactions compared to benzene dimer,
substituents may alter the energy landscape. We aso provide a critical analysis of the
Hunter-Sanders rules” that are widely used to make qualitative predictions regarding p-p
interactions.

In the latter parts of the thesis, we further explore the energetics of benzene dimer
and monosubstituted dimers by decomposing the binding energy into its electrostatic,
exchange-repulsion, dispersion, and induction components using Symmetry-adapted
perturbation theory (SAPT).®®® Such analysis provides detailed information on the
relative importance of these different energy components and their contribution to the

overall stability of the dimers.



In addition to providing high-level estimates of the binding energies of different
benzene dimer configurations, we generate highly accurate potential energy curves that
display the variation of the binding energies as a function of intermonomer distances. The
availability of these high quality potential energy curves will be critical to molecular
mechanics force field developers in their endeavor to accurately model systems

exhibiting p-stacking interactions.



CHAPTER 2

BRIEF OVERVIEW OF ELECTRONIC STRUCTURE
THEORY

2.1 The Schradinger Equation

The notation used in this chapter is based upon that of IraN. Levine's * Quantum
Chemistry”, 4™ edition (Prentice Hall, 1991),* Frank Jensen's “Introduction to
Computational Chemistry” (Wiley, 2003),% and Atilla Szabo and Neil S. Ostlund's
“Modern Quantum Chemistry” (Dover, 1996).%

In this work, we utilize different electronic structure theory methods that attempt
solve the electronic Schrodinger equation in its time-independent non-relativistic form.
Also, since the ratio of the nuclear to electron massis larger than 1800/1, that means that
electrons move much faster than nuclei, and we can invoke the Born-Oppenheimer
Approximation and assume that the nuclei are stationary; this will produce the electronic
Schrodinger equation

H.(r;R)Y,(r;R) = E_(R)Y,(r;R) [2.1]
where I—AIe is the electronic Hamiltonian operator that depends on the electronic

coordinates (denoted here by r) and parametrically on the nuclear coordinates (denoted

hereby R), and Y, isthe electronic wavefunction with eigenvalues Ee.



The electronic Hamiltonian operator is composed of the electronic kinetic energy,
the energies of nuclear-electron attractions, nuclear-nuclear repulsions, and electron-

electron repulsions. In atomic units, it can be written as

H, =- vyt gl [2.2]
A>B RAB i>] rij

I\JII—‘

~ Z,
an:-g-=
i iA nA

This can be further smplified if we collect operators based on their electron indices. If

we define the one-electron operators h(i) as

h(i) = -

N

N 2.3
A

nA

z,Z,
and Vi, as the nuclear-nuclear repulsion term & —2=2, then the electronic Hamiltonian
A>B 'AB

can be simply written in terms of one and two-€electron operators, as

a m+a—+V [2.4]

i>
Vi is a constant term for fixed nuclei-nuclei distances and can be added at the end of the
calculation without changing the eigenfunctions; it will only shift the energy eigenvalues.
From the solution of equation [2.1], we obtain the electronic energy E¢(R). When
E«(R) is solved for al nuclear coordinates we obtain the potential energy surface, which
is the potential energy felt by the nuclei. From the electronic energy E«(R), and the

electronic wavefunction Y (r; R)and their derivatives, we can obtain many types of

molecular properties such as (but not limited to) multipole moments, polarizabilities,

molecular structures, and various electronic, vibrational, and rotational spectra.



2.2 The Hartree-Fock Approximation

2.2.1 The Slater Deter minants
Hartree-Fock theory is an approximate theory where each electron feels an
average coulomb repulsion due to the presence of the other electrons. Consider an N-

electron wavefunction Y (X, X,, X,...X ) that depends on coordinates X1, X, Xs... Xy Of

electrons 1,2,3 ... N, where x; represents both the spatia (r;)) and spin (w = a or b)
coordinates of the i-th electron and is represented by x; = (ri, w). In Hartree-Fock theory,
this wavefunction is expressed as a single Slater determinant (named after John Slater),

which is a generalization of the Hartree Product.

C,(%) C,o(X) Ci(Xs) -+ cy(X)
icl(xz) C,o(X;) Ca(Xy) - Cy(X)
N : : : . :

Cl(XN) Cz(XN) C3(;(N) CN(XN)

Y = [2.5]

where ci(x) means that electron x; is associated with orbital c;.

The Slater determinant expression of the wavefunction conforms to the
indistinguishability of electrons, where we can see that each electron is associated with
al the orbitals in the wavefunction. It also satisfies the antisymmetry principle, which
states that the wavefunction should be antisymmetric under the interchange of any two
electrons. If we interchange the labels x;, and x, above, then two rows of the determinant

are interchanged, resulting in a change of sign for the wavefunctionY (Xx;, X,, X;...Xy) -



2.2.2 TheHartree-Fock Energy Expression
To generate a solution to the electronic Schrodinger equation we employ the
variational principle, which states that any approximate wavefunction (in this case the
Hartree-Fock wavefunction) will produce an energy that is larger than true energy. For
normalized wavefunctions, the energy is calculated as the expectation value of the
Hamiltonian operator:
E.=(Y |H,]Y) [2.6]
Without going into the details of the derivations (see F. Jensen “Introduction to
Computational Chemistry”, Wiley 2003), the Hartree-Fock energy can be written in

terms of one- and two-electron integrals and the nuclear repulsion energy, as
) . 14
Ere —a(CiIh(I)ICi>+§a (‘Jij - Kij)+vnn [2.7]
where the first summation is made of one-electron integrals

(cifh@)[c;) = cax.c; (x)h(r)e, (x,) [2.8]

and the second summation in made of two-electron coulomb J and exchange K integrals

3, = e (%) (%), (%)¢, () 29]
Ky = e (%) ()¢ (%)e, (x,) 210

Note that the above energy expression [2.7] is over spinorbitals ci(x;). Similar expressions
over spatial orbitals exist when the spin part in explicitly integrated out of the energy

equation.



2.2.3 The Hartree-Fock Equations

In the previous subsection, we presented the Hartree-Fock energy expression in
terms one- and two-electron integrals over the molecular spinorbitals. The Hartree-Fock
method involves determining the orbitals that minimize the above energy expression
(equation [2.7]). This is achieved through the Lagrange’s method of undetermined
multipliers. In this method, the variation in the Lagrange function, L, with respect to

orbital variation c; = c; +dc; is set equal to zero asfollows:

N

L=E, - é I i ((\}:i*(xl)cj(xl)dxl - dij) [2.11]

N

dL=dE, - A1, (e, (e, () +¢; (x)de (k) )=0  [2.12]

where | jj’s are the set of Lagrange's undetermined multipliers. After omitting a few
algebraic steps that can be found in most quantum chemistry textbooks, we arrive at the

Hartree-Fock equation for the spinorbitals:
f(X1)|C|(X1)> :ei|ci(xl)> [2.13]
where electron 1 has been arbitrarily assigned to orbital c;. g is the orbital energy of

spinorbital y . The Fock operator f in the above equation is defined by:
&
f(x)=h(x)+a J;(x)- K;(x) [2.14]
j

where h(x;) is the core-Hamiltonian operator defined above. Jj(xi) is the coulomb

operator, and Kj(x1) is the exchange operator, and are both defined as

3,06)6,06) = 6 06, () (%) 215



K002, () = 85360 0) 6, ()i (%) [2.16

12

2.2.4 The Closed-Shell Hartree-Fock Equations

We can éiminate the spin from the Hartree Fock equation [2.13] by writing

spinorbitalsin terms of their spin and spatial parts as follows:

Y ()
2.1
R [217)

For closed-shell and restricted (doubly-occupied) set of orbitals, we can write the

gpatial Hartree-Fock equation as
f(ry () =ely (r)) [2.18]

The Fock operator f in the above equation is defined by:

N/2

f(r) =h(r)+a 23,(r,)- K, () [2.19]

where the sum is over the N/2 occupied orbitals. The closed-shell coulomb and exchange

operators are now defined in terms of spatial orbitals as

Ji(ry (rl)‘édirzy (r) y (rz)ly (r) [2.20]

K (ry (rl)‘édirzy (f) y (r )0’ (r) [2.21]

2
and the energy expression for closed-shell Hartree-Fock is now also written in terms of

gpatia orbitals as

N/2 N/2

é’l(y lhly )+az2vy. lyy )-¢y;lyy) [2.22]

ij



where the one- and two-electron integrals are written in terms of spatial orbitals as

i Ihly ;)= ¢gdry / (r)h(r)y ; () [2.23]

vy, Iy )= andy | Ly j(rl)riy L0y () 2.2

12

2.2.5 The Roothaan Equations

In this subsection and the following subsections, our discussion will be limited to
the restricted closed-shell Hartree-Fock formalism.

Since we don’'t know the exact form of the molecular orbitals for most atoms and
molecules, we introduce a set of K known spatial basis functions and express each of the
gpatial orbitals as alinear combination of these basis functions. Following the notation of

Szabo and Ostlund, we have

K
y. =a C.f, [2.25]

m=l

whereC , are a set of unknown coefficients. The problem of calculating the orbitals is

transformed to the problem of calculating this set of coefficients. Substituting y ; into
equation [2.18] yields a set of K equations known as the Roothaan equations. These
eguations can be written in matrix notation as
FC =SCe [2.26]
where F, the Fock matrix, isaHermitian K x K matrix, and has the elements
Fon = Cdrf o (r) F(r)f (1) [2.27]
and C, the coefficients matrix, isa K x K square matrix. The S matrix, called the overlap

matrix, isaso aHermitian K x K square matrix with elements given by

10



S = O (1, (1) [2.28]

Finally, eisaK x K diagonal matrix consisting of orbitals energies g.
From equation [2.27] we can obtain an explicit form of the Fock matrix elements
by writing the Fock operator explicitly in terms of one- and two-electron operators as in

equation [2.19]. After working through some algebra, we obtain

Fo =HE+& R {(m|l's)- %(m Ins )} [2.29

where H " isthe core-Hamiltonian matrix defined by
Hm® = ¢drf (r)h(r)f , (1) [2.30]

The Psineq. [2.29] are called the density matrix elements and defined as follows:
P. =23 c.c, [2.31]
and the two-€electron integrals are now written in terms of the known basis functions:

(M 11's) = ggndrf 1 (1) o (1) () (1) [2.32)

12

From the above analysis of the Fock operator, we see that the Fock matrix

elements F,,, depend on the expansion coefficientsC , and hence the wavefunction itself.

Therefore, the Roothaan equations must be solved iteratively starting with a set of

expansion coefficients C,, and testing for convergence at each iteration step.

The two-electron integrals over basis sets are the time-consuming part in the
evaluation of the Fock matrix elements. Each of the basis functions in equation [2.32]

can be located on a different atom, producing four-center integrals. The existence of these

11



four-center integrals resultsin aformal scaling of K* for the Hartree-Fock method unless

special techniques are employed.
2.3 Basis Sets

To perform different ab initio calculations, one has to start with the choice of a
basis set to complement the theoretical method used. As we have seen in the previous
section, alinear combination of different basis functions is used to represent the different
molecular orbitals. In addition to the quality of the theoretical method, the quality of the
basis set used will play a major role in determining the accuracy of the computation. The
combination of the ab initio method and the basis set used will define the level of theory

at which the calculations are performed.

2.3.1 Gaussian Basis Functions

In this work, we will be using Gaussian basis functions that are centered on the
atoms of the molecule; these atomic orbitals (AOs) are caled Gaussian-type orbitals
(GTOs) and were first introduced by S. F. Boys in 1950.** A primitive Cartesian
Gaussian centered at O = X,i + Y, ] +z,K isgiven by:

. -a|r-0)°
() = N, (x- %) (¥ - ¥o)"(2- 2,)"e 17 239
where N; is the normalization constant. This Gaussian in characterized by three
nonnegative integers; |, m, and n. The sum of theseinteger L= | + m+ nisreferred to as

the angular momentum. The exponent a; determines the radial spread of the Gaussian

functions. The larger the exponent, the shorter the radial spread. Functions with larger

12



exponents are called tight functions. Diffuse functions, on the other hand, have small
exponents and fall off slowly with increasing r.

In practical implementations of basis sets, several GTO's are combined together
to provide better approximation of different orbitals in atomic and nuclear environments.
Such combination of GTOs is known as contracted Gaussian-type orbitals (CGTOs). A
contracted Cartesian Gaussian centered at O = x,i +Y, ] + Z,K isgiven by:

[ o
FL() =N (X- %) (¥ Yo)"(z- 20)" & d,e™I™° (2341

=1

where | is the contraction length, d; and aj; are the contractions coefficients and the

exponents, respectively.

2.3.2 Basis Set Notation

A minimal basis set is a basis that uses one contracted Gaussian function to
represent each atomic orbital of each atom. Such basis set would contain one function for
H and He, and five basis functions for atoms from Li to Ne (one for 1s, one for 2s, and
three for the 2p-orbitals). To get more accurate results, one needs to improve on minimal
basis sets.

A double-zeta basis set represents a major improvement over the minimal basis
set. Two CGTOs correspond to each atomic orbital. For the previous example of Carbon,
the 1s, 2s, and three 2p-orbitals will be each represented by two CGTO’s. In atriple-zeta
basis set, three CGTO'’s correspond to each atomic orbital. Similarly, we can define

guadruple and larger- zeta basis sets.

13



A split-valence double-zeta basis set uses one contracted function for each inner
AO and two contracted functions for each valence AO. For a calculation on Carbon, for
example, there would be one CGTO for the 1s-orbital, two for the 2s-orbital, and two for
each of the three 2p-orbitals. For a split-valence triple-zeta basis set, there would be one
function for 1s, and 3 functions for the 2s and each of the three 2p-orbitals.

In the molecular environment, orbitals become distorted by the presence of the
other atomsin the molecule. Thisis called the polarization of orbitals. To account for this
polarization and distortion of orbitals, one needs to add basis functions of higher angular
momentum than any of the occupied atomic orbitals. For example, p-type basis functions
are added to describe the polarization of s-orbitals, and d-type basis functions are added
to describe polarization of p-orbitals. Sometimes, additional higher angular momenta
basis functions are used.

For anions, the orbitals are more expanded in space compared to neutral
molecules. To be able to accurately compute different anion properties, one needs to add
diffuse functions to the basis set. As mentioned previoudly, these functions have small
exponents, and hence fall off slowly with increased radial distance.

Diffuse functions are also needed to accurately compute different properties of
weakly bound systems held together by noncovalent interactions. Since our work
involves studying different prototypes of p-p systems held together by noncovalent
forces, we make extensive use of diffuse functions in the basis sets we employ to obtain

optimized geometries and binding energies for these weakly-bound systems.

14



2.4 Electron Correlation M ethods

The Hartree-Fock theory is an approximate theory. It does not take into account
the instantaneous electron-electron repulsion, and replaces it by an average potential
contained in the J and K terms (see equations [2.9] and [2.10]). This means that each
electron feels an average electrostatic interaction due to the presence of the other N-1
electrons. In summary, we can say that the Hartree-Fock method does not contain an
explicit treatment of electron correlation. A great body of work in electronic structure
theory deals with developing models which explicitly treat electron correlation to obtain
more accurate wavefunctions and more accurate estimations of the electronic energy.

In the next sections, a brief overview of two electron correlation methods used in
this work will be presented. We will discuss the second-order Maller-Plesset perturbation
theory (MP2) and the coupled-cluster theory treatments of electron correlation. We will
aso introduce symmetry-adapted perturbation theory (SAPT), which is employed to
anayze the interaction energy in terms of physically meaningful components such as

electrostatic, induction, dispersion, and exchange energies.

2.5 Mdller-Plesset Perturbation Theory (MPPT)

An important characteristic of MPPT is its size-extensivity. This means that the
energy of a system AB computed at infinite separation will be equal to the sum of
energies of the two fragments A and B computed individually. Nevertheless, energies
computed using perturbation theory methods are not variational, which means that they

do not constitute upper limits to the true energy of the system.

15



In MPPT, the unperturbed electronic Hamiltonian H° is defined as the sum of

one-electron Fock operators:
- &
HO=§ f(x) [2.35]
i=1
and the zeroth-order energy is consequently given by

EQ =(Y e [HY,e) [2.36]

The perturbation in MPPT is given by the difference between the sum of the Fock

operators and the true electronic Hamiltonian

He=H-H°=H- g f(x) [2.37]

Qo=

The first-order energy correction E® is given by the expectation value of the perturbation

using the Hartree-Fock wavefunction:
E®Q =(Y,c [HEY,p) [2.38]
Adding the zeroth-order energy E© to E® gives

EO +ED =(Y i A7V ) + (Y o [FL6Y )
[2.39]
=(Y e |':|O + |:“FYHF>:<YHF|':||YHF>

But (Y [H|Y ) isjust the Hartree-Fock energy, so we can write the sum of the zeroth-

order energy and the first-order energy correction as
EQ+E® =E, [2.40]
It is obvious from the above discussion that in order to improve on the Hartree-

Fock energy we need to evaluate the second-order energy correction. This correction is

known as the MP2 energy correction. By applying Bruillion’s Theorem and the Condon-
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Slater rules, it turns out that only doubly excited determinants contribute to the MP2

energy correction as follows

occupied viréual <Y HE |HA (TrY ”ab ><Y”ab ||:| ¢Y HF>

E®=3a a

[2.41]

where Yifb represents a doubly-excited determinant that differs from the reference
Hartree-Fock determinant Y - by the replacement of spinorbitals c; and c; with virtual

spinorbitals c, and cp, respectively. The energies g, g, €, and &, represent the orbital
energies associated spinorbital c;, ¢, Ca, and ¢y, respectively.

In terms of two-electron integral over spinorbitals, the above expression can be

written as.
g0 = L7ETE” [eie [eues)- (eucuferc,)) [2.42]
4 5 » e +te -e,-¢,
where
(616, ]c.00) = B87 ()8 () (%), (X, )k,
12 [2.43]

N * * 1
(cici|cyca) = gFi (4)¢ () =, (x)C, ()b,
12

The MP2 methods scales with basis set size as K°. This is because the integral
transformation from the atomic orbital (AO) to the molecular orbital (MO) basis where
the MP2 energies are computed, scales as K°. Due to their relatively moderate
computational cost, MP2 methods are widely used in the calculations of the correlation

energy.
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2.6 The Coupled-Cluster Methods

The coupled-cluster method in its various approximations is highly accurate, and
it is widely used to obtain a good account of electron correlation in molecular
calculations. The average accuracy of the coupled-cluster method is about 0.004A for the
determination of the bond length, 0.03° for bond angles, and 2% for the determination of

vibrational frequencies.

