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Chiroptical properties from time-dependent density functional theory.
I. Circular dichroism spectra of organic molecules
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We report the implementation of the computation of rotatory strengths, based on time-dependent
density functional theory, within the Amsterdam Density Functional program. The code is applied
to the simulation of circular dichroism spectra of small and moderately sized organic molecules,
such as oxiranes, aziridines, cyclohexanone derivatives, and helicenes. Results agree favorably with
experimental data, and with theoretical results for molecules that have been previously investigated
by other authors. The efficient algorithms allow for the simulation of CD spectra of rather large
molecules at a reasonable accuracy based on first-principles theory. The choice of the Kohn—Sham
potential is a critical issue. It is found that standard gradient corrected functionals often yield the
correct shape of the spectrum, but the computed excitation energies are systematically
underestimated for the samples being studied. The recently developed exchange-correlation
potentials “GRAC” and “SAOP” often yield much better agreement here with experiments for the
excitation energies. The rotatory strengths of individual transitions are usually improved by these
potentials as well. ©2002 American Institute of Physic§DOI: 10.1063/1.1436466

I. INTRODUCTION lows for the application of the machinery of time/frequency-

d dent th . Sub tly, methodol d
Optical activity is undoubtedly one of the most impor- CPENCI response theory. stbsequently, memocology an

o . . . . calculations of excitation energies, fr ncy- nden -
tous presence of chiral molecules in living organisms. The yperp '

structural aspects of chirality and their relation to the eleccients, Raman spectra, etc., have been reported in the litera-

tronic structure manifest themselves in various optical andUre: It was found that the TD-DFT treatment offers greatly
spectroscopical effects, such as optical rotatioR), optical ~€nhanced accuracy as compared to some of the more fre-
rotatory dispersion(ORD), and circular dichroism(CD).  duently usedab initio methods(RPA, CIS at comparable or
Since these techniques specifically distinguish between th@ss computational expense, in particular as far as low-lying
optical antipodes that otherwise have the same physicaixcitations are concernédD-DFT implementations regard-
properties, they are frequently employed tools in experimening optical activity have been reported recently for the
tal studies of chiral substances. For that reason, the firsfrequency-dependent optical rotation paranm@terwithin
principles theory of optical activity has been of considerablethe Gaussian code, and for optical rotations and CD spectra
interest since the early days of quantum mechanics. It is afithin TurRBOMOLEY?13 and a numerical cod¥. Prior code
important aspect of quantum chemistry to provide the methgevelopments for polarizabilities and excitation energies
odology and the program code to allow for the computationyaye peen carried out by van Gisbergeral 226 for the

of the respective properties? AMSTERDAM DENSITY FUNCTIONAL Program suitéapr),1’~2°

Density functional theoryDFT) has emerged as the cur- by Casidaet al?! for the DFT codepEmoN, and by Bauemn-
[(e)znittlg rgglztnizpIk')i?wrgg;hosczzrr;me;:(;are;?cr;;%%tatf:esnd:f:schmitt and Ahlrichs forrureomoLE® An alternative mo-

y ar Y lecular DFT implementation was reported in Ref. 22. A for-

rather large systems. DFT was originally formulated as a ulation of TD-DFT response theory that is generally

time-independent theory for the nondegenerate ground stafB

of an atom or a molecule. However. it has now been eX_applicable to molecular problems, and which we will use

tended to the time-dependeffiD-DFT) realnf~8 which al-  Pelow, has been presented by Casitla. _
It is our purpose here to report the expression for the
optical rotation paramete8 within the TD-DFT formulation

dAuthor to whom correspondence should be addressed. Electronic mail: . . .
P on which theabrF REsPONSEMoOdule is based, and from this

jautschb@ucalgary.ca !
YElectronic mail: ziegler@chem.ucalgary.ca to extract the rotatory strengthi® needed to simulate CD
0021-9606/2002/116(16)/6930/11/$19.00 6930 © 2002 American Institute of Physics
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spectra. Their computation makes extensive use of the mdield, and thewg, are the excitation frequenciés excitation
chinery already available inDF to calculate excitation ener- energies in atomic unitsFurther,ug, andm, g are the well-
gies and oscillator strengths, and only minor modificationsknown electric and magnetic transition dipole moment vec-
are necessary to access these quantities. The code is applieds, respectively. We will use atomic unitsi€1, m,
to the calculation of rotatory strengths of low-lying transi- =1, 4reg=1, c~137.036) throughout this section.
tions, and to the simulation of CD spectra, of a number of  In Ref. 28, we have previously reported TD-DFT expres-
small and moderately sized organic molecules. The resultsions for the optical rotation parameter and the rotatory
are compared to experimental data and to previously restrengths that are consistent with our existing TD-DFT code
ported theoretical results. The agreement with alternativémplementations. The derivation closely follows the previ-
theoretical TD-DFT results for the benchmark molecule me-ously published approaches for the treatment of frequency-
thyloxirane is excellent. Further, very good agreement withrdependent polarizabilities and oscillator strendftfS.A re-
previously published TD-DFT results and experimental spectated discussion of this topic can be found in Ref. 29. We
tra for penta- and hexahelicene is achieved. Generally, theummarize the results here for convenience. From an unper-
agreement with experiment for our samples is quite reasorturbed, i.e., zeroth-order computation of the molecule under
able, even though some effects that influence the experimeimnvestigation, real Kohn—Sham spin orbitalg, with occu-
tal data have been neglected in the computations. For theation numbers;, (0 or 1 in practicg are available as a
case of then— #* transition of methyl-substituted cyclohex- basis for the perturbational treatment. The first-order density
anones, we find that sign and magnitude of the rotatoryerturbation due to an external field is then written in the
strengths are very sensitive to the molecular geometries, bérequency domain as
sis sets, and the DFT potential being employed. An important
aspect of this work is therefore the first application of the p('r(r,w)ZE E Plio(@)@in(r) @an(r) 3
recently developed Kohn-Sham potentials “SAOP” and ioa
“GRAC" #**°to the computation of chiroptical properties. for spin o~ The density matrix®’ is specific for the pertur-
Section Il is devoted to the formalism and the method-pation and represents the computational problem to be
ology. In Sec. lll, we describe the details of the computa-solved. We will exclude a possible current-density depen-
tions, while the results are presented and discussed in Ségence of the molecular energy here and refer to the literature

