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Abstract We present the first theoretical investiga-
tion of solvent effects on the Faraday B term of magnetic
circular dichroism (MCD) at the density—functional
level of theory. In our model, the solvent is described by
the polarizable continuum model in its integral-equation
formulation. We present the extensions required for
including electron correlation effects using density—
functional theory (DFT) as well as the necessary exten-
sions for including the effects of a dielectric continuum.
The new code is applied to the study of the Faraday B
term of MCD in a series of benzoquinones. It is demon-
strated that electron correlation effects, as described by
DFT, are essential in order to recover the experimen-
tally observed signs of the B term. Dielectric continuum
effects increase, in general, the magnitude of the 55 term,
leading to an overestimation of the experimental obser-
vations in most cases.

1 Introduction

Michael Faraday observed in 1846 that an externally
applied magnetic field induction could induce optical
activity in a non-chiral sample of molecules [1,2]. One
important manifestation of this phenomenon is mag-
netic circular dichroism (MCD), in which one measures
the differential absorption of left and right-circularly
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polarized light when a sample is subject to an exter-
nal magnetic field induction. The molecular, quantum-
mechanical theory of MCD dates back to the 1960s,
and in particular to the work by Buckingham and Ste-
phens [3] and by Stephens [4-7]. Despite its popularity
both theoretically and experimentally during the 1970s
and 1980s (see e.g. Refs. [8-26] and references therein),
very few ab initio studies of MCD have been presented
in the literature in the last decade [27-30]. However,
recent advances [27-29,31,32] indicate a renewed and
increasing interest in ab initio studies of MCD.

There are three distinct contributions to the MCD sig-
nal. The A term only arises in case of orbital degeneracy
in the electronic ground state or in the final excited state.
Although such orbitally degenerate states in general
require multiconfigurational wave functions in order to
be treated reliably, an extension applicable also to den-
sity—functional theory (DFT) was recently presented by
Seth et al. [28]. The C term has some similarities to the
A term and will be non-vanishing only for an orbitally
degenerate electronic ground state. The last contribu-
tion, which is the only one observable for molecules
without orbital degeneracies, is the B term, which is
due to the induced magnetic moment arising because
of the applied external field. To some extent, this term
can be viewed as analogous to the differential absorp-
tion of right- and left-circularly polarized light measured
in electronic circular dichroism spectroscopy for chiral
molecules. In MCD, however, the chirality is induced by
the externally applied static magnetic field, and MCD
can thus be used to study the nature of excited states
also for non-chiral molecules.

In this paper we extend our previous work on the
Faraday B term of MCD [27] to the density—functional
level of theory, building on recent advances made in
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the development of quadratic response theory in DFT
[33,34]. DFT has proven to be an efficient way of
including electron correlation effects in quantum chem-
ical calculations. However, several recent studies have
highlighted the difficulties faced by modern exchange—
correlation functionals in treating excited states, and in
particular states of Rydberg or charge-transfer charac-
ter [35-37]. In addition to applying DFT to the study of
the B term of MCD for the first time, we will, in this
paper, also explore the quality of modern exchange—
correlation functionals for the calculation of the MCD
B term. Of particular interest to us will be the so-called
Coulomb-attenuated functionals [38-40] that have
proven to be quite successful in the study of higher-order
non-linear optical properties [41,42].

We will, in this paper, also present the extension of the
quadratic response theory for the polarizable continuum
model in its integral-equation formulation (IEF-PCM)
to the calculation of the Faraday B term of MCD. We
have recently presented the extension of IEF-PCM to
quadraticresponse theory [43] and applied it to the study
of two-photon absorption cross sections [44], a process
closely related to the MCD B term from a computa-
tional point of view. We will demonstrate that the formal
differences between the MCD B term and a two-photon
absorption cross section do not affect the implementa-
tion of the IEF-PCM, and that the inclusion of solvent
effects through such a continuum model is therefore
straightforward.

We will apply this new formalism to the study of the
MCD B term in a series of benzoquinones, as there are
experimental data available for these molecules in fairly
innocuous solvents. Furthermore, one of these mole-
cules, para-benzoquinone, was included in our previous
study at the Hartree—Fock level of theory [27]. In that
study, we were unable to recover the correct sign of the
MCD 5 term. At the same time, we showed, using multi-
configurational self-consistent field wave functions, that
electron correlation effects were important in deter-
mining the 5 term of ethene. It is therefore clearly of
interest to see whether the inclusion of electron cor-
relation effects will recover the experimental sign of
the dominant transition in para-benzoquinone, and to
what extent a dielectric continuum model improves the
agreement with experiment. As DFT allows for electron
correlation effects to be included at a fairly modest cost,
we have also included a few larger benzoquinones for
which experimental data are also available.

The rest of the paper is organized as follows. In the
next section we outline the main features of our MCD
implementation at the DFT level of theory, building
heavily on our previous work for Hartree-Fock wave
functions. We will also briefly describe the key features
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of the IEF-PCM in MCD B term calculations. In Sect. 3
we summarize the details of our calculations, and in
Sect. 4 we present our results. Finally, we give some con-
cluding remarks and an outlook.

2 Theory and implementation
2.1 Definitions

The complex optical rotation per unit path length of
plane-polarized light traveling through a sample in the
Z direction of a space-fixed frame is related to the com-
plex polarizability &.g of the sample (frequency argu-
ment implied) [3,45]
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where (...) indicates an appropriate statistical average.
In the non-absorptive region of the sample, the com-
plex polarizability dqp is defined as
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where u, is the electric dipole moment operator, and
Eq. (1) reduces to
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These definitions are readily generalized to the absorp-
tive regions by introducing the line-shape functions f
and g —see for example Ref. [45]. For simplicity, we here
restrict ourselves to the non-absorptive region.

In the presence of an external magnetic field of
strength B (as occuring in MCD), the polarizability
ozl’w3 (B) is expanded according to

by (B) = o (0) + ) B, + O(B"). (4)

Implicit summation over repeated indices is assumed
here and throughout. Note that if the molecule is in
a non-degenerate electronic state the zero and even
order terms in the magnetic field of the above expansion
vanish.

