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Coupled cluster~CC! and density-functional theory~DFT! calculations of optical rotation,@a#l ,
have been carried out for the difficult case of~S!-methyloxirane for comparison to recently
published gas-phase cavity ringdown polarimetry data. Both theoretical methods are exquisitely
sensitive to the choice of one-electron basis set, and diffuse functions have a particularly large
impact on the computed values of@a#l . Furthermore, both methods show a surprising sensitivity
to the choice of optimized geometry, with@a#355 values varying by as much as 15 deg dm21

~g/mL!21 among molecular structures that differ only negligibly. Although at first glance the DFT/
B3LYP values of@a#355 appear to be superior to those from CC theory, the success of DFT in this
case appears to stem from a significant underestimation of the lowest~Rydberg! excitation energy
in methyloxirane, resulting in a shift of the first-order pole in@a#l ~the Cotton effect! towards the
experimentally chosen incident radiation lines. This leads to a fortuitous positive shift in the value
of @a#355 towards the experimental result. The coupled cluster singles and doubles model, on the
other hand, correctly predicts the position of the absorption pole~to within 0.05 eV of the
experimental result!, but fails to describe correctly the shape/curvature of the ORD regionl5355,
resulting in an incorrect prediction of both the magnitude and thesign of the optical rotation.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1772352#

I. INTRODUCTION

A long-standing problem in natural products chemistry is
the determination of the absolute configuration of newly iso-
lated compounds. Although the assessment of the enantio-
meric purity of such chiral species is routinely achieved by
measuring optical rotation angles or integrating chiral GC/
HPLC traces, determining the absolute configuration is more
difficult.1,2 The most convincing analyses rely on x-ray crys-
tallographic data of the compound itself~using anomalous
dispersion! or of a derivative that incorporates a known ste-
reocenter. In the case of a noncrystalline compound, asym-
metric synthesis, or total synthesis from starting materials of
known absolute configuration, must be performed. When
these methods fail, less secure chiroptical and NMR methods
are used. All of these approaches are time consuming, and
none are guaranteed to be successful.

An alternative approach is to compute directly the chi-
roptical properties of selected molecular structures and com-
pare the results with the associated properties@optical rota-
tion angles, optical rotatory dispersion~ORD! spectra, or
circular dichroism~CD! spectra# of the original natural prod-
uct isolate.3–9 The quantum mechanical foundation for such
computations has been known since the work of Rosenfeld in
1928.10 Using time-dependent perturbation theory, one may
show that the angle of rotation,@a#v , of plane-polarized
light of frequencyv in a chiral medium is related to the trace
of the frequency-dependent electric-dipole magnetic-dipole
polarizability tensor:
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wherem andm are the electric and magnetic dipole opera-
tors, respectively, and the summation runs over excited elec-
tronic ~unperturbed! wave functions,un&. This tack has been
taken with both semiempirical11–13 and ab initio quantum
chemical techniques,4,14–16most recently with density func-
tional theory6,8,17,18and coupled cluster theory19–21 and sev-
eral applications have appeared in the literature.5,9,22–29Un-
fortunately, the quality of such theoretical predictions is
often difficult to assess because fair comparisons with ex-
perimental data are not straightforward. First, the theoretical
approach may contain many sources of error, such as choice
of one-electron basis set, dynamic electron correlation ef-
fects, etc. Second, experimental data are often obtained un-
der widely varying conditions, and solvent and/or tempera-
ture effects, as well as conformational averaging, may have a
significant impact on measured chiroptical spectra.

A recent breakthrough in the development of cavity ring-
down polarimetry~CRDP! by Müller, Wiberg, and Vaccaro
has allowed ultrasensitive gas-phase measurements of optical
rotation of a number of small chiral molecules, thus opening
the door to more systematic comparisons between theory and
experiment.30,31 Müller et al. reported that, contrary to con-
ventional wisdom, solvent effects can indeed be significant,
perhaps leading to dramatic differences in both magnitude
and sign of optical rotation angles relative to gas-phase re-
sults. For example, among the molecules studied by Mu¨ller
et al. is propylene oxide~also known as methyloxirane!, a
potentially ideal test case for higher-level theoretical modelsa!Electronic mail: crawdad@vt.edu
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because it is conformationally rigid and contains only four
nonhydrogen atoms. Mu¨ller et al. measured a 355 nm spe-
cific rotation of the ~S! enantiomer of methyloxirane of
110.2 deg dm21 ~g/mL!21 in the gas phase and226.4
deg dm21 ~g/mL!21 in cyclohexane. These results agree
qualitatively with those of Kumataet al., who reported a
wide variation of sodium D-line~589 nm! specific rotation of
~S!-methyloxirane in benzene@230.6 deg dm21 ~g/mL!21!#
versus water@~14.3 deg dm21 ~g/mL!21#.32