IV. A short summary is given in Sec. V. for details!>?20*%also with regards to extracting “mag-
netic information” from the density perturbation within a
Il. METHODOLOGY density matrix-based formalism. Time-independent current-

density functional perturbation theory has been applied to

The quantum theory of optical activity has been extens,, netic properties, e.g., in Refs. 36 and 37. Numerous ap-

sively described_ in early pverview articles _such_as Refs. 1, zplications of DFT to magnetic properties have so far indi-
andk4f. The optical _rotatlofn rf)araltmeter arises in th_'s frame(':ated that the neglect of the current-density dependence of
work from perturbations of the electrigt) or magnetidm) 0 gensity functional can be a very good approximation for
dipole moments by a time-dependent magnetic or e|ECtr'%toms and molecules

field, respectively. Fow, ve{x,y,z}, the time-dependent Perturbations of properties described by B).are fur-
perturbations contribute to the induced dipole moments aCher expressed by using a vector notation based on a com-

cording to posite index &io) that counts spin—orbital pairs with,,,
) Bu, 9B, <n;,, (occupied—virtual orbital pairs in practiceAccording
/U’u:; auUEu—; ry 7’““ , (18 to a common notation, boldface symbd@isB,...X,Y,Z are
used for vectors based on this composite index. We define
) Buw JE, Xaio=Pais(®) andY,i,= Pi,,(w). For the first-order elec-
mu=; KUvaJ“; c o T (D) tric dipole moment perturbation

alo

See also Ref. 26. Herey,, and «,, are components of the reoN— A . Nep .

electric polarizability tensor and the magnetic susceptibility Hyl®) (2) Du,aic(Xaigt Yaie) =Dy (X+Y) (49
tensor, respectively, whilg,, is a component of the optical g needed, while for the magnetic moment

rotation tensor. Its rotational average=(1/3)(By+ Byy

+ B, is the optical rotation parameter usually determined in ml(w)= 2 My aio(Xaio— Yaic) =My~ (X=Y)  (4b)
experiments. The quantities «, B,... are frequency depen- (aio)

dent. From a sum-over-stat¢SOS treatment in the time needs to be used due to the fact tf »i=Dy jas and

domain;” it is found that My aio=—Myias. D, and M, are here the gic) matrix
_ 2c IMm( oy - Myo)  2C Rox elements of theu component of the electric and magnetic
— — , 2 - ~ _ P . .
3 ; —ng_wz 3 2;4 —ng_wz (2 dipole moment operatorg,, and —r,, respectively, in the

basis of the unperturbed Kohn—Sham orbitals. Equatddn

with Rg, =Im(ugym, o) being the rotatory strength for the is, in principle, not an approximation since both the time-
excitation 0—\. Here, 0 and\ denote the electronic ground dependent density and the current density of the noninteract-
state and one of the excited electronic states of the systeing Kohn—Sham system equal the true time-dependent den-
under investigationw is the frequency of the perturbing sity and current density, respectivélit is an advantageous

Downloaded 02 Apr 2011 to 130.37.129.78. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



6932 J. Chem. Phys., Vol. 116, No. 16, 22 April 2002 Autschbach et al.

feature of the density matrix-based formalism being em- An expression for 8,,, from which the rotatory

ployed here that the current density response can be obtainsttengths are obtained, can now be derived in a straightfor-

in a simple manner as weft:?° ward manner either front4a), where X+Y) is due to a
Since for our purpose either the symmetri€4Y) or  perturbation by an external magnetic field, or frqdb),

the antisymmetric X—Y) part of the perturbation density where X—Y) is due to the perturbation by an external elec-

matrix P’, but notX andY individually, is needed, the com- tric field. We refer the reader to Ref. 28 for details. From

putational effort can be greatly reduced by solving directly(4b), e.g., one obtains

for these quantities. By Writing- :[he matr.ix elements of the Buy=2C Im(DuS‘l/z[wz—Q]‘lsl’ZC‘lMU), ©)

frequency-dependent perturbatibti (w), viz. a component

v of a perturbing electric or magnetic dipole field, over the With the diagonal matrixs

unperturbed Kohn—-Sham orbitals a8, 5, and W, i, S=-C(A-B)"IC, (10)

=V,.ias» and adopting the same vector notation as above, N )

the following equation system can be derived for the desire@nd the Hermitian matri

solutions?® Q=-S"Y(A+B)S Y2 (12)

(A+B)(X+Y)+oC(Y=X)=V,+W,, (5a) Following the lines of Ref. 23, the inverse[ab?>— Q] is
further expressed in the form of its spectral resolution, with

(A=B)(Y=X)+ oC(X+Y)=W,—V, . (50 F - being the eigenvectors @
Here, the symbol,B, ..., denote matrices based on the
. . . . . 2 -1 FO)\®FO)\
composite indicesdio) and @j7). A, B, andC read ex- [w°—Q] =—E ——>. (12
plicitly A Wo T @