The sum-over-state expression for the higher-order
polarizability a(;(g?; is obtained from the sum-over-state
expression of a‘;ﬂ by substituting the magnetic field-
dependent eigenstates j,n and their frequency separa-
tions wj, = wj — wy, by the corresponding perturbational
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expansions in terms of zero-field eigenstates and fre-  surviving Faraday term in Eq. (8) is the B term
quency separations [45,46]
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Here m, is a Cartesian component of the magnetic
dipole operator and m]’ﬁ = (klm, |k). The states n,j, k
and the frequency separations wy,, wi;j, wj, now refer to
the unperturbed system. The orientational effect on the
magnetic moment is accounted for either by means of
a classical weighted Boltzmann average with the poten-
tial energy U = —m{ B,, or by means of an unweighted
quantum statistical average [45]. For a fluid sample, the
resulting rotation with respect to the molecular frame
becomes [45]
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where we have introduced the Verdet constant V(w) =
¢/B;. The symbol ¢,4, denotes the Levi-Civita ten-
sor. Note that if # is the ground state, the second term
in parentheses vanishes for closed-shell systems as the
permanent magnetic dipole moment is zero.

The (averaged) Faraday .4, B term and C terms, used
to rationalize the MCD, can be defined from the tensors
in Eq. (6) by splitting the total rotation (or more rig-
orously the complex rotation) into contributions from
individual “transitions” n — j. According to the current
convention [45,47]
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Assuming that for our system of interest the transition
occurs between non-degenerate n and j states, the only

which exists irrespective of the degeneracy of the ground
and excited states and therefore describes the MCD of
an electronic transition n — j in a molecule without
degeneracies in the ground or final electronic states.

As for the first electric hyperpolarizability, asg?/ [and
thus the Verdet constant V(w)] can be computed from
the appropriate quadratic response function (see for
instance Refs. [48,49,31]). Similarly, the B(n — j) term
can be rewritten and evaluated in terms of the first res-
idue of the quadratic response function [50,27]. The
identification is carried out by comparing Eq. (9) with
the spectral representation expression for the first resi-
due [50] (in atomic units)
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where M]“ ~, and Mﬁf_’;.ly (0) indicate one- and two-pho-
ton transition matrix elements between state n and state
J, respectively.

Due to the antisymmetric nature of the magnetic
dipole moment operator, mg =0, V/ andmg = mg —
myg" = mg. Assuming that the condition k 7 j can be
enforced in the first term of Eq. (10), the 5 term may be
written as [27]

B(n—j)= _igaﬁy (wll)ng)(w - wj)((/’l“ﬂ;m}/a Ma)>0,w) .
j
(11)

Computationally, the expression for the B term as a sin-
gle residue of a quadratic response function is more
convenient than the sum-over-states expression, as the
explicit summations over “intermediate” excited states
can be removed, and only linear equations need to be
solved [50,51]. Each second-order transition moment
Mﬁf_}y (0) in Eq. (10) is obtained by carrying out a lin-
ear transformation (summation over repeated indices
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where the excitation vector X for the final state |j) and

the response vectors NY (wy) for the different operators
are obtained solving:

[E? — o571 X; =0, (13)
1
N0 () = B — 8] AT, (14)
-1
N™ (0) = [E[Z]] B, (15)

E®! and $! are the generalizations of the RPA Hessian
and metric matrices, respectively. A" refers to the oper-
ator g and B to the operator m,, . For their definition,
as well as the definition of E"! and S, see Refs. [34,
50,51]. The first-order transition moment M;‘ 2, can be
obtained from the residue of the linear response func-
tion [50,34] and is computed as C]U] = ¢l - Xj, where
C refers the operator uy. The first- and second-order
transition moments are evaluated simultaneously and
multiplied directly, which allows us to identify the sign
for the B term unambiguously.

The implementation of the B term at the DFT level
is then analogous to the one presented at the Hartree—
Fock and MCSCEF levels [27] and follows directly from
the implementation of the two-photon absorption cross-
sections described in Ref. [34].

Note that unphysical divergencies could occur in the
linear response equation Eq. (14) when k matches the
final state j [27]. Care has to be taken to solve the linear
equation in a space orthogonal to the resonant excita-
tion [27]. The singularity can be avoided a priori via a
derivative reformulation, see Ref. [31].

2.2 Solvation method

Solvent effects have been included in the calculations
using the Integral-Equation Formulation of the Polar-
izable Continuum Model [52-54]. The general princi-
ple of continuum models used for describing solvent
effects is to discard the structure of the solvent and let it
be described by a structureless medium bearing several
properties such as a dielectric constant € and a refractive
index 1. These properties of the medium are then used
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to model the solute—solvent interactions. The solute is
placed in a cavity C made in the infinite continuum. The
IEF-PCM allows the cavity to be modeled after the sol-
ute structure using a set of interlocking spheres which
are in general centered on all or some of the solute
nuclei. The formalism allows several different environ-
ments such as anisotropic or ionic media to be mod-
eled at a uniform level of theory. For a detailed account
of the model we refer to the recent review of Tomasi
et al. [55] and references therein. Here we will limit our-
selves to illustrate the salient features of the method and
describe the key elements of the formalism needed for
the calculation of medium effects on MCD.

The inclusion of solvent effects is achieved through a
monoelectronic operator Y and a formally bielectronic
operator X which are added to the gas-phase Hamilto-
nian Ho, so that the Hamiltonian for an IEF-PCM solute
reads

H=Hy+Y+XW). (16)

The monoelectronic term Y takes into account the inter-
action of the electrons with the solvent reaction field
generated by the nuclei, whereas the bielectronic term
X describes the self-interaction of the electrons with the
solvent reaction field generated by the electron density.
Given a pair of molecular orbitals x, and x,, the solvent
terms of the Hamiltonian can be written

Yo = / Vi ($)g™ (s)ds = Z Vi g
I'c ’

=> VDo (e) 'V, (17)

TO

X, (W) = / Vi (®)q (s, @) ds = D Vgt (@)
I'c T

=D VDo (€)' VEW). (18)

T0O

In these equations, I'c is the cavity boundary, s is a point
on the boundary, V', is the electrostatic potential pro-
duced by the charge density p, (r) = x,(r) v (1), ¢V is
the apparent surface charge (ASC) describing the polar-
ization of the medium due to the nuclear charge, and
q¢ (W) isthe ASC due to the electronic density associated
with the wave function ¥. As shown in the equations, the
integral equations are solved by discretizing the cavity
boundary into small portions (called tesserae), allowing
for the integral to be expressed as a sum of contribu-
tions from each tessera t. The discretization allows the
ASCs ¢ and ¢¢ to be expressed in terms of the cor-
responding nuclear and electronic potentials VY and
V¢ (W) calculated on each representative point s, of the
corresponding tessera. The matrix transformation D(e)



Theor Chem Account (2008) 119:231-244

235

depends on the geometry of the cavity and, for a homo-
geneous isotropic medium, on the dielectric constant (¢)
of the solvent.