In the only theoretical comparison to these new experi-
mental results to date, Giorgioet al. recently reported
density-functional theory~DFT! specific rotation data for
~S!-methyloxirane using a variety of basis sets.33 They found
that the B3LYP functional was capable of predicting the cor-
rect sign for the optical rotation with the use of high-angular-
momentum correlation-consistent basis sets34 or specially
tailored Sadlej basis sets,35,36 but the magnitude of the rota-
tion was overestimated by a factor of two. In addition, they
reported that large-basis-set Hartree–Fock optical rotation
calculations disagreed qualitatively with the results of Mu¨ller
et al., a point recently made in several systematic studies by
Cheesemanet al.6,8 Giorgio et al. also indicated that the
anomalously large frequency dispersion observed in~S!-
methyloxirane is related to the lowest energy Cotton effect,
even though the corresponding absorption occurs at only
174.1 nm~7.12 eV!37 some distance from the wavelength of
the CRDP radiation source at 355 nm~3.49 eV! used by
Müller and co-workers.31

Given the apparent need for higher-level theoretical cal-
culations of optical rotation in~S!-methyloxirane, we have
applied coupled cluster linear response theory to this prob-
lem. Coupled cluster is widely regarded as the most reliable
quantum chemical approach for computing a variety of prop-
erties of small molecules, including molecular structure, vi-
brational spectra, NMR chemical shieldings, UV/Vis spectra,
and thermochemical properties.38–41Thus, we seek to extend
its applicability to optical rotation and to benchmark its ac-
curacy relative to experiment. In particular, using a new
implementation of the coupled cluster singles and doubles
~CCSD! model for frequency-dependent properties, de-
scribed in Sec. II we have considered the effect of basis set,
optimized geometry, and gauge origin on the computed rota-
tion angles of~S!-methyloxirane for comparison to both DFT
data and the experimental results of Mu¨ller and co-workers.
We find that:~1! the quality of both the DFT and coupled
cluster predictions vary widely with basis set and choice of
optimized structure;~2! DFT benefits from an incorrect pre-
diction of the lowest energy Rydberg transition in methylox-
irane; and~3! coupled cluster, while correct in its determina-
tion of the energy of the lowest Rydberg state, instead fails to
predict the width of the pole surrounding the resonance.

II. COUPLED CLUSTER RESPONSE THEORY
FOR OPTICAL ROTATION

The Rosenfeldb tensor in Eq.~1! may be computed
within the coupled cluster model using response theory,42–46

in which b is related to the linear response function:

b~v!5 ^̂ m;m&&v5
d2$LCC%T

dmdm
, ~2!

where $LCC%T represents the time-averaged coupled cluster
Lagrangian.45 Evaluating the derivative above leads to an
operator form of the linear response function:

^̂ m;m&&v5 1
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where u0& is the Hartree–Fock reference state, the overbar
denotes the similarity transformation of the given operator
@e.g.,H̄5exp(2T̂)Ĥ exp(T̂)], and L̂ is a cluster operator pa-
rametrizing the coupled cluster ‘‘left-hand’’ ground-state
wave function~developed also in coupled cluster analytic
energy gradient theory!.47–51 The permutation operatorĈ6v

simultaneously changes signs on the chosen field frequency,
v, and takes the complex conjugate of the equation, while
P̂(Â,B̂) permuted the property operatorsÂ and B̂. The per-
turbed wave functions,X̂m

v , are determined by solving the
system of linear equations:

^F i u~H̄2v!uF j&^F j uX̂m
vu0&52^F i um̄u0&, ~4!

