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Exploring the Ability of Frozen-Density Embedding to Model Induced Circular Dichroism
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In this study, we present calculations of the circular dichroism (CD) spectra of complexes between achiral
and chiral molecules. Nonzero rotational strengths for transitions of the nonchiral molecule are induced by
interactions between the two molecules, which cause electronic and/or structural perturbations of the achiral
molecule. We investigate if the chiral molecule (environment) can be represented only in terms of its frozen
electron density, which is used to generate an effective embedding potential. The accuracy of these calculations
is assessed in comparison to full supermolecular calculations. We can show that electronic effects arising
from specific interactions between the two subsystems can reliably be modeled by the frozen-density
representation of the chiral molecule. This is demonstrated for complexes of 2-benzoylbenzoic acid with
(—)-(R-amphetamine and for a nonchiral, artificial amino acid receptor system consisting of ferrocenecarboxylic
acid bound to a crown ether, for which a complex witfeucine is studied. Especially in the latter case,
where multiple binding sites and interactions between receptor and target molecule exist, the frozen-density
results compare very well with the full supermolecular calculation. We also study systems in which a
cyclodextrin cavity serves as a chiral host system for a small, achiral molecule. Problems arise in that case
because of the importance of excitonic couplings with excitations in the host system. The frozen-density
embedding cannot describe such couplings but can only capture the direct effect of the host electron density
on the electronic structure of the guest. If couplings play a role, frozen-density embedding can at best only
partially describe the induced circular dichroism. To illustrate this problem, we finally construct a case in
which excitonic coupling effects are much stronger than direct interactions of the subsystem densities. The
frozen density embedding is then completely unsuitable.

1. Introduction structures, which are not optically active because of low barriers

. . . . between the enantiomeric forms, but for which a chiral partner
Induced circular dichroism (ICD) is the phenomenon thatthe ggjectively stabilizes one enantiomeric form. The former

circular dichroism (CD) spectrum of a mixture of two COM-  iacyles are nonchiral already in a static picture (e.g.,
pounds differs from the sum of the spectra of the two individual benzene), whereas the latter are only nonchiral on average (or

compounds. Most attention has been paid to cases of ICD inj, 5 qynamic picture), as both enantiomeric forms will occur
which an achiral chromophore shows circular dichroism in the iy equal probabilities (e.g., hydrogen peroxide).

presence of a chiral partner, in particular when the latter alone Many systems showing ICD have been investigated experi-

does not show CD activity in the wavelength regime investigated mentally. In particular the class of cyclodextrins has been studied

in a certain experiment. In those cases, a CD signal can bein detail as a host system for many small, achiral molecules,

gbseirvneoll fVV::\el?thCOrm?IR:ngir:gi?/iéwolCOTnpOUI’]n%S while there is for example, benzoylbenzoic acidiifferent azi- and diaziada-
0 signal for einer ot the ual compounds. mantanes (see ref 1), 2,3-diazabicyclo[2.2.2]oct-2-ene and

This effect is related to interactions between the achiral derivatives’4 substituted benzené&s\-bromophthalimidé, ma-
chromophore and the chiral partner in its surrounding. The most |gimige? ahd naphthalefeand its derivative$, as Wéll as

important examples are symmetric compounds in optically active ,qrenone and xanthord€.A more extensive overview over
solvents and complexes between chiral and achiral m°|eCU|e5-cycIodextrin inclusion compounds can be found in refs 11, 12.
A special case of the latter are heguest complexes with  Tokyra and co-workers investigated the induced circular dichro-
achiral guest molecules in chiral hosts. Two basic mechanismsigi, and its solvent dependence in the 2-benzoylbenzoic acid-
causing ICD can be distinguishéd structural perturbation of amphetamine systet&14Another application of ICD is its use

the achiral guest by the chiral partner, and an electronic ¢, chirality sensing, for example, for amino acids, as demon-
perturbation of the guest due to the chiral environment. For the gt aiad in ref 15.

structural effects, a further classification can be made into (i)
symmetric molecules that are inherently nonchiral, but for which
a chiral, nonsymmetric structure is favored in the presence of
the chiral environment, and (ii) molecules with inherently chiral

Computational studies on induced circular dichroism are often
restricted to classical molecular mechanics (MM) approaches
or semiempirical approaches, especially for the relatively large
systems of cyclodextrin compound®>16In many cases, the
- intensity analyses for the CD spectra are based on the Kirkwood
__*To whom correspondence should be addressed. E-mail: (J.N.) mode| of coupled oscillatos or, to be more precise, on the
johannes.neugebauer@phys.chem.ethz.ch; (E.J.B.) baerends@chem.vu.nl, ~ "~ . . . e
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Wolfgang-Pauli-Strasse 10, 8093 Zurich, Switzerland. developed by Tinoc§ (see, e.g., the work in refs 8, 10, 19,
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and 20). Such investigations resulted in Harata’s rule, which the electron density of the total system to be described into the
states that the ICD of a chromophore inside the cyclodextrin density of an embedded subsystem) @nd the density of its
cavity will always be positive if its electric transition dipole microscopic environmenip(). This environment is described
moment is parallel to the principal axis of the cyclodextrin only in terms of the density, and the nuclear charg&s, at
cavity-® and negative, if it is perpendicular. Additionally, the positionsRa, in the environmental system. The aim of the
Kodaka’'s rule states that the situation is reversed if the calculation is then to find the total densityw = o1 + pn Of
chromophore is located outside the cyclodextrin caf4f. the system which minimizes the total enefgjpita] With the
Because of the size of the host molecule, first-principles constraint thapy is kept frozen. From this requirement we can
calculations of excitation energies and rotational strengths for derive Kohrn-Sham-like one-electron equations for orbitals of
these systems are rather demanding. Although TDDFT calcula-the embedded system (system 1), which define the optimum
tions may still be feasible for these systems, they suffer from densityp,. They contain the same effective potential as present
spuriously low long-range inter- and intramolecular charge- in conventional KohaSham calculations plus an effective
transfer (CT) excitations. In particular for rather weakly bound embedding potential (at positiar) of the form
systems, like the supramolecular complexes for which ICD is
reported, many of such artificially low excitations occur. This . ZAII pu(r’)
problem is due to the well-known failure of the exchange- V:mb(r)[PnPn] = Z - + f ; dr' +
correlation kernel in ALDA-TDDFT3-25 |n two recent pa- T TRy Ir" =rl