This allows one to identify the solutions3, of the pseudo-
(63) eigenvalue problem

QF g, = 0§\ For (13)

with the squares of the excitation energigs, of the system

under investigation. Substitution ¢£2) in (9) discloses the
Caiobjr= 5075ab5ijan- (6c)  connection of Eq(9) with the SOS expression f@,, . By

T comparison with Eq(2), the rotatory strengths of the transi-

In case all orbitals have occupation numbers 0 € Is just  tions are given by

the negative unit matrixK is the so-called coupling matrix

that describes the first-order response of the molecular g — (> p S Y2F,, . Fy, SY2C M, |. (14)

Kohn—Sham potential. It is composed of a Coulomb and an u

exchange-correlatiofXC) part

st_Sj'r
Aaio,bjr: 5075ab5ij—nb N
-

T

Baiobjr= — Kaig,jbr (6b)

_Kaio',bj7'1

From that, a component of the electric transition dipole mo-

C C i i ifi i
Kaiobjr=Kiobjr K;(ia,bjr! (7) ment w, o, Will be identified with
—1/2 -
with fuon=@or DS oy . (153
It is necessary to include the factor @f,”?in (154 in order
Kgi(,’bh:f drf dr’ to yield a consistent expression for the transition dipole mo-

ments as compared to a similar treatment of the frequency-
. 1 e dependent polarizabili§? Thus, a component of the mag-
'<Pag(f)<Pm(r)m‘Pbr(r Jeir'),  (8a  netic transition dipole momenmh,, reads

My = — 0geM C~1SY2F, | (15h)
XC _ ’
Kaia,bjr_f drf dr where the minus sign has been included because the expres-
. o e sion for Ry, , EQ. (2), containsm,y, and Imfug,m,o)
“Pac(N@ig(Nfxc(r T, @) @p ") ¢f(r"). = —Im(ugp,Moy). The expressioril5h) can also directly be

(8b) obtained from a TD-DFT expression for the paramagnetic
susceptibility, and comparison with the corresponding SOS
formula, by considering the perturbation of the magnetic mo-
ment by a time-dependent magnetic fi&td\s already noted
SVyc o(r 1) in Ref. 23, the formalism employed here is technically re-
W' (80) lated to the time-dependent Hartree—Fock or random phase

e approximation (RPA) method®®3° A corresponding RPA
with Vyc , being the XC potential for spier. For practical —treatment of chiroptical properties was discussed, e.g., in
purposes we will assume usage of the stétidiabatic, no Refs. 4, 40.

fee(r,r', o) is the frequency-dependent exchange-
correlation(XC) kernel, i.e., the— w Fourier transform of

we(rr’ t—t")=

memory effects limit of f{i(r,r’, o) within a simple local The practical aspects of this work are concerned with
density approximation(LDA), i.e., the ALDA XC kernel. circular dichroism. The solutions of E¢l3) as well as the
This makes the coupling matris independent. quantitiesM,, D,, S (and C, which is the unit matrix in
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practice are needed in order to compute the rotatoryH and{,./{,=1.7. For the methyloxiranes, both Vdiff and
strengths. The implementation of solving Ef3) based on  VIdiff were found to yield almost identical results and are
the efficient use of symmetry-adapted numerical integrationhus of comparable quality. The Vdiff basis sets have been
and auxiliary density fit functions has already been carriectonfirmed to yield reliable excitation energies and response
out and is extensively described in Refs. 16 and 41. Theroperties. See Refs. 15, 17, 43, and 44 for details. For the
program code forms part of thREsPONSEmodule of the  helicenes, the much smaller triplesingly polarizedadr ba-
Amsterdam Density Functional program systéapr). We  sis “|V” without diffuse functions resulted in favorable
have extended this code for the computation of the matrdagreement with previous TD-DFT computations by other au-
elementsM, and the rotatory strengtho, based on Ed. thors for the simulated CD spectra. Very similar results to the
(14). Further, in order to be able to obtain origin-independentynes with basis IV have been obtained by us for the heli-
rotatory strengths, and to better assess the quality of the r@anes with the even smaller douldlesingly polarized basis

sults, the dipole-velocity form for the electric transition di- «;1» (not reported in this work The quality of the basis sets
pole moments with respect to the desired properties can be assessed by a
Mxmz —wSAIIZVuC_lsmFox, (16)  comparison of the dipole-length and dipole-velocity repre-

sentation of the oscillator strengths and rotatory strengths.
For rotatory strengths, the deviations were typically smaller
than 5% for the helicenes and smaller than 1%—2% for the
small molecules for which the “diff” basis sets could be
employed. Results referring to the dipole-length representa-
tion are reported here.