where theF i represents excited determinants. It is worth
noting that the eigenvalues of the response matrix on the
left-hand side of the above equation~sometimes referred to
in the literature as the coupled cluster Jacobian matrix! are
related to the excitation energies of the system, an approach
to UV/Vis spectra known as the equation-of-motion coupled
cluster~EOM-CC! method.43,52

One may therefore evaluate the above linear response
function by the following steps:

~1! Solve the ground-state coupled cluster equations for
the cluster operators,T̂.53,54

~2! Compute the similarity transforms of the Hamil-
tonian, H̄, and other operators required for the response
function, i.e.,m̄ andm̄.52

~3! Solve the left-hand ground-state wave function
equations forL̂.51

~4! Solve the system of linear equations in Eq.~4! for
each component of each perturbation for both positive and
negative values of the field frequency,v. For the optical
rotation function, this leads to twelve sets of perturbed wave
function equations which must be solved.

~5! Compute the contributions to the total linear re-
sponse function given in Eq.~3!.43,46

We have derived and implemented the linear response
function for the Rosenfeldb tensor at the coupled-cluster
singles and doubles~CCSD! level of theory within the pro-
gram packagePSI3.55 We have adopted a factorization strat-
egy of the many diagrams appearing implicitly in Eqs.~3!
and~4! similar to that used in efficient ground-state coupled
cluster energy and analytic gradient implementations, such
that no single term scales worse thanO(N6).56,57 The pro-
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gram makes full use of Abelian point-group symmetry when
available for efficiency, though for~S!-methyloxirane, no
such symmetry is present.

An important failing of the above approach to coupled
cluster frequency-dependent properties, as noted by Pedersen
and Koch,21,58–60 is its lack of origin independence for
magnetic-field-dependent properties, such as optical rotation.
Although this problem can be circumvented for Hartree–
Fock and DFT response methods using gauge-including
atomic orbitals ~GIAOs, also known as London
orbitals!,6,15,61–63this technique will not ensure origin invari-
ance for conventional coupled cluster or perturbation meth-
ods due their lack of orbital optimization. On the other hand,
GIAOs can substantially improve the basis-set dependence
of magnetic-field dependent properties,64 a point we will
address below.

III. COMPUTATIONAL DETAILS

The optimized geometry of~S!-methyloxirane was deter-
mined using analytic energy gradients at the B3LYP65–67and
CCSD~T!50,53,68–71levels of theory with two different basis
sets: the standard 6-31G* split-valence basis set of Pople
et al.72 and the correlation-consistent triple-zeta~cc-pVTZ!
basis set of Dunning.34 These four optimized structures were
confirmed to be minima on the potential energy surfacevia
harmonic vibrational frequency calculations, carried out us-
ing analytic energy second derivative methods.73,74

Optical rotation calculations for a variety of wavelengths
were carried out using the coupled cluster singles and
doubles~CCSD! linear response approach described in the
previous section and using time-dependent density-
functional theory~TDDFT! with the B3LYP functional.5,6

The molecular center of mass was chosen as the origin for
most of the calculations reported here, though the coordi-
nates of the oxygen atom were used for additional analysis.
The B3LYP data were obtained both with and without
GIAOs for comparison to the CCSD results~vide supra!. In
addition, the positions of poles in the values of@a# ~i.e.,
excitation energies! were computed using EOM-CCSD52 and
TDDFT/B3LYP approaches.75,76

In addition, several different basis sets were employed
for the optical rotation calculations:~1! the split-valence ba-
sis sets, 6-31G*, 6-3111G** , and 6-31111G(2d,2p);72

~2! the correlation-consistent basis sets, cc-pVDZ, cc-pVTZ,
aug-cc-pVDZ, d-aug-cc-pVDZ, and a mixed basis consisting
of the aug-cc-pVTZ basis for carbon and oxygen and the
aug-cc-pVDZ basis for hydrogen~238 contracted Gaussian
functions!;34,77,78 and ~3! the Sadlej-pVTZ basis set, which
was developed specifically for computations of electric prop-
erties, including dipole polarizabilities.35,36Pure angular mo-
mentum polarization functions were used for the 6-3111
1G(2d,2p), correlation consistent, and Sadlej basis sets,
while Cartesian polarization functions were used with all
other basis sets. All electrons were correlated for the geom-
etry and frequency calculations, but the core electrons were
held frozen for all of the CCSD optical rotation and excita-
tion energy calculations.~The only reason for this choice is a
program limitation in the ACESII system, which was used
for the structural optimizations. Coupled cluster geometries
determined using frozen core orbitals differ negligibly—at

most 0.001 Å in bond lengths and less than 0.1 degrees in
bond and dihedral angles at the CCSD~T!/6-31G* level from
the all-electron data used here.! Basis sets were obtained
from the Extensible Computational Chemistry Environment
Basis Set Database.79