At the SCF and MCSCEF levels of theory, the wave
function of the solute is obtained by minimizing the free
energy of the solute

(v |6]e)

G =min—F——
(W]¥)

, (19)
where G = Hy + Y + 1/2X. This approach has been
developed within a second-quantization formalism by
Cammi et al. [56], and later extended to the treatment
of linear response properties [57]. We recently presented
the theory for quadratic response functions in the
IEF-PCM formalism [43]. The solvent effects are intro-
duced into the response formalism in the same way as
for the energy calculation, by adding the relevant solute—
solvent interaction terms into the Hamiltonian, which is
then employed in the response equations (13-15). By
making use of the same formalism as in the previous
section, the solvent contributions can be written as fol-
lows:
n
G = g z yli _q[n—i]_ (20)
i=1

For a detailed derivation of each term we refer the
reader to the original paper [43]. Suffice it to note here
that for the treatment of MCD, the solvent effects do not
require any further development once G (n = 1,2,3)
is employed in the response calculations instead of its
gas-phase counterpart EUJ as already implemented for
the calculation of single residues of the quadratic
response function in order to obtain the transition
moments of a Two-Photon Absorption process [44]. The
modifications to the response formalism needed for the
determination of the B term of MCD do not involve
the Hamiltonian itself (to which the IEF-PCM formal-
ism introduces new contributions), but rather the
handling of the response vectors. The extension of the
quadratic response theory for the IEF-PCM formalism
to the case of MCD is therefore straightforward. More-
over, although the theory has originally been devised for
wave function methods, it can also be employed at the
Kohn-Sham DFT level: at the implementational level
there is again no difference, since both HF and DFT
employ the same SCF solver and the solvation terms
are seamlessly introduced into DFT calculations.

We conclude this section by mentioning that, when
a time-dependent field is interacting with the molecu-
lar system, the non-equilibrium formalism [58] has to
be used, especially for polar solvents, in order to take
into account the solvent dynamics. For a discussion of

the non-equilibrium formalism we refer to Cammi and
Tomasi [58], whereas the implementation at the qua-
dratic response level can be found in Ref. [43]. Here we
briefly recall that within a non-equilibrium formalism,
the charges gV in Eq. (20) are obtained from the cor-
responding potentials by making use of D(eopt) instead
of D(e) for j > 0, where €qp is the square of the refrac-
tive index n of the solvent employed. Non-equilibrium
effects are significant only for polar solvents where
€opt K €, but can be neglected for non-polar solvents
where €opt ~ €.

3 Computational details

We have calculated the Faraday B term of MCD for
para-benzoquinone (pBQ), tetrachloro-para-benzoqui-
none (TCpBQ), ortho-benzoquinone (0oBQ) and tetra-
chloro-ortho-benzoquinone (TCoBQ) at the Hartree—
Fock and DFT levels of theory using the aug-cc-pVDZ
and aug-cc-pVTZ basis sets. The structures of the four
investigated molecules are displayed in Fig. 1. Calcula-
tions have been done both in gas phase and in n-hexane
for pBQ, acetonitrile for TCpBQ and oBQ, and cyclo-
hexane for TCpBQ. At the DFT level of theory, we
have included several functionals: the hybrid functionals
B3LYP[59,60], CAM-B3LYP [40] and BHLYP [61], and
the generalized gradient approximation (GGA) func-
tionals BLYP [62], KT1, KT2 [63] and KT3 [64]. For
pBQ, TCpBQ and TCoBQ, we have also investigated
the dependency of the MCD strengths (and excitation
energies) on the parameters defining the CAM-B3LYP
functional.

Molecular geometries have been optimized in the gas
phase and in solvent at the DFT/B3LYP level of the-
ory using the cc-pVTZ basis set. All molecules are kept
planar and lie in the yz plane. For pBQ and TCpBQ
the O-0 axis is placed along the z axis, and for oBQ
and TCoBQ the z axis is located between the oxygen
atoms. The origin of the coordinate system was in all
cases placed in the center of mass of the chosen mol-
ecule. Note that the para-benzoquinones belong to the
Dy, point group and their 55 term is therefore gauge-ori-
gin independent irrespective of the approximations in
the computational approach. For the ortho ones (point
group symmetry Cz,), on the other hand, the results are
gauge-origin dependent and will thus refer to the center
of mass of the system.

As stated in Sect. 2.2, the solvent is in the IEF-PCM
described as an infinite, polarizable continuum, and the
solute molecule is placed in a cavity generated in this
continuum. This cavity is on our calculations made from
interlocking spheres centered on the nuclei of the heavy
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Fig. 1 Structures of o
molecules investigated in the |
present work:

a para-benzoquinone (pBQ);

b tetrachloro-para-benzoqui- ‘
none (TCpBQ);

¢ ortho-benzoquinone (0BQ);

d tetrachloro-ortho-benzoqui-

none (TCoBQ) o]

(a)

atoms of the solute. The chosen radii are the van der
Waals ones (r¢ = 1.7 A, ro = 1527, rg = 1.8A).
For carbon atoms bonded to hydrogen, a slightly bigger
sphere is used (rc_y = 1.9 A) in order to accommo-
date the hydrogen atom. All radii are multiplied by a
common factor o = 1.2.

For the non-polar solvents n-hexane (¢ = 1.89) and
cyclohexane (¢ = 2.02), equilibrium solvation has been
used. For acetonitrile, the non-equilibrium formalism
has been used, with the values ey, = 36.64 and
€opt = 1.81 for the static and the optical dielectric con-
stants, respectively. It is worth mentioning that in the
present context, where a combination of static and fre-
quency dependent fields is employed in the experiment,
a rigorous approach should make use of a “mixed”
response formalism: equilibrium response for the static
field and non-equilibrium response for the time-depen-
dent fields. Such a formalism is not available at present,
nor is it possible to perform a finite difference calcula-
tion with respect to the magnetic field, since the bALTON
program [65] is not able to handle the corresponding
imaginary perturbation as for instance done by Honda
et al. [29]. We have therefore decided to employ a full
non-equilibrium formalism for calculations in acetoni-
trile: we are confident that this approximation leads only
to a small underestimation of the solvent effect whereas
the use of equilibrium solvation would instead produce
a significant overestimation of the effect.