has been implemented in thRESPONSEMoOdule as well.
Here, V, denote the &io) matrix elements of the operator
—dldu. As can be easily seen froifl6) and (15b), any
contribution toRy, due to a displacement of the molecule
will automatically vanish whelil16) is used instead of1l59
regardless of the quality of the basis. In principle, origin- As already mentioned in Eq. (13) is based upon the
independent rotatory strengths based on the dipoIe—IengtRLDA XC kernel in all computatio.ns This affects the qual-
formula can be computed by employing so-called gaugei—t of the first-order Kohn—Sham 6tential induced by the
including or gauge-independent atomic orbit#GIAOS). y : P .. yu
See Ref. 42 for a corresponding RPA implementation. Howpe_rturbatmn due to the external field. This is to b_e dlstm_—
ever, the accurate determination of excitation energies degwshed from the zeroth-order Kohn—Sham potential that is

mands rather large basis sets. We have found that with the&$!"9 used in order to determine the unperturbed orbitals and
basis sets, the dipole velocity forfi6) of mo, systemati- Orbital energies. It has been demonstré&téy comparison to

cally agrees very well with the result obtained from theNighly accurate(“exact”) Kohn—Sham potentials that ap-
dipole-length  form, and therefore accurate, origin-Proximations to the zeroth.—order Kohn_—Sham p(_)tentlal, on
independent rotatory strengths are obtained without the needich the unperturbed orbitals and orbital energies depend,
to employ GIAOs. Pragmatically speaking, though it is de-Significantly affect the results, while the ALDA approxima-
sirable to have a GIAO implementation of rotatory strengthstion for the kernel appears to be excellent. See also Refs. 9
in practice, CD spectra simulated with small basis sets ar@nd 45. Here, we have applied four different functionals for
questionable, while with large basis sets the dipole-velocitghe zeroth-order potential: the well-known local density ap-
formula can alternatively be employed. Currently, apart fromproximation (LDA) in form of the Vosko—Wilk—Nusaff

the trivial C, case, the most important chiral symmetry (VWN) functional, VWN+gradient correction§GGA) in
groupsC, andD, are supported for the CD spectra compu-the form of the popular Becke88—Perdew8@BP86")
tation. For these cases, the already available symmetrjiunctional!’~*°and further, the “statistical average of orbital
related part of the numerical integration code can be empotentials” potential SAOP) by Gritsenko, Baerendst al?
ployed without modifications, since y, zand the rotations and the “gradient-regulated connection” (GRAC)

R¢, Ry, R,, respectively, belong to the samne- potential?®® These potentials have been developed specifi-
dimensional irreducible representations and can therefore besally with the accuracy of excitation energies and response
treated on an equal footing. properties in mind. The GRAC potential requires the ioniza-

tion potential as input. The experimental data from Ref. 50
lll. COMPUTATIONAL DETAILS were used for methyloxirane arichns-dimethyloxirane for

Computations of singlet excitation energies, oscillatorthis purpose. Both SAOP and GRAC correct the Kohn-—
strengths, and rotatory strengths have been carried out with@am potential in particular in the outer “asymptotic” region
modified version of thes\MSTERDAM DENSITY FUNCTIonaL  and thus lead to much improved virtual orbitals and virtual
program (ADF).}”~%° Previously reported Slater basis setsOrbital energies as compared to standard LDA or GGA po-
suitable for the treatment of excitation energies were emtentials. This has been shown to significantly improve exci-
ployed in most cases. These basis sets are derived from tf@tion energies and frequency-dependent polarizabilities in
triple-¢ doubly polarized standarabr basis “V,” and con-  DFT calculations?°
tain additional diffuse functions. We will label this basis as ~ The Davidson algorithm has been employed to obtain a
“vdiff” in the following. Since there is no basis set for CI number of low-lying singlet excitations instead of solving
available in Vdiff, a recently developed even-tempered, allthe full problem of Eq(13). Details of theabr implementa-
electron basis has been used for the chloro-aziridides tion are summarized in Refs. 16 and 41. The “linear scaling”
noted “VIdiff” ), with 7s, 5p, 3d, and 2f functions for C, and parallelization features available wittoF*! have not
9s, 7p, 4d, and 2f functions for Cl, and 5, 3p, and 2 for ~ been employed in this work, but no principal features of our
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TABLE I. Electronic excitations in(R)-methyloxirane. Excitation energids in eV, rotatory strength® in
10 %% c.g.s. units, oscillator strengttisn 10 2 a.u.R andf based on dipole-length representatiorggf, .

# LDA® GGA* SAOP* GRAC* LDAP MRCI® HFY  Expt®  Exptf
1 E 5.93 6.05 7.11 6.46 6.0 6.25 6.40 7.07 7.12
f 12.0 11.0 13.0 11.5 12.0 0.4 25.0
R -228 -201 —267 —-244 —-230 -643 -266 -126 —11.8
2-4 E 6.48 6.58 7.69 7.05 6.5 6.95 7.3 7.70 7.75
>f 49.0 46.0 61.0 59.5 44.0 1.2 62.0

=R 22.2 19.1 29.5 25.1 23.0 7.93 2.24 6.98 10.8

&TD-DFT, this work, basis “Vdiff.”

bTD-DFT, numerical approach, Ref. 4.

‘Multireference configuration interaction (singledoubles), Ref. 51.
YHartree—FockA-SCF, Ref. 57.

*Reference 51, combined theor./expt. study.

Reference 57, combined theor./expt. study.

code restrict the use of them in order to study very largeone of the smallest molecules for which experimental and
systems. theoretical data are available for comparison. Its modest size
For methyloxirane and the helicenes, previously reportecllows for the use of rather large basis sets, high numerical
Hartree—Fock optimized geometries were taken from Refsintegration accuracy, and tight convergence criteria and the
12 and 51 in order to allow for a direct comparison of theneglect of cutoff features. At the same time, the transitions in
rotatory strengths with computational data in the literaturemethyloxirane are already a rather challenging problem since
In all other cases, B3LYP/6-31T¥G optimized structures the lowest transitions are Rydberg excitations that require
have been used. Rotatory strengths are reported in the usugiffuse basis functions and an accurate Kohn—Sham poten-
c.g.s. units of 10° esucm-erg/G, where 1 esem-erg/G tjal. Our results are presented in Table | together with data
corresponds te=3.336 107> C-m-J/T in Sl units. Follow-  previously published by other authors. In particular, the
ing previous computational studies of the CD effect, theagreement with the fully numerical TD-DFT study of Ref. 14

simulation of CD spectra is based on the relation for the LDA functional is very good. However, these results
A€(E) do not compare well with experimental data. In conjunction
Rox:22-97f o dE- E (17)  with other theoretical results, Table | illustrates that it is