2.6.1 The Coupled-Cluster Wavefunction

In coupled-cluster theory the wavefunction is expressed as an exponential product.
Higher order excitations from a reference are obtained as a product of lower order ones.
If we consider the Hartree-Fock wavefunction as the reference wavefunction then the

coupled-cluster wavefunction can be written as

Y. =€Y,, [2.44]

where Y - isthe ground-state Hartree-Fock wavefunction. The operator e' is defined as

N R -lﬁz -|23 ¥
e’ :1+T+j+§+'“:é_ [2.45]

If we have a molecule with N el ectrons, then the above cluster operator T is given by
T=T,+T, ++T, [2.46]
The first operator on the right-hand side of the above equation is 'I:l; this is an operator

which generates the single excitations from the Hartree-Fock reference. The second

operator 'I:Z generates the double excitations. These two operators are defined by
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occupied virtual

A1Y HE — é. é. ey [2.47]

R occgpied viréual b ab

Y= A at) Y [2.48]
i<j a<b

The expansion coefficients t* and tij?‘b are usually called the t-amplitudes.
In the coupled-cluster singles and doubles approximation, denoted CCSD, both

the 'fl and 'I:2 operators are used in constructingY ., and the wavefunction is written as

>

Y e :e-l:YHF' T= 1 +-|:2 [2.49]

By using a Taylor-series expansion of e’ , we can rewrite the above equation as

] s o2 1y oo s 2oy 1oz por 2oz
T1+T, +T, +=(T  + +T,T, +T,))+=(T° +T,T, +TT,T, +j

YCCSD :.Il. - 1 AZA 2 AlA ) 1 i ) 2 1A 2 6 1 172 17271 yYHF [2501
{TlTZZ "'Tle2 + 2T1T2 "'Tz2 1 ¥ 23) tee b

We can see from the above equation that “disconnected” higher order excitations (like
'I:f and'I:ZZ) in coupled-cluster theory can be obtained as a product of lower order
connected excitations (T, andT,). Also, since the cluster operators T, and T, commute
with themselves and with each other, many of the above expressions in equation [2.50]

A

can be simplified. For example, the product 'I:1T2'I:1 can be smplified to'I:Z'I:12 .

2.6.2 The Coupled-Cluster Energy Expression

Coupled-cluster theory (and many-body perturbation theory) use non-variational
energy expressions. Using the coupled-cluster wavefunctionY . =efYHF, the time-

independent Schrodinger equation becomes

19



He'Y,. =E_e"Y,, [2.51]

Multiplying by Y . and integrating gives
(Y e |HAef|YHF )= Ecc<Y HF ‘e-l:YHF> [2.52]
Using intermediate normalization ((Y e |Yeo) = 1), equation [2.52] becomes
A - A a1
E. = <YHF |HeT|YHF> = <YHF |H @+T, +T, +§T12 +"‘)|YH,:> [2.53]

Since Hartree-Fock orbitals are used as a reference, Brillouin’s theorem holds. Also,
since the Hamiltonian is a one- and two-particle operator, terms like 'I:l'I:Z and 'I:23 will
have zero matrix elements with the Hamiltonian in the above equation. After taking into
account the above properties of the Hamiltonian, we get the following energy expression
in terms of the two-electron integrals over molecular spinorbitals ¢, ¢j, ca, and ¢, and the
amplitudes™
— occgpied viréua] ab atb by a

E,=E, + 2 aa<'b(t” +2t0 - 17t )(<Cicj c.Cy)- <cacb|cicj>) [2.54]

where
(016, [cacs) = BB (0)C ] (%) C. (%2, (% )k,
12

[2.55]
(016, [euca) = 87 ()C] (%) Cy(x)e, (X,

The next step isto obtain expressions for each of the amplitudes that enter into the

energy equation. To facilitate that, the operator T is truncated at a certain excitation

level. The coupled-cluster singles and doubles (CCSD) method is obtained by using
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T=T,+T,.Using T =T, +T, +T, givesthe CCSDT method, which scales with basis set
size as K®, as compared with K® for CCSD.

For the CCSD method, the amplitudes are generated by left projection of equation

[2.51] with singly and then doubly excited determinants. This will produce exactly the
right number of equations to solve for the amplitudest;®,t*t” and t°t} in eg. [2.54]. The

details of the derivations and the set of equations used to find the amplitudes are omitted
and can be found in many advanced quantum chemistry books.?%

Since the CCSDT method is computationally very demanding, its useis limited to
small systems. Therefore, to account for the effect of triple excitation in our current work
(and hence obtain a better account of electron correlation), we use the coupled-cluster
singles and doubles with perturbative triples CCSD(T) method.”® In this method, the
contribution of triple excitations to the energy is computed by perturbation theory and
added to the CCSD energy. The CCSD(T) method scales with basis set size as K’, and
produces highly-accurate results for many properties and parameters that include (but not
limited to) bond lengths, bond angles, dipole moments, vibrational frequencies, and

relative energies. This method is commonly referred to as “the gold standard of quantum

chemistry”.

2.7 Energy Decomposition: Symmetry-Adapted Perturbation
Theory (SAPT)

As mentioned above, symmetry-adapted perturbation theory (SAPT)®% is

employed to analyze the interaction energy in terms of physicaly meaningful
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components such as electrostatic, induction, dispersion, and exchange-repulsion energies.
In introducing SAPT, we will be using the original notation of Jeziorski and coworkers.*
In SAPT, the Hamiltonian of the dimer is decomposed into three parts as
H=F+V+W [2.56]
where F is the Fock operator, representing the sum of the Fock operators for the separate
monomers, W is the intramonomer correlation operator, accounting for the intramonomer
correlation effects; and V is the intermolecular interaction operator. The SAPT interaction

energy can be represented as

Emt = E-HF + E.CORR [2'57]

int int

where E/¥" represents lowest-order corrections that be can identified as describing
interactions at the Hartree-Fock (HF) level. TheE,{" term can be represented as

HF _ —=(10) (10) (20) (20) HF
Eint - Ee|$ + E@(ch + Eind,resp + E@(ch—ind,resp +dEint,resp [258]

The superscripts (ab) denote orders in perturbation theory with respect to operators V and
W, respectively. It can be seen from the above equation that the HF interaction energy
includes first-order polarization and exchange, and second-order induction and exchange-

induction contributions. The subscripts “resp” indicate that the induction and exchange-

induction contributions include the coupled-perturbed HF response®® The dE" term

int

contains the third- and higher-order HF induction and exchange induction contributions.

! Bukowski, R.; Cencek, W.; Jankowski, P.; Jeziorski, B.; Jeziorska, M.; Kucharski, S. A.; Misguitta, A. J,;
Moszynski, R.; Patkowski, K.; Rybak, S.; Szalewicz, K.; Williams, H. L.; Wormer, P. E. S. SAPT2002: An
Ab Initio Program for Many-Body Symmetry-Adapted Perturbation Theory Cal culations of Intermolecular
Interaction Energies. Sequential and Parallel Versions, 2003.

22



In this thesis work, we employ the SAPT2 approach, in which the correlated
portion of the interaction energy is nearly equivalent to the supermolecular MP2

correlation energy and can be represented as

CORR _ =(12) (11) (12) S t=(22) |, te(22) (20) (20)

Eint - Eelst,resp + E@(ch + E@(ch + Eind + E@(ch—ind + Edisp + E@(ch—disp [259]
where 'E{% representsthe part of E’ that isnot included inE%) ., and 'E{. 4is
approximated as

t—(22) (20) tE'(ZdZ)
n
Eexch-ind » Eexch-ind,resp (20) [260]
Eind,resp

Different studies on weakly bound dimers®?*% (like helium dimer, water dimer, Ar-Hy,
and Ar-HF) that compared the SAPT approach with the corresponding supermolecular
one have shown that SAPT interaction energies at the van der Waals minima differ from
the supermolecular ones by a small 1-2%. All the SAPT computations reported in the

current work were carried out using the SAPT2002 program.*
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CHAPTER 3

ESTIMATESOF THEABINITIO LIMIT FOR p-p
INTERACTIONS: THE BENZENE DIMER

3.1 Introduction

As mentioned in the first chapter of this thesis, p-p interactions are key
noncovalent interaction influencing the structures of protein, vertical base stacking in
DNA, host-guest complexes, and many solid state materials with aromatic rings.

In this chapter, we consider the simplest prototype of p-p interactions, the

15-17

benzene dimer. Explicitly correlated (R12) quantum mechanical theories, coupled

with focal-point analysis,®*

yield binding energy estimates of unprecedented accuracy
for this system. These results should be a key component in the development of a new
generation of molecular mechanics force fields, especially polarizable force fields that are
capable of accurately describing p-p interactions.

The small binding energy (~2-3 kcal mol™) of gas-phase benzene dimer makes it
a chalenge for both experiment and theory. The dimer is stable only at low temperatures
and low pressures and is typically prepared in supersonic jet expansions into the vacuum.
Because clusters of various sizes are produced, it is necessary to use detection methods
that are sensitive to their masses. Such challenges are a significant obstacle to a definitive
experimental description. Moreover, the diverse experimental techniques employed to

date have yielded seemingly contradictory results and are only consistent if there are at

least two different low-energy potential energy minima or if the system is highly
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fluxional with low barriers.® The combined experimental and theoretical work to date
suggests that the most favorable configurations are the perpendicular T-shaped and
paralel-displaced (PD) geometries (see Figure 3.1), with the eclipsed sandwich (S)

configuration somewhat higher in energy. Previous theoretical work™ indicates that some

2 '

Sandwich

>

\

Paralle-displaced

o
4
5
8

Figure 3.1. Sandwich, T-shaped, and parallel-displaced configurations of the benzene
dimer.

minor variations of these configurations (e.g.. the “edge-face” T-shaped configuration
obtained by the top monomer in the T-shaped dimer of Figure 1.3 by 30° about the axis
perpendicular to the page, or a rotated Cg, Sandwich) are very similar in energy.

Approximately perpendicular and offset-parallel configurations are frequently observed
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in the crystal structure of simple aromatic compounds,>**

and interacting pairs of
aromatic side chains in proteins exhibit both orientations, perpendicular arrangements
dominating.** By contrast, directly overlapping rings, asin the S configuration, are rarely
observed for these systems.*>** Neutron diffraction experiments on solid benzene® find
nearest neighbor orientations that are not quite T-shaped or parallel displaced.

Early molecular beam electric resonance studies by Klemperer and co-

workers®37

on the gasphase benzene dimer provided evidence for a T-shaped
configuration with C,, symmetry. Subsequent studies of the rotational spectrum of gas-
phase benzene dimer by Arunan and Gutowsky*® using a microwave spectrometer gave a
4.96 A separation between the benzene centers of mass. These experiments did not rule
out the existence of the paralée-displaced or sandwich configurations, however, since
they are only sensitive to molecules with dipole moments. Subsequent mass selective
ionization-detected stimulated Raman Spectroscopy (IDSRS) studies of intermolecular
vibrations of benzene dimer by Felker et al.*** were consistent with a dimer composed
of monomers not related by a symmetry element (e.g. T-shaped). On the other hand,
optical absorption spectra by Bernstein and co-workers™ support the existence of a
parallel-displaced configuration with Cy, symmetry. Stimulated emission pumping (SEP)
coupled with multiphoton ionization (MUPI) studies of the ground state vibrational
spectra of benzene dimer by Schlag and co-workers™ support the two monomers being

symmetry equivalent. Additional mass-selective hole-burning experiments by Schlag and

et al.*® were consistent with the existence of three different dimer configurations.
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The binding energy of the dimer, obtained from the dissociation energy of the ion
and the ionization potentials of the dimer and monomer, was measured as Dg= 1.6 £ 0.2

kcal mol™ by Krause et al.** and as 2.4 + 0.4 kcal mol™ by Grover et al.*

There have been a large number of theoretical studies of benzene dimer.3%3346-0
The binding energy of the dimer is primarily due to London dispersion interactions,®
which arise from favorable instantaneous multipole/induced multipole charge
fluctuations. Also, electrostatic, induction, and exchange-repulsion are al major
components of the binding energy for benzene dimer. Since Hartree-Fock molecular
orbital theory describes each electron in the average field of all the other electrons present
in the molecule, it is incapable of describing the instantaneous charge fluctuations giving
rise to the stabilizing dispersion forces. Unfortunately, current implementations of Kohn-
Sham density functional theory (DFT) rely on essentialy local approximations for the
density and are also incapable of accurately describing dispersion forces.*** Hence,
wave functions based correlation methods are essential for a qualitatively accurate
description of benzene dimer and other weakly-bound systems. Moreover, the need to
describe the polarizability of the monomers accurately suggests that very large basis sets
-including multiple polarization and diffuse functions- may be necessary.

The importance of using a large basis set has been shown by a number of
theoretical studies.®**>® Before the date of finishing the current study, no truly large
basis set has been used which can realistically approximate the complete basis set limit
for benzene dimer. Due to their sometimes prohibitively high computationa cost, the use

of multiple diffuse functions in the basis sets has received little consideration. In this

study, we consider the large correlation-consistent basis sets augmented by multiple
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diffuse functions, through aug-cc-pVQZ (1512 basis functions), for second-order
perturbation theory (MP2) computations. We also explore the effect of basis sets on the
geometries by obtaining MP2 potential energy curves as a function of the distance
between the centers of masses of monomers using a much larger basis function set (aug-
cc-pVTZ, 828 basis functions) than previously used for benzene dimer geometry
optimization.

Completer basis set (CBS) limits at the MP2 level have been estimated using the
orbital invariant version of the explicitly correlated MP2-R12 method in the standard
approximation A (designated as MP2-R12/A)™ with a custom basis set. Key studies by
Jaffe and Smith,* Hobza and co-workers,*® and Tsuzuki and co-workers,***° have shown
that MP2 overestimates the effect of electron correlation and hence overestimates the
binding energies for benzene dimer and other weakly-bound systems. Moreover, three-
body electron correlations, described by triple excitations relative to the reference
configuration, are also significant. The inclusion of triple excitations in the description of
the wavefunction provides a better account of electron correlation. Hence, coupled-
cluster computations with perturbative triples [CCSD(T)] have also been performed and
combined with the Hartree-Fock and MP2-R12/A values to estimate complete basis
CCSD(T) binding energies for the sandwich, T-shaped, and parallel-displaced
configurations for benzene dimer, which should be accurate to a few tenths of a

kilocalorie per mole.
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3.2 Theoretical Methods

Most computations on different benzene dimer configurations were performed
using Dunning’'s augmented correlation-consistent polarized split-valence basis sets of
contracted Gaussian functions, specifically aug-cc-pVDZ (384 basis functions), aug-cc-
pVTZ (828 basis functions), and aug-cc-pVQZ (1512 basis functions). The aug- prefix
denotes that these basis sets have an extra set of diffuse functions (functions with low
exponent) for each angular momentum apprearing the basis. A specia fully uncontracted
13s8p5d2f/9s3pld C/H basis set was constructed for use in MP2-R12/A single-point
calculations described below.

The optimum intermonomer distances for the planar sandwich, T-shaped, and
parallel-displaced dimer configurations were computed including valence electron
correlation via second-order MP2 theory in conjunction with the aug-cc-pVDZ and aug-
cc-pVTZ basis sets. For the sandwich and T-shaped geometries, the distance between the
centers of mass of the two benzene monomers (denoted by R in Figure 3.1) was
systematically varied, while the monomer geometries were kept rigid and not allowed to
change. For the parallel-displaced configuration, both the vertical and horizontals centers
of mass (denoted by R1 and R2 in Figure 3.1) were systematically varied, again with
rigid monomer geometries. Each dimer optimization used a monomer geometry that is
fully optimized at the same level of theory. For example, the MP2/aug-cc-pVDZ dimer
intermonomer optimizations used monomer geometries optimized at the MP2/aug-cc-
pVDZ level of theory; these geometries are kept rigid in the dimer calculations. The
counterpoise (CP) correction of Boys and Bernardi> was applied to account for the basis

set superposition error (BSSE) which results from the use of finite basis sets.
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Full geometry optimization at the MP2/cc-pVDZ level of theory supports the idea
that monomers remain nearly rigid in the dimer, all C-C and C-H bond distances stay
within 0.001 A of their values in the monomer, except for 0.003 A shortening of the C-H
bond pointed at the other benzene ring in the T-shaped configuration. Angles did not
change significantly in the full optimization. The above observations indicate that dimer
binding energy calculations using rigid monomers will be very similar to the ones
computed using fully optimized dimer geometries.

The optimal aug-cc-pVTZ MP2 intermonomer distances thus determined were
coupled with the recommended benzene monomer geometry of Gauss and Stanton® (C-C
=1.3915 A and C-H = 1.0800 A) to yield our best estimates for the equilibrium geometry
of each structure. These geometries were used to study the basis set dependence of
Hartree-Fock and MP2 energies (see the Results and Discussion section for more details).
They were also used to establish ab initio limits for the binding energies of each
configuration.

The binding energy limit estimate was composed of three contributions (each
counterpoise corrected): (1) the complete basis set limit at the Hartree-Fock level,
approximated with the aug-cc-pVQZ basis; (2) the CBS limit for the MP2 valence
correlation contribution, estimated by the MP2-R12/A method; (3) the effect of higher-
order correlation, estimated as the difference between the CCSD(T) and MP2 vaence

correlation energies (Epinging) €valuated with the aug-cc-pVDZ basis as follows:
DCCSD(T) - Et()itr?;r?éT)/aug— cc- pvDZ _ Et’)\iﬂr:::jizr:gaug_ cc- pvDZ [31]

Although it was not possible to compute DCCSD(T) correction in equation [3.1] using a

larger basis set, it should be relatively insensitive to basis set improvements, as
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demonstrated by the success of additive schemes such as those found in focal-point
analysis™®* or the Gaussian-3 method.”® Core orbitals were constrained to remain doubly
occupied in al correlated computations. The effect of core correlation, estimated at the
MP2 level using Dunning's core-valence aug-cc-pCVDZ basis®>’ was found to be
negligible (less than 0.03 kcal mol™ for all configurations).

A brief comment is due on the energies obtained with the explicitly correlated
MP2-R12/A method. The approximate resolution of identity utilized in the current form
of the linear R12 theories puts certain requirements on the quality of the basis used in
such computations. Specificaly, the basis has to be complete enough in the one-particle
sense that its use in the approximate resolution of the identity will not introduce
significant errors. It seems that only through comparison with MP2-R12/A energies
computed with larger basis sets may we rigorously evaluate the appropriateness of the
custom basis set used here. Computations of such scope will only be possible with a
massively parallel implementation of the method. However, the difference between the
CP-corrected and uncorrected MP2-R12/A interaction energies may also be considered as
estimate of the accuracy of our MP2-R12 computations of these energies. The computed
differences (0.05, 0.23, and 0.13 kcal mol™ for the sandwich, T-shaped, and parallel-
displaced configuration, respectively) indicate an accuracy of ~0.2 kcal mol™, which is
the technical limit at the moment.