Our results for the Faraday B term are compared to
those derived from long-wavelength spectra recorded by
Meier and Wagniere [22]. In order to make this compar-
ison, the “method of moments” [5] is employed, accord-
ing to which the “experimental” 5 term is derived from
the recorded spectrum using the following relation:

B=—(1/33.53) / [9% dv. (1)

band

In the previous equation, [0], is the molar ellipticity per
unit magnetic field-often given in the units: degrees dl
dm~!' G~!'mol~!—and v is the frequency. B is usually
reported in units of D? up/em~! or D? ugleV~!. Note
that the validity of this approach for obtaining the 5
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terms from experiment is limited if there is a strong
overlap between bands corresponding to different elec-
tronic transitions.

All calculations have been performed using a local
version of the DALTON program [65]. Only electronic
excitations have been considered. The Faraday B term
results are reported in atomic units (au). Note that 1 au
of B (af e h™"') is 5.887644 x 107> D? pg/em~.

4 Results and discussion
4.1 Para-benzoquinone (pBQ)

Meier and Wagniere [22] have recorded the long-wave-
length MCD spectrum of pBQ in an n-hexane solution
at 293 K. They identified two negative B3 terms in this
spectral region. For the stronger band at 241 nm B was
estimated to be —0.68 au, using the method of moments,
and for the weaker band, corresponding to the dipole—
forbidden transition at 280 nm, it was estimated to be
—0.02 au. Ab initio calculations of the strongest band by
Coriani et al. [27], using Hartree—Fock response theory
and the aug-cc-pVDZ basis set, gave a B term value of
+6.04 au. According to the authors, the neglect of sol-
vent effects or the lack of electron correlation could be
the reason why the calculation did not even give the
correct sign for the MCD intensity.

MCD B term results for this lowest-lying dipole-
allowed X 'A, — 1 'By,(z) transition are collected in
Table 1. The Hartree—Fock aug-cc-pVDZ result differs
somewhat from the result of Coriani et al. [27] because
we use a B3LYP/cc-pVTZ optimized geometry, whereas
their calculation was done using an experimental geom-
etry [66]. We note that Hartree—Fock gives a positive
B term in both gas phase and solvent, with the value
increasing from +6.78 to +8.73 au for the aug-cc-pVTZ
basis when going from the gas phase to the solvent. DFT,
on the other hand, gives the correct negative sign for
all the functionals we have considered, and this holds
both for the gas phase and the solvent calculations.
Among the hybrid functionals (B3LYP, CAM-B3LYP
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Table1 Para-benzoquinone (pBQ). Excitation wavelength in nm
and MCD B term in au in gas phase and, in parenthesis, 7-hexane
for the X 1Ag — 1By, transition. The molecule is in the yz plane

with the z axis along the OO axis. B3LYP/cc-pVTZ optimized
geometry in gas phase and solvent

aug-cc-pVDZ aug-cc-pVTZ

Wavelength B term Wavelength B term
Hartree—Fock 203 (211) 6.23 (8.08) 203 (211) 6.78 (8.73)
B3LYP 250 (275) —3.89 (—4.60) 251 (257) —3.75(—441)
CAM-B3LYP 233 (240) —2.42 (—=2.50) 234 (240) —2.21(-2.20)
BHLYP 226 (234) —1.56 (—1.34) 227 (234) —1.31(-0.99)
BLYP 280 (277) —3.96 (—6.51) 279 (278) —3.88 (—6.12)
KT1 269 (275) —2.91 (—4.93) 269 (275) —2.66 (—4.68)
KT2 269 (275) —5.36 (—5.08) 269 (275) —4.76 (—4.88)
KT3 269 (275) —4.85 (—5.38) 269 (275) —4.74 (—5.27)
Experiment (Ref. [22]) (241) (—0.68)

Table 2 Para-benzoquinone (pBQ). Contributions to the 5 term
in au in gas phase and in n-hexane for the X 1Ag — 1 1By, tran-
sition with the aug-cc-pVTZ basis set. The molecule is in the yz
plane with the z axis along the OO axis. B3LYP/cc-pVTZ opti-

mized geometry in gas phase and solvent. The B term is obtained
as the difference of the two contributions. In parenthesis enhance-
ment factors due to solvation on each contribution and on the B
term are reported

(pzsmy, pchow (rysmz, oo B term

Gas Sol Gas Sol Gas Sol
Hartree-Fock 7.24 8.71 (1.20) 0.47 —0.02 (—=0.04) 6.78 8.73 (1.28)
B3LYP 3.19 4.18 (1.31) 4.50 5.16 (1.15) -3.75 —4.41 1.17)
CAM-B3LYP 2.58 3.44 (1.33) 4.79 5.46 (1.20) -2.21 —-2.20 (1.00)
BHLYP 1.75 2.46 (1.41) 5.51 6.87 (1.24) —1.31 —-0.99 (0.75)

and BHLYP) investigated here, B3LYP gives the high-
est value in gas phase, —3.75 au using the aug-cc-pVTZ
basis, CAM-B3LYP is slightly lower with —2.21 au and
BHLYP is the lowest with —1.31 au. When including sol-
vent effects, the B3LYP value is increased to —4.41 au,
the CAM-B3LYP remains almost constant with —2.20 au
and the BHLYP value decreases to —0.99 au. BHLYP in
solvent gives the best agreement with the experimental
estimate (cf. —0.68 au).

In a recent study of the MCD B term, Honda et al.
[29] reported results for pBQ and oBQ. They used a
GUHF/SECI wave function [29], with the Huzinaga—
Dunning DZ and DZP basis sets [67]. The calculations
of the B term were performed using both the sum-over-
states (SOS) method and the finite perturbation (FP)
approach. For the 1Ag — 1 'Byy(z) transition in pBQ
they report a value of —4.13au (DZ basis set) using
the SOS method (including all intermediate states), and
—4.20au (DZ) and —4.03 (DZP) using the FP method.
Our response theory calculations, which includes orbital
relaxation gives a positive sign for this transition using
Hartree—Fock, and electron correlation is necessary to
get the correct negative sign. This might indicate that the
negative sign for this transition in the study by Honda
et al. is the result of a fortuitous cancellation of errors

since their calculation includes neither orbital relaxation
nor electron correlation effects.