pers?%27we could show that this problem can be avoided by OE o] OE, o] 0TJp]

the frozen-density embedding (FDE) method, originally intro- — —
duced by Wesolowski and WarsHék°and its time-dependent op o=pto, op lo=p op 'o=pte,
response generalizatiGh.In this DFT-in-DFT embedding 0TJpl

method, the effect of a medium on a chromophore is included 1)
by an effective embedding potential, which only depends on op lo=p

the charge density of the surrounding medium. Our papers
addressed the problem of modeling the effect of a large solventwhere the exchange-correlatiof,{p]) and kinetic-energy
shell on the absorption spectrum of acetSrm an aminocou- (T p]) functionals are defined in the KoktSham formulation
marin dye?” In this work, we want to study the ability of FDE  of density functional theory (DFT). The kinetic energy part of
to capture the effect of induced circular dichroism by more the potential may also be written as the functional derivative
complex surroundings, consisting of chiral partners in supramo- Tgadc[p|,p||]/6p| of the nonadditive kinetic energy functional
lecular aggregates or symmetry-breaking host systems. Since
the response of the environment (the frozen system) is explicitly Tgadﬂ[pl,p”] =Tdp, + o]l — Tded] — Tdoyl (2)
assumed to be negligible in the implementation of the frozen-
density TDDFT schem#;?"3lonly those systems can be treated \We use the gradient-dependent approximatio 614 o, 0112
in which the circular dichroism is due to transitions in the denoted as PW91k in ref 26. Since we employ the orbital-
embedded system. If transitions in both systems are important,dependent “statistical averaging of (model) orbital potentials”
it would still be possible to do two FDE calculations with either (SAOP) potentid?—34for the nonfrozen system, we approximate
the one or the other system frozen, so that the contributions of the exchange-correlation component of the effective embedding
the two molecules can be calculated separately. However, effectyotential by the BeckePerdew-Wang (BPW91) exchange-
arising from a coupling of electronic transitions in the two correlation functionat®3¢ Although this introduces a slight
systems cannot be described correctly by this type of frozen- inconsistency in the treatment of frozen and nonfrozen sub-
density embedding. But it should be a valuable tool if the ICD system, the use of different exchange-correlation potentials for
can be described in terms of the perturbation of the guest's different subsystems is, from a pragmatic point of view, an
electronic structure by the host system’s charge density. advantage, as a more sophisticated potential with correct

After a short outline of the methodology in section 2, we asymptotic behavior can be applied for the embedded system.
analyze the results of FDE in calculations of the CD spectra of It turned out that the combination of these potentials works quite
complexes between 2-benzoylbenzoic acid and)-(R)- well for FDE calculations of absorption spectfe’ Also for
amphetamine in section 3. As an example with a more (induced) dipole moments and polarizabilities of van der Waals
complicated electronic structure, we present results for a complexes, different combinations of exchange-correlation
ferrocenecarboxylic acid-crown ether conjugate with protonated potentials have been test&d.
L-leucine in section 4. The aim of these sections is to analyze A time-dependent linear response generalization of this
the advantages and shortcomings of FDE, in particular in embedding scheme was derived in ref 30. Under the assumption
comparison to TDDFT calculations for the full complex, while that the response to an external electromagnetic field in
a direct comparison to experiment would require a much more resonance with an electronic transition of the embedded
extensive survey of possible low-energy structures. Section 5molecule is localized to system I, that is, that the response of
deals with phenol as a guest in a cyclodextrin host molecule. the environment (system 1) can be neglected, this leads, in
The inability of frozen-density embedding to describe excitonic addition to the kernel within the adiabatic local density
couplings to the frozen-density region, which is a consequence approximation (ALDA) in conventional TDDFT, to an effective
of its restriction to the orbital space of the embedded system, embedding kernel (see the Supporting Information to ref 31)
is illustrated for the benzaldehyde dimer in section 6. Finally,
conclusions are drawn in section 7. femt O’E, 0] OE,Jp]

r)=—-~— -~ TN s o
& ) = o) 00 g vy 09(0) 0 )=

ici i i i O“TeUpy,pu]
The basic idea of the orbital-free embedding method, which ————— (3)
is explained in more detail elsewhefeis the partitioning of op(r) op(r')

2. Methodology
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(1a, side view) (1b, side view)

Figure 1. Optimized (BP86/TZP) structures of the benzoylbenzoic-a¢ig)-(R)-amphetamine complex. The structure of benzoylbenzoic acid in
complex1b is the (reoptimized) mirror image of that in compl&a (the mirror plane is approximately the plane of the benzoyl group; see side
views on lower panel). Note that the amphetamine rotated around-tid: li&nd during reoptimization. The energy difference between the two
complexes is 0.6 kJ/mol.

which now also contains a kinetic energy contribution. This of p; are reasonab®:?7:31A limitation arises from the fact that
contribution is, for consistency with the ALDA-kernel, ap- couplings between electronic transitions in subsystems | and |l
proximated by using the (local density) Thomas-Fermi functional cannot be described by FDE: Electronic transitions in subsystem
II, or inter-subsystem transitions, are excluded, since the orbital-
TF=C f 0 %dr (4) space is restricted to subsystem |. Therefore, FDE is not
applicable if coupled excitations for chromophores in different
This means that the additional term depending on the solventsubsystems determine the spectroscopic properties.
response function in the exact formulation in ref 30 is assumed |n the following, we are going to test whether this limitation
to be negligible. Alternatively, we assume that the whole plays a role in describing the phenomenon of induced circular
response can be described in terms of a change in the densitydichroism. All calculations are carried out using the program
pi- This assumption turned out to work well in the case of DNA  package ADF83° We employ the Becke-Perdew functional,
base pair¥ and solvated acetorfébut led to a slight under-  dubbed BP8654°in combination with the TZP basis set from
estimation of solvent shifts for the aminocoumarin dye C3%51, the ADF basis set libra® for structure optimizations. For
which could be corrected by including a small number of solvent subsequent TDDFT calculations with the SAOP poterifizit

molecules in the embedded region. . we use the implementation of rotational stren¢th® in the
~ The KSCED equations would, under the assumptions men- ADF RESPONSE moduté together with the frozen-density
tioned above, lead to the exact ground-state dempeityif the embedding approach. In the spectra plots, all vertical excitations

exact exchange-correlation and kinetic energy functionals would are represented as Gaussian curves with a half-width of 0.4 eV.