All the results reported in this chapter were obtained using the PSI 3.2,°® and Q-
Chem 2.0* programs except for the aug-cc-pVQZ MP2 computations, which were
performed with Sandia's massively parallel quantum chemistry (MPQC) program®®®

using 12-15 POWERS3-II processors of an IBM supercomputer.
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The MP2-R12/A computations were performed using the orbital invariant version
of the method™® as implemented in the PSI suite.’” A new shared-memory parallel MP2-
R12/A agorithm based on the direct MP2 transformation scheme of Head-Gordon et al.%®
was implemented for this work and made the current computations feasible. Each MP2-
R12/A energy evaluation required approximately two weeks running on four processors

of the IBM SP.

3.3 Results and Discussion

Dimer geometry optimization was performed at the MP2/aug-cc-pvDZ and
MP2/aug-cc-pVTZ levels of theory using rigid monomers. The monomer geometries
were obtained at these same levels of theory and are displayed in Figure 3.2 along with
the reference geometry of Gauss and Stanton.” The MP2/aug-cc-pVDZ geometry is in

reasonably good agreement with the reference r. geometry, with the bond length errors of

1.0800 (Gauss & Stanton)
1.0943 M P2/aug-cc-pVDZ
1.0823 M P2/aug-cc-pVTZ

Figure 3.2. Equilibrium geometry of benzene (bond distancesin A).
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about 1.2%. The larger aug-cc-pV TZ basis yields much better agreement, reducing errors
to about 0.2%.

To our knowledge, no previous study has considered the effect of basis sets as
large as aug-cc-pVTZ (828 basis functions) on the optimized geometries of benzene
dimer. Potential energy curves for the sandwich, T-shaped, and parallel-displaced
configurations were obtained using MP2 with the aug-cc-pVDZ and aug-cc-pVTZ basis
sets. These curves, both uncorrected and counterpoise-corrected, are plotted in Figures
3.3-3.5. For clarity, only counterpoise-corrected MP2/aug-cc-pVDZ curves are displayed
for the paralel-displaced dimer. One immediately observes a very large difference
between the uncorrected and CP-corrected binding energies except near the dissociation
limit where the difference is smaller. Near equilibrium for the T-shaped configuration, for
example, this difference is 3-4 kcal mol™ for aug-cc-pVDZ and remains around 1.5 kcal
mol™ for aug-cc-pVTZ. Note also that the minima of the potential energy curves for the
uncorrected and CP-corrected curves are significantly different. Although the
counterpoise procedure can overcorrect for BSSE, underestimating binding, in this
system the CP-corrected values appear to converge faster to the complete basis set limit.

The counterpoise-corrected M P2/aug-cc-pVDZ and MP2/aug-cc-pVTZ curves are
nearly parallel and give nearly the same equilibrium intermonomer distances. This
suggests that, at the MP2 level, smaller basis sets such as aug-cc-pvVDZ may be
acceptable for the prediction of the equilibrium intermonomer geometries, so long as
binding energies are counterpoise-corrected, and so long as the basis set contains
adequate polarization and diffuse functions. As shown in Figure 3.5, the sandwich dimer

represents a potential energy maximum (saddle point) along the displacement coordinate
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Figure 3.3. Potential energy curves for the sandwich configuration at the MP2/aug-cc-
pVDZ and MP2/aug-cc-pV TZ levels of theory.
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Figure 3.4. Potential energy curves for the T-shaped configuration at the MP2/aug-cc-
pVDZ and MP2/aug-cc-pVTZ levels of theory.
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Figure 3.5. Potential energy curves for the parallel-displaced configuration at the (CP-
corrected) MP2/aug-cc-pVDZ level of theory.

R2 which connects two equivalent PD configurations. This behavior agrees with the
previous results of Jaffe and Smith.%* Whether the sandwich dimer represents a transition
state or a higher-order saddle point cannot be determined with certainty on the basis of
the present analysis.

The equilibrium dimer intermonomer distances are reported in Table 3.1. For the
sandwich and parallel-displaced configurations, the MP2 optimized geometries are very
similar for the aug-cc-pVDZ and aug-cc-pVTZ basis sets. Our value of 3.4 A for the
vertical separation between planes in the PD configuration agrees well with the

observation®* that in crystals many aromatic molecules form stacks with approximately
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parallel molecular planes separated by 3.3-3.6 A. For the T-shaped configuration, results
with both basis sets are in good agreement with the microwave results of Arunan and
Gutowsky,® who found a distance of 4.96 A between the centers of mass for the gas-
phase benzene dimer. Our values are also similar to the 5.05 A mean distance between
pheny! ring centroids for interacting aromatic side chains in proteins.* In agreement with
previous work,* we found that rotating one monomer with respect to the other made
essentialy no difference to the interaction energy; at the aug-cc-pVDZ level, rotating one
monomer by 30° about the axes R and R1 in Figure 3.1 produced energy changes of less
than 0.1 kcal mol™. For the parallel-displaced benzene dimer configuration, the change

was avery small 0.02 kcal mol™.

Table 3.1. Benzene Dimer Geometries (R in A)?

PD
Method  Basis S T R1 R2
Hobzaet a.” MP2 DZ+2P 3.9 5.0 35 1.6
Hobzaet al . CCSD(T) cc-pvDZ 4.1 5.1 3.6 1.8
Jaffe and Smith®  MP2 6-311G(2d,2p) 4.1 5.1 36 1.8
Thiswork MP2 aug-cc-pvDZ 3.8 5.0° 34 1.6
aug-cc-pVTZ 37 4.9 34 1.6

Arunan and expt. 4.96

Gutowsky?

2 All intermonomer parameters, in angstroms, obtained using rigid monomers. ° Reference 33 using
experimental monomer geometry. ¢ Reference 46 using experimental monomer geometry.  Reference 32
using MP2/6-311G(2d,2p) monomer geometry. ¢ Actual distance used was 5.0079 A. " Actual distance used
was 4.8942 A 9 Reference 38.

The present MP2/aug-cc-pVDZ and MP2/aug-cc-pVTZ geometries are in close
agreement with the MP2/6-311G(2d,2p) results of Jaffe and Smith® (see Table 3.1

above), suggesting again that CP-corrected MP2 geometries for benzene dimer are
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relatively insensitive to improvements in the basis set beyond polarized double-z with
diffuse functions. The CCSD(T) results of Hobza and co-workers* with a modified cc-
pVDZ basis set are somewhat similar to MP2 results using a similar quality DZ+2P
basis,® with the intermonomer distances being ~0.1-0.2 A larger for the CCSD(T) results
than the MP2 ones.

As it is clear from examining Figures 3.3 and 3.4, the binding energy is much
harder to converge (with respect to basis set or theoretical method) than the optimized
geometry. Several studies have investigated the effect of basis sets on the binding energy
of benzene dimer. Tsuzuki et a.* found that the magnitude of the MP2 interaction
energy of the sandwich configuration increased significantly going from the 6-31G* basis
set to 6-311G(3d,3p) as each additional polarization function was added. Hobza et al.*°
and Jaffe and Smith® have shown that diffuse functions also have a significant effect on
the binding energy. In light of these studies and other studies on benzene dimer, it is of
great interest to estimate the complete basis set limit for binding energies of the benzene
dimer. In this work, we have examined the basis set dependence of the MP2 binding
energy by comparing the previously mentioned aug-cc-pV DZ and aug-cc-pV TZ results to
predictions with the even larger aug-cc-pVQZ basis at our best estimates of the geometry
for each dimer configuration. Complete basis set estimates were obtained at these
geometries using MP2-R12/A methods and the custom uncontracted Gaussian basis set
described in the previous section. These binding energies (along with results from
previous studies on benzene dimer) are presented in Table 3.2. At the MP2 level, the aug-
cc-pVTZ basis stabilizes the dimer by ~0.3-0.4 kcal mol™ relative to the smaller aug-cc-

pVDZ basis. Thisis a significant improvement and represents around 10% of the overall
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M P2/aug-cc-pVTZ binding energies of 3.3-4.7 kcal mol™. Nevertheless, even the good
M P2/aug-cc-pV TZ binding energies are still up to 0.4 kcal mol™ away from the estimated

MP2 CBS limits (obtained using the MP2-R12/A methods), and using the aug-cc-pVQZ

Table 3.2. Binding Energies (kcal mol™) for Different Configurations of the
Benzene Dimer®

M ethod Basis S T PD
Hobzaet a.” MP2 aug-cc-pvVDZ 256 296 3.94
CCSD(T) aug-cc-pVDZ 112 217 202
Tsuzuki eta.  MP2 6-311G** 130 212
aug(d)6-311G** 2.58
CCSD(T) 6-311G** -0.02 140
aug(d)6-311G** 1.02
Jaffe and Smith®  MP2 6-311+G(2d,p) 247 287 379
6-311G(2df,p) 210 279 3.36
Thiswork MP2° aug-cc-pvDZ 290 316 4.28
MP2¢ aug-cc-pVTZ 326 3.46 4.67
MP2' aug-cc-pvVQZ 337 354 479
MP2-R12/A custom 364 363 495
DCCSD(T) aug-cc-pvVDZ -1.83 -0.89 -2.18
estd CBS CCSD(T) De 181 274 278
MP2 DZPVE cc-pvDZ 0.18 -0.35 -0.04
estd CBS CCSD(T) Do 1.99 239 274

2 All energies are counterpoise-corrected. ° Reference 46 using MP2/DZ+2P dimer geometry with
experimental monomer structure. © Reference 48 using MP2/6-31G* monomer geometries. ¢ Reference 32
with MP2/6-311G(2d,2p) monomer and dimer geometries. © Geometry optimized, (monomer kept rigid) at
each level of theory (see Table 3.1). ' At the MP2aug-cc-pVTZ optimized dimer geometry using
experimentally deduced monomer geometries from ref. 55.

basis decreases this gap only to ~0.3 kcal mol™. As seenin Table 3.2, the MP2 interaction
energies reported in the literature using smaller basis sets are quite far from the CBS limit
and do not show convergence towards a certain value. The effect of diffuse functions was
specifically examined by performing MP2 computations for the S configuration with the

cc-pVDZ and cc-pVTZ basis sets (i.e. the diffuse functions were dropped). The resulting
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binding energies (0.81 and 2.47 kcal mol™, respectively) show that adding a set of diffuse
functions can be more important than going to the next larger basis in the cc-pVXZ
series.

To elucidate more clearly on the effect of basis set on the MP2 interaction
energies, Figures 3.6 and 3.7 present the Hartree-Fock and MP2 correlation energy
contributions to the interaction energies as a function of basis set. The difference in
height between the two bars for each basis represents the value of the counterpoise
correction. By splitting the MP2 energies into their Hartree-Fock and correlation
contributions, we see that the attraction arises purely from electron correlation at these
geometries, the Hartree-Fock binding energies (Figure 3.6) are all negative (repulsive).
The Hartree-Fock energies contain the dominant electrostatic and induction contributions,
as well as short-range exchange repulsion. The T-shaped Hartree-Fock energies are the
least repulsive of the three configurations because of the favorable quadrupole-quadruple
interactions. We can also see from Figure 3.6 that the basis set superposition error
becomes very small for Hartree-Fock with the aug-cc-pVQZ basis, reflecting the high
quality of such basis. The CP-corrected binding energies converge rapidly with respect to
basis set.

The correlation component of the MP2 interaction energies (Figure 3.7) includes
dispersion effects as well as correlation corrections to the electrostatic and induction
contributions. These correlation contributions to the binding energies are all negative
(attractive), and, in contrast to the Hartree-Fock components (Figure 3.6) they do not
converge rapidly with respect to basis set; a significant CP-correction remains even for

the enormous aug-cc-pV QZ basis. Moreover, the MP2/aug-cc-pV QZ computations needs
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Figure 3.6. Hartree-Fock binding energies for each dimer structure as a function of basis
set. All computations were performed at the same best estimate geometry for each

configuration. All energies are negative (repulsive). Labels aXZ denote the aug-cc-pV XZ
basis sets.

more computer time than the MP2-R12/A values they approach, strongly suggesting that
R12 methods can be more affordable than the current CBS extrapolation methods.
Correlation favors the S and PD configurations, which have larger dispersion energies
than the T-shaped. Although one might expect the S configuration to have the largest
dispersion interaction, the correlation contribution is actually more favorable for the PD

geometry; this remains true even after improvements in the treatment of electron

correlation (see the discussion below).
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Figure 3.7. MP2 electron correlation energy contributions to binding energies for each
dimer structure as afunction of basis set. The total MP2 binding energies are obtained by
adding these values to the Hartree-Fock contributions in the previous figure. All
computations were performed at the same best estimate geometry for each configuration.
Labels aXZ denote the aug-cc-pV XZ basis sets.

Hobza et al.* have reported that MP2 significantly overestimates the stabilization
energy compared to CCSD(T), with overestimation of 30% for the T-shaped and 92% for
the sandwich structure for the largest basis set they considered. Jaffe and Smith® also
reported that MP2 overestimated the electron correlation energy compared to MP4(SDQ)
and MP4(SDTQ).

To better account for electron correlation, we performed CCSD(T) computations
using the aug-cc-pVDZ basis set. The difference between the CCSD(T) and MP2 binding

energies, denoted DCCSD(T) in Table 3.2, was assumed to be relatively insensitive to
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basis set, and was added to the aug-cc-pVQZ Hartree-Fock and MP2-R12/A correlation
energy results to estimate the complete basis set limit for CCSD(T). It is clear from the
table that DCCSD(T) is very large, ranging from —2.2 kcal mol™ for the parallel-displaced
configuration to —0.9 kcal mol™ for the T-shaped configuration. The final CBS CCSD(T)
estimates of D should be within a few tenths of a kilocalorie per mole of the ab initio
limit.

To gauge the size of the zero-point vibrational energy (ZPVE) corrections,
vibrational frequencies were obtained for fully optimized geometries at the MP2/cc-
pvDZ level of theory. At this level, imaginary frequencies are found for each
configuration. The sandwich configuration has two imaginary frequencies of 51i cm™,
each corresponding to a planar distortion of each benzene ring. The T-shaped
configuration has a weak imaginary mode (24i cm™) corresponding to the rocking of
benzene about the line joining the ring centers of mass. The PD-configuration has an
imaginary frequency of 79i cm™ corresponding to a rotation making the two rings
nonparallel.

Given the sensitivity of the potential energy surfaces to the theoretical treatment,
the MP2/cc-pVDZ level does not seem sufficient to confirm whether these stationary
points are actually minima or saddle points. However, the ZPVE corrections should be
reasonably well estimated. The ZPVE correction weakens the binding of the T-shaped
and parallel-displaced configurations by 0.35 and 0.04 kcal mol™, respectively, while it
strengthens the interaction of the sandwich by 0.18 kcal mol™. This result for the T-
shaped dimer is consistent with an earlier, lower-level estimate® of 0.24 kcal mol™. The

final CBS CCSD(T) estimates of De (Do) predict that the T-shaped and parallel-displaced
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configurations are isoenergetic within the expected error bars, with binding energies of
2.7 (2.4) and 2.8 (2.7) kcal mol™, respectively. The sandwich configuration is several
tenths of a kilocalorie per mole higher than the other two configurations. Previous
CCSD(T) computations with a modified aug-cc-pVDZ basis set found™ the T-shaped and
parallel-displaced configurations to be within 0.15 kcal mol™ of each other, with the T-
shaped being more stable (De = 2.17 kcal mol™); the sandwich structure at this level was
about 1 kcal mol™ less stable. We have shown that these results are qualitatively correct
but basis set effects significantly increase the overall binding energy. In light of the
present results, it seems clear that the most commonly cited experimental value* of Do =
1.6 + 0.2 kcal mol™ istoo small. However, an older experimental study by Grover et al.*”
gives Do = 2.4 + 0.4 kcal mol™, which agrees well with our new theoretical estimates.
This 2.4-2.7 kcal mol™ attraction is appreciable and will significantly influence
the interaction of phenyl rings in solution or other environments, in addition to other
factors such as solvophobic effects. The rather flat potential energy surface, along with
the S configuration being the least favorable, is entirely consistent with the observation
that interacting pairs of phenylalanines in proteins are found in mostly T- and PD- like
configurations, but they are scattered over awide variety of conformational space with no
strongly preferred single orientation.®> The benzene dimer itself is expected to be highly

fluxional and without arigid structure, like many van der Waals clusters.®

3.4 Conclusions

In this work we have investigated the basis set and electron correlation effects for

the simplest aromatic p-stacking system, the benzene dimer. This dimer is very
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chalenging for electronic structure theory and for experiments attempting to determine
its optimum structure.

For constrained geometry optimization, the aug-cc-pVTZ basis set used here is
much larger than basis sets employed in previous optimizations. Fortunately, we find the
smaller aug-cc-pVDZ basis sufficient to obtain intermonomer distances very near those
of aug-cc-pVTZ for the MP2 methods, so long as energies are counterpoise-corrected.
The present theoretical geometries for the T-shaped configuration are in good agreement
with the experimental data.

The counterpoise correction remains large even for the aug-cc-pVTZ basis,
suggesting that even larger basis sets are required for definitive prediction of binding
energies in benzene dimer. A new shared memory parallel agorithm has alowed us to
perform MP2-R12/A computations for benzene dimer which estimate the complete basis
set limit. As can be seen from the binding energies at the MP2 level, we have obtained
converged values for the energy where the binding energy converge towards the complete
basis set MP2 binding energies evaluated using the MP2-R12/A method. Combined with
a correction for the difference between CCSD(T) and MP2 determined using the aug-cc-
pVDZ basis with 384 basis functions, these results yield complete basis set (CBS)
CCSD(T) estimates which should be within a few tenths of a kilocalorie per mole of the
abinitio limit.

Our best estimates of the binding energy indicate that the T-shaped and parallel-
displaced configurations are nearly isoenergetic, with De (Do) values of 2.7 (2.4) and 2.8
(2.7) kcal mol™, respectively. The sandwich structure is not an optimum structure and has

a somewhat higher D. (Do) of 1.8 (2.0) kcal mol™, respectively. These results indicate



that the experimental binding energy of Krause et al.** (Do = 1.6 + 0.2 kcal mol™) must be
too small, but they support the older and less cited results of Grover et a. (Do =24+ 0.4
kcal mol™). The preferred configurations and the rather flat potential energy surface are

consistent with avariety of experimental observations of p-p interactions.
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CHAPTER 4

UNEXPECTED SUBSTITUENT EFFECTSIN FACF-TO-
FACE p-STACKING INTERACTIONS

In this work, state-of-the-art electronic structure methods have been applied to
obtain the first high-quality theoretical results for substituent effects in p-stacking
interactions. The sandwich configurations of benzene dimer, benzene-phenol, benzene-
toluene, benzene-fluorobenzene, and benzene-benzonitrile have been studied using
correlation consistent basis sets augmented by multiple diffuse functions, namely aug-cc-
pVDZ and aug-cc-pVTZ at the second-order (MP2) level. Coupled-cluster singles and
doubles with perturbative triples[CCSD(T)] computations were also performed on the
dimers and combined with the above MP2 calculations to obtain an estimate of the
CCSD(T)/aug-cc-pVTZ binding energies, which should be accurate to within several

tenths of akilocalorie per mole.