All coupled cluster optical rotation calculations were
carried out with thePSI3 program package,55 while B3LYP
optical rotation calculations were carried out using
GAUSSIAN 03.80 Coupled cluster geometry optimizations,
harmonic vibrational frequency calculations, and excitation
energy calculations were carried out with theACESII program
package,81 while B3LYP optimized geometries, harmonic vi-
brational frequencies, and excitation energies were computed
with the Gaussian suite.80

IV. RESULTS AND DISCUSSION

Figure 1 reports the optimized geometry of~S!-
methyloxirane at the B3LYP/6-31G*, B3LYP/cc-pVTZ,
CCSD~T!/6-31G*, and CCSD~T!/cc-pVTZ levels of theory.
Although the CCSD~T!/cc-pVTZ results are reasonably ex-
pected to be the most accurate, the rigid structure of this
molecule depends very little on the choice of method, and all
four structures agree very well with the experimentally in-
ferred geometry of Creswell and Schwendeman.82 Bond
lengths vary among the four methods only slightly~all within
;0.01 Å! and the variation in the bond angles is, at most, a
few tenths of a degree. Most importantly, the angle of the
methyl group out of the plane formed by the oxirane ring,
which one might expect to be the most important structural
feature influencing the computed rotations,16,27varies by less
than a degree~54.95 degrees at the B3LYP/cc-pVTZ level vs
55.89 degrees at the CCSD~T!/cc-pVTZ level!. Nevertheless,
as we show below, the choice of optimized structure still has
a significant impact on the computed optical rotation.

Tables I and II report the computed values of@a#l @in
deg dm21 ~g/mL!21# at the B3LYP and CCSD levels of

FIG. 1. Optimized geometries of~S!-methyloxirane using B3LYP and
CCSD~T! methods with the 6-31G* and cc-pVTZ basis sets. Bond lengths
are given in angstroms and bond angles in degrees.
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TABLE I. B3LYP and CCSD specific rotation@deg dm21 ~g/mL!21# for ~S!-methyloxirane computed with various basis sets and optimized geometries at 589 nm. The center of mass is chosen to be the gauge origin.

Geometry type 6-31G* 6-3111G** 6-31111G(2d,2p) cc-pVDZ cc-pVTZ aug-cc-pVDZ d-aug-cc-pVDZ mixed-cc-pVTZa aug-cc-pVTZ Sadlej-pVTZ

B3LYP ~GIAO!

B3LYP/6-31G* 222.6 237.0 214.9 249.5 224.5 219.4 211.8 214.56 212.7 21.27
B3LYP/cc-pVTZ 223.8 237.0 213.1 249.0 223.3 216.8 29.26 211.93 210.0 2.17
CCSD~T!/6-31G* 227.8 238.7 216.7 253.9 227.5 221.0 212.9 216.49 214.2 23.02
CCSD~T!/cc-pVTZ 230.4 238.8 214.2 255.2 226.7 218.1 29.07 213.47 211.1 0.58

B3LYP ~non-GIAO!

B3LYP/6-31G* 229.3 236.0 23.83 244.8 228.1 221.0 29.19 211.56 211.3 210.4
B3LYP/cc-pVTZ 228.1 234.0 21.94 244.1 227.4 218.5 26.58 28.70 28.49 27.45
CCSD~T!/6-31G* 233.9 237.2 25.28 248.9 231.6 222.6 210.8 213.14 212.0 212.0
CCSD~T!/cc-pVTZ 234.6 234.8 22.63 249.7 230.5 219.5 27.70 29.74 29.49 28.69

CCSD

B3LYP/6-31G* 224.1 249.8 217.6 238.2 229.6 229.2 218.6 220.02 ¯ 218.8
B3LYP/cc-pVTZ 223.7 247.4 215.8 237.4 228.5 226.9 216.4 217.56 ¯ 216.4
CCSD~T!/6-31G* 228.5 250.8 219.0 242.2 232.6 230.6 220.1 221.66 ¯ 220.3
CCSD~T!/cc-pVTZ 228.9 248.0 216.5 242.6 231.5 227.6 217.3 218.60 ¯ 217.3

aaug-cc-pVTZ~C,O!1aug-cc-pVDZ~H!.