4.2 Tetrachloro-para-benzoquinone (TCpBQ)

The experimental MCD spectrum of TCpBQ obtained
in acetonitrile [22] has a weak positive band around
370nm, a positive band around 285nm and a stron-
ger negative band that stretches out of the spectral
region around 170-180 nm. This last band has a shoulder
around 230 nm. Meier and Wagniere identify the weak
band around 370 nm as a dipole-forbidden 1Ag — lng
transition. The positive band around 285 nm is identi-
fiedasa 'A, — !By, transition. They do not discuss the
negative band that stretches out of the spectral range.
Note that a positive band corresponds to a negative B
term, see Eq. (21).

Hartree—Fock and DFT results for the X 1Ag —11By,
transition are reported in Table 3. We see that Hartree—
Fock gives the wrong sign for the B term of the first
transition, predicting a positive value both in gas phase
and in solvent. DFT again gives the correct sign, with the
strength of the band increasing from BHLYP to CAM-
B3LYP, B3LYP, KT3, KT2, KT1 and BLYP. This trend
is the same both in gas phase and in solvent, but the
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Table 3 Tetrachloro-para-benzoquinone (TCpBQ). Excitation
wavelength in nm and MCD B term in au in gas phase and, in
parenthesis, acetonitrile for the X 1Ag — 1 By, transition. The

molecule is in the yz plane with the z axis along the OO axis.
B3LYP/cc-pVTZ optimized geometry in gas phase and solvent

aug-cc-pVDZ aug-cc-pVTZ
Wavelength B term Wavelength B term
Hartree—Fock 218 (225) 1.12 (1.68) 219 (225) 1.42 (1.80)
B3LYP 325 (330) —10.37 (—13.89) 325 (331) —10.38 (—13.98)
CAM-B3LYP 280 (286) —8.00 (—10.48) 280 (287) —8.03 (—10.54)
BHLYP 266 (272) —7.61 (—9.85) 266 (273) —7.62 (—9.87)
BLYP 384 (390) —13.62 (—16.34) 385(391) —13.02 (—-16.31)
KT1 373 (379) —11.22 (—15.05) 374 (380) —11.17 (-15.06)
KT2 373 (379) —11.00 (—14.75) 374 (380) —10.95 (—14.82)
KT3 374 (379) —10.90 (—14.62) 374 (379) —10.82 (—14.57)
Experiment (Ref. [22]) (285) (—4.25)
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Fig. 2 Simulated MCD spectra of tetrachloro-para-benzoqui-
none (TCpBQ) in gas phase. Wavelength in nm. Lorentzian
bandwidth 8 nm. Units on the ordinate axis are arbitrary. Basis
set aug-cc-pVTZ. B3LYP/cc-pVTZ optimized geometry. The inset
shows the experimental spectrum from Ref. [22]

strength is consistently higher in solvent. All our results
for this transition are higher than the experimental esti-
mate of —4.25 au, the closest once again being BHLYP
with —7.62 au in gas phase and —9.87 au in solvent (aug-
cc-pVTZ), followed by CAM-B3LYP with —8.03 au in
gas phase and —10.54 au in solvent.

The strong negative band stretching outside the
experimental spectral range consists of several transi-
tions lying quite close in energy. This makes the relative
weight of the transitions uncertain, and we typically see
a very large positive B term for one transition which to
a large extent is canceled by a large negative value for
another transition. For this reason we do not report the
B terms of the individual transitions, but refer to the
simulation of the spectrum shown in Fig. 2 for the gas
phase and in Fig. 3 for acetonitrile solution. The spec-
tra are simulated by plotting (—3) against the excitation
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Fig. 3 Simulated MCD spectra of tetrachloro-para-benzoqui-
none (TCpBQ) in acetonitrile. Wavelength in nm. Lorentzian
bandwidth 8 nm. Units on the ordinate axis are arbitrary. Basis
set aug-cc-pVTZ. B3LYP/cc-pVTZ optimized geometry. The inset
shows the experimental spectrum from Ref. [22]

wavelength in nm, and using a Lorentzian bandwidth of
8nm. The units on the ordinate axis are arbitrary.

For the overall band structure, both Hartree—Fock
and DFT predict a negative sign in agreement with
experiment, with the exception of KT1 in solvent. Com-
paring the various DFT spectra, we see that the trends
for this band in the gas phase are opposite to what is
observed for the first positive band, with BHLYP pre-
dicting the strongest band and BLYP the weakest. As
for the positive band, the strength increases when sol-
vent effects are included. The trends are the same as
for the gas phase, with the exception of BLYP which
now has the strongest band, and KT1 which has a very
strong, unphysical positive band. Considering the rela-
tive strength of the two bands—taking into account that
the peak of the negative band is just outside the spectral
region of the experiment—it seems that BHLYP and
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Table 4 Ortho-benzoquinone (0BQ). Excitation wavelength in
nm and MCD B term in au in gas phase and, in parenthesis, ace-
tonitrile for the X !A; — 1 !B, transition. The molecule is in the

yz plane with the z axis between the O atoms. B3LYP/cc-pVTZ
optimized geometry in gas phase and solvent

aug-cc-pVDZ aug-cc-pVTZ

Wavelength B term Wavelength B term
B3LYP 400 (441) —3.66 (—5.04) 400 (442) —3.68 (—5.08)
CAM-B3LYP 366 (403) —3.71 (-5.21) 366 (403) —3.73 (=5.25)
BHLYP 358 (393) —3.65 (—5.20) 358 (394) —3.67 (—5.23)
BLYP 439 (484) —3.44 (—4.69) 439 (484) —3.46 (—4.73)
KT1 436 (478) —3.32(—4.58) 437 (479) —3.35(—4.62)
KT2 437 (480) —3.36 (—4.58) 438 (481) —3.39 (—4.63)
KT3 434 (476) —3.66 (—4.60) 435 (477) —3.68 (—4.59)
Experiment (Ref. [22]) (380) (—3.23)

CAM-B3LYP give the best agreement with experiment
for this ratio.