be known. In practical applications, however, it sometimes turns Graphics of the molecular structures were generated with the

out that the density, is not flexible enough to arrive at the programs MOLDENS® and VMD 46

optimum total density. In those cases, so-called freeze-and-thaw

pycles can bg us€d,in which the rqle of the systems | and 3 Benzoylbenzoic Acid-Amphetamine

is reversed in order to relag; with respect top,. If this

procedure is carried out iteratively, the effect is a full minimiza-  The first compound studied here is a hydrogen-bonded

tion of the energy as a bifunctional of the densitiggand ;. complex between the nonchiral 2-benzoylbenzoic acid afé (

In that sense, the ground-state frozen-density embedding(R)-amphetamine. The optimized structure of this complex is

calculations are not an approximation, but an alternative to shown in Figure 1. This system has experimentally been studied

conventional Koha-Sham calculations. in detail by Tokura and co-workefs3 They found strong
For excitation energies it turned out that one freeze-and-thaw evidence for the formation of a 1:1 complex between the two

cycle is typically sufficient to converge the excitation energies molecules in solution. From the vibrational frequencies and the

within less than 0.01 eV, and even the results without relaxation solvent dependence of the ICD signal, they concluded that the
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energy / eV TABLE 1: Excitation Energies Egx (SAOP/TZP; in Units of
ffj— 320 g LAk, ; 3,54 : 310 . 2.76 eV) and Rotational StrengthsR (in cgs Units of 104 est?
L cm?) for Complex la in Figure 12
51 supermolecule embedding isolated
= no. Eex R Eex R Eex R
£ 1 2.87 0.02
S 2 3.04 —0.48
£ 3 3.18 —9.46 3.28 —0.84 3.66 —2.54
2 . 4 3.34 12.54
g : iR 5 3.51 —16.76 352 —-14.79 3.42 —9.36
s 9 6 3.86 6.51 3.86 8.60 4.04 4.45
-—- 2-benzoylbenzoic acid & 7 3.92 —-11.71 3.91 —-13.92 3.82 —-3.22
T K RRRae 8 4.00 27.88 4.03 21.55 4.30 2.00
201 ‘-I" ; | ; ] 9 4.13 —0.15
350 30 350 40 450 10 4.21 —0.03
wavelength / nm 11 4.30 0.32
Figure 2. CD spectra of the 2-benzoylbenzoic acid)-(R)- 12 434 -13.49 433 -1031 4.16 —5.60
amphetamine complega in Figure 1. Shown are spectra from an 13~ 437~ —0.26
embedding calculation in which the amphetamine was represented by 14 4.41 0.27 4.54 1.52 5.09 —1.45
its frozen density (solid line), a supermolecular calculation (dashed line), 15 4.45 0.01
as well as the spectra of isolated benzoylbenzoic acid (dashated i? ié? 555397 456  —2.30 4.57 —2.05
grslgjggo:nec)oﬁglggwa?hetamme (dotted line) in the structures they 18 460 014 452 947 4.35 762
19 4.62 —0.05
- 20 4.65 0.41
complex was formed by the deprotonated acid and the proto- 5; 472 660 474 -339 488 —3.74
nated amphetaming.The ICD signal was found to be weaker 55 473 042 478 —385 484 —108

in polar solvents, which favor the separation of the ion pair. 23 484 —-20.80 487 -—1846 495 —22.98
Ol’!r optimization of the isolated complex did not lead to anion aFor comparison, also the results for the isolated benzoylbenzoic
pair structure, although the hydrogen bond between the amino-Ng.iq in the structure of compleda are given.
and the proton of the carboxyl-group is relatively short (1.7 A
in structurela). Since the goal of this study is an assessment shifted a bit compared to the isolated 2-benzoylbenzoic acid
of frozen-density embedding for modeling the ICD effect, we and shows slightly lower intensity. This comparison shows that
refrain from a detailed discussion of this structural feature. A there is an important electronic contribution because of the effect
more detailed study of structural and vibrational properties of arising from the amphetamine on the 2-benzoylbenzoic acid.
this complex, including the vibrational circular dichroism To answer the question whether this effect can be modeled
spectra, which can also shed more light on the type of binding in terms of an effective embedding potential, we carried out a
between the two molecules, is under way. calculation with a frozen-density representation of the chiral
In this system, {)-(R)-amphetamine acts as the chiral part amphetamine molecule. Two freeze-and-thaw cycles were used
that shall be described in terms of its frozen density. The isolatedin the embedding calculation, but the differences with respect
amphetamine in the structure of compléx shows only very to the results obtained with one freeze-and-thaw cycle are
weak CD intensity in the wavelength range investigated in this negligible. Therefore, only one freeze-and-thaw cycle is used
work, and no transition for this molecule is observed below in all the other examples studied here if not explicitly stated
4.75 eV. Furthermore, the lowest excitations of){(R)- otherwise. The resulting CD spectrum is shown in Figure 2.
amphetamine are shifted to higher energkes €V) in complex The electronic contribution is very nicely reproduced by the
la, so that its contribution to the total CD spectrum is not FDE calculation, in which the amphetamine was treated as the
relevant for our purposes and consequently will not be discussedfrozen system. We observe a negative band at 353 nm, a positive
here. Benzoylbenzoic acid is the nonchiral part in this system, band at 309 nm, and a shoulder at 281 nm to the strong negative
but it is nonchiral only in a dynamical sense (see section 1). In band, which has its maximum at 254 nm. Although the rotational
its structure inlait is chiral, and it has a nonzero CD spectrum strengths for the bands at 353 and 309 nm differ a bit from the
as shown in Figure 2. A broad negative CD band from several corresponding supermolecular values, the general agreement
overlapping transitions can be observed at 360 nm, and a weakbetween the two curves is very nice. The only feature which is
positive band occurs at 287 nm, followed by a stronger negative missing in the frozen-density calculation is the low-intensity
band at 250 nm. band at 402 nm. This is a transition of partial charge-transfer
To see if there is an induced circular dichroism in complex type between the two molecules, which is not reproduced
la we calculated the CD spectrum of this complex in a correctly by ALDA-TDDFT (see section 5), and which cannot,
supermolecular calculation. The resulting spectrum is included by construction of the methosd, be obtained in FDE calcula-
in Figure 2. The CD spectrum of the isolated 2-benzoylbenzoic tions.
acid in the structure of compleka differs significantly from While the spectra shown in Figure 2 are a superposition of
the CD spectrum of the whole complex (as obtained in the all excitations, we report the individual excitation energies and
supermolecular calculation). First, we observe a weak negativerotational strengths in Table 1. That table shows data for the
band at 402 nm. However, this is a spurious transition in the isolated 2-benzoylbenzoic acid, the 2-benzoylbenzoic acid with
supermolecular calculation, since it represents partial charge-the effective embedding potential of the)¢(R)-amphetamine,
transfer between the two molecules. ALDA-TDDFT does not and the complex of the two molecules (“supermolecule”).
describe such transitions correctly, yielding typically much too Corresponding excitations were found by mapping the excita-
low excitation energies. Besides this feature, the most importanttions of the supermolecule on those excitations of the embedded
differences are a strong positive band at 312 nm and a shoulderor isolated molecule, for which the transition densities have the
(at 282 nm) to the strong negative band at 256 nm, which is largest overlap (see ref 26).