4.1 Introduction

As pointed out in the past chapter, the simplest prototype of p- p interactions, the
benzene dimer, has been the subject of great experimental and theoretical interest.>>%%%®
Using explicitly correlated MP2-R12/A wave functions,”® we estimated (in the past
chapter) the complete basis set limit for second-order Mgller-Plesset perturbation theory

(MP2) gas-phase binding energies of benzene dimer.®” After correction for higher-order

correlation effects via coupled-cluster theory including perturbative triple substitutions
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[CCSD(T)], the resulting binding energies should approach the ab initio limit within a
few tenths of a kcal mol™. The results demonstrate that the perpendicular T-shaped
configuration and the parale-displaced (offset-stacked) configuration are nearly
isoenergetic (De = 2.7 and 2.8 kcal mol™, respectively), while the face-to-face sandwich
configuration is a saddle point on the potential energy surface and is significantly higher
in energy (1.8 kcal mol™). However, substituents may substantially alter the energy
landscape: for the toluene dimer, Kollman and co-workers have shown that the sandwich
stacked configuration appear to be preferred over the T-shaped one, and this preferenceis
observed both in the gas-phase and in agueous solution.®

Very little is known about substituent effects in p-p interactions.”>”? Cozzi,
Siegel, and co-workers have used NMR techniques to study substituent effects in 1,8-
diarylnaphthalenes which force a nearly face-to-face arrangement. The barrier to rotation
about the aryl-naphthyl bond, which should increase as the p-p interaction becomes more
favorable, showed a linear relationship with the sum of the Hammet parameters s a4, Of
the substituents.”®™ The Hammet parameter was used as an indicator of the strength of
electron-donating and electron-withdrawing groups. These results suggest that electron-
withdrawing substituents stabilize the transition state by decreasing the repulsion between
the p electrons on each aryl ring, while electron-donating substituents destabilize the
transition state by increasing the repulsion between the two p systems, and that the
electron donating or withdrawing character of the substituents is reasonably described by
the s parameter. Such an analysis is consistent with the Hunter-Sanders rules,® which
make qualitative predictions of p-p interactions by focusing on electrostatics and

considering the p electron cloud to have a negative charge and the s framework to have a
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positive charge. We will revisit the Hunter-Sanders rules and provide additional details

about such rulesin the next chapter of thisthesis.

4.2 Theoretical Methods

Here we present preliminary results from the first ab initio study that focuses on
the effect of different substituents in face-to-face (sandwich) p-p interactions. Dimers of
benzene with substituted benzenes have been considered, with substituents OH, CHs, F,
and CN (see Figure 4.1). The centers of the two aromatic rings were aligned in an
eclipsed configuration. Monomer geometries of benzene and monosubstituted benzenes
were optimized using MP2 with the aug-cc-pVDZ and aug-cc-pV TZ basis sets, where the

aug- prefix denotes one set of diffuse functions for every angular momentum in the basis.

la X=H 2a X=H
1b X=OH 2b X=0OH
1c X=CHg3 2c X=CHj;
1d X=F R 2d X=F
le X=CN 2e X=CN
X
X

Figure 4.1. Sandwich configurations of benzene dimer and benzene-monosubstituted
benzene dimers.

With frozen monomer geometries, the distance between the centers of the rings was
optimized with the aug-cc-pVDZ and aug-cc-pV TZ basis sets and counterpoise-corrected
MP2 binding energies. Results using the larger, aug-cc-pV TZ basis set are taken as more

reliable, and these are corrected for higher-order correlation effects by CCSD(T) using an
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aug-cc-pVDZ basis in which diffuse functions have been removed from hydrogen, and
diffuse d functions have been removed from carbon (denoted aug-cc-pVDZ'). The
prohibitively high computational cost of CCSD(T) computations with a full aug-cc-
pVDZ basis precluded the use of such basis. In addition, some of the dimers studied have
a low symmetry (C; and Cs) making the CCSD(T)/aug-cc-pvVDZ computations not
feasible.

The above-mentioned procedure, which approximates aug-cc-pVTZ CCSD(T),
underestimates the binding energy for benzene dimer by approximately 0.2 kcal mol™
when compared to the more complete MP2-R12/A + DCCSD(T) approach,®” which
unfortunately is currently impractical for the lower-symmetry substituted dimers. We
anticipate that remaining errors due to incompleteness of the basis set or correlation
treatment are small and will approximately cancel when considering differences among
the dimers. All the results reported in the present study were obtained using the PSI 3.2%

and MOLPRO” programs.

4.3 Results and Discussion

Theoretical results are summarized in Table 4.1. The optimized distance between
monomers, R, is relatively insensitive to the basis set, but using a larger basis set makes
binding significantly more favorable. The DCCSD(T) corrections are very large, and they
account for the known overbinding of the van der Waals complexes by the MP2 method.
The most striking result from Table 4.1 is that all of the substituted dimers bind more

strongly than benzene dimer, even though these substituents are typically characterized as
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Table 4.1. Interfragment Distances (A) and Binding Energies (kcal mol™) for
Face-to-Face Dimers of Benzene with Substituted Benzenes®

Dimer Method R DE; ;.
Benzene-benzene MP2/aug-cc-pVDZ* 3.80 -2.90
MP2/aug-cc-pvVTZ® 3.70 -3.26
M P2/aug-cc-pV QZ°4 -3.37
MP2-R12/A% -3.64
DCCSD(T)/aug-cc-pvDZ’ 1.65
estd. CCSD(T)/aug-cc-pVTZ -1.61
DCCSD(T)/aug-cc-pV Dz 1.83
estd. CCSD(T)/CBS* -1.81
Benzene-phenol MP2/aug-cc-pvVDZ° 3.70 -3.40
MP2/aug-cc-pvVTZ® 3.60 -3.75
DCCSD(T)/aug-cc-pVDZ’ 1.90
estd. CCSD(T)/aug-cc-pVTZ' -1.85
Benzene-toluene MP2/aug-cc-pvVDZ° 3.70 -3.58
MP2/aug-cc-pvVTZ® 3.65 -3.94
DCCSD(T)/aug-cc-pVDZ’ 1.90
estd. CCSD(T)/aug-cc-pVTZ' -2.04
Benzene-fluorobenzene  MP2/aug-cc-pvVDZ® 3.70 -3.50
MP2/aug-cc-pVTZ® 3.70 -3.81
DCCSD(T)/aug-cc-pVDZ'f 1.61
estd. CCSD(T)/aug-cc-pVTZ' -2.20
Benzene-benzonitrile MP2/aug-cc-pvVDZ° 3.70 -4.49
MP2/aug-cc-pvVTZ® 3.60 -4.86
DCCSD(T)/aug-cc-pVDZ’ 2.07
estd. CCSD(T)/aug-cc-pVTZ' -2.79

2 All computations include the counterpoise correction. ° Distance between centers of rings optimized with
frozen monomers. ° Reference 67. 9 Using best estimate of monomer geometry and MP2/aug-cc-pVTZ
inter-fragment distance. © Geometry optimized (monomers kept rigid) at each level of theory. " Using
MP2/aug-cc-pV TZ monomer and inter-fragment geometry.

ranging from strongly electron donating (OH) to strongly electron withdrawing (CN).
This contrasts with the previously mentioned results of Cozzi, Siegel, and co-workers for
biaryl-naphthal enes, which correlated with s parameters.

It is tempting to ascribe the increased attraction for all substituents considered to
dipole-induced dipole interactions, which are absent in benzene dimer. The differences

in binding energies, however, do not correlate very well with the dipole moments of the
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substituted monomers (toluene, 0.375; phenol, 1.224; fluorobenzene, 1.60; and
benzonitrile, 4.18 D).” An aternative approach to understanding the electrostatic
contribution to binding is afforded by the electrostatic potentials of the monomers la-e
(Figure 4.2), obtained using the SPARTAN program with a density isosurface of 0.002

glectrons au™.”

1a 1h [+
Figure 4.2. Electrostatic potentials computed using Hartree-Fock and a 6-31G* basis set

with a scale of -25 to +25 kcal mol™. Potentials using B3LYP/6-31G* appear very
similar.

According to the Hunter-Sanders rules, the most important consideration for a
face-to-face sandwich configuration would be the negative p-electron charge at the ring
center. Figure 4.2 indicates that this charge is greatest for benzene, toluene, and phenal,
and followed by fluorobenzene and benzonitrile. The observed order, 2a<2b <2c< 2d
< 2e shows benzene to bind somewhat more weakly and toluene somewhat more strongly
compared to phenol. The binding sequence 2a < 2b < 2c is consistent with the order of
the polarizabilities,”® and the expected order of increasing dispersion interactions.
Nevertheless, more robust conclusions cannot be drawn without actually decomposing

the energy into its unigue components and comparing the contributions of these different
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components to the overall binding energy, and to the observed differences in binding

energies for the substituted dimers.

4.4 Conclusions

In this work we have seen that the electrostatic potentials do not necessarily
correspond to the classical electron donating or withdrawing effects observed in
electrophilic aromatic substitution reactions. OH is a strongly activating (electron-
donating) substituent in electrophilic aromatic substitutions, yet phenol displays no more
p-electron charge in the ring than benzene. This suggests that the electron donating effect
of OH is seen in the transition state and not the ground state of the substitution reaction.
This observation has been made by Dougherty and co-workers in studies of cation-p
binding.”” For the different substituents examined in this work, we have seen that all
substituted dimers bind more strongly than benzene dimer, with benzene-benzonitrile
binding the most strongly.

We expect that an increased understanding of substituent effects in p-p
interactions will aid molecular design efforts. In the next chapter, we report on additional
dimer configurations, and provide a more detailed analysis of the binding energy for
benzene dimer and different benzene-monosubstituted benzene dimers using energy

decomposition analysis.
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CHAPTER 5

SUBSTITUENT EFFECTSIN p-p INTERACTIONS:
SANDWICH AND T-SHAPED CONFIGURATIONS

In this work, sandwich and T-shaped configurations of benzene dimer, benzene-
phenol, benzene-toluene, benzene-fluorobenzene and benzene-benzonitrile are studied by
coupled-cluster theory to elucidate how substituents tune p-p interactions. We find that
all substituted sandwich dimers bind more strongly than benzene dimer, whereas dimers
in two different T-shaped configurations bind more or less favorably depending on the
substituent. Energy decomposition analysis using symmetry-adapted perturbation theory
(SAPT) indicates that electrostatic, dispersion, induction, and exchange-repulsion
contributions are all significant to the overall binding energies, and all but induction are
important in determining relative energies. Models of p-p interactions based solely on
electrostatics, such as the Hunter-Sanders rules, do not seem capable of explaining the
energetic ordering of the dimers considered. Such models do not take into account the

roles of dispersion, inductions, and exchange-repulsion in tuning these p-p systems.

5.1 Introduction

Noncovalent interactions are of pivotal importance in many areas of chemistry,
biology, and material science, and p-p interactions in particular are fundamental to many
supramolecular organization and recognition processes.®® These interactions play a key

role in phenomena as diverse as base-base interactions of DNA,’ side-chain interactions
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in proteins,* host-guest complexation,™® self-assembly based on synthetic molecules,***3

and intercalation of certain drugs into DNA.® As mentioned in the previous chapters,
despite a wide body of theoretical and experimental studies addressing the importance of
p-p interactions, a clear picture of their strength and geometrical preferences presents a
challenge for both experiment and theory due to the weakness of the interactions and to
the shallowness of the potential energy surfaces. However, any advances in rational
supramolecular design will require a detailed understanding of these interactions and how
substituent effects may tune them.

In previous work,%” we provided the first definitive study of the simplest
prototype of aromatic p-p interactions, the benzene dimer. Using explicitly correlated
MP2-R12/A™ wavefunctions, we estimated the complete basis set limit gas-phase
binding energies at the second-order Mgaller-Plesset perturbation theory (MP2) level.
After accounting for higher-order electron correlation via coupled-cluster theory with
singles, doubles, and perturbative triples [CCSD(T)],> the resulting binding energies
should be within a few tenths of one kcal mol™ of the ab initio limit. The estimated
complete basis set CCSD(T) estimates of D (Do) predict®” that the T-shaped and parallel-
displaced configurations are nearly isoenergetic, with binding energies of 2.7 (2.4) and
2.8 (2.7) kcal mol™, respectively. The face-to-face sandwich configuration is about 1 kcal
mol™ less stable. These results show that the commonly cited experimental binding
energy of Krause and co-workers (Do = 1.6 + 0.2 kcal mol™) is too low by about one kcal
mol™®. That interacting pairs of phenylalanines in proteins are generaly found in

571,78
S

orientations similar to the T-shaped or parallel-displaced configuration IS totally



consistent with our theoretical predictions that these two configurations are nearly
isoenergetic.

Substituents, however, may alter the energy landscape. For toluene dimer in both
agueous solution and the gas phase, two stacked configurations are predicted to be more
stable than the T-shaped configuration.®® Very little is known about substituent effects in
p-p interactions, either theoretically or experimentaly. A few studies have used NMR
techniques to examine p-p interactions in substituted aromatics. As mentioned previously
in the discussion of substituted sandwich dimers, Cozzi, Siegel, and co-workers™"-"9%
have measured barrier heights to rotation in substituted 1,8-diarylnaphthalenes featuring a
face-to-face (sandwich) arrangement. Rashkin and Waters recently reported experiments
on substituent effects in a model system with an offset-stacked (parallel-displaced)
configuration.”” Wilcox and co-workers devised a “molecular torsion balance” model
system to examine substituent effects on perpendicular (T-shaped) p-p interactions.?-#
Hunter and co-workers have aso examined T-shaped configurations using chemical
double-mutant cycles and molecular zipper complexes.®# Because none of these
experiments were performed in the gas phase, it is difficult to decouple the intrinsic
binding energy from contributions due to the solvent or environment, which will change
from system to system.®® Additionally, due to secondary intramolecular interactions or
steric constraints, the model system itself may complicate the interpretation of results.®
Although theory can examine the bare interactions directly, experience with the benzene

dimer® indicates that this is challenging, because coupled-cluster theory and augmented

triple-zeta or better basis sets are required for reliable total binding energies. Systematic
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theoretical studies of substituent effects in p- p interactions seem to be entirely absent,
apart from a double-zeta MP2 study of T-shaped configurations by Hong and Kim.®’

In arecently published letter,® we presented preliminary results from the first ab
initio study of substituent effects in face-to-face (sandwich) p-p interactions. Dimers of
benzene with monosubstituted benzenes were considered, with substituents OH, CHs, F,
and CN (2 in Figure 5.1). The most surprising result was that all substituted dimers bind
more strongly than benzene dimer, regardless whether the substituents are considered
electron donating (OH, CHa) or electron withdrawing (CN, F), in apparent contradiction

to the Hunter-Sanders model?.

X
1% X:Ig i ;
1b X=0OH
1¢ X=CHj R H H
1d X=F | |
le X=CN \ .
X X ‘ E\ i\
Sandwich _— —
2a-e
X
T-shaped T-shaped(2)
3a-€ da-e

Figure 5.1. The Sandwich and two T-shaped configurations of benzene dimer and
benzene-monosubstituted benzene dimers.

While acknowledging that dispersion has a major effect on the magnitude of p-p

interactions, the Hunter-Sanders model makes qualitative predictions assuming that
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geometries and substituent effects are determined by electrostatic interactions, with the p
electron clouds being negatively charged and the s framework being positively charged.
Other effects, such as induction and short-range repulsion, are ignored. According to this
model, electron-donating groups such as OH should increase the negative charge of the
electron clouds on the substituted monomer, leading to increased repulsion in the
sandwich dimer. This expectation does not fit our high-level theoretical results. A
preliminary analysis of our data for the sandwich dimers suggested that it is not possible
to understand the trends in binding based on electrostatic effects alone.®®

In this work we explore how substituents affect the binding of the T-shaped
configurations (3 and 4 in Figure 5.1). When substituting the upper ring in the T-shaped
configuration (3), the substituent is placed only in the position para to the other benzene
to minimize complications from direct interactions between the substituent and the other
benzene. Likewise, when the lower ring is substituted (4), the substituent is placed as far
away from the edges of the upper benzene as possible. We also extend our preliminary
report on the sandwich dimers (2) by incorporating CCSD(T) corrections into the
geometry optimization. This has a non-negligible effect on the total binding energies.
Using an additive correction scheme, we estimate interfragment distances and binding
energies at the highly reliable CCSD(T)/aug-cc-pVTZ level of theory. Lower levels of
theory are also considered to investigate which ones are capable of accurately
reproducing changes in binding due to substituents. Surprisingly, even though total
binding energies are very sensitive to basis set and electron correlation, the relative
energies for different substituted dimers are not. To further investigate the relative

importance of electrostatic, dispersion, induction, and exchange-repulsion energies we
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have decomposed binding energies into these components using symmetry-adapted
perturbation theory (SAPT).2*?*% Thijs analysis confirms that electrostatic interactions

alone are not sufficient to predict the correct energetic ordering of all the dimers.

5.2 Theoretical Methods

5.2.1 Supermolecular Approach

Most computations were performed using Dunning’s augmented correlation-
consistent polarized valence basis sets,>® specifically the double- and triple-zeta basis sets
aug-cc-pvDZ and aug-cc-pVTZ. The aug- prefix denotes the presence of one set of
diffuse functions for each angular momentum in the basis; this adds a considerable
number of diffuse functions to the standard, unaugmented cc-pVXZ basis sets. In a
previous study of benzene dimer,®” we found that augmenting the cc-pVDZ basis with
diffuse functions was more important to the binding energy than increasing the basis set
to cc-pVTZ. In that study we also explored basis set convergence by using basis sets as
large as quadruple-zeta aug-cc-pVQZ (1512 basis functions), and complete basis set
estimates were obtained using the explicitly correlated MP2-R12/A method.”
Unfortunately, such sophisticated computations are not yet feasible for all of the lower-
symmetry substituted dimers in the present study due to their prohibitively high
computational cost. Our previous benchmark results are reproduced here for comparison
to the levels of theory presently employed.