4.3 Ortho-benzoquinone (0BQ)

In the experimental MCD spectrum of oBQ obtained
in acetonitrile [22], Meier and Wagniere identified one
positive band at about 380 nm. They assigned this band
to the X 'A; — 1 !B, transition, and estimated a value
of —3.23 au for the B term.

The calculated MCD B term values for this transi-
tion are reported in Table 4. In the gas phase, the DFT
results vary between —3.3 and —3.7 au, quite close to the
experimental estimate. When including solvent effects,
the magnitude of the B term increases for all the func-
tionals.

For Hartree-Fock, the B3LYP optimized geometry
seems to be strongly affected by instabilities in the wave
function, and the results both for the excitation energies
and the Faraday 5 term using this geometry are clearly
not physical. Due to this, Hartree—Fock results are not
included in Table 4.

We have included simulated spectra based on our
calculations in Fig. 4 for the gas phase and Fig. 5 for ace-
tonitrile solution. The main feature of the experimental
spectrum [22], apart from the band discussed above, is
a strong negative band stretching out of the spectral
range. This feature is also shown in the simulated spec-
tra for all the DFT functionals investigated both in the
gas phase and in solvent. The fine structure between 200
and 300 nm is, however, not very well reproduced in the
simulation for any of the functionals.

In the study by Honda et al. [29], the X 'A; — 1 !B,
transition in oBQ has an MCD B term value of —4.13 au
(DZ) using the SOS method, and —4.20 au (DZ) and
—4.03 au (DZP) using the FP method. Again their results
are in qualitative agreement with experiment.

10 — T T T T T T T T

[8],101
S0

200 250 300 350 400 450 500 550 600 B5(

Fig. 4 Simulated MCD spectra of ortho-benzoquinone (0BQ)
in gas phase. Wavelength in nm. Lorentzian bandwidth 8 nm.
Units on the ordinate axis are arbitrary. Basis set aug-cc-pVTZ.
B3LYP/cc-pVTZ optimized geometry. The inset shows the exper-
imental spectrum from Ref. [22]

200 250 300 350 400 450 500 550 600 650

Fig. 5 Simulated MCD spectra of ortho-benzoquinone (0BQ)
in acetonitrile. Wavelength in nm. Lorentzian bandwidth 8 nm.
Units on the ordinate axis are arbitrary. Basis set aug-cc-pVTZ.
B3LYP/cc-pVTZ optimized geometry. The inset shows the exper-
imental spectrum from Ref. [22]
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Fig. 6 Simulated MCD spectra of tetrachloro-ortho-benzoqui-
none (TCoBQ) in gas phase. Wavelength in nm. Lorentzian
bandwidth 8 nm. Units on the ordinate axis are arbitrary. Basis
set aug-cc-pVTZ. B3LYP/cc-pVTZ optimized geometry. The inset
shows the experimental spectrum from Ref. [22]

4.4 Tetrachloro-ortho-benzoquinone (TCoBQ)

The experimental MCD spectrum of tetrachloro-ortho-
benzoquinone obtained in cyclohexane [22] consists of a
positive band at 450 nm, another positive band at about
270 nm with a shoulder at about 300nm, and in the
region 190-230 nm there is a strong bisignate signal. The
bisignate signal has a negative peak at about 220 nm and
a positive peak just outside the spectral range, probably
at about 190 nm. There are also two very small peaks
at 543 and 587 nm, which can be attributed to vibron-
ic transitions. Meier and Wagniere attribute the longest
wavelength band at 450nm to a 'A; —! B, transition
and the band at 270nm to a ' A; —!B; transition.

Simulated spectra of our results are given in Fig. 6
(gas phase) and Fig. 7 (cyclohexane solution), and show
that DFT again gives the same qualitative picture as the
experimental data, with two positive bands and a stron-
ger bisignate signal. This holds both for the gas phase
and the solvent calculations, with the exception of KT3
in the gas phase. As for the other molecules, Hartree—
Fock is not even qualitatively correct.

The calculated MCD B term values for the X 'A; —
1B, transition are reported in Table 5. In the gas phase,
all the results lie between —3.35 and —4.25 au, even at
the Hartree—Fock level. B3LYP (—4.00), CAM-B3LYP
(—4.24) and BHLYP (—4.24) are closest to the exper-
imental estimate of —4.08 au. The inclusion of solvent
effects increases the B term value, and the results are
then in the range —4.65 to —5.80 au.

In Table 6 we have reported the results for the X 1A —
1 !B, transition. For this transition, Hartree—Fock gives
a positive sign for the 5B term, whereas DFT gives a neg-
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Fig. 7 Simulated MCD spectra of tetrachloro-ortho-benzoqui-
none (TCoBQ) in cyclohexane. Wavelength in nm. Lorentzian
bandwidth 8 nm. Units on the ordinate axis are arbitrary. Basis
set aug-cc-pVTZ. B3LYP/cc-pVTZ optimized geometry. The inset
shows the experimental spectrum from Ref. [22]

ative sign in agreement with experiment. When compar-
ing with the experimental value of —3.57 au reported by
Meier and Wagniére [22], we see that our gas phase val-
ues are at least twice as large. In cyclohexane we get
even higher values. It should be noted that there is a
strong overlap between this band and the bisignate sig-
nal in the experimental spectrum, which means that in
this case the value obtained by the method of moments
should be considered as a lower bound for the 5 term.

4.5 Different parameterizations of the CAM-B3LYP
functional

Of the DFT functionals we have investigated so far,
BHLYP and CAM-B3LYP clearly give B term results
for the molecules in our study in best agreement with
experiment. From Tables 1-6, we see that this also holds
for the excitation energies. However, the strengths of
the MCD bands are in general too high compared to
experiment, especially for the PCM calculations. In this
section we will consider how changing the parameters
of the CAM-B3LYP functional affects the values of the
MCD B term for the molecules we have considered.