8790 J. Phys. Chem. A, Vol. 110, No. 28, 2006 Neugebauer and Baerends

TABLE 2: Excitation Energies Egy and Orbital Energy 6  p— T - T | |
Differences Ae°™® for the Most Important Orbital Pair in 5| . ]
Those Excitations in Table 1 for Which No Corresponding i T 1
Excitation Exists in the Embedding Calculation (SAOP/TZP; 4 . ]
in Units of eV) 3 -
no. Eex Aeo _'E 2 L \\‘-\ 7]
o e
1 2.87 2.87 = 3
2 3.04 3.04 g 0r ]
4 3.34 3.30 2. 74
9 4.13 4.13 3 of ]
10 4.21 4.21 oo
11 4.30 4.30 Sr \ /! ]
13 437 437 af /) Togmlaxldo .
15 4.45 4.45 sk == 1a S ]
17 451 4.41 ES T
19 4.62 4.62 Bs0 300 320 340 360 380 400
20 4.65 4.63 wavelength / nm

o . Figure 3. CD spectra of the benzoylbenzoic aci@)-(R)-amphet-
It can be observed that there are some excitations for which amine complexeda (dotted line) andLb (dashed line) in Figure 1 as

no corresponding transitions can be found in the embedding orwell as the sum of these two spectra (solid line).
isolated calculation for 2-benzoylbenzoic acid. These are charge-
transfer excitations from one of the two molecules to the other. in the spectra is quite similar: both in the supermolecular and
For charge-transfer excitations, the XC-kernel in ALDA-TDDFT in the embedding calculation, the total CD signal in that energy
calculations completely fails: It yields a zero contribution, and range is quite small. Also for the excitations at 4.49, 4.51, and
the excitation energies reduce to the orbital energy differences4.60 eV in the supermolecular calculation, we observe a rather
of the orbitals involved, which is completely wrong. As can be strong mixing between different orbital transitions, one of which
recognized from Table 2, for almost all of these excitations is of CT type, leading to a cancellation of the rotational
missing in the embedded calculation, the orbital energy differ- strengths.
ence and the excitation energy are practically identical, which  From this example, it can be concluded that frozen-density
is a strong hint on their CT nature. Further characteristics of embedding is very well suited to reproduce the change in the
CT excitations are their low transition moments and rotational CD spectrum due to the interactions with the chiral, hydrogen-
strenghts, which holds for all of these additional excitations bonded partner molecule.
except the ones at 3.34 and 4.51 eV, which also show the largest Although it is not the aim of this work to provide a detailed
deviations from the orbital energy differences for the excitation comparison with experiment, we would like to outline which
energies in Table 2. Indeed, we find a mixed character of CT steps would be necessary to simulate the behavior of the real
and intramolecular valence transitions for these two excitations. system in solution. Up to now, we only looked at one particular
The rest of all these supermolecule CT excitations in Table 2 optimized structure, although several other local minima might
can be regarded as artifacts of the ALDA-TDDFT method, with be energetically accessible and therefore important in solution.
much too low energies. In particular, it could be argued that we started from an already
For the transitions which occur in both the supermolecular chiral structure for the benzoylbenzoic acid, while its mirror
and the embedding calculation, the excitation energies typically image will occur with the same probability in solution in absence
agree very nicely within 0.03 eV, even for excitations that shift of a chiral partner. Therefore, the next step in the analysis of
by up to 0.3 eV compared to the isolated calculation. For this system is to reoptimize the complex, but starting from the
excitations which do exhibit differences between embedded andconformer of benzoylbenzoic acid that is the mirror image of
supermolecular calculation, the differences are still small the structure illa. We carried out such an optimization, which
compared to the shift with respect to the isolated 2-benzoyl- resulted in structurdb. From the lower panel in Figure 1 it
benzoic acid. For example, the lowest singlet excitation in the can be seen that indeed the benzoylbenzoic acid moiety is just
isolated molecule shifts from 3.66 to 3.28 eV (embedding) or mirrored with respect to the structure Ia. During reoptimi-
3.18 eV (supermolecule), and the excitation at 5.09 eV in the zation, the {)-(R)-amphetamine rotated around the I8 bond.
isolated molecule shifts to 4.54 eV (embedding) or 4.41 eV The energy difference between the two conformisnd1b
(supermolecule). There is no excitation for which the embedding is only 0.6 kJ/mol, so that both forms will exist in almost
predicts a wrong direction of the shift. Also the rotational identical amounts in solution, and they would equally contribute
strengths are quite similar, which leads to the very good overall to the total CD spectrum. Therefore, we performed another FDE
agreement of the spectra. There is one exception for thecalculation on structuréb, and the resulting CD spectrum is
rotational strengths: The excitation at 3.18 eV in the supermo- shown in Figure 3. That figure also contains the spectrum of
lecular calculation has a large negative rotational strength, while 1aas well as the sum of the two spectra in the wavelength range
the embedding calculation predicts a transition at 3.28 eV with which was investigated in the experiméatt can be seen that
a small negative rotational strength. In the supermolecular the CD intensity for wavelengths between 340 and 400 nm more
calculation, there is another transition with large positive or less disappears because of the different signs in the CD bands
rotational strength at 3.34 eV, which also has a reasonablefor the two conformers. Between 300 and 320 nm, however, a
transition density overlap with the excitation at 3.28 eV in the net positive CD signal can be observed, because the negative
embedding calculation. This excitation at 3.34 eV is as noted band of structurdb is much less intense than the positive band
earlier a spurious CT transition (cf. Table 2), but being of 1a This positive CD band with a maximum at 309 nm arises
accidentally close to another excitation, it distorts the rotational from &z — z* transitions inla and 1b.
strengths of the two transitions, picking up much to high  To really mimic the situation in solution, it would be
rotational strength itself and leaving a much too high (negative) necessary to investigate many other low-energy structures and
rotational strength for the excitation at 3.18 eV. The net effect to sample their contribution to the total CD spectrum. Neverthe-
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Figure 4. Lewis structure of the ferrocenecarboxylic acid-crown ether
conjugate2.