TABLE II. B3LYP and CCSD specific rotation@deg dm21 ~g/mL!21# for ~S!-methyloxirane computed with various basis sets and optimized geometries at 355 nm. The center of mass is chosen to be the gauge origin.

Geometry type 6-31G* 6-3111G** 6-31111G(2d,2p) cc-pVDZ cc-pVTZ aug-cc-pVDZ d-aug-cc-pVDZ mixed-cc-pVTZa aug-cc-pVTZ Sadlej-pVTZ

B3LYP ~GIAO!

B3LYP/6-31G* 251.9 257.2 9.36 2122 240.4 25.19 20.3 6.29 11.4 46.8
B3LYP/cc-pVTZ 251.5 256.7 14.8 2119 236.1 2.80 27.8 14.28 19.5 57.1
CCSD~T!/6-31G* 267.7 261.7 4.60 2135 249.5 29.87 17.3 0.68 6.97 41.8
CCSD~T!/cc-pVTZ 273.9 261.3 12.5 2138 246.4 20.52 28.9 10.08 16.6 52.6

B3LYP ~non-GIAO!

B3LYP/6-31G* 276.0 253.2 41.7 2117 259.1 211.7 25.4 14.69 15.7 19.4
B3LYP/cc-pVTZ 274.1 246.4 47.5 2114 254.7 24.01 33.2 23.44 24.1 25.5
CCSD~T!/6-31G* 290.0 258.2 37.8 2129 268.3 215.9 20.9 10.23 11.2 15.1
CCSD~T!/cc-pVTZ 290.8 247.9 46.3 2130 263.9 26.54 30.3 20.86 21.6 25.3

CCSD

B3LYP/6-31G* 265.0 2118 222.4 2102 271.0 256.8 224.3 232.84 ¯ 224.9
B3LYP/cc-pVTZ 263.1 2110 217.0 298.6 267.4 249.9 217.8 225.50 ¯ 217.7
CCSD~T!/6-31G* 278.5 2120 226.2 2114 280.1 260.6 228.5 237.59 ¯ 229.0
CCSD~T!/cc-pVTZ 278.5 2111 218.6 2114 276.4 251.4 220.1 228.17 ¯ 220.0

aaug-cc-pVTZ~C,O!1aug-cc-pVDZ~H!.
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theory using a variety of basis sets at the two key wave-
lengths: 589 and 355 nm, respectively. Nearly all choices of
basis set and optimized geometry for both methods predict a
negative value of@a#589, in qualitative agreement with the
CCl4-solvent-dependent experimental result of218.7
deg dm21 ~g/mL!21 of Kumataet al.,32 though, as noted ear-
lier, the influence of solvent may be considerable. On the
other hand, the variation of the results with respect to basis
set even for the GIAO-based B3LYP method, is striking. We
find that the effect of diffuse functions in the basis set is
particularly important, in agreement with previous studies by
Cheesemanet al.6,8 and by Wiberg et al.28 While the
6-31G*, cc-pVDZ, and cc-pVTZ basis sets, which lack dif-
fuse functions, give values of@a#589 that are too large in
magnitude, even the 6-3111G** basis set, which includes
diffuse s and p functions for the heavy atoms and diffuses
functions on the hydrogens, produces angles around235
deg dm21 ~g/mL!21 for B3LYP and near250 deg dm21

~g/mL!21 for CCSD. The aug-cc-pVDZ basis set, which also
includes diffused functions on the heavy atoms and diffusep
functions on the hydrogens, performs well for B3LYP, but
poorly for CCSD, while the d-aug-cc-pVDZ basis set, which
includes two sets of diffuse functions for each atom, reverses
this behavior. Finally, the Sadlej-pVTZ basis, which is opti-
mized for computing electrical response properties, gives es-
sentially the same CCSD@a#589 as d-aug-cc-pVDZ, but
B3LYP values that are near zero~and even positive with the
B3LYP/cc-pVTZ geometry!.