CD band \

rather difficult to obtain accurate rotatory strengths both
whereRy, is in 10 4% c.g.s. units, the difference in the ab- theoretically and experimentally. In the light of these restric-
sorption coefficients for left- and right-hand circular polar- tions, the agreement of our results with the experimental es-
ized light, Ae, is in L{molcm), andE is in eV. See, e.g., timates can be regarded as satisfactory.
Refs. 52-55. For each computed excitation, a normalized It is already known from previous studies that the first
Gaussian centered at the excitation energy is scaled so asfur transitions in methyloxirane are excitations from the
reproduce the computely, by Eq.(17). The plotted theo- HOMO, dominantly located around the oxygen, istandp
retical “CD spectrum” is then obtained as the superpositionRydberg states. All listed theoretical and experimental data
of all these Gaussian curves. Unless otherwise noted, for thggree in so far that the lowest (HOM®s) transition has a
linewidth AE, we employ the empirical recipe proposed by negative rotatory strength fdiR)-methyloxirane, while the
Brown et al. in Ref. 53, viz., AE~0.08/E with Ein eV. In  sum of the rotatory strengths for the next three transitions
case this estimate did not reproduce enough details in theHOMO— p) is of opposite sign and has approximately the
simulated spectrum, a somewhat smaller coefficient betweesame magnitude. However, the actual values differ by up to a
0.05 and 0.08 has been used instead. We have to stress thi@étor of 10. In the perturbational CI study of Ratfksigns
this procedure does not involve a theoretical treatment of linggr the rotatory strengths opposite to those listed in Table |
shapes and-widths. The linewidths are used here as adju${ave been reported. Therefore, these data are not included in
able parameters in order to mimic a real spectrum. This oftefhe table. The deficient results have been attributed by Rauk
yields simulated spectra that look very similar to the experig the importance of reorganization of the “unexcited” elec-
mental ones. Important corrections to the excitation energiegqyg upon excitation, which could not be properly described
and the form of the CD bands arising from solvent effects Olhy the method being used in Ref. 56. This appeared to be the

molecular vibrations are currently neglected. case in particular for the first transition of methyloxirane.
The quoted results of Ref. 57 do not seem to be very reliable
IV. RESULTS AND DISCUSSION since large deviations between the dipole-length and dipole-
) velocity representations oR and f were observed there.
A. (R)-Methyloxirane However, the signs oR were obtained correctly. From our

The rotatory strengths for the first four singlet excita- computations we find, e.g., for the GGA results oscillator
tions of (R)-methyloxirane have been computed in order tostrengths of 0.011 and 0.046 for excitations humbers 1 and
perform a first practical test of our implementation. This is2—4, and rotatory strengths 6f20.3 and 19.3, respectively,
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TABLE II. Electronic excitations intrans(2S,33-dimethyloxirane. Excitation energi€s in eV, rotatory
strengthsR in 107“° c.g.s. units, oscillator stregtfi€0~2 a.u.R andf based on dipole-length representation of

Mo -
# GGA? SAOP* GRAC* MRCT HF® Expt.d Expt.®
1B E 5.86 6.92 6.28 6.72 6.36 6.97 7.06
f 124 11.1 126 11.6 0.5 .o 20
R 10.3 15.0 155 7.63 3.04 9.48 20
14 E 6.20 7.26 6.63 7.05 6.64 735 7.45
f 0.12 0.08 0.002 11.2 13
R 5.17 2.28 —0.36 —-10.8 —4.1 —0.13 —04
24 E 6.33 7.42 6.79 7.44 7.18 7.56 7.74
f 11.1 19.3 152 0.6 04 ¢ 50
R —16.2 4.64 —13.2 1.44 0.42 6.18 14
2B E 6.61 7.76 7.24 7.20 7.08
f 10.3 17.5 14.0 12.7 0.5
R 12.5 -17.6 163 5.65 0.74

*TD-DFT, this work, basis “Vdiff.”

"Multireference configuration interaction (singles+ doubles), Ref. 58.

“Hartree—Fock, A-SCF, Ref, 57.

dReference 58.

“Reference 57.

fExperimental data for average (excitation energies) and sum (rotatory strength) of 24 and 2B.