less, it is gratifying to note that also in the experiment a positive
CD band with a maximum &tna 318 to 326 nm (depending
on the solvent) is the characteristic feature in the CD spectrum
of 2-benzoylbenzoic acid induced by \-(R)-amphetaminé3

4. Complex of Ferrocenecarboxylic Acid-Crown Ether
Conjugate and Leucine

Our second test system is a complex between the ferrocen-

ecarboxylic acid-crown ether conjuga2ewhich is shown in
Figure 4, and the protonated amino aadideucine. Like
benzoylbenzoic acid in the first example, compoulds
nonchiral only in a dynamical sense; that is, stable structures

J. Phys. Chem. A, Vol. 110, No. 28, 2006791

(3a)

(3b)

of 2 are chiral, but the system is flexible enough so that the Figure 5. Optimized (BP86/TZP) structures of the complex between

enantiomeric forms are accessible in solution. Compond

the ferrocenecarboxylic acid-crown ether conjugate (colored, ball-and-

contains multiple binding sites for amino acids: The carboxylic stick) and protonated-leucine (grey, sticks only). The total charge of

acid group can form two-point hydrogen bonds to thé O,H

the complex ist-1. Complex3b is a reoptimized complex starting from

group group of an amino acid, and the crown ether moiety can L-leucine and compourilin the mirror image structure of its optimum

bind (protonated) amino groups. Therefore, the system can be

seen as an artificial amino acid receptor, and was shown to
enable efficient extraction of protonated amino acids from
aqueous solutiok® This system has been applied in chirality
sensing studies, sinegeamino acids induce a nonzero circular
dichroism in complexes with the nonchiral In this way, 2
allows discrimination between the optical antipodes-@mino
acids, for example,- andp-leucine®® which by themselves do
not show CD activity for wavelengths 250 nm. The optimized
(BP86/TZP) structure3@) of this complex is shown in Figure
5.

Again, we treat the chiral molecule, that isleucine, as the
frozen part in our calculation, to test whether the effect of the
chirality-inducing subsystem can be reproduced by frozen-

density embedding. This application may seem to be somewhat

unusual, since the “environmental system” in this case is smaller

than the actual embedded system, and from a computational

point of view also the full supermolecular calculation is feasible.
But FDE not only reduces the computational cost, it also opens
up the way to a simpler interpretation of the induced circular
dichroism signal in terms of an effective chiral perturbation in
the potential.

The lowest singlet excitation efleucine in a calculation on
its structure in3a was found at 5.28 eV (235 nm). Therefore,
there will be no direct contribution of this amino acid to the
spectrum of the complex in the wavelength range investigated
here. Since compound in structure3a is chiral, we first
calculated the CD spectrum of isolat2dwhich is shown in
Figure 6. The lowest excitations d all involve orbital
transitions from Fed-type orbitals toz* type orbitals of the
substituted cyclopentadienyl (Cp) ligands, which also have partly
Fed contributions. At somewhat higher energies, these transi-
tions are augmented withh — z* excitations of the benzene
moiety andn(O) — #*(Cp) excitations. Most of the bands
observed fo2 in this structure show a rather low intensity, for

structure in complex3a. Structure3a is 1.2 kJ/mol lower in energy
than structure3b.

§
« -10
=
E :
: II:'
Z20f A
4 -+ 3a (FDE, lcyc)
[ - = 3a (supermolecule)
Y — isolated 2

-30

300

1 1 1 1
400 450 500 550 600
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Figure 6. CD spectra of the comple3ain Figure 5. Shown are spectra
from a calculation in which.-leucine was represented by its frozen
electron density (dotted line), a supermolecular calculation (dashed line),
as well as the spectrum of isolated compouhih the structure of

complex3a (solid line).

. 1
250 350

nm. However, there are also two strong negative peaks at 333
and 285 nm.