In the current study, monomers were fully optimized at the MP2/aug-cc-pvVDZ
and MP2/aug-cc-pVTZ levels of theory. For toluene, there is ailmost free rotation of the

methyl group, so we chose a one H up, 2 H down, Cs configuration. Dimer geometries
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were determined by optimizing the distance between the centers of the rings while
keeping the monomers rigid. Changes in relative orientations between the two aromatic
rings were not considered in this study. For benzene dimer, rotation of one ring about the
axis joining the centers of mass of the two rings has very little effect on the energy.®” For
the present substituted benzenes, changes in the relative orientation of the two rings will
lead to larger energy differences, depending on the substituent. For example, preliminary
data suggest that rotating the upper benzene in 4 so that the upper benzene is coplanar
with the C-X bond of the substituent leads to direct interactions between the substituent
and the meta hydrogen of the upper benzene which are worth a few tenths of one kcal
mol ™. We hope to explore these additional complicationsin future work.

MP2 interaction energies using the larger, aug-cc-pVTZ basis set were
approximately corrected for higher-order electron correlation effects by adding the
difference between the CCSD(T) and MP2 energies as computed using a modified aug-
cc-pVDZ basis, denoted aug-cc-pvVDZ', which lacks diffuse functions on hydrogen and
diffuse d functions on carbon. This provides an estimate of the CCSD(T)/aug-cc-pVTZ
binding energies and interfragment distances. The counterpoise (CP) correction of Boys
and Bernardi® was applied in all calculations to account for basis set superposition error
because our previous work demonstrates that CP-corrected MP2 energies converge more
quickly to the complete basis set limit for p-p interactions.?” Core orbitas were
constrained to remain doubly occupied in al correlated wavefunctions. All
supermolecular results in the present study were obtained using the PSI 3.2°® and

MOLPRO" programs.

59



5.2.2 Symmetry-Adapted Perturbation Theory (SAPT) Approach

As mentioned in chapter 2, symmetry-adapted perturbation theory (SAPT)*% is
used to analyze the interaction energy in terms of physically meaningful components
such as electrostatic, induction, dispersion, and exchange energies. Using the original
notation of Jeziorski and coworkers,* the SAPT interaction energy can be written in

terms of its Hartree-Fock and correlation components as

E. =En +EXT [5.1]

int int

where E; represents lowest-order corrections that be can identified as describing
interactions at the Hartree-Fock level. E/i" isrepresent by

HF _ —=(10) (20) (20) (20) HF
Eint - Ee|$ + E@(ch + Eind,resp + E@(ch—ind,resp +dEint,resp

[5.2]
The superscripts (ab) denote orders in perturbation theory with respect to operators V and
W, respectively.

In this work, we have employed the SAPT2 approach, in which the correlated
portion of the interaction energy is nearly equivalent to the supermolecular MP2
correlation energy and can be represented as

ECORR — EU2) | EUD 4 E(12) (1 (22) 4t (22) 4 E(20) 4 E(20) [5.3]

int elst,resp exch exch ind exch- ind disp exch- disp

where, as indicated in a previous chapter,'E{? represents the part of EZ? that is not

included inE(®” _,and 'E&Z? . isapproximated as

ind,resp ! exch-
tE(22)
t—(22) (20) ind
Eexch-ind » Eexch-ind,resp (20) [54]
Eind,resp

All SAPT calculations reported here have been carried out using the above-

mentioned aug-cc-pVDZ' basis set with the MP2/aug-cc-pVTZ optimized monomer
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geometries. For the dimers considered in this study, the aug-cc-pVDZ' basis set rangesin
size from 276 to 307 basis functions; the very high computational cost of the SAPT
procedure precludes the use of a larger basis set. SAPT computations were performed

using the SAPT2002 program.*

5.3 Resaults and Discussion

For more clarity, in this section we will first present results from our
supermolecular calculations, and then present results from our symmetry-adapted
perturbation theory (SAPT) calculations. This, we believe, will provide a better insight

into the utility of these two different approaches in energy analysis.

5.3.1 Supermolecular Approach

Theoretical results for binding energies and optimum intermonomer distances are
summarized in Table 5.1. The estimated CCSD(T)/aug-cc-pV TZ results show that all of
the substituted sandwich dimers are bound more strongly than benzene dimer, confirming
our earlier report on the sandwiches.®® While the OH, CHs, and F substituents increase
binding in the sandwich by 0.4-0.5 kcal mol™ at the best level of theory, CN has a much
larger effect of increasing the binding by about 1.3 kcal mol™. The substituted T-shaped
dimers 3b-e and 4b-e, by contrast, show both increases and decreases in binding relative
to benzene dimer, depending on the substituent. Changes in binding due to substitution
are smaller for dimers 3 and 4 than for the sandwiches 2, but once again CN has by far

the largest effect of all substituents examined.
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Table5.1. Interaction Energies (in kcal mol™) for Various Dimers®

Sandwich T-shaped T-shaped(2)

X Method R DEx R° DEx R° DEn

H MP2/aug-cc-pVDZ° 380 -290 501 316 501 -316
MP2/aug-cc-pV TZ° 370 -326 489 .346 489 -346
MP2/aug-cc-pvQz¢ 337 - )<V R—— -3.54
MP2-R12/A® -364 .. 363 - -3.63
DCCSD(T)/aug-cc-pvDZ®" —- 126 - 076 - 0.76

estd. CCSD(T)/aug-cc-pVTZ' 390 -1.80 499 -262 499 -262
DCCSD(T)/aug-cc-pvDZ¢  —- i< J—— 089 - 0.89

estd. CCSD(T)/CBSY K3 R— By Z/R— -2.74

OH MP2/aug-cc-pV DZ° 370 -340 500 -314 495 -323
MP2/aug-cc-pVTZ¢ 360 -375 490 -342 49 -352
DCCSD(T)/aug-cc-pvDZ'"  —- 144 e 077 - 0.75

estd. CCSD(T)/aug-cc-pVTZ' 380 -217 500 -258 500 -267

CH; M P2/aug-cc-pV DZ° 370 -358 500 -311 490 -360
M P2/aug-cc-pV TZ® 365 -396 490 -339 480 -3.89
DCCSD(T)/aug-cc-pvDZ'"  —- 155 - )< J—— 0.81

estd. CCSD(T)/aug-cc-pVTZ' 380 -227 500 -255 500 -295

F M P2/aug-cc-pVDZ° 370 350 495 -335 500 -287
MP2/aug-cc-pVTZ¢ 370 -381 490 -361 49 -317
DCCSD(T)/aug-cc-pvVDZ'" - T J— 0.74 - 0.73

estd. CCSD(T)/aug-cc-pVTZ' 380 -229 500 -277 500 -2.38

CN M P2/aug-cc-pV DZ° 370 -449 490 -379 500 -2.82
MP2/aug-cc-pVTZ¢ 360 -486 480 -411 490 -3.08
DCCSD(T)/aug-cc-pvDZ'"  —- 158 - 084 - 0.81

estd. CCSD(T)/aug-cc-pVTZ' 380 -305 490 -325 500 -220

2 All computations reflect counterpoise correction. ° Distance from center of benzene ring to center of
aromatic ring containing the substituent. © Optimized geometry (monomer kept rigid) at each level of theory. ®
Using the best estimates of monomer geometry (C-C = 1.3915, C-H = 1.0800A) from reference 55, and

intermolecular distance optimized using counterpoise-corrected MP2/aug-cc-pVTZ.

e

aug-cc-pvDZ'

represents a cc-pV DZ basis on hydrogen and an aug-cc-pV DZ basis minus diffuse d functions on other atoms.
" Using monomer geometry optimized with MP2/aug-cc-pVTZ and intermolecular distance optimized using
estimated counterpoise-corrected CCSD(T)/aug-cc-pVTZ.
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Because the different substituents have a larger stabilizing effect on the sandwich
configurations, the energy difference between the sandwich and T-shaped configurations
becomes smaller for the substituted dimers than for benzene dimer. For the cyano
substituent, the sandwich 2e actually becomes 0.9 kcal mol™ more stable than the T-
shaped dimer 4e, demonstrating that the preferred orientation in a p-p interaction can be
changed by only a modest degree of substitution.

Concerning convergence of the theoretical predictions, we observe that the
optimized distance between monomers, R, is relatively insensitive to the improvement of
the basis set at the MP2 level (so long as the counterpoise correction is employed), but
using the larger basis set makes the binding significantly more favorable (~0.3-0.4 kcal
mol™) for al dimer configurations. The estimated CCSD(T)/aug-cc-pVTZ optimized
intermonomer distances are ~0.1-0.2 A larger than the MP2 predictions. This means that
the estimated CCSD(T)/aug-cc-pV TZ binding energies will differ from those reported in
our previous work® for the sandwich configurations, where we used MP2/aug-cc-pVTZ
interfragment geometries, using the coupled-cluster geometries makes binding more
favorable by about 0.2 kcal mol™, or around 5-10% of the total binding energy. The
DCCSD(T) corrections are significant for all dimers (see Table 5.1), and they account for
the overestimation of the binding energy by the MP2 method.*** This correction is
largest for the sandwich configurations, ranging from 1.4 kcal mol™ for benzene-
fluorobenzene dimer to 1.8 kcal mol™ for benzene dimer. For the T-shaped and T-
shaped(2) dimer configurations, DCCSD(T) is 0.7-0.9 kcal mol™. The large magnitude of
DCCSD(T) arises both from the coupling of electron pairs in CCSD (which is neglected

in MP2) and from the importance of triple substitutions in CCSD(T). A recent study by
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Hopkins and Tschumper® shows that both of these effects are very important in weakly
bound dimers, and furthermore that the effect of connected quadruple substitutions is
small but possibly non-negligible.

Given the sensitivity of the binding energies to the basis set and theoretical
method, it might appear that one would require the very highest level of theory to
accurately predict changes in binding energies due to substitution. Fortunately, however,
Table 5.2 demonstrates that the binding energies relative to benzene dimer are accurately
predicted at any of the levels of theory considered here, with variations of less than 0.1
kcal mol™ in most cases. This suggests that even though the absolute binding energies are
very difficult to compute reliably, lower levels of theory should be sufficient to predict

relative changes due to substitution in future studies of larger molecules.

Sandwich Dimers

As noted above, Table 5.1 indicates that all of the substituted sandwich dimers
bind more strongly than benzene dimer. This is a surprising result if we note that these
substituents are typically characterized as ranging from strongly electron donating (OH)
to strongly electron withdrawing (CN). Our results appear to be inconsistent with the
experimental study of Cozzi, Siegel, and co-workers,® which showed a linear
relationship between the interaction energies of substituted phenyl groups and the sum of
the Hammett parameters Spaa Of the substituents. In that work, barriers to rotation DG*
about the aryl-naphthyl bond were determined using NMR for a few substituted 1,8-
diarylnaphthalenes in which the two phenyl groups are forced into a nearly face-to-face

stacked geometry. During rotation about the aryl-naphthyl bond, the stacked interaction is



lost, and the authors therefore assumed that the barriers to rotation are determined by the

strength of the p-p interaction in the stacked geometry.

Table 5.2. Interaction Energies (in kcal mol™) Relative to Benzene Dimer?

Sandwich Dimers 2a-e X=H OH CHs F CN
MP2/aug-cc-pVDZ' oe 0.00 -0.40 -0.54 -0.51 -1.40
MP2/aug-cc-pV DZz¢ 0.00 -0.50 -0.68 -0.60 -1.59
MP2/aug-cc-pVTZ¢ 0.00 -0.49 -0.70 -0.55 -1.60
Est. CCSD(T)/aug-cc-pVTZ® 0.00 -0.37 -0.47 -0.49 -1.25
SAPT2/aug-cc-pVDZ'® 0.00 -0.49 -0.61 -0.61 -1.56

T-shaped Dimers 3a-e
MP2/aug-cc-pVDZ' 0C 0.00 0.02 0.05 -0.17 -0.58
M P2/aug-cc-pVDZ¢ 0.00 0.02 0.05 -0.19 -0.63
MP2/aug-cc-pVTZ¢ 0.00 0.04 0.07 -0.15 -0.65
Est. CCSD(T)/aug-cc-pVTZ* 0.00 0.04 0.07 -0.15 -0.63
SAPT2/aug-cc-pvVDZ*® 0.00 0.03 0.07 -0.21 -0.71

T-shaped(2) Dimers4a-e
MP2/aug-cc-pvDZ' *¢ 0.00 -0.04 -0.38 0.27 0.29
M P2/aug-cc-pVDZ¢ 0.00 -0.07 -0.44 0.29 0.34
MP2/aug-cc-pVTZ¢ 0.00 -0.06 -0.44 0.29 0.39
Est. CCSD(T)/aug-cc-pVTZ® 0.00 -0.05 -0.33 0.24 0.42
SAPT2/aug-cc-pvVDZ*® 0.00 -0.04 -0.44 0.30 0.33

2 All computations reflect counterpoise correction. ° aug-cc-pVDZ' represents a cc-pVDZ basis on

hydrogen and an aug-cc-pVDZ basis minus diffuse d functions on other atoms. ¢ Intermonomer distance
optimized at the given level of theory with rigid MP2/aug-cc-pVTZ monomer geometries. ¢ Monomer
geometry and intermonomer distance optimized at the MP2/aug-cc-pvVDZ level of theory. ¢ Using
MP2/aug-cc-pV TZ optimized monomer geometry and intermolecular distances of 3.7A for 2a-e, and 4.9A
for 3a-e and 4a-e.

We note, however, that even in the transition state to rotation, there is still an
interaction between the two phenyl groups (although their orientation is now different)
which may aso be affected by substituents; therefore, the differences in barrier heights

for the different substituents may not be determined solely by the differences in the
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attraction at the stacked geometry. The present theoretical results, which measure the
intrinsic interaction energy directly, do not show a good correlation between interaction
energy and Hammett s parameters.

In earlier work on substituted sandwich dimers® we attempted to analyze
substituent effects in terms of the Hunter-Sanders rules, which state that although
dispersion is critical to making p-p interactions favorable, it is electrostatics which
determine changes in binding due to geometry or substituent effects. For a face-to-face
sandwich dimer configuration, the most important consideration would be the negatively
charged p-electron cloud above the ring center. Electron withdrawing substituents should
reduce the negative p charge and lead to decreased p-p electrostatic repulsion, and vice
versa for electron donating substituents. Such a picture seems consistent with the
experimental results of Cozzi et a.,”®™ but it is not consistent with our theoretical
binding energies, if one assumes that the Hammett parameters are indicative of the degree
of p-electron density. The Hammett s parameters, however, were determined from the
equilibrium constants for the dissociation of substituted benzoic acids,™ and there is no
reason to assume that they necessarily correlate with the p- electron density in the
reactants for those dissociations. Indeed, recent work on cation-p interactions by
Dougherty and co-workers shows that the hydroxyl group, which is a strongly activating,
electron donating substituent in the context of electrophilic aromatic substitution, has
nearly the same electrostatic potential above the center of the ring as unsubstituted
benzene.”’

Because the Hunter-Sanders rules propose that electrostatics are the most

important consideration, we have computed electrostatic potential maps of the monomers
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(Figure 5.2), rather than relying on Hammett s parameters as an indirect measure of
electrostatics. Figure 5.2 indicates that benzonitrile has the least negative p cloud,
followed by fluorobenzene. However, the electrostatic potentials of the p clouds are
similar for benzene, toluene, and phenol. Even though OH is electron donating in some
other contexts, it has little effect on the electrostatic potential on top of the ring, in

agreement with the findings of Dougherty and co-workers.”’

@

Figure 5.2. Electrostatic potentials computed using Hartree-Fock and a 6-31G* basis set
with a scale of -25 to +25 kcal mol™. Potentials using B3LYP/6-31G* appear very
similar.

Unfortunately, even if we ignore the Hammett s parameters and consider the p
charge as it appears from the electrostatic potentials, the Hunter-Sanders rules still do not
give us qualitatively correct conclusions. Based on the electrostatic potentials computed
at the HF/6-31G* level of theory (see Figure 5.2), we would expect benzene, toluene, and
phenol to have nearly the same binding energies to benzene, which is not the case here
(see Table 5.1 for the binding energies of different dimers). Instead, the difference in
binding energies between toluene-benzene and benzene-benzene, which we would expect

to be very small, is significantly larger than that between fluorobenzene-benzene and
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toluene-benzene, which we would expect to be larger. Thus, even though Hunter-Sanders
rules are useful in many instances for qualitative predictions of binding energies in p-p
interactions, clearly they do not always predict the right trends for substituents because
they lack other effects such as dispersion, induction, and exchange-repulsion.
Concerning the three monomers (benzene, toluene, phenol) which ought to have similar
electrostatic interactions with benzene based on the electrostatic potentials, their binding
energies increase in the same order as their polarizabilities, suggesting that dispersion is
important in determining the differences between substituted dimers. A more detailed

analysis of the binding trends using SAPT analysisis described below.

T-shaped Dimers

Binding energies for the T-shaped dimers are aso summarized in Table 5.1
Benzene-benzonitrile and benzene-fluorobenzene both bind more strongly than benzene
dimer, by 0.63 and 0.15 kcal mol™, respectively, at the most reliable level of theory.
Conversely, benzene-phenol and benzene-toluene are dightly less bound compared to
benzene-dimer, by 0.04 and 0.07 kcal mol™, respectively. These changes are at least
partialy attributable to the electron donating or electron withdrawing effects of the
substituent.

Electron withdrawing groups will decrease the exchange-repulsion term and
increase the favorable electrostatic interaction between the partial-positive para hydrogen
and the negatively charged p-electron cloud of the unsubstituted benzene ring below it;
the opposite will happen for electron donating groups. Natural population analysis

charges computed for the substituted monomers (B3LY P/cc-pVDZ) indicate relatively
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small changes (= 0.004 a.u.) in the para hydrogen charge except in benzonitrile (0.008
au.), and the SAPT analysis below demonstrates that the largest changes generally come

in the exchange-repulsion term, not the electrostatic term.

T-shaped(2) Dimers

As shown in Figure 5.1, in the T-shaped(2) dimers, a hydrogen from benzene
points downward at the center of the ring of the substituted monomer. In this case, we
expect changes in binding energies to correlate with the p-donating or withdrawing
capacity of the substituents. A p-donating substituent should increase the negative charge
of the p cloud on the substituted benzene, leading to a more favorable electrostatic
interaction with the partial positive charge on the hydrogen pointing down at it. The
electrostatic potential maps plotted in Figure 5.2 suggest that binding should be similar
for benzene, phenol, and toluene, smaller for fluorobenzene, and smallest for
benzonitrile. Indeed, the decreases in binding energies compared to benzene dimer for
benzene-fluorobenzene and benzene-benzonitrile are 0.24 kcal mol™ and 0.42 kcal mol™,
respectively, compared to benzene dimer. The binding energy of benzene-phenoal is very
similar to that of benzene dimer (0.05 kcal mol™ more stable), as expected. However, the
binding energy of toluene is significantly increased, by 0.33 kcal mol™. Our SAPT
analysis (below) indicates that this is due to greater dispersion energy for benzene-
toluene than for benzene-phenol or benzene dimer.