The key element of a Coulomb-attenuating method
such as CAM-B3LYP is the separation of the exchange
into two contributions by a partitioning of the 71_21 oper-
ator

1 _ ot Berf(uri)] n 1 — [o + Berf(ur)]
2 2 2

. (22

where o and B are dimensionless parameters satisfy-
mgl<a<1,0<p<land0 <o+ p <1, and
the dimension of the parameter u is chosen such that
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Table 5 Tetrachloro-ortho-benzoquinone (TCoBQ). Excitation
wavelength in nm and MCD B term in au in gas phase and, in
parenthesis, cyclohexane for the X 'A; — 1 !B, transition. The

molecule is in the yz plane with the z axis between the O atoms.
B3LYP/cc-pVTZ optimized geometry in gas phase and solvent

aug-cc-pVDZ aug-cc-pVTZ

Wavelength B term Wavelength B term
Hartree-Fock 346 (357) —3.70 (—5.12) 347 (357) —3.70 (—5.18)
B3LYP 525 (542) —3.97 (—5.41) 526 (543) —4.00 (—5.46)
CAM-B3LYP 447 (461) —4.20 (—5.66) 448 (462) —424 (-5.72)
BHLYP 426 (439) —4.21 (-5.70) 427 (441) —4.24 (-5.76)
BLYP 634 (655) —3.49 (—4.79) 636 (657) —3.51 (—4.83)
KT1 628 (647) —3.37 (—4.66) 629 (649) —3.40 (—4.70)
KT2 625 (644) —3.36 (—4.64) 626 (646) —3.39 (—4.09)
KT3 615 (633) —3.97 (—4.65) 616 (635) —4.00 (—4.65)
Experiment (Ref. [22]) (450) (—4.08)

Table 6 Tetrachloro-ortho-benzoquinone (TCoBQ). Excitation
wavelength in nm and MCD B term in au in gas phase and, in
parenthesis, cyclohexane for the X 'A; — 1 !By transition. The

molecule is in the yz plane with the z axis between the O atoms.
B3LYP/cc-pVTZ optimized geometry in gas phase and solvent

aug-cc-pVDZ aug-cc-pVTZ

Wavelength B term Wavelength B term
Hartree—Fock 200 (205) 2.74 (5.94) 200 (206) 3.17 (6.57)
B3LYP 319 (326) —9.09 (—12.22) 320 (326) —9.14 (—-12.32)
CAM-B3LYP 266 (272) —7.26 (—9.09) 267 (272) —7.31 (-9.13)
BHLYP 254 (259) —7.29 (—8.93) 254 (260) —7.33 (-8.95)
BLYP 388 (395) —13.68 (—15.31) 388 (395) —13.62 (—15.38)
KT1 376 (383) —10.49 (—14.17) 376 (383) —10.60 (—14.95)
KT2 376 (383) —10.09 (—13.74) 376 (383) —10.16 (—13.87)
KT3 376 (383) —9.09 (—13.27) 376 (383) —9.14 (—13.38)
Experiment (Ref. [22]) (270) (—3.57)2

2 Lower bound of the strength because of some overlap with positive band

Table 7 Para-benzoquinone (pBQ). Excitation wavelength in
nm and MCD B term in au for different parameterizations of
CAM-B3LYP in gas phase and, in parenthesis, n-hexane for the

X lAg — 11By, transition. The molecule is in the yz plane with the
z axis along the OO axis. B3LYP/cc-pVTZ optimized geometry in
gas phase and solvent

aug-cc-pVDZ aug-cc-pVTZ

Wavelength B term Wavelength B term
a=019p8 =046 =033 233 (240) —2.42 (-2.50) 234 (240) —2.21 (-2.20)
a=02=03pu=04 235 (242) —2.73 (-2.93) 235 (242) —2.54 (-2.65)
a=02=045p=04 228 (237) —1.97 (—1.88) 228 (235) —1.74 (—1.56)
a=02=08u=04 214 (222) 0.24 (0.97) 215 (222) 0.58 (1.42)
a=02=08p=03 224 (231) —1.25(-0.93) 224 (231) —0.97 (-0.55)
a=02=08u=02 237 (244) —2.74 (-2.94) 237 (244) —2.54 (—2.66)
Experiment (Ref. [22]) (241) (—0.68)

(ur12) is dimensionless. The first term is evaluated using
amodified expression for exact orbital exchange, and the
second term is evaluated using the Becke88 exchange
functional [62].

The parameters of the CAM-B3LYP functional [40]
were obtained by setting u = 0.33 as recommended by
Tawada et al. [68], and optimizing « and B through a
fitting to atomization energies for a set of molecules.

The optimized values, keeping u fixed, are = 0.19 and
B = 0.46. Recent studies by Peach et al. [69] and Peach
and Tozer [70] have shown that this parameterization is
not optimal for all properties. In particular, this parame-
terization does not satisfy the exact long-range exchange
condition

a+pB=1, (23)

@ Springer



242

Theor Chem Account (2008) 119:231-244

Table 8 Tetrachloro-para-benzoquinone (TCpBQ). Excitation
wavelength in nm and MCD B term in au for different param-
eterizations of CAM-B3LYP in gas phase and, in parenthesis, ace-

tonitrile for the X 1Ag — 1 !By, transition. The molecule is in
the yz plane with the z axis along the OO axis. B3LYP/cc-pVTZ
optimized geometry in gas phase and solvent

aug-cc-pVDZ aug-cc-pVTZ

Wavelength B term Wavelength B term
a=0.198 =046 n =0.33 280 (286) —8.00 (—10.48) 280 (287) —8.03 (—10.54)
a=02=03pu=04 286 (292) —8.60 (—11.30) 286 (292) —7.79 (—11.37)
a=028=045u=04 271 (277) —7.48 (—9.70) 272 (278) —6.94 (-9.74)
a=02=08=04 245 (251) —4.22 (-5.32) 245(252) —4.16 (—5.21)
a=028=08u=03 261 (267) —5.96 (—7.69) 261(268) —5.42 (-7.67)
a=028=08u=02 285 (292) —8.08 (—10.65) 286 (292) —7.35 (—10.72)
Experiment (Ref. [22]) (285) (—4.25)

Table 9 Tetrachloro-ortho-benzoquinone (TCoBQ). Excitation
wavelength in nm and MCD B term in au for different parameter-
izations of CAM-B3LYP in gas phase and, in parenthesis, cyclo-

hexane for the X 1A; — 1 1B, transition. The molecule is in the
vz plane with the z axis between the O atoms. B3LYP/cc-pVTZ
optimized geometry in gas phase and solvent

aug-cc-pVDZ aug-cc-pVTZ

Wavelength B term Wavelength B term
a=0198=046 1 =0.33 447 (461) —4.20 (—5.66) 448 (462) —4.24 (=5.72)
a=028=03u=04 457 (471) —4.17 (-5.63) 458 (473) —4.21 (-5.69)
a=02=045pu=04 432 (445) —4.18 (—5.62) 433 (446) —4.22 (—5.68)
a=028=08u=04 385 (397) —4.02 (—5.36) 387 (398) —4.06 (—5.42)
a=028=08u=03 414 (426) —4.18 (—5.60) 415 (428) —4.23 (-5.76)
a=028=08u=02 459 (473) —4.24 (—5.73) 460 (475) —4.29 (—5.80)
Experiment (Ref. [22]) (450) (—4.08)