When we include-leucine into the calculation by performing
a supermolecular calculation on compl8a, we observe a
strong electronic effect that completely changes the CD
spectrum: A stronger negative band appears at 488 nm and a
positive band at 380 nm with a shoulder at 419 nm. The strong
negative peak is now shifted to 342 nm and has even gained
intensity. Another negative band can be seen at 304 nm. On
the short-wavelength end of this spectrum, we see a very strong
negative band centered at 253 nm. These features are very well
reproduced if we use frozen-density embedding. There is only
a slight disagreement in the position of the maximum of the

example, the negative bands with maxima at 433 nm and 528first (negative) band (481vs 488 nm in the supermolecular
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sk R e R e 0.4 eV was applied to all vertical transitions). As a further
= £ ] complication, many more conformers of this complex may play
ki Y " il a role in solution, as the system is highly flexible (at least in

ki AR ] the crown-ether moiety). These structures will occur in solution

E wof | g — . with different probabilities, so that a (Boltzmann-) weighted
S ‘-7'\ TR 1 sum of the spectra would have to be taken instead of the
g % IINT S S unweighted sum used here. We can, however, clearly conclude
3 -10:- \/ AN ] that our calculations strongly support the possibility of an
= =k e ] alternating sequence of positive and negative CD signals in the
4 Sk —---3a | wavelength regime between 250 and 350 nm by electronic
L - L transitions of the ferrocene function.
301 | - To cover the full structural effect, it would be necessary to
r . T U P | sample many structures of this molecule in solution, for example,
40550 300 350 400 450 500 550 600 from a CPMD simulation. In that case, the present FDE
wavelength / nm technique can become practically very important, since the
Figure 7. CD spectra of the complexea (dashed line) andb solvent molecules could also be included efficiently into the
Edals_gel_ekd)otted line) in Figure 5 as well as the sum of these two spectra frozen environmental density.
solid line).

5. Cyclodextrins
calculation), and the negative bands at 304 and 253 nm gain 4

some intensity in the embedding calculation. This shows that ~As mentioned in the Introduction, cyclodextrin inclusion
even in situations of complex interactions between a receptor- compounds are subject to extensive studies on induced circular
like molecule and its substrate, the effect on the circular dichroism! One example of a nonchiral compound as a guest
dichroism spectrum can reliably be modeled by FDE. in a cyclodextrin cavity is phenol ifi-cyclodextrin, which is
Also in this case, an extensive sampling over important composed of seven glucose units. It has been reported that the
conformations of this complex in solution would be necessary sign of the circular dichroism depends on the orientation of the
for a reliable comparison to experiment. Such a sampling would phenol molecule with respect to the axis of the cyclodextrin
be even more demanding than for the system of 2-benzoylben-cavity® From the experimental sign of a particular electronic
zoic acid and €)-R-amphetamine. This is due to the fact that transition, the orientation of the guest molecule in the cavity
compound? is very flexible, and many low-energy configura- can be estimated.
tions might be found. Again, a first step into this direction can ~ Phenol as a guest molecule in its optimized conformation is
be taken by optimizing the structure of the complex in which nonchiral. Interactions with the chiral host may lead to a

the mirror image of compoun@in its structure in complega distortion of its geometry, so that a structural effect due to the
is employed, together with protonatedeucine. We carried out ~ host molecule induces circular dichroism. Here, we want to
such an optimization, which resulted in struct@kein Figure concentrate on possible electronic effects causing ICD and their
5. The spectra of both complexes from frozen-density calcula- dependence on the orientation of the phenol molecule inside
tions and their sum are shown in Figure 7. the cavity. Therefore, we take an optimized (BP86/TZP)

Unfortunately, it is very difficult to draw even qualitative  structure of an isolated phenol, which is placed inside the cavity
conclusions from this sum spectrum in comparison to the of an optimized (BP86/TZP) conformation gtcyclodextrin.
experimental spectrum in ref 15. The experimental spectrum The center-of-mass of phenol was placed in the center of the
for the complex formed with protonatedeucine shows a weak  cyclodextrin cavity. The initial orientation, in which the-©
negative CD band at 310 nm, a positive CD band at 290 nm, bond of phenol is in the plane of the cyclodextrin ring, is shown
and a broad negative CD band at about 255 nm. This spectralin Figure 8, as well as a S0otated one, where the- bond
feature, denoted as a W-shaped band, is followed by a moreis perpendicular to the ring.
intense negative band at ca. 225 nm, that is, at the short- For the isolated planar phenol molecule, the electric transition
wavelength end of the spectrum. Taking the sum of the spectradipole moments can be either in-plane (irApor perpendicular
of complexes3a and3b, we can reproduce the cancellation of to the plane (irre@\"). According to Harata’s rulé)’ excitations
positive and negative CD signals in the wavelength regime from should show a change in the sign of the CD signal when the
365 to 600 nm. Moreover, the superimposed spectra indeed leadnolecule is rotated by 9Q(in the way shown in Figure 8), as
to a W-shaped spectral feature with a positive band at 288 nm, the transition moment is in the cyclodextrin plane for certain
and two negative peaks at 317 and 259 nm. But there are alsoorientations, and perpendicular to it for orientations rotated by
parts of the spectrum that do not match the experiment: There90° with respect to the former ones. For the transition under
is a positive CD band at 344 nm, for which there is no study here, that is, the lowest singlet - =*) excitation of
experimental counterpart, and the strong negative band at caphenol, the direction of the electric transition dipole moment is

225 nm is not observed. in the molecular plane, approximately perpendicular to th€C
We should take care not to over-interpret these results: At bond (see Figure 9).
first glance, the spectra &a and3b look rather symmetrical Harata's rule was derived from the empirical Kirkwood-

to the zero-line. The sum of the two spectra will thus depend Tinoco model, which treats the interactions between excitations
very strongly on the exact positions and rotational strengths of in host and guest system as a dipetipole coupling between
the individual transitions, and the typical errors in TDDFT transition dipole moments. The transitions in the host system
excitation energies might already be too large to quantitatively are approximated in this case as transitions of individual groups
reproduce the experimental pattern. Second, there are severabr bonds;j. It has been notéd that the most important term
overlapping bands, and already the type of broadening applieddetermining the sign of the rotational strend®hfor a given

in the simulated spectra may change the overall shape of thetransitioni in the guest molecule is the geometrical factor (GF)
spectrum consideraldi§ (here, again a uniform broadening of in the Tinoco expressiot, which is usually defined &2°
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0 degree orientation 90 degree orientation
Figure 8. Structure of the hostguest complex between phenol anf-cyclodextrin: left, 0 orientation; right, 90 orientation.