According to the preceding analysis of supermolecular binding energies, it is clear
that consideration of electrostatic effects alone (as advanced by the Hunter-Sanders rules)

is not sufficient to fully explain the trends in the binding energies of the substituted
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dimers. To better understand the observed trends, we now turn to SAPT to decompose the
binding energy into its electrostatic, dispersion, induction, and exchange-repulsion

components.

5.3.2 SAPT Approach

All SAPT computations reported here were performed using MP2/aug-cc-pVTZ
optimized monomer geometries. The individual energy components of the SAPT anaysis
were found to be very sensitive to the interfragment distance; for example, when T-

shaped benzene-benzonitrile 3e is computed at distances of 4.8 and 4.9 A, the exchange-

(20)

repulsion term changes by 35%, and the Ej’ dispersion term changes by 16%. Such

changes were often larger than the variations due to substituent effects. For that reason,
we performed all SAPT computations at the same intermonomer distances: 3.7 A for the
sandwiches 2, and 4.9 A for the T-shaped configurations 3 and 4. All SAPT computations
were carried out using the modified aug-cc-pVDZ' basis. Critical to our SAPT anaysisis
the ability of such a modest basis set to faithfully reproduce the higher-level
supermolecular (SM) ordering of the binding energies for the dimers studied. Table 5.2
indicates that the shifts in binding energies due to substituents are reliably predicted by
SAPT2/aug-cc-pVDZ' (despite our using the same interfragment distance for all dimers
of agiven configuration, which is not the equilibrium distance in all cases).

As we did for the supermolecular part of the discussion, we will first discuss the
sandwich dimers results, and then present the results for the two T-shaped dimer

configurations.
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Sandwich Dimers

The SAPT binding energies for the sandwich dimers are summarized in Table 5.3.

The electrostatic component of the binding energy, represented here by the sum of E{
and Eéﬁ?r , is aways stabilizing. This is surprising from the point of view of the Hunter-

Sanders model, which would imagine two negatively charged p clouds directly on top of
each other for the benzene dimer sandwich. However, such a picture ignores the fact that
the electron clouds interpenetrate, and the electrostatic penetration term is usually
attractive. The electrostatic energies for the T-shaped dimers 3 and 4 (Tables 5.4 and 5.5)
are much more attractive than for the sandwiches 2, in agreement with the expected
dominance of attractive s-p interactions in the T-shaped configuration. The exchange-
repulsion terms are substantially larger than the attractive electrostatic terms in the
sandwiches, so that the sum of the electrostatic and exchange termsis overall repulsive.
Because CN is the most strongly electron withdrawing substituent, it should
reduce the p density the most, decreasing unfavorable p-p repulsion. Indeed, we observe
the most favorable electrostatic energy for benzene-benzonitrile (0.86 kcal mol™ more
stable than benzene dimer). The next most favorable electrostatic energy is for benzene-
fluorobenzene, which is consistent with F being the next most effective electron
withdrawing substituent, as indicated by the electrostatic potentials in Figure 5.2.
According to that figure, the electrostatic energies should be nearly the same for the
sandwiches of benzene with benzene, phenol, and toluene, and thisis what we observein
Table 3. Hence, the trends in electrostatic energies with respect to substitution seem

consistent with expectations based on el ectrostatic potential maps of the monomers.
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Table 5.3. Contributions to the Interaction Energy (kcal mol™) for Different Sandwich
Dimer Configurations 2a-€

X=H OH CHas F CN

Ene 5.330 4.947 5.352 4534 3.014
ESS -0.520 -0.689 -0.544 -1.073 -1.757
ESan 6.185 5.984 6.299 5.900 5.968
E -2.196 -2.252 -2.201 -2.153 -2.150
E S inar 2.002 2.058 2.066 2.010 2.005
dE;, -0.141 -0.153 -0.179 -0.150 -0.151
ESD: -0.454 -0.388 -0.483 -0.282 -0.075
Elah + ESa -0.151 0132 -0.089 -0.169 -0.190
‘B 0.054 0.035 0.043 0.038 0.049
"B ing -0.050 -0.032 -0.039 -0.036 -0.046
Ede -7.470 -7.653 -8.173 -7.377 -7.909
ESor aep 0.942 0.933 0.985 0.888 0.899
Eix (SAPT2) -1.798 -2.289 -2.405 -2.403 -3.357
E,. (MP2)° -1.744 -2.223 -2.345 -2.326 -3.273

& Using M P2/aug-cc-pV TZ optimized monomer geometry and intermolecular distance of 3.7 angstroms.
PM P2/aug-cc-pVDZ' counterpoise-corrected binding energies.

Because the electrostatic energies for benzene-phenol and benzene-toluene are so
similar to that of benzene dimer, clearly electrostatics alone cannot explain why the total
binding energies of those dimers are significantly larger than that of benzene dimer.
Other energetic components are therefore important in determining the energetic order of

the dimers.

The exchange energy terms calculated here areESY EZ) ELY ESD

exch ? =exch-ind,r * =—exch ’ =—exch !
‘Bl s and ESY 4. The first term, ESY), accounts for the repulsion due to the Pauli
exclusion principle and arises from the antisymmetry requirement of the wavefunction,

ELD and EL2 account for the effects of intramonomer correlation on the exchange
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repulsion, and E9 . and other second order terms (‘EZ . . and EZ) ) account for

exch-ind,r exch- exch- disp

additional exchange repulsion arising from the coupling of electron exchange and the
induction and dispersion interactions. The exchange energy is slightly more repulsive for
benzene-toluene and dlightly less repulsive for benzene-phenol, benzene-fluorobenzene,
and benzene-benzonitrile, than in benzene dimer. This is consistent with the reduced p-p
overlap for the electron withdrawing CN and F substituents and the increased p-p overlap
for the weakly electron donating CH3 group. Kim and co-workers previously noted a
similar reduction in exchange-repulsion energies for fluorobenzene-argon as compared to
benzene-argon.”*

The relative exchange energies are larger in magnitude than the relative
electrostatic energies for CHsz and OH substituents, indicating the importance of exchange
terms. When the exchange-induction and exchange-dispersion cross terms are counted as
induction and dispersion, respectively, the relative exchange energy for the OH
substituent (compared to benzene dimer) is amost twice as large as the relative

electrostatic energy.

The induction contribution to the binding energy is mainly contained inE%) .

This is a second-order energy correction that results from the distortion of the charge
distribution of one monomer by the electrostatic charge distribution of the other
monomer, and vice versa. This mutual polarization of the monomer by the static electric
field of the other is proportional to the multipole moments and static polarizabilities of

the monomers. The leading intramonomer correlation contribution is included in 'E%

and accounts for only 2% of the induction energy. Table 5.3 shows that the dominant
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induction term E” is very similar for al sandwich dimers. The attractive part of the

ind,r

induction energy is substantially quenched by the repulsive exchange-induction energy

(represented by E* and'E®? . ). As noted by Jeziorski and coworkers® any

exch-ind,r exch- ind
guantitatively accurate calculation of the induction energy cannot neglect the exchange-
induction contribution. If we account for this repulsive term and also add the third- and

higher-order induction and exchange-induction terms indE;, induction stabilizes the

total binding energy by 0.3-0.4 kcal mol™ for the sandwich dimers investigated. The
shifts in the induction energies relative to benzene dimer due to substitution are less than
0.07 kcal mol ™.

Dispersion stabilizes the binding energy of the sandwich dimers by 6.5 to 7.2 kcal
mol™ after the exchange-dispersion correction. This is by far the largest attractive
contribution. Figure 5.3 displays the good correlation between dispersion energies and
the p components of the polarizabilities of the substituted monomers, computed at the
HF/aug-cc-pVDZ level (46.2 1a, 47.4 1b, 54.9 1c, 44.7 1d, and 51.8 €’a,7/E;, 1€). The
dispersion energies relative to benzene dimer 2a are significant for al but the F
substituent, ranging from -0.66 to 0.04 kcal mol™. For methyl-substituted 2c, dispersion
is the most important contributor to the energy lowering relative to benzene dimer 2a. For
hydroxyl-substituted 2b, dispersion is twice as important as electrostatics in contributing
to the stabilization relative to 2a.

To summarize the above results, we plot in Figure 5.4 the relative changes in

electrostatic, exchange-repulsion, induction, and dispersion components of the interaction
energy for different sandwich dimers compared to benzene dimer. The dE/{™ term was

left out and not added to any of the four energy components.
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Figure 5.3. Plot of dispersion energy for sandwich dimers (SAPT2/aug-cc-pvVDZ',
exchange-corrected) vs. polarizability in the direction perpendicular to the aromatic plane
(HF/aug-cc-pvVDZ).
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Figure 5.4. The relative changes in electrostatic, exchange, induction, and dispersion
components of the interaction energy for different sandwich dimers compared to benzene
dimer.
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T-shaped Dimers

Table 5.4 shows the SAPT contributions to the interaction energy for T-shaped
dimers 3a-e. It should be noted that, in general, the T-shaped dimers have a larger
electrostatic component than their sandwich dimers counterparts because of favorable
guadrupole-quadrupole interactions. They also exhibit smaller destabilizing exchange-
repulsion energies and smaller stabilizing dispersion energies than the sandwich dimers.
Nevertheless, the dispersion and exchange-repulsion energies remain larger than the

electrostatic energies for 3a-e.

Examining Table 5.4, we see that the sum of electrostatic terms (E{Y + ES2),) is

very similar for al of the T-shaped dimers, with differences of 0.04 kcal mol™ or less
from benzene dimer except for benzene-benzonitrile. The trend in electrostatic energies
follows the trend in computed para hydrogen charges, with the exception of the hydroxyl
substituent. The trend in electrostatic energies aso happens to match the trend in total
binding energies, except for a reversal of the order for the CH; and OH substituents.
However, due to the very small changes in electrostatic energies due to substitution, and
the much larger changes in other energy components (below), this appears fortuitous.

The exchange interactions for the T-shaped dimers are considerably less repulsive
than for the sandwiches; this is due to the reduced overlap between the orbitals of the two
monomers. Benzene-fluorobenzene and benzene-benzonitrile have smaller (0.32 and 0.27
kcal mol™, respectively) exchange-repulsion energies than benzene dimer because the F

and CN substituents are electron withdrawing and reduce the electron density available to
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interact with the other benzene. Such a reduction of electron density in the ring also

reduces the favorable dispersion contribution by about 0.1 kcal mol™. An opposite effect

Table 5.4. Contributions to the Interaction Energy (kcal mol™) for Different T-shaped
Dimer Configurations 3a-€

X=H OH CH F CN

=g 1618 1.677 1.817 1.228 0.648
ESS -2.190 2135 2131 -2.293 -2.770
ESan 4.447 4.442 4588 4171 4.219
E -1.161 -1.152 -1.189 -1.105 -1.210
E S inas 0.914 0.907 0.946 0.836 0.847
dE;, -0.392 -0.385 -0.397 -0.382 -0.438
S -0.054 -0.071 -0.104 0.022 0.181
Elah + ESa 0.418 0.405 0.431 0.376 0.374
‘B -0.144 -0.139 -0.154 -0.117 -0.105
"B ing 0.113 0.109 0.123 0.089 0.073
Ede -4.893 -4.896 -5.004 4713 4772
ESor aep 0.526 0.529 0.547 0.489 0.478
E. (SAPT2) -2.415 -2.385 -2.344 -2.626 -3.122
E.(MP2)° 5048 2241 -2.189 -2.464 -2.888

& Using M P2/aug-cc-pV TZ optimized monomer geometry and intermolecular distance of 4.9 angstroms.
PM P2/aug-cc-pVDZ' counterpoise-corrected binding energies.

is seen for benzene-toluene because methyl is a dightly electron donating substituent.
The increased electron density in the toluene ring leads to a dlightly larger exchange
repulsion (~0.2 kcal mol™) and more favorable dispersion energy (0.1 kcal mol™) than in
benzene dimer. Although substituent effects for exchange and dispersion are of opposite
sign, the shifts in the exchange energies are usually 2-4 times larger. Therefore,
dispersion is less important in determining relative energies for the T-shaped dimers than

for the sandwich dimers. Substitution by OH leads to very small changes in exchange and
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dispersion energies relative to benzene dimer. Shifts in exchange-corrected induction
energies relative to benzene dimer are relatively small and generally have the same sign
as the electrostatic shifts. The largest effect due to induction isa 0.1 kcal mol™ increasein
binding for the CN substituent.

As for the sandwich dimer, we summarize the above results for the T-shaped
dimers by plotting in Figure 5.5 the relative changes in electrostatic, exchange-repulsion,
induction, and dispersion components of the interaction energy for different T-shaped

dimers compared to benzene dimer.
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Figure 5.5. The relative changes in electrostatic, exchange, induction, and dispersion
components of the interaction energy for different T-shaped dimers compared to benzene
dimer.
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T-shaped(2) Dimers

Table 5.5 shows the SAPT contributions to the interaction energy for substituted
T-shaped(2) dimers 4a-e. In this case the substituent will either enhance or reduce the p-
electron density on the lower benzene ring, and consequently, increase or decrease its
electrostatic interaction with the partial positive charge of the hydrogen on the upper
benzene. The electron withdrawing F and CN substituents reduce the amount of p-
electron density on the lower ring and decrease both the electrostatic interaction (by 0.27
and 0.52 kcal mol™, respectively) and the total binding energy (by 0.30 and 0.33 kcal
mol™ at the SAPT2 level). The electron donating methyl substituent has the opposite
effect, increasing the electrostatic attraction by 0.14 kcal mol™ and the total binding
energy by 0.44 kcal mol™. Once again the OH substituent has little effect, with a decrease
in electrostatic attraction of 0.06 kcal mol™ and an increase in total binding of the same
size. Other than this sign change for OH, the trend in total binding energies follows that
of the electrostatic interaction. We observe once again that the exchange-corrected
induction energies are relatively small, and their shifts relative to benzene dimer have the
same sign but are several times smaller than the shifts in the el ectrostatic energies.

Although the relative energies generally follow the same trend as the electrostatic
energies, this does not mean that the electrostatic contribution to the total energy is the
dominant one. As was seen for 3, both the exchange and dispersion energies are greater
in magnitude than the electrostatic energies for 4. This agrees with Wilcox's
conclusion,® based on the molecular torsion balance, that “the electrostatic potential of

the aromatic ring is not a dominant aspect of the aryl-aryl interaction.”
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We might expect that the F and CN substituents, by reducing the amount of p-
electron density directly below the hydrogen from the other benzene, should aso
decrease the exchange repulsion relative to benzene dimer. This expectation is fulfilled

by reductions of 0.13 and 0.18 kcal mol™ in the exchange energies for fluorine and cyano

Table 5.5. Contributions to the Interaction Energy (kcal mol™) for Different T-shaped(2)
Dimer Configurations 4a-€

X=H OH CHa F CN

End 1618 1.674 1.365 1.971 2.295
ESS -2.190 -2.065 -2.343 -1.816 ~1.510
ESe 4.447 4.365 4.374 4.333 4.293
Efar -1.161 -1.167 -1.179 -1.118 -1.110
E S ina.s 0.914 0.930 0.914 0.929 0.939
dE, -0.392 -0.389 -0.401 -0.355 -0.316
ESSr -0.054 -0.119 -0.036 -0.161 -0.218
ESah + ESan 0.418 0.417 0.435 0.400 0.393
= -0.144 -0.158 -0.146 -0.158 -0.154
‘ESar ind 0.113 0.126 0.113 0.131 0.130
Edo -4.893 -4.932 -5.120 -4.802 -5.032
Eser as 0.526 0.519 0.534 0.500 0.498
Eix (SAPT2) -2.415 -2.474 -2.854 -2.117 -2.087
E, (MP2)" -2.248 -2.316 -2.687 -1.967 -1.963

& Using MP2/aug-cc-pV TZ optimized monomer geometry and intermolecular distance of 4.9 angstroms.
M P2/aug-cc-pVDZ' counterpoise-corrected binding energies.

substituents, respectively. On the other hand, the exchange energy for the CH3 substituent
is also decreased (by a small 0.06 kcal mol™), in contrast to its modest electron donating

character.
As for the sandwich configuration, we observe a correlation between dispersion

energies and the computed p polarizabilities of the substituted monomers (see Figure
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5.6). The relative dispersion energy is comparable in magnitude to the relative
electrostatic energy for hydroxyl-substituted 4b, and it is larger than the relative
electrostatic energy for methyl-substituted 4c. Hence, the electrostatic energy largely
determines the energetic order of the T-shaped dimers 4, but other effects remain
important in determining the size of the relative energies. Finally, Figure 5.7 display the
relative changes in electrostatic, exchange-repulsion, induction, and dispersion
components of the interaction energy for different T-shaped(2) dimers compared to

benzene dimer.
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Figure 5.6. Plot of dispersion energy for T-shaped(2) dimers (SAPT2/aug-cc-pvDZ',
exchange-corrected) vs. polarizability in the direction perpendicular to the aromatic plane
(HF/aug-cc-pvDZ).

5.4 Conclusions

A better understanding of p-p interactions will aid rational design efforts in

biological chemistry and crystal engineering. Substituent effects in the sandwich and T-

81



shaped configurations of benzene dimer have been quantified using an additive scheme to

obtain high-quality CCSD(T)/aug-cc-pV TZ binding energies and interfragment distances.
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Figure 5.7. The relative changes in electrostatic, exchange, induction, and dispersion
components of the interaction energy for different T-shaped(2) dimers compared to
benzene dimer.

Of al the substituents studied, the cyano substituent has by far the largest effect,
changing the binding energy by more than 1 kcal mol™ relative to benzene dimer in some
cases, this substituent is even capable of making the sandwich configuration drop lower
in energy than one of the T-shaped configurations. In general, fluorine has the next
largest effect, followed by methyl and then hydroxyl. Unlike previous experimenta
studies, the present work does not show a good correlation between binding energies and
Hammett parameters (although a rough correlation with s, IS Seen for the T-shaped
dimers).