Table 10 Tetrachloro-ortho-benzoquinone (TCoBQ). Excitation
wavelength in nm and MCD B term in au for different parameter-
izations of CAM-B3LYP in gas phase and, in parenthesis, cyclo-

hexane for the X 'A; — 1 !B transition. The molecule is in the
yz plane with the z axis between the O atoms. B3LYP/cc-pVTZ
optimized geometry in gas phase and solvent

aug-cc-pVDZ aug-cc-pVTZ

Wavelength B term Wavelength B term
a=0198=046 10 =0.33 266 (272) —7.26 (—9.09) 267 (272) —7.31(-9.13)
a=02=03pu=04 274 (280) —7.74 (—9.89) 275 (280) —7.79 (—9.96)
a=02=045p=04 257 (263) —6.91 (—8.43) 258 (263) —6.94 (—8.44)
a=02=08u=04 227 (233) —3.69 (—3.17) 228 (233) —3.57 (—2.93)
a=028=08u=03 244 (249) —5.45 (—6.02) 244 (250) —5.42 (-5.91)
a=02=08u=02 270 (276) —7.31(-9.17) 271 (276) —7.35(=9.21)
Experiment (Ref. [22]) (270) (—3.57)8

4 Lower bound of the strength because of some overlap with positive band

which is especially important for charge-transfer and
Rydberg excitations [69].

For this reason, we have also considered some other
parameterizations of the CAM-B3LYP functional. In
addition to the regular CAM-B3LYP parameterization,
we have considered three parameterizations suggested
in the study by Peach and Tozer [70], one of which satis-
fies the long-range exchange condition. These function-
als are supplemented with two more functionals that also
satisfy this condition, but where we have modified the
value of u. The parameterizations are listed with the
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corresponding excitation energies and MCD B term
values in Table 7 for pBQ, Table 8 for TCpBQ and
Tables 9 and 10 for TCoBQ. For oBQ we experienced for
some of the parameterizations, using a B3LYP optimized
geometry, the same kind of instabilities that we observed
for the Hartree—Fock wave function (see Sec. 4.3). We
have therefore chosen not to report any results for this
molecule.

The MCD B term results for the X 1A; — 1 1B,
transition in TCoBQ (Table 9), do not vary much. For
the other transitions reported, there is a wide varia-
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tion among the functionals, but the parameterization,
a =0.2,8 =0.8, u = 0.3, gives the best overall results
compared to experiment. Both the gas phase and PCM
results are in good agreement with the experimental
estimates, and especially for PCM there is a marked
improvement compared to the functionals we have con-
sidered in the previous sections.

This parameterization gives, however, in general too
high excitation energies, and for this quantity, the regular
CAM-B3LYP functional (¢ = 0.19, 8 = 0.46, u = 0.33)
is consistently in better agreement with the experimental
data. It still appears difficult to find a functional that can
reproduce both the excitation energies and the MCD B
terms with high accuracy.

4.6 Solvent effect and correlation

We have noted that the solvent sometimes leads to a
reduction of the final B term. For instance, for pBQ with
the BHLYP functional and the aug-cc-pVTZ basis set a
reduction (in absolute value) from —1.31 in gas-phase to
—0.99 in solvent is observed. The same trend is observed
with BHLYP/aug-cc-pVDZ and for a particular choice
of the CAM-B3LYP parametrization (¢ = 0.2, 8 = 0.8,
w1 = 0.3) with both basis sets. For TCoBQ this happens
with CAM-B3LYP (¢ = 0.2, 8 = 0.8, u = 0.4).

Although this contrasts with the common sense of an
amplification of a property due to solvation, it should be
kept in mind that according to Eq. (11), B is the sum of
several contributions with alternating signs. In particu-
lar, for pBQ there are two contributions coming from the
response functions ((uz;my, px)o.o and (y; Mz, 1x)0.ws
respectively. We have reported these contributions in
Table 2 for HF and a selection of functionals (B3LYP,
CAM-B3LYP, BHLYP). As can be seen, the first contri-
bution decreases from HF to B3LYP whereas the second
increases: this behavior can easily be attributed to elec-
tron correlation effects. The solvent effect increases the
magnitude of all contributions (with the exception of the
second contribution for HF) and the relative enhance-
ment (reported in parenthesis for each contribution)
is bigger for a more correlated method. Moreover, the
solvent effect is always bigger for the first contribution
than the second. For this reason, the balance is shifted
from an enhancement of the B term (HF, B3LYP) to
an apparent absence of solvent effect (CAM-B3LYP) to
a reduction of the B term (BHLYP). We also remark
that with a simpler model, such as for instance tak-
ing solvation effects into account through the Lorentz
factor f = (eopr. + 2)/3, this behavior would not be
observed.

5 Conclusions

We have presented the first theoretical investigation of
solvent effects on the Faraday B term of magnetic circu-
lar dichroism at the density—functional level of theory.
Several functionals have been investigated in our study,
and inclusion of correlation effects have been shown to
be crucial in order to get even qualitative agreement
with experiment.

Solvent effects are shown to be significant. Dielectric
continuum effects increase in general the magnitude of
the B term, in most cases leading to an overestimation of
its value compared to the experimentally derived ones.
In some cases a reduction of the 3 term upon solvation
has been observed which is connected to the interplay
of correlation and dielectric medium effects on the indi-
vidual contributions to the final result for the different
functionals employed.

At the density—functional level of theory, the B terms
have for the molecules included in our study been shown
to be very sensitive to the amount of exact orbital
exchange included in the functional. CAM-B3LYP rep-
resents a marked improvement compared to B3LYP,
and modifying the parameters governing the Coulomb
attenuation can further improve the results.

In the present study vibronic effects have been
neglected. For a full comparison with experiment, such
effects should be included in addition to the solvent
effects, since the experimental spectra show clear vib-
ronic structure.
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