The variation in the values of@a#355 ~Table II! with re-
spect to basis set is even greater than that of@a#589. For the
basis sets lacking diffuse functions, strong negative rotation
angles are computed for all methods—even greater than 100
deg dm21 ~g/mL!21 for CCSD/cc-pVDZ, in dramatic dis-
agreement with the gas-phase CRDP result of@a#355

5110.2 deg dm21(g/mL)21 of Müller and co-workers. For
the larger basis sets that include diffuse functions, the B3LYP
predictions of@a#355 are positive, in qualitative to semiquan-
titative agreement with experiment, while the CCSD results
remain negative for all the basis sets used here. Furthermore,
the B3LYP results show the correct direction of the disper-
sion in @a#l ~more positive for 355 nm than for 589 nm! for
several of the more diffuse basis sets, while CCSD rotation
angles are consistently more negative at 355 nm than their
589 nm counterparts. In short, none of the coupled cluster
calculations of @a#355 carried out in this work are in
even qualitative agreement with the experimental data by
Müller et al.

In addition, Tables I and II also reveal a surprisingly
strong dependence of the computed values of@a#l on the
choice of optimized geometry. Although computed values of
@a#589 vary with structure by only a few deg dm21 ~g/mL!21

for a given method and basis set, for the@a#355 data, the
variation can be greater than 15 deg dm21 ~g/mL!21, as ob-
served for the B3LYP/Sadlej-pVTZ and CCSD/6-31G* lev-
els of theory. This disparity occurs in spite of the rather small
structural differences among the four optimized geometries
shown in Fig. 1.

Optical rotation calculations were also carried out to as-
sess the origin dependence of the CCSD results and the ef-
fect of using London orbitals/GIAOs with DFT. Tables I and
II therefore include B3LYP optical rotation data both with
and without GIAOs for the 355 and 589 nm wavelengths.
For most basis sets, the non-GIAO B3LYP results differ little
@usually less than 5 deg dm21 ~g/mL!21# from their GIAO-
based counterparts. Two notable exceptions are the Sadlej-
pVTZ and the mixed aug-cc-pVTZ/aug-cc-pVDZ basis set
results for@a#355: without GIAOs the B3LYP data shift by
more than 25 deg dm21 ~g/mL!21 towards the experimental
result for the former and nearly 20 deg dm21 ~g/mL!21 away
from the experimental result for the latter. Table III reports
CCSD/aug-cc-pVDZ and CCSD/d-aug-cc-pVDZ optical ro-
tation data for 355 and 589 nm wavelengths for the four
optimized structures computed at two choices of gauge ori-
gin: the molecular center-of-mass and the coordinates of the
oxygen atom. In every case, the rotation becomes more nega-
tive as the origin shifts away from the center-of-mass by as
much as 30 deg dm21 ~g/mL!21 for the d-aug-cc-pVDZ basis
set and the results are again much more sensitive for@a#355

than for @a#589.
The above results beg an important question: why does

B3LYP appear to perform somewhat better for the 355 nm
optical rotation than CCSD, giving rotation angles that are at
least in qualitative agreement with the experimental result of
Müller and co-workers? The answer lies in the ability of each
method, B3LYP and CCSD, to describe the first-order pole
structure~the Cotton effect! in @a#l implied by Eq.~1! as the
frequency of the incident radiation approaches resonance
with an electronic excitation. In CC response theory, the oc-
currence and shape of such a pole depends both on the struc-
ture of the perturbed wave functions,X̂m

v , determined in Eq.
~4!, and the dependence of the linear response function in
Eq. ~3! on these functions. The appearance of the EOM-CC
response matrix,̂F i u(H̄2v)uF j& in Eq. ~4! indicates that,

TABLE III. CCSD specific rotation@deg dm21 ~g/mL!21# for ~S!-methyloxirane with the gauge origin placed at
the center-of-mass~COM! or at the coordinates of the oxygen atom~O!.