To uncover the origin of the observed trends in binding energies, we performed

the first symmetry-adapted perturbation theory (SAPT2) decomposition of p-p
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interaction energies into their electrostatic, dispersion, induction, and exchange-repulsion
components. Dispersion and exchange-repulsion are more important than electrostatics in
determining the total binding energies of the dimers considered. Induction energies are
largely quenched by exchange-induction coupling, and they contribute very little to
differences in binding energies between the substituted dimers. Contrary to the
predictions of the Hunter-Sanders rules, electrostatics aone is insufficient to predict the
correct trends in binding. For the sandwich configuration, electrostatics suggest that
phenol and toluene should bind to benzene about as well as benzene does; however, both
of them actually bind more strongly by 0.4-0.5 kcal mol™. For several T-shaped dimers,
either exchange or dispersion makes larger contributions to the relative energy than
electrostatics. This suggests that models based solely on electrostatic effects will have

difficulty in reliably predicting substituent effectsin p-p interactions.
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CHAPTER 6

HIGHLY ACCURATE COUPLED-CLUSTER POTENTIAL
ENERGY CURVESFOR BENZENE DIMER

In this work, state-of-the-art electronic structure theory has been applied to
generate potential energy curves (PEC's) for the sandwich, T-shaped, and parallel-
displaced configurations of the simplest prototype of aromatic p-p interactions, the
benzene dimer. Potential energy curves as a function of intermonomer geometries for the
dimers were obtained at the second-order Mgller-Plesset perturbation theory (MP2), and
coupled-cluster with singles, doubles and perturbative triples [CCSD(T)] levels with
different augmented, correlation-consistent basis sets. At the MP2 level, the smallest
basis set used (a modified aug-cc-pVDZ basis) underestimates the binding by ~0.5 kcal
mol™ at equilibrium and by ~1 kcal mol™ at smaller intermonomer distances compared to
the MP2 values with a modified aug-cc-pVQZ basis (denoted aug-cc-pVQZ*). By
comparison with the more accurate CCSD(T) PEC's, the best MP2 binding energies
differ from the CCSD(T) ones by about 1.7 to 2.0 kcal mol™ at equilibrium and by more
than 2.5 kcal mol™ at smaller intermonomer distances, highlighting the importance of
relying on the coupled-cluster PEC’s to achieve higher accuracy in estimating binding
energies. When comparing the binding energies at equilibrium using the current approach
to the single point complete basis set (CBS) CCSD(T) estimates of the binding energies
from our previous work, the current CCSD(T)/aug-cc-pVQZ* binding energies are within

0.1-0.15 kcal mol™ of the more rigorous CBS estimates. These high-quality potential



energy curves for benzene dimer provide a better understanding of how the strength of p-
p interactions varies with distance and orientation of the rings, and will assist in the

development of approximate methods capable of modeling weakly bound p-p systems.

6.1 Introduction

Benzene dimer, the simplest prototype of aromatic p-p interactions, has been
extensively studied, both theoretically*®#"#9%°%78 gnd experimentally,*** in an attempt
to obtain a clear picture of the strength and directionality of p-p interactions. The small
binding energy of the gas phase benzene dimer (~2-3 kcal mol™) and the shallowness of
the potential energy surface make it a challenge for both theory and experiment.
Additionally, although microwave spectroscopy has provided a structure for the T-shaped
configuration,® other configurations such as the sandwich and parallel-displaced
configurations are microwave indetectable because they lack permanent dipole moments.

In various complex chemica and biological systems, the aromatic rings
comprising these systems can be found at different orientations and distances from each
other. Due to steric constraints imposed on such systems, these geometries might not
correspond to the potential energy minima for p-p interactions. Nevertheless, the
aromatic rings might still interact favorably enough to contribute significantly to the
overall stability of the system. In their notable X-ray crystallographic study of side-chain
aromatic interactions in 34 high-resolution protein structures, Burely and Petsko®
analyzed the frequency of aromatic pairs and their interaction geometry (distance and
dihedral angle); they found that around 60% of aromatic side chains of phenylalanine,

tyrosine, and tryptophan, were involved in aromatic pairs. Aromatic rings separated by
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distances ranging from 4.5-7 A, and dihedral angles near 90° were found to be the most
common. Pairwise nonbonded potential energy estimations indicated that fifty four
percent of the aromatic interactions have a stabilizing energy between 1 and 2 kcal mol™.
In astudy of alarger database of 52 proteins, Hunter, Singh, and Thornton® examined the
orientational preferences of phenylalanine side chains in proteins using
crytallographically derived atomic coordinates. They observed that these interacting pairs
are found in a wide range of T-shaped (edge-to-face) and paralel-displaced (offset-
stacked) arrangements, and they are scattered over a wide variety of conformational
space with no strongly preferred single orientation.

From the above discussion, it becomes clear that high-quality potential energy
curves for prototype systems would be very helpful in better understanding how p-p
interactions depend on both the orientation and distance between these aromatic rings.
Due to computational limitations, previous attempts to obtain ab initio potential energy

surfaces for benzene dimer®233°067.92

were mostly performed at the MP2 level and
involved the use of relatively small basis sets, hence they lack the high accuracy needed
to model p-p interactions reliably. Also, these curves estimated the binding energies only
at asmall set of intermonomer distances, and are therefore, at best, incomplete. Jaffe and
Smith* used the MP2 method along with the 6-311G(2d,2p) basis set to evaluate the
potential energy curves of the sandwich, T-shaped, paralel-displaced, and V-shaped
configurations of benzene dimer, and to determine the interconversion path of the
parallel-displaced configuration. Even though the MP2 method is qualitatively correct, it

tends to overestimate the correlation energy. Also, the basis set used in these calculations

is of medium size (384 basis functions), and does not contain any diffuse functions.
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Spirko, Hobza, and co-workers™ evaluated the CCSD(T) binding energies for
different configurations of benzene dimer to parameterize the nonempirica model
(NEMO) intermolecular potential, and then compared their theoretical structures and
barriers to rotation with microwave and Raman spectral data. They noted sizable
differences between theoretical and experimental predictions, especially the height of the
barrier opposing the hindered interna rotation in the T-shaped geometry. In their study,
they computed 107 CCSD(T) single point energies for the fitting of the NEMO potential
using amodified cc-pVDZ basis with 228 basis functions. Even though these cal culations
are impressive, the modified cc-pVDZ basis set used in the CCSD(T) computations is too
small to obtain highly accurate binding energies for p-p systems.

Tsuzuki and co-workers®®®

recently studied the energy profile of the
interconversion between the T-shaped and parallel-displaced configurations of benzene
dimer. Binding energies for a number of horizontal and vertical displacements were

computed at the estimated CCSD(T) basis set limit for four tilt angles (f =
0°,30°,60°,and 90°) aong the interconversion path. Additionally, an aug(d,p)-6-
311G** basis (384 basis functions) was used to estimate the MP2 interaction energies.
Our previous study on benzene dimer showed that the aug-cc-pVDZ basis set, which has
the same number of basis functions as the aug(d,p)-6-311G** basis, is a significant ~0.5-
0.7 kcal mol™ away from the MP2 complete basis set (CBS) limit. Furthermore, the basis
set used to estimate the DCCSD(T) correction is of medium size (6-311G*) and lacks the
diffuse functions needed to obtain more accurate values for this correction. These factors

could affect the accuracy of the energy profile and the energetic ordering of the different
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configurations examined, especialy if one considers that the interconversion barrier
height is only 0.2 kcal mol ™.

In our previous study of benzene dimer,®” we computed MP2 potential energy
curves as a function of intermonomer distance for the sandwich (S), T-shaped (T), and
parallel-displaced (PD) configurations using the aug-cc-pVTZ basis set (828 basis
functions), a much larger basis than previously used. At the equilibrium geometries, we
also combined CBS MP2 binding energies (obtained using MP2-R12/A theory) with a
DCCSD(T) correction computed in a smaller basis (aug-cc-pVDZ) to estimate the CBS
CCSD(T) results, which should provide binding energies accurate to a few tenths of one
kcal mol™. However, no coupled-cluster potential energy curves were reported in that
study because it was not feasible to obtain entire potential energy curves at the very high
CBS CCSD(T) level of theory.

In this work, we aim to obtain potential curves that are very close to the ab initio
limit while remaining computationally feasible. High-quality potential energy curves
(PEC's) are obtained as a function of the intermonomer distance R for the Sand T
configurations, and of R; and R, for the PD configuration (see Figure 6.1). At the MP2
level, PEC's are computed using correlation-consistent basis sets as large as aug-cc-
pvVQZ (minus g functions on carbon and f's on hydrogen). The CCSD(T) potential
energy curves are computed using a truncated aug-cc-pVDZ basis to produce reliable
results for the DCCSD(T) correction, and combined with the best MP2 values to estimate

high-quality CCSD(T) potential energy curves.
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Figure 6.1. Sandwich, T-shaped, and parallel-displaced configurations of the benzene
dimer.

The availability of high quality curves will be critica to the calibration of
molecular mechanics force field methods meant to accurately model biochemical systems
exhibiting p-stacking interactions. The Lennard-Jones component of these force fieldsis
usually fitted to ab initio gas phase binding energies and equilibrium geometries.®*® In
many force field calibrations, the MP2 method with polarized double-zeta or larger basis
sets are used for geometry optimizations and gas phase dimerization energy estimates.®>
% Our present results use a considerably more reliable methodology. It is worth noting

that our high-quality benzene dimer binding energies have already been used by Friesner

and co-workers in calibrating their new polarizable force field (PFF).%
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6.2 Theoretical Methods

All computations in this work were performed using Dunning’'s correlation-
consistent split valence basis sets of contracted Gaussian functions.®® Multiple
polarization and diffuse functions were added to better describe the polarizability of the
monomers and the delocalized nature of electrons in the benzene ring. Specificaly, we
used an aug-cc-pVDZ basis set without diffuse s and p functions on hydrogen (denoted
aug-cc-pvDZ*) containing 336 basis functions, an aug-cc-pVTZ basis set (828 basis
functions), and an aug-cc-pVQZ basis set minus al g functions on carbon and all f
functions on hydrogen (denoted aug-cc-pVQZ*) with 1128 basis functions.

Potential energy curves (PEC’s) as a function of intermonomer distances for the
sandwich, T-shaped, and parallel-displaced configurations were computed via second
order perturbation theory (MP2) with the aug-cc-pVDZ*, the aug-cc-pVTZ, and the aug-
cc-pVQZ* basis sets. For the sandwich and T-shaped configurations, the center-to-center
distance, R, was systematically varied, and for the parallel-displaced configuration both
the vertical, Ry, and horizontal, R,, distances between the centers of mass were
systematically varied (see Figure 6.1). All caculations were performed with the
recommended benzene monomer geometry of Gauss and Stanton® (C-C = 1.3915 A and
C-H = 1.0800 A), and this monomer geometry was not alowed to vary in the
calculations. Our previous study has shown that the effect of freezing the monomer
geometry is minimal on both the equilibrium geometry and binding energy of benzene
dimer®. The basis set superposition error (BSSE), which results from the use of an

incomplete basis set, was corrected for by the counterpoise (CP) method of Boys and
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Bernardi.> Only CP-corrected hinding energies are reported in this work. Core orbitals
were constrained to remain doubly occupied in all correlated computations.

To account for the effect of triple excitations on the binding energies of benzene
dimer, CCSD(T) potential energy curves were computed using the above-mentioned aug-
cc-pvVDZ* basis. Due to the prohibitive computational cost, it was not possible to obtain
CCSD(T) PEC's using the full aug-cc-pVDZ basis set. The DCCSD(T) correction is
computed in an aug-cc-pVDZ* basis as

DCCSD(T) = Bt - Engs™ ™™ [6.1
This correction is combined with the MP2/aug-cc-pV QZ* curves to estimate high-quality
CCSD(T)/aug-cc-pvQZ* potential energy curves for benzene dimer according to the
eguation

B = By, P + DCCSD(T) (6.2

If we compare our current DCCSD(T) values evaluated at the same intermonomer
distances as the ones used in our previous work® for the sandwich, the T-shaped and the
PD dimer configurations, we find that the two approaches agree to within 0.02 kcal mol™.
All calculations reported in this work were carried out using Q-Chem 2.0,>° PSI 3.2,°® and

MOLPRO" programs.
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6.3 Results and Discussion

Sandwich Configuration

The potential energy curves for the sandwich configuration of benzene dimer are
plotted in Figure 6.2 along with the DCCSD(T) correction. At the MP2 level, the aug-cc-
pVTZ and aug-cc-pVQZ* curves are nearly parallel and give nearly the same equilibrium
intermonomer distances of 3.7 A. The aug-cc-pVDZ* curve is aso paralel to the above
curves and gives a dightly larger equilibrium intermonomer distance of 3.8 A (see Table
6.1). The aug-cc-pVTZ basis stabilizes the dimer by 0.42 kcal mol™ relative to the much
smaller aug-cc-pvVDZ* basis at their corresponding minima, with the difference in
binding energies being larger than 1 kcal mol™ at shorter intermonomer distances (3.2 A
or less). The aug-cc-pVQZ* basis stabilizes the dimer by only an additional 0.10 kcal
mol™ compared to the aug-cc-pVTZ basis at the corresponding minima, and by about 0.2
kca mol™ a shorter intermonomer distances. This suggests that our high quality
MP2/aug-cc-pVQZ* potential energy curves are very close to the complete basis set
(CBS) limit at the MP2 level.

Table 6.1. Benzene Dimer Geometries (R in A)?

PD
Method Basis S T R1 R2
MP2 aug-cc-pvDZ* ° 3.8 5.0 34 1.6
aug-cc-pvVTZ 3.7 4.9 3.4 16
aug-cc-pvVQz* ¢ 3.7 4.9 3.4 1.6
CCSD(T)  aug-cc-pvVDZ* 4.0 5.1 3.6 1.8
Estd. CCSD(T)/aug-cc-pVQZ* 3.9 5.0 3.6 16

& All intermonomer parameters, in angstroms, obtained using the best estimates of monomer geometry (C-C
=1.3915, C-H = 1.0800A).

® Thisis an aug-cc-pVDZ basis without diffuse functions on hydrogen.

° Thisis an aug-cc-pV QZ basis without g functions on carbon and f functions on hydrogen.

92



—4— MP2/aug-cc-pVDZ* CP
—O— MP2/aug-cc-pVTZ CP

—{ 1+ MP2/aug-cc-pVQZ* CP
—@— CCSD(T)/aug-cc-pVDZ* CP
—l— Est. CCSD(T) aug-cc-pvQz* ||
—aA— Delta CCSD(T) aug-cc-pVDZ*

S
o

B
. i e

-4.0

Interaction Energy (kcal/mol
N
(6]

Distance (Angstroms)

Figure 6.2. MP2 and CCSD(T) potential energy curves for the sandwich configuration of
the benzene dimer.

To better account for electron correlation, the CCSD(T) potential energy curve
was computed using the aug-cc-pvVDZ* basis set. By computing the DCCSD(T)
correction in that basis, and adding it to the MP2/aug-cc-pVQZ* results, an estimate of
the CCSD(T)/aug-cc-pVQZ* PEC was obtained. It is clear from Figure 6.2 that
DCCSD(T) is very large at smaller R (e.g. DCCSD(T) = -3.57 kcal mol™ at R = 3.2 A),
and it remains large (-1.42 kcal mol™) at the estimated CCSD(T)/aug-cc-pVQZ*
equilibrium geometry (R = 3.9 A). This confirms earlier observations®*“®®" that MP2
overestimates the electron correlation energy compared to CCSD(T) at different
intermonomer geometries.  Additionaly, the difference between the CCSD(T)/aug-cc-
pVDZ* and the estimated CCSD(T)/aug-cc-pVQZ* interaction energies is larger than

one kcal mol™ at smaller R, and is about 0.4 kcal mol™ at the estimated CCSD(T)/aug-cc-
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pVQZ* equilibrium geometry. This highlights the need to use larger basis sets to obtain
CCSD(T) potential curves since the smaller ones (like aug-cc-pvVDZ*) are far from
saturation.

Our current best estimate of the binding energy for the sandwich benzene dimer,
evaluated at the equilibrium intermonomer distance (R = 3.9 A) of the CCSD(T)/aug-cc-
pVQZ* PEC, gives a binding energy of 1.70 kcal mol™; this is only 0.1 kcal mol™
smaller than the estimated complete basis set (CBS) CCSD(T) binding energy of 1.81
kcal mol™ from our previous work®” evaluated at the MP2/aug-cc-pV TZ optimized dimer

geometry of R =3.7 A (see Table 6.2 below).

Table 6.2. Binding Energies (kcal mol™) for Different Configurations of Benzene Dimer®

Method Basis S T PD
MP2 aug-cc-pvDZ* ° 2.83 3.00 4.12
aug-cc-pVTZ 3.25 3.44 4.65
aug-cc-pvQz* © 3.35 3.48 4.73

aug-cc-pVQZ ¢ 3.37 3.54 4.79

CCSD(T) aug-cc-pvDZ* 1.33 2.24 2.22
Estd. CCSD(T)/aug-cc-pVQZ* 1.70 261 2.63
Estd. CBS CCSD(T)%® 1.81 2.74 2.78

& Unless otherwise noted, all calculations used the optimized dimer geometry at each level of theory, and
rigid monomer geometry (C-C = 1.3915, C-H = 1.0800A).

® Thisis an aug-cc-pVDZ basis without diffuse functions on hydrogen.

¢ Thisis an aug-cc-pV QZ basis without g functions on carbon and f functions on hydrogen.

4 At the MP2/aug-cc-pV TZ optimized dimer geometry and using the best estimates of monomer geometry
(C-C = 1.3915, C-H = 1.0800A).

€ See Chapter 3 of this thesis for full details.
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T-shaped Configuration

6.3 aong with the DCCSD(T) correction. At the MP2 level, we see that the aug-cc-
pVDZ, aug-cc-pVTZ and aug-cc-pVQZ* curves are nearly paralel and give similar
equilibrium intermonomer distances of 5.0 A, 4.9 A, and 4.9 A, respectively (see Table
6.1). By examining Figure 6.3 and Table 6.2, we see that at the MP2 level, the aug-cc-
PV TZ basis stabilizes the dimer by 0.44 kcal mol™ relative to the aug-cc-pVDZ* basis at
their corresponding minima; the difference in binding energiesis larger at shorter R. The
aug-cc-pVQZ* basis stabilizes the dimer by a small 0.04 kcal mol™ compared to the aug-

cc-pVTZ basis at equilibrium, again showing that the MP2/aug-cc-pVQZ* curves are

The PEC's for the T-shaped configuration of benzene dimer are plotted in Figure

very closeto the CBS limit at the MP2 level.