obtained with the dipole-velocity form qio, , which are in  the orbital shapes are altered in conjunction with the orbital
good agreement with the dipole-length values of Table I. energies in a physically meaningful way. We will therefore
From a comparison of our data obtained with differentsee in the following that the SAOP and GRAC potentials
density functionals, it can be seen that with the standargisually lead to an enhanced accuracy for individual rotatory
LDA or GGA functionals for this particular system the exci- strengths as well.
tations energies are systematically underestimated by more
than 1 eV. The SAOP potential yields greatly improved ex- . .
citation energies here, which favorably agree with the experi-B - Trans-2,3-dimethyloxirane
mental values. The GRAC potential offers a clear improve-  The CD spectrum ofrans-2,3-dimethyloxirane has been
ment over LDA and GGA, but appears to be less accuratpereviously studied experimentally and theoretically by, e.g.,
than SAOP in this case. However, the oscillator strengths ar€arnellet al>® and Coheret al®’ The molecule ha€, sym-
of comparable quality with all four methods, the sum of tran-metry, which allows us to employ symmetry in the TD-DFT
sitions 2—4 being slightly better reproduced by SAOP anccomputations. The computations including or excluding
GRAC as compared to LDA and GGA. For the rotatory symmetry and use of the symmetry-adapted integration grid
strengths, the results obtained with the SAOP potential seemvere confirmed to yield the same results within the numeri-
to be slightly less accurate than the LDA, GGA, and GRACcal accuracy. A comparison of our data with other theoretical
values if compared to experiment, but overall approximatelyand experimental estimates is listed in Table II.
the same accuracy is achieved for the rotatory strengths as The data shows that the signs of the rotatory strength of
well. It is known that with standard LDA or GGA functionals the first transition (— 3s) agree for all theoretical and ex-
the energy differences between the occupied and virtual operimental values. As for methyloxirane, the GRAC and
bitals, as a zeroth-order estimate of the excitation energies iIBAOP potentials yield largeR values than the GGA func-
our perturbational treatment, are often too small. Since thesgonal, but all of them compare favorably with the experi-
energy differences enter the expression @iin Eq. (13), mental data. The GGA functional underestimates the excita-
excitation energies are often systematically underestimatetion energies by about 1.1 eV, while the SAOP potential
with standard LDA and GGA functionals. Potentials such ageproduces the experimental values to a very good agree-
GRAC and SAOP have been designed in order to overcomment. Again, GRAC leads to less of an improvement than
this limitation regarding the computation of excitation ener-SAOP. The group of transitions #2—4 is close in energy, and
gies. These potentials at the same time alter the shape our TD-DFT computations predict a different sequence for
particular of the virtual orbitals. This, of course, affects thethe = sign pattern of the rotatory strengths than that pre-
matrix elementdD and M entering the expressions for the dicted by theab initio computations. Also, the energetic or-
rotatory strengths, and also the sensitive solutieysof Eq.  dering of the 2 and 2B transitions is opposite with TD-
(13). In combination, and depending on the actual systemDFT than what has been obtained with #izinitio methods.
individual rotatory strengths might not inevitably be ex- Unfortunately, the experimental spectra do not allow for a
pected to improve when compared to experiment, evewrlear distinction between these 3 CD bands since they
though the excitation energies are systematically improvedstrongly overlap and cancel to a large extent due to their
However, these potentials have been found to lead to sup®pposite signs. The sum of rotatory strengths for the three
rior results for response properties as viéf°indicating that  n— 3p Rydberg transitions is 1.47 for GGA, 2.74 for GRAC,
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FIG. 1. Simulated and experimental CD spectrarahs(2S, 33-dimethyloxirane. The spectra based on GGA, GRAC, and SAOP are blueshifted by 1.11,
0.69, and 0.05 eV, respectively, such that the first transition coincides with the experimental value of 6.97 eV. Experimental spectrum and MRCI rotar
strengths from Ref. 58, ®.994), reprinted with permission from Elsevier Science.

and —10.68 for SAOP, respectively, as compared-t8.71 leads to a better agreement of the shape of the spectrum with
from the MRCI study,—2.94 from the HF study, and 6.05 experiment in the low-energy range but yields a slightly
and 13.6 from the experiments. Clearly, the agreement beslueshifted positive CD band at about 8 eV, which should
tween different theoretical approaches and experiments is naccur rather around 7.7 eV. The spectra based on GGA and
as good as for the case of methyloxirane due to the canceGRAC, on the other hand, are somewhat obscured in the
lation of large positive and negative numbers and also rathdower energy range due to the presence of the aforemen-
large error bars for the rotatory strengths extracted from théioned large negative CD band. It remains an open question
spectra. why the computations and experiments do not agree regard-
Figure 1 shows the simulated CD spectra from our coming this large negative rotatory strength.
putations in comparison to the experimental spectrum of Ref.
58. The TD-DFT simulations reproduce the overall shape 012: Cveloh derivati
the spectrum with regards to its sign pattern rather well. With™ yclohexanone derivatives
an estimated linewidth of0.1 eV for the first CD band, the The lowest transition arising from the carbonyl chro-
experimentalAe value is reproduced quite accurately. The mophore of cyclohexanone derivatives has in particular been
high-lying CD bands are strongly overestimated in magnithe subject of pioneering studies of computational CD.
tude by the TD-DFT simulations, but the overall shape of theMoscowitZ:>° has computed experimental rotatory strengths
spectrum is reasonably well reproduced. The authors of Refor a number of cyclohexanones from their respective ORD
58 have reported increasing magnitudes of the rotatorgpectra. Error estimates of these values were not given. His
strengths with increasing quality of the CI wave functionssemiempirical approach for rotatory strengths was param-
employed in their work, which somewhat supports our find-etrized with these data for a subset of a number of structur-
ings since we can expect an overestimation of the strengthaly related cyclic ketones, which then yielded excellent
of the respective CD bands, as compared to experiment, iagreement for the remaining compounds. Other studies with
the TD-DFT computations as well. According to our calcu- semiempirical® or extended Hckef! wave functions that
lations listed in Table I, one of the— 3p transitions has a were not specifically parametrized for reproducing a single
very large negative rotatory strength that leads to a negativeotatory strength did not yield such excellent agreement. In
CD band in the simulated CD spectra at about 7.3 to 7.5 e\particular, the extended tdkel treatment did not allow for a
but is not observed experimentally. In the SAOP case, thguantitative estimate since the rotatory strengths were sys-
position of this transition is shifted to higher energy which tematically too large in magnitude. Noting the frequent dis-
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TABLE lIl. Rotatory strengthsR of the C=0 n—=* transition of substi- 60 and 61(on which the EH and CNDO values in Table Il

tuted cyclohexanones, in 1¢f c.g.s. unitsR is based on dipole-length rep- are basedas well as the smaller basis V together with the
tati . . . .