O/H 5/ B S N FR TENL T G A T R ) A ;
L e
< 2k embedding (n?n-re]axed) embedding (relaxed) fv""_’---- p
E 0 § : ~ “\ -'.I + 2 T
N2 i S 4 ; §. 55
%u I x..a.__x___.x.': 1 ;’*_4‘-%* |
Figure 9. Direction of the electric transition dipole moment for the E o "3"“_ z i 8 *’,%F K
lowest singlet excitation of phenol. The transition dipole moment is = S S Feoge
located in the molecular plane. g -1F ¥ S | 4
= - -ﬂ.‘_ \ ; .r 4
1 3(&r)(ery) 5ar Fia S i) -
(GFy=—le'¢— > | (& x8)ry (5) g | 5 TR B aa |
P s /&
T i g scaled T (GF) SN P
-3 ] i ., e @ |
. . . . . . I \JS""J_-:H|\’I'|11|l|cc-.||:J='.'L':J|L'l'.|:|lllln 1
In the above equatiom is the unit vector in the direction of R R TR e T e
the electric dipole transition moment of the guest molecgle, B rotation angle

is the unit vector in the direction of the bopdandr; is the Figure 10. Rotational strength of the lowest singlet transition of the
vector between the two transition dipoles, which is assumed t0 host-guest complex between phenol anghcyclodextrin with varying
be the vector from the center of the guest molecule to the centerorientation of phenol inside the cavity. The 0 and 8@ientations are
of bondj. Since (GF)yields only the contribution of bong it depicted in Figure 8. Shown are results from supermolecular calculations
is necessary to sum over all bond contributions to get the ]Sf)ﬁo.fg éiglljczulljazt'ic?r:gp(lgﬁggpﬁr ;'g}g'lgP?T;ﬁmﬁgﬂot?]:if;mimn
rotlc';ltlpnalljl_I.st.rengths.”Tlhe S(;Jm IS a vg.algflned sur:n 'S WZ'Ch bonltlj was treated as the frozen system (either’ relaxed or nonrelaxed). For
polarizabilities parallel and perpendicular to the bond as well q,5jitative comparison, we also show (scaled) sums of the geometrical
as an average wavenumber of the electronic transitions in thatfactors (GF) for a given structure, which determine the rotational
group enter as empirical paramet&ts. strength in the Kirkwood-Tinoco model.

Although we do not want to perform a detailed analysis of
the performance of the Kirkwood-Tinoco model for our test of a supermolecular TDDFT calculation for the axial orientation
case, it is interesting to see if qualitatively the behavior predicted (90°). Indeed, the qualitative behavior agrees with the calcula-
by Harata’s rule can be observed in our particular snapshot sincetions in ref 19; that is, we get positive values for equatorial
eq 7 depends on the position and orientations of the bonds inorientations (0 and 180) while the rotational strength is
the host system. To this end, we carried out a very simple negative for the axial orientation of phenol (9@orresponding
analysis by performing an unweighted summation of the o an equatorial orientation of the electric transition dipole
geometrical factors for all bonds. This was repeated for different moment). We also note that both our simple analysis and the
orientations of the phenol molecule in the host cavity (the 0 empirical calculations in ref 19 lead to a behavior of the CD
and 90 orientations are shown in Figure 8). Such an approach inensity that is symmetric with respect to the axial orientation
corresponds to a very naive approximation within the Kirkwood- \qte that in Figure 11 of that reference, the angle is measured
Tinoco model, namely, that the bond specific parameters are ., yhe electric transition dipole moment, not for the-0 bond).

identical for all bonds. We only followed the common practice To | . hether th | firmed by fi
to neglect the effect of €H bonds, which are usually assumed 0 Investigate whether these results are confirmed by first

to have an isotropic bond polarizability that does not contribute Principles methods, we performed full supermolecular TDDFT
to the total rotational strength. Tests indicated, however, that c@lculations on this system for certain orientations. In these
including the G-H bonds leads to the same qualitative behavior. calculations, we used the SAOP potential in combination with

For a more detailed analysis of phenol fhcyclodextrin a TZP basis set for phenol and a DZP basis seffeyclo-
described by the Kirkwood-Tinoco model, we refer to ref 19. dextrin. Since the system is quite extended (160 atoms), there
The sum of the (GFYor different angles of the €0 bond is a severe problem with spuriously low charge-transfer excita-

with respect to the plane in which the cyclodextrin molecule is tions. To remove these unphysically low excitations, we applied
located is shown in Figure 10. The data were obtained by using the simple CT correction scheme originally proposed in ref 25.
the transition dipole moment obtained for isolated phenol in In ref 49 we could show that this correction scheme can
each of these orientations. Since we are only interested in aefficiently be implemented and is particularly well suited for
qualitative behavior, the curve was scaled to match the resultsextended systems composed of weakly interacting subunits, for
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it reaches a first minimum at 20changes sign again at about
45°, and reaches a maximum at°/@hanges sign again at ca.
95° and decreases until a second minimum is reached &t 110
Another change in sign occurs at about 3,30efore the next
maximum is reached at 160This behavior is not in line with
Harata'’s rule, which would predict a positive rotational strength
for the 0 and 180orientations, and a negative one for the 90
orientation.

When comparing the results from the (simplified) Kirkwood-
Tinoco model, the frozen-density embedding, and the super-
molecular TDDFT calculation, it appears that the latter curve
in Figure 10 is a superposition of a Kirkwood-Tinoco model-
like symmetric curve and the curve resulting from FDE.
Subtracting the embedding curve from the supermolecular one
would lead to a more symmetric result; that is, it would be closer
to the pure Kirkwood-Tinoco model. This can be rationalized
Figure 11. Structure of the benzaldehyde dimer constructed from as follows: FDE is _able to de;crlbe direct effects of the ho;t
optimized (BP86/TZP) monomers. system on the density and orbitals of the guest system; that is,

it shows a strong dependence on the exact position and shape
which local valence excitations become hidden among a of the guest molecule inside the host cavity. Because of the
multitude of CT excitations in the uncorrected calculation. restricted response, however’ it is not able to cover the effect