3.0

2.0

1.0

0.0

Interaction Energy (kcal/mol)

-4.0

Figure 6.3. MP2 and CCSD(T) potential energy curves for the T-shaped configuration of

—2— MP2/aug-cc-pVDZ* CP
—O— MP2/aug-cc-pVTZ CP

—+— MP2/aug-cc-pVQZ* CP
—@— CCSD(T)/aug-cc-pvDZ* CP
—a— Delta CCSD(T)/aug-cc-pVDZ*
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the benzene dimer.
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The equilibrium intermonomer distances are 5.1 A and 5.0 A at the CCSD(T)/
aug-cc-pVDZ* and the estimated CCSD(T)/aug-cc-pVQZ* levels of theory, respectively.
Thisisin good accord with the microwave results of Arunan and Gutowsky,*® who found
a distance of 4.96 A between the centers of mass of gas-phase benzene dimer. The
difference between the CCSD(T) and the MP2 equilibrium geometries is in agreement
with the trend observed with the sandwich dimer, where the CCSD(T) equilibrium
distances were found to be 0.1-0.3 A larger than the MP2 ones.

The DCCSD(T) correction is large at R smaller than equilibrium (e.g. DCCSD(T)
is about -2 kca molt a R = 4.4 A). At the estimated CCSD(T)/aug-cc-pvQZ*
equilibrium geometry, DCCSD(T) is -0.79 kcal mol™, compared with a much larger value
of -1.42 kcal mol™ for the sandwich configuration of benzene dimer. The difference
between CCSD(T)/aug-cc-pvVDZ* and estimated CCSD(T)/aug-cc-pVQZ* vaues is
larger than one kcal mol™ at smaller R, about 0.4 kcal mol™ at equilibrium R=5.0 A, and
islessthan 0.1 kcal mol™ for R> 6 A.

Burley and Petsko® observed that, in proteins, aromatic side chains separated by
distances ranging from 4.5-7.0 A and dihedral angles near 90° are the most common.
Results from our estimated CCSD(T)/aug-cc-pVQZ* curve (see Figure 6.3) for the T-
shaped dimer (where the dihedral angle between the benzene planes is 90°) are in
agreement with these observations. At this level of theory, dimers separated by
intermonomer distances larger than 4.5 A have favorable binding energies, with the
binding energy becoming small (<0.4 kcal mol™) for dimers separated by a distance R

greater than 7.0 A.
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Our current best estimate of the binding energy for the T-shaped benzene dimer,
evaluated at the equilibrium R = 5.0 A of the CCSD(T)/aug-cc-pVQZ* PEC, gives a
binding energy of 2.61 kcal mol™, which is only 0.13 kca mol™ smaller than the
estimated complete basis set (CBS) CCSD(T) binding energy of 2.74 kcal mol™ from our

previous work®’ (see Table 6.2).

—O—Estd. CCSD(T) aug-cc-pvVQZ*

0.5 —&|—1/r"6
S
£
T 0
o
=3 4{0 710
>
2
o -05
c
L
e
=
S 1
9]
5

-15
-2

Distance (Angstroms)

Figure 6.4. Asymptotic 1/r® fit of the estimated CCSD(T)/aug-cc-pVQZ* potential
energy curve for the sandwich configuration of the benzene dimer.

Since the potential of the attractive van der Waals interactions falls off with
distance as 1/R®, we performed a least-squares fit of the tail of the potential energy curve
for the sandwich and T-shaped configurations using the equation DE = -B/R®, where B is

a constant to be determined from the binding energy fit. For the sandwich benzene dimer,
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we have fitted the estimated CCSD(T)/aug-cc-pVQZ* curvefromR =42 A toR=65A
(see Figure 6.4) and obtained a B value of 8.3 10° kcal mol™ A®. Similarly, for the T-
shaped dimer, we have fitted the estimated CCSD(T)/aug-cc-pV QZ* curves from R =5.3

A toR=7.9A (see Figure 6.5) and obtained aB value of 5.39" 10* kcal mol™ A°®.
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Figure 6.5. Asymptotic 1/r° fit of the estimated CCSD(T)/aug-cc-pVQZ* potential
energy curve for the T-shaped configuration of the benzene dimer.

Parallel-displaced Configuration
Figures 6.6 and 6.7 present the potential energy curves for the parallel-displaced
configuration of benzene dimer at the MP2/aug-cc-pVTZ and the MP2/aug-cc-pV QZ*

levels of theory (MP2/aug-cc-pVDZ* PEC’s are not displayed). At the MP2 level, the
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Figure 6.6. Potential energy curves for the parallel-displaced configuration of benzene
dimer at the (counterpoise-corrected) MP2/aug-cc-pV TZ level of theory.
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Figure 6.7. Potential energy curves for the parallel-displaced configuration of benzene
dimer at the (counterpoise-corrected) MP2/aug-cc-pV QZ* level of theory.
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CP-corrected aug-cc-pvDZ*, aug-cc-pVTZ, and aug-cc-pVQZ* curves are nearly
paralel, and give nearly the same equilibrium intermonomer distance of R; = 3.4 A and
R, = 1.6 A, suggesting again that smaller basis sets such as aug-cc-pVDZ* are sufficient
for intermonomer geometry optimizations. With regard to the MP2 binding energies, the
aug-cc-pVTZ basis stabilizes the dimer by 0.43 kcal mol™ relative to the aug-cc-pvVDZ*
basis at their corresponding minima, with the aug-cc-pVQZ* basis adding another 0.08
kcal mol™ to the equilibrium binding energy. As shown in Figures 6.6-6.9, the sandwich
configuration of benzene dimer represents a maximum (saddle point) along the horizontal
displacement coordinate R, which connects two equivalent parallel-displaced benzene

dimer configurations.

—&— R1 =3.2 Angstroms
—i— R1 = 3.4 Angstroms

—~A— R1 =3.6 Angstroms ]
—O—R1 = 3.8 Angstroms

Ineraction Energy (kcal/mol

R2 (Angstroms)

Figure 6.8. Potential energy curves for the parallel-displaced configuration of benzene
dimer at the (counterpoise-corrected) CCSD(T)/aug-cc-pVDZ* level of theory.
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Figures 6.8 and 6.9 display the CCSD(T)/aug-cc-pVDZ* and the estimated
CCSD(T)/aug-cc-pvQZ* potential energy curves, respectively (for clarity DCCSD(T)
curves are not shown). In contrast to the MP2 potential energy curves, these two curves
are not totally parallel, with equilibrium distancesof R; = 3.6 A and 3.6 A, and R, = 1.8
A and 1.6 A, respectively. These results are consistent with the sandwich and T-shaped
cases, where the CCSD(T) equilibrium distances were 0.1-0.3 A larger than the MP2

values.
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30 —— R1=3.4 Angstroms |—
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Figure 6.9. Potential energy curves for the parallel-displaced configuration of benzene
dimer at the (counterpoise-corrected) estimated CCSD(T)/aug-cc-pVQZ* level of theory.
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At the estimated CCSD(T)/aug-cc-pVQZ* equilibrium geometry, DCCSD(T) is
1.67 kcal mol™, with larger values at shorter intermonomer distances. This correction is
comparable in size to the sandwich DCCSD(T), especially at smaller R, values, and is
about twice as large as the T-shaped one. The CCSD(T)/aug-cc-pVQZ* equilibrium
binding energy is 2.63 kcal mol™, and this is only 0.15 kcal mol™ smaller than the
estimated complete basis set (CBS) CCSD(T) binding energy of 2.78 kcal mol™ from our
previous work. These results, combined with the sandwich and the T-shaped ones,
indicate that the CCSD(T)/aug-cc-pVQZ* potential energy curves should be accurate to a

few tenths of a kilocalorie per mole from the ab initio limit.

6.4 Conclusions

In this work, we have generated high-quality potential energy curves for the
sandwich, T-shaped, and parallel-displaced configurations of the ssimplest prototype of
aromatic p-p interactions, the benzene dimer. At the MP2 level, the aug-cc-pVTZ and
aug-cc-pVQZ* (truncated aug-cc-pVQZ) basis sets with 828 and 1128 basis functions,
respectively, are much larger than previous basis sets used to compute potential energy
curves (PEC's) for benzene dimer. We find that even though the intermonomer
geometries can be accurately predicted using smaller basis sets at the MP2 level, the
binding energies are sensitive to the improvement of the basis set. Therefore, large basis
sets (such as the aug-cc-pVQZ* basis) are needed to approach the complete basis set
(CBS) limit at the MP2 level to within a few tenths of one kcal mol™. By combining the
MP2/aug-cc-pVQZ* results with a correction for the difference between the CCSD(T)

and MP2 interaction energies (the DCCSD(T) correction) determined in a smaller basis,
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estimates of the CCSD(T)/aug-cc-pVQZ* potential energy curves were obtained. The
DCCSD(T) correction is large at distances around or shorter than the equilibrium
distance. At the estimated CCSD(T)/aug-cc-pVQZ* equilibrium geometries, DCCSD(T)
is-0.79 kcal mol™ for the T-shaped configuration, compared with a much larger values of
-1.42 kca mol™ and -1.67 kca mol™* for the sandwich and parallel-displaced
configurations of benzene dimer, respectively.

By comparing the equilibrium binding energies of the estimated CCSD(T)/aug-
cc-pVQZ* PEC's with the estimated complete basis set CCSD(T) equilibrium binding
energies,”” we conclude that our CCSD(T)/aug-cc-pVQZ* PEC's for the three dimer
configurations are accurate to within a few tenths of one kilocalorie per mole of the ab
initio limit. By performing a least-squares fit of the tail of the potential energy curve for
the sandwich and T-shaped configurations, we find a good correlation between the
interaction energy and a-B/R® function, where R represents the intermonomer distance.

For al dimer configurations studied, the CCSD(T) equilibrium intermonomer
distances R (or R; for the parallel-displaced configuration) were found to be 0.1-0.3 A
larger than the MP2 values. For the T-shaped dimer, the equilibrium intermonomer
distances are in good accord with the microwave results of Arunan and Gutowsky™> (who
found a distance of 4.96 A between the centers of mass of gas-phase benzene dimer) and
with the observed mean distance of 5.05 A between the phenyl ring centroids for
interacting aromatic side chains in proteins.* Finally, we expect these high-quality
potential energy curves to assist in the development of approximate methods that are

computationally inexpensive and capable of modeling p-p interactions in biomolecules.
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CHAPTER 7

SUMMARY, CONCLUSIONSAND FUTURE DIRECTIONS

In this work, we have applied state-of-the-art ab initio electronic structure
methods to elucidate the nature of aromatic p-p interactions. These interactions are of
great importance in many areas of science and molecular engineering processes and play
akey rolein biological and molecular recognition.

We first considered the simplest prototype of aromatic p-p interactions, the
benzene dimer. We have provided definitive high-quality ab initio estimates of the
geometries and the first converged results of the binding energies for the sandwich, T-
shaped, and parallel-displaced configurations of benzene dimer. Because a maor
component of the binding energy of benzene dimer is due to London dispersion
interactions, Hartree-Fock molecular orbital theory and density functional theory are both
incapable of describing the instantaneous charge fluctuations that give rise to dispersion
forces. Therefore, we employed the second-order Maller-Plesset perturbation theory
(MP2) and the coupled-cluster theory with perturbative triples [CCSD(T)] to obtain a
highly accurate description of benzene dimer. In particular, we have investigated the
effects of basis sets and correlation methods on the geometries and binding energies. At
the MP2 level, the aug-cc-pV TZ basis set is much larger than any basis sets employed in
previous optimizations of benzene dimer. For the T-shaped configuration, where

experimental data is avalable, our MP2/aug-cc-pvDZ and MP2/aug-cc-pVTZ
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geometries are in very good agreement with the microwave results of Arunan and
Gutowsky.®

We have used basis sets as large as aug-cc-pV QZ along with the MP2 method and
obtained the first converged values of the binding energies for benzene dimer. A new
shared-memory paralel implementation of the explicitly correlated MP2-R12/A method
was developed to estimate the complete basis set (CBS) limit at the MP2 level. To
account for higher-order electron correlations, these results were combined with a
correction for the difference between CCSD(T) and MP2 in asmaller basis set to estimate
the CBS CCSD(T) results which should provide binding energies that are accurate to
within afew tenths of one kcal mol™.

Our best estimates of the binding energies indicate that the T-shaped and parallel-
displaced dimers are close in energy with the parallel-displaced configuration slightly
more bound. The sandwich configuration is ~1 kcal mol™ higher in energy. Our binding
energy values of Do = 2.4 kcal mol™ and 2.7 kcal mol™ for the T-shaped and parallel-
displaced configurations, respectively, strongly indicate that the experimental binding
energy of Krause and co-workers (Do = 1.6 + 0.2 kcal mol™) is too small, and support an
older, less commonly cited results of Grover and co-workers (Do = 2.4 + 0.4 kcal mol™).

The close binding energies of the T-shaped and the PD configurations of benzene
dimer, and the higher binding energy of the sandwich configuration are entirely
consistent with crystal structure studies of proteins where the interacting pairs of
phenylalanines are found in mostly T- and PD-like configurations.

Guided by our success with benzene dimer, we have examined the role of

substituents in tuning p-p interactions. An understanding of this issue is of prime
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importance for molecular design and supramolecular synthesis efforts. Because none of
the experiments examining the role of substituents were performed in the gas phase, it is
very hard to decouple the intrinsic binding energy from contributions due to the solvent
or environment, which will change from system to system. Additionally, due to
secondary intramolecular interactions or steric constraints, the model system itself may
complicate the interpretation of results.® Our studies on benzene-monosubstituted
benzene dimers were designed to present a high-level systematic theoretical investigation
of substituent effects on p-p interactions. In these studies, we first examined the
sandwich dimer configurations of benzene with substituted benzenes, with substituents
OH, CHg, F, and CN. Using frozen monomer geometries, intermonomer distances were
optimized at the MP2/aug-cc-pvVDZ and MP2/aug-cc-pVTZ levels of theory. These
results were combined with the CCSD(T) results (in a smaller basis) to estimate high-
quality CCSD(T)/aug-cc-pVTZ binding energies.

According to the Hunter-Sanders electrostatic rules, for face-to-face sandwich
dimers, the electron-withdrawing substituents will cause the binding to become more
favorable by reducing the electrostatic repulsion between the two negatively charged p-
clouds of monomers. Electron-donating substituents will have the opposite effect. Our
MP2 and CCSD(T) results using different basis sets show that all of the substituted
sandwich dimers bind more strongly than benzene dimer regardiess of whether the
substituents are considered electron donating (OH, CH3) or electron withdrawing (CN,
F), in apparent contradiction to the Hunter-Sanders model.? To gain increased
understanding of substituents effectsin p-p interactions, and to help uncover the origin of

the above trends in binding energies, we have employed symmetry adapted perturbation
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theory (SAPT) to analyze the interaction energy in terms of physically meaningful
components such as electrostatic, induction, dispersion, and exchange-repulsion energies.
This analysis demonstrates that, contrary to the predictions of the Hunter-Sanders rules,
electrostatics alone are insufficient to predict the correct trends in binding. The increased
binding in benzene-toluene (compared to benzene dimer) is mainly attributed to more
favorable dispersion interactions. For benzene phenol, dispersion is twice as important as
electrostatics in contributing to the stabilization relative to benzene dimer. Only for
heterodimers containing the electron withdrawing F and CN substituents are electrostatic
interactions the dominant contributor to their increased stability.

In addition to the study of sandwich monosubstituted dimers, we have also
explored how the same substituents (OH, CHg, F, and CN) affect the binding of two T-
shaped configurations (see Chapter 5). For these dimers, we have found that dispersion is
less important in determining relative energies than for the sandwich dimers, with the
shifts in the exchange energies usualy 2-4 times larger. For one of the T-shaped
configurations (denoted by “T-shaped” in the text), both exchange-corrected induction
and electrostatic energies relative to benzene dimer are found to be small except for
benzene-benzonitrile dimer, where the relative change in electrostatic energy is fairly
large. For the sandwich and the T-shaped(2) dimers, a strong correlation is observed
between their dispersion energy components and the computed p polarizability of the
monosubstituted monomers.

In various complex chemical and biological systems, aromatic rings can be found
at different orientations and distances from each other which might not correspond to the

potential energy minimafor p-p interactions. Nevertheless, the aromatic rings might till
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interact favorably enough to contribute significantly to the overall stability of the system.
Therefore, it is essential to obtain the potential energy curves for prototype systems in
order to determine how p-p interactions depend on both the orientation and distance
between these aromatic rings. To achieve that goal, we have computed the potential
energy curves as a function of intermonomer distances for three important configurations
of benzene dimer, namely the sandwich (S), the T-shaped (T), and the parallel-displaced
(PD) configurations. Both the MP2 and the CCSD(T) methods combined with different
basis sets were used in this study. Our best curves for the T-shaped configuration are in
agreement with the observed geometric orientations of aromatic rings in proteins* and
with the microwave results of Arunan and Gutowsky.*® By comparing the current results
with the estimated complete basis set CCSD(T) equilibrium binding energies®’ we
concluded that our best CCSD(T) potential energy curves are accurate to within a few
tenths of one kilocalorie per mole of the ab initio limit. We expect these high-quality
potential energy curves to serve as benchmarks and assist in the development of
approximate methods that are computationally inexpensive and capable of modeling p-p
interactions in biomolecules.

Future theoretical research in the area of aromatic p-p interactions shall
investigate different parallel-displaced configurations of monosubstituted dimers. Lower
level calculations can be performed to investigate different locations for placing the
substituents, and then determine the optimized geometries and binding energies for the
most stable dimers. These computations will be more demanding than the sandwich and
T-shaped ones, because of the lower symmetry of the dimers, and the multiple locations

where the substituents can be placed. Also, for the parallel-displaced configurations, both
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the horizontal and vertical intermonomer distances need to be optimized, adding to the
challenge of accurately predicting geometries and binding energies for these dimers.

It is also very important to investigate the role of multiple substituents in tuning
p-p interactions. Of particular interest is the effect of successive fluorination of one
benzene ring on the geometry and binding energy of benzene-fluorinated benzene dimers.
An experimental study by Cozzi and co-workers’ indicates that each fluorine added to
the aromatic ring of substituted 1,8-diarylnaphthalenes contributes an extra 0.5-0.6 kcal
mol™ of binding energy. Our preliminary MP2/aug-cc-pVDZ computations on benzene-
fluorinated benzene dimers al the way up to benzene-hexafluorobenzene give similar
results, with each fluorine contributing an additional 0.5-0.6 kcal mol™ to the binding
energy. This additivity of the binding energy can also be tested to see if it holds with
other substituents (e.g. OH, CH3, CN), where dimers with mixed substituents are used.
Since our study on the substituent effects showed that the binding energies relative to
benzene dimer are accurately predicted at any of the levels of theory used, lower levels of
theory, such as MP2/aug-cc-pV DZ should be sufficient in the study of additivity effects.

We expect that a better understanding of p-p interactions and how they may be
tuned will play a major role in the advancement of rational supermolecular design.
Finally, future development of approximate methods (such as molecular mechanics force
fields) that are computationally inexpensive and capable of modeling p-p interactions in
larger systems will require very accurate benchmark results for prototype systems, such

as benzene dimer.
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