resentation oo, GGA functional did in fact yield favorable TD-DFT rotatory

H— CHg? GGA®  SAOFP EH? CNDC®  Expt! strengths of the same sign and similar magnitude to the ones
obtained in Ref. 60 and the experimental estimates. How-
H, 0.12 0.47 9.19 0.00 +small - . .
Hy 365 554 552 395 ever,R values basepl on optlmlzed geomet.rles but otherwise
Ho (159 -127 -1399 -2.09 —9 the same computational settings resulted in no agreement of
Hio (—0.78 0.47 4.85 2.18 signs and magnitudes for both GGA and SAOP with refer-
HoHis (=37 1.00 5.12 3.3 17 ence values. Only the use of the larger basis Vdiff again
HoH1He 215 9.08 588 4.9 62 vyielded reasonable results, at least for SA@&ble I1I). We
andex of hydrogen substituted by methyl; see the text. decided to show the values according to the optimized ge-

PTD-DFT, this work, basis “Vdiff.” With GGA and the diffuse basis sets, ometries. Our findings may be rationalized by noting that

sometimes only moderate SCF convergence could be achieved, indicategpstitution of the equatorial hydrogens or those far away
by numbers in parentheses. '

TD-DFT. this work, basis “Vdiff." from the.car_bonyl group, py mthyI groups, and k.eeplng.the
dExtended Huakel, idealized geometries, Ref. 61. symmetric ring structure fixed, imposes only a minor chiral
eSemiempirical CNDO wave function, idealized geometries, Ref. 60. perturbation with respect to the=€O n and #* orbital. The

Experimental data by Moscowitz, Ref. 2.

! equatorial methyl carbons lie in or very close to the nodal
9Magnitude not known.

plane of ther™; therefore, the perturbation is largely due to
the methyl hydrogen&he methyl groups will also be freely
cussion of the CD effect for methyl-substituted cyclohex-rotating in the experimenks Using optimized geometries,
anones in chemistry textbooks and its rationalization by thenew contributions from other, now slightly displaced atoms
“octant rule,” %2 not very many first-principle studies are also occur, and the final result consists of contributions of
available® Table Il displays the results of the two previously opposite sign from several dissymmetries in the neighbor-
mentioned studies together with our TD-DFT de&&GA and  hood of the E=0O group. Taking this into account, it does
SAOP for the 290 nmn—=* transition of the carbonyl not seem unreasonable that the sign of the rotatory strengths
chromophore for these molecules. The labeling of the hydrofor the H, and H, substituted cyclohexanone can change

gens has been chosen as follows: upon small changes of the orbital&GA versus SAOP or
Fog only modest vs tight SCF convergencé&or the clear-cut
Ha cases where the methyl substitution of kauses a large
effect, all computations listed in Table Il agree with respect
W H to their signs.
H e

Excitation energies are not listed in Table Ill since theyD' Aziridines

hardly change among the series of molecules. The experi- The CD spectra of aziridine derivatives have been sub-
mental value is approximately 4.4 eV, GGA: 3.9—4.1, SAOP;ject to previous computational studi®£3As an example we
4.3-4.4 eV. As already noted in Refs. 24 and 25 the SAORProvide here the TD-DFT CD spectra simulation(dR,29-
potential yields a substantial improvement in particular forl-chloro-2-methyl-aziridine(CMAla), (1S,2S-1-chloro-2-
Rydberg states, but only minor improvements for valencemethyl-aziridine (CMAlb), and (+)-1-chloro-2,2-
excitations for which GGA functionals already perform dimethylaziridine (CDMA); see Fig. 2. The rotatory
rather well. However, even though the transitions are not oétrengths for the lowest two transitions for our TD-DFT com-
Rydberg type, we have used the same basis set “Vdiff” agputations and the earlier experimental/Cl study of Shustov
for the oxiranes. With the smaller basis “V” that does not et al®® are displayed in Table IV. The linewidths were set to
contain diffuse functions, we have found poor agreement beapproximately 0.2 eV, leading to a favorable agreement of
tween the rotatory strengths obtained from the dipole-lengtlthe magnitudes oAe for the first(lowest energy CD band
and dipole-velocity forms, while the deviations are less tharof CMAla with the experimental spectrum. With this line-
5% for the larger basis. width, the magnitude ofAs for CMA1b is also well repro-
Even though GGA and SAOP yield very similar excita- duced, as well as the zeros at about 240 nm for CMAla and
tion energies Table Il shows that the rotatory strengths folCDMA. The simulated spectra suggest that the blueshift of
the lowest excitation of the ketones differ substantially. Inthe first CD band of CMAlb as compared to CMAla might
some cases, only moderate self-consistent fiSidP con-  be due to a lower experimental resolution that causes the first
vergence could be achieved with the GGA functional andwo CD bands of CMA1b to appear as one, shifted to higher
basis Vdiff, and the computelds have the sign opposite the energy. Likewise, the very small rotatory strength of the first
SAOP values. For the other cases, signs and relative magntD band of CDMA could be due to overlapping bands of
tudes of the rotatory strengths as compared to the experimenpposite sign in the experimental spectrgulease note that
tal estimates by Moscowitz are reasonable. Unlike othethe experimental CD spectrum of CDMA is magnified by a
cases mentioned in the literatt¥efor which the computed factor of 10 in Fig. 2.
rotatory strengths do not seem to depend strongly on the Comparing GGA and SAOP for these molecules, we find
chosen geometry, we find that this is not the case for thé¢hat the computed excitation energies are of comparable ac-
samples here. Employing the idealized geometries of Refsuracy. Both potentials underestimate the lowest excitation
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FIG. 2. Simulated and experimental CD spectrald®, 239-1-chloro-2-methyl-aziridingla), (1S, 23-1-chloro-2-methyl-aziriding1b), and(+)-1-chloro-2,
2-dimethylaziridine(2). The simulated spectra are blueshifted by 0.67 and 0.52 eV for GGA and SAOP, respectively, such that the first transition for 1a
coincides with the experimental value of 260 nm. Please note that the experimental spec#usnnedignified by a factor of 10. Experimental spectrum
reprinted with permission from Ref. 63, @988 American Chemical Society.