The resulting rotational strengths indeed behave as expectethf couplings with host excitations. These are, on the other hand,
according to Harata’s rule. Thus, they agree qualitatively with gescribed by the empirical Kirkwood-Tinoco expression, whereas
the calculations using the empirical Kirkwood-Tinoco motel,  the only information about the guest molecule used in this
or the simple summation of the (GFactors described above:  empirical model is the electric transition dipole moment. Specific
For the O orientation, the electric transition dipole moment of effects of the host on the orbitals of the embedded system are
the lowest singlet excitation is (almost) parallel to the axis of thys not included. The FDE calculations demonstrate that those
the cyclodextrin, since it is perpendicular to theG bond and  re significant. The supermolecular calculation combines both

in the molecular plane (see Figure 9). Indeed, this orientation effects, so that the results look like a sum of the curves obtained
results in a positive rotational strength for the lowest singlet py FDE and the Kirkwood-Tinoco model.

transition. At about 4% the rotational strength becomes negative
and reaches a minimum when the-O bond is parallel to the
cyclodextrin axis (90 orientation; note that this corresponds to
the @ orientation in ref 19, since we measure the angle of the  The phenomenon of coupling between host and guest
C—0 bond with respect to the cyclodextrin plane, while in that molecule excitations evidently leads to discrepancy between
work the angle of the electric transition dipole moment with FDE and the supermolecular benchmark calculations. To bring
respect to the plane is used). In the latter orientation, the home this point, we briefly consider a case where the inadequacy
transition dipole moment is perpendicular to the axis of the of FDE stands out very sharply. There are some prototype
cyclodextrin host. However, the supermolecular calculations Systems consisting of several chromophores for which exciton
show that the induced rotational strength is not perfectly coupling models predict the appearance of a so-called cotiplet.
symmetric: The signal is, for example, smaller attban at A couplet can be understood as two interacting transitions of
180, but on the other hand it is larger at®than at 120. two similar chromophores that have rotational strengths of
To test the performance of the frozen-density embedding, we similar magnitude but opposite sign. Based on simple models
calculated the rotational strengths for different orientations of employing localized wave functioffsor on bond polarizabili-
the phenol molecule within the cyclodextrin cavity representing ties#2! it is possible to estimate the splitting between two
the latter by its frozen density. We compared two calculations, interacting transitions and their rotational strengths. Because of
in which the density of thg8-cyclodextrin was either nonpo-  the interaction of the two chromophores, the positions of these
larized or polarized by one freeze-and-thaw cycle. The nonpo- transitions are not exactly the same and the CD intensities do
larized calculations are much more efficient, since the same not cancel exactly. This is demonstrated in the following for a
frozen density for the host system can be used for all different benzaldehyde dimer as shown in Figure 11. The structure of
orientations of the phenol molecule. (For testing, we also carried the monomer was optimized using BP86/TZP. Since we only
out nonpolarized and polarized calculations in which a frozen- want to point out which type of interactions cannot be studied
core was used for the oxygen- and carbon-1s orbitals (not by frozen-density embedding, and not to investigate the proper-
shown). That further reduces the computational effort in the ties of a real benzaldehyde dimer, we constructed an idealized
preparation step of the frozen density. It yields practically the dimer as a juxtaposition of a monomer with its mirror image.
same results as the calculation without frozen core, so that weThe mirror plane was chosen in the middle of the@ bond
can conclude that the frozen core approximation does not affect(perpendicular to this bond), so that the positions of the
the embedding potential significantly.) The results are shown carbonyl-C and O atoms are exchanged. Then, the reflected
in Figure 10. The differences between the relaxed and nonre-monomer was displaced along th@xis (perpendicular to the
laxed frozen-density schemes are almost negligible, so that wemolecular plane) by 3 A.
will only discuss the calculations with a relaxed frozen density  Figure 12 shows the results of a supermolecular calculation
(and without frozen-core approximation). The rotational strength for az — 7* type transition of the benzaldehyde dimer. In this
does indeed change sign for the different orientations of the particular case, we get two transitions of different symmetry
phenol molecule, but it does so in an unexpected way: °At 0 for the C, complex: The 8 transition has a strong positive
the rotational strength is close to zero. Then it goes down until rotational strength, while theftransition, which is 0.12 eV

6. Coupled Excitations
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: : ' : . should be kept in mind thatll effective embedding methods,
100~ o 7 including QM/MM methods, necessarily have the same problem.
1 However, as long as such couplings are not important, frozen-
1 3 density embedding offers a way for an efficient description of
o ] interaction effects leading to induced circular dichroism, and it
s does not rely on any system-specific, empirical parametrization.
~ For a full interpretation of the spectra in solution arising from
1 complex formation between chiral and achiral molecules, it is
B e B . necessary to use a dynamical picture and study a representative
Vol —— 1 set of snapshots from such a dynamics, including the solvent
T embedding (x 100) | molecules. For such studies it will be advantageous if only the
. ) . absorbing species, and not the chiral environment have to be
240 260 280 treated explicitly. Although no such detailed simulation is carried
wavelength / nm R . . . g
out in this work, some important conclusions about specific

Figure 12. CD spectra of the benzaldehyde dimer shown in Figure ; : ; ;

11 (SAOP/TZ2P). Shown are the contributions of two excitations in a If?;ir]agzogrs];i?;ngft(;Iggtjztidlg\:,v?eenﬁeercts (s:?rz(?tirde?w'l?h?slr?;g
supermolecular calculation as well as their sum. Additionally, the y ay . ’ ) .
spectrum obtained in an embedding calculation is shown, which is demonstrated here for the benzoylbenzoic aeihphetamine

scaled by a factor of 100. complex and the complex between the ferrocenecarboxylic acid-
crown ether conjugate anédleucine. Frozen-density embedding

higher in energy, shows a negative rotational strength of almostis thus a valuable method to represent complex environmental

the same magnitude. The superposition results in a “couplet” structures that induce CD activity of nonchiral compounds by

with a positive part at the long-wavelength side and a negative specific interactions.

part at the short-wavelength side. )
Frozen-density embedding, as is shown in Figure 12, is not _ Acknowledgment. J. N. acknowledges funding by a
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system, since the response is explicitly restricted to the (DFG

embedded system. This results in a very weak, positive CD

signal with a maximum at 258 nm, since there is no interaction

possible with a similar excitation on the other fragment (note (1) Allenmark, S.Chirality 2003 15, 409-422.

that the signal for the embedding calculation in Figure 12 is - %)Z;a;gggka, S.; Matsuura, N.; Tokura, Retrahedron Lett1974
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