energies by approximately one half of an eV, with SAOPlicenes experimentally and by time-dependent OBP86),
performing only slightly better. The resulting rotatory based on their implementation in tHeRBOMOLE program.
strengths of the first two transition have similar magnitudeA related study of helicenes was previously published by
with both methods. They also agree reasonably well with thesrimmeet al®* based on an approximation to TD-DFT. Pio-
ab initio data of Ref. 63. neering experimental and theoretical work has been carried
out by Masonet al>*>*

We do not attempt to repeat the detailed discussion of

The [n]-helicenes are highly interesting screw-shape he spectra and the ar.1aly.s.|s of Ref. 12, ffjmd earlier work,
model compounds that exhibit huge optical rotations. Much ere. However, the avallablllty of T.D'DFT simulated spectra
has been learned about optical activity by studying the OFQA"IIOWS us to make a direct comparison betvyeen thg d|ﬁergnt
and CD of these compounds. As already stated in Ref. 1é:odes and approachgsg., the use of Qaus_smn baS|s.sets n
hexahelicene “is the paradigm of the helically chiral mol- Ref. 12 VErsus Slater-type fqnctlons in this work, different
ecule.” In this work, the authors havee )investigated the IMPlementations of the algorithms to solve H43), etc).

CD spectra of a number of substituted and unsubstituted h&>€Nta- and hexahelicene have been chosen for the compari-
son. We have used the molecular geometries reported in Ref.

65, which have also been used in Ref. 12. A set of two
TABLE IV. Rotatory strengths of the lowest two transitions of methyl sub- diffuse s and p functions, respectively, has been placed be-
stituted chloro-aziridines, in 10° c.g.s unitsR is based on dipole-length  1vean the benzene rings or in the ring centers to allow for a
representation ofxg, . . . e
P o description of low-lying Rydberg excitations. Ti®, sym-

E. Helicenes

Moleculé GGA® SAOP CI-PT Expt® metry of the helicenes has been employed in the computa-
CMALa nm 302 292 213 260 tions. See Se_c. Il for further deta.ils. The resulting simulateq
R —282 o271 40 spectra are displayed together with the spectra of Ref. 12 in
Anm 244 241 178 216 Figs. 3 and 4. All theoretical spectra are blueshifted by 0.45
R 3.52 3.52 0.9 eV. We used a constant linewidth of 0.1 eV here.
CMAIb Mnm 297 288 208 244 Additionally, a computation for hexahelicene has been
)\,Em 2_4%87 ;&88 _1(7)'95 carried out with the basis set Vdiff and the SAOP functional.
R -1.96 -2.16 12 The shape of the corresponding spectrum is practically the
CDMA Nnm 297 293 260 same as the one obtained with GGA and the basis set IV and
R 1.90 2.43 therefore not displayed. Moreover, the spectrum needs to be
)‘/gm 34:41 3?49 217 blueshifted by 0.45 eV as well in order to yield agreement of

aSee the text for definition of acronyms.
bTD-DFT, this work, basis “VIdiff.”
°TD-DFT, this work, basis “VIdiff.”
dCI perturbation study of Ref. 63.

€In heptane, Ref. 63 not determined.

the positions of the CD bands with the experimental spec-
trum. We thus conclude that the underestimation of the TD-
DFT excitation energies in this case is not due to basis set
limitations or deficient DFT potentials, but rather due to the

neglect of other factors that influence the experimental spec-
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pentahelicene. The theoretical spectra are blueshifted by 0.45 eV. Experi- . . .

mental and simulated TD-DFT spectrum reprinted with permission from" G- 4. Simulated and experimental/theoretical CD spectra(Mdf-

Ref. 12, ©(2000 American Chemical Society. hexahellpene. The theoretical spectra are queshn‘ted by 0.45 eV. Experimen-
tal and simulated TD-DFT spectrum reprinted with permission from Ref. 12,
© (2000 American Chemical Society.

trum, most notably, solvent effects. Besides this, the agree-

ment between our simulated TD-DFT spectra and the onegyalitative agreement with experimental spectra can still be
from Ref. 12 is excellent. Both the general shape of the Specchieved with this functional, which allows for assignments
tra as well as excitation energies and rotatory strengths ofnq interpretations. However, individual rotatory strengths
individual transitions are very similar, as can be expecteqnay change substantially depending on the applied Kohn—
since the underlying theoretical approgdolution of Eq.  sham potential. Remaining sources of errors, apart from the
(13)] and the chosen functionéBP86 are the same and the approximate treatment of DFT itself are, in particular solvent

basis sets are of comparable quality with respect to excitatiogffects, neglect of the effect of molecular vibrations on the
energies. spectra, and basis set limitations.
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