Geometry type

CCSD/aug-cc-pVDZ CCSD/d-aug-cc-pVDZ

355 nm 589 nm 355 nm 589 nm

COM O COM O COM O COM O

B3LYP/6-31G* 256.8 277.8 229.2 236.2 224.4 255.7 218.6 228.9
B3LYP/cc-pVTZ 249.9 269.7 226.9 233.5 217.8 247.6 216.4 226.2
CCSD~T!/6-31G* 260.6 281.5 230.6 237.6 228.5 260.1 220.1 230.4
CCSD~T!/cc-pVTZ 251.4 271.1 227.6 234.2 220.0 250.0 217.3 227.1
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as v approaches an eigenvalue ofH̄ ~an excitation energy!
the perturbed wave function components will become infi-
nitely large ~with variable sign!. However, as noted previ-
ously by Christiansenet al.,45 although the CC-linear re-
sponse function contains terms that dependquadraticallyon
the perturbed wave functions~i.e., the second term on the
right-hand side of Eq.~3!, this does not obviate the ability of
coupled cluster response theory to produce a correct first-
order pole structure in@a#l . ~It is worth noting that this
point is closely related to the ability of coupled cluster meth-
ods to describe correctly the first-order pole structure of vi-
brational force constants in pseudo-Jahn–Teller theory, a
topic pertinent to studies of real and artifactual symmetry
breaking in polyatomic molecules.83–85!

Density-functional response theory, on the other hand,
benefits from variational optimization of the component
Kohn-Sham orbitals, and a linear response function that
closely resembles that of the random-phase approximation
~RPA!:18

^̂ m;m&&v5~mS mS1!S A2vI B

2B 2A1vI D
21S mS

mS1
D ,

~5!

where the submatricesA andB represent matrix elements of
the Kohn-Sham effective Hamiltonian between excited deter-
minants, and the property vectors include single excitations
~subscriptS! and single deexcitations~subscriptS1). The
eigenvalues of the inverted response matrix appearing in Eq.
~5! represent excitation energies, but because the TDDFT
linear response function depends at most linearly on the~im-
plicit! perturbed wave functions, the method will give a cor-
rect first-order pole at resonance.

Thus, two questions remain:~1! How well do CCSD and
B3LYP methods predict thepositionof the pole in@a#l , i.e.,
the excitation energies of the system, and~2! how well do
they reproduce theshapeof the pole? Figure 2 plots the
optical rotatory dispersion spectrum of~S!-methyloxirane for
the B3LYP/Sadlej-pVTZ, B3LYP/aug-cc-pVDZ, CCSD/
Sadlej-pVTZ, and CCSD/aug-cc-pVDZ methods at the
CCSD~T!/cc-pVTZ optimized geometry. As the radiation
wavelength becomes shorter, all four methods predict an in-
crease in@a#l , as expected. However, the B3LYP method
clearly rises more rapidly than its CCSD counterpart, in ap-
parent agreement with the experimental data.

However, this behavior of the B3LYP linear response
function stems from anincorrectprediction of the position of
the pole. Table IV reports vertical excitation energies for the
lowest two excited states of~S!-methyloxirane both of which
are Rydberg transitions using TDDFT/B3LYP and the EOM-
CCSD method with several different basis sets that include
diffuse functions, all using the CCSD~T!/cc-pVTZ optimized
geometry. The corresponding experimental excitations re-
ported by Cohenet al. are 7.12 eV~174.1 nm! and 7.75 eV
~160.0 nm!.37 As can be seen from the table, the B3LYP
method is in error by 0.5–0.6 eVtoo low. ~Such errors of
TDDFT with current functionals are common for Rydberg-
type excitations.! Thus, the position of the B3LYP pole in
@a#l is shiftedcloser to the 355 nm wavelength of the inci-
dent radiation, resulting in a faster rise in the rotation angle,
and apparently fortuitously agreement with the experimental
result of Müller and co-workers.

On the other hand, Table IV shows that the EOM-CCSD
method gives a lowest-energy excitation that is essentially
identical to the experimental result~within only 0.05 eV!.
However, while the CCSD method clearly predicts a correct

FIG. 2. Calculated optical rotary dispersion curve for~S!-2-methyloxirane
using B3LYP and CCSD linear response methods with the Sadlej-pVTZ and
aug-cc-pVDZ basis sets.

TABLE IV. EOM-CCSD and B3LYP-TDDFT excitation energies for the two lowest Rydberg states of~S!-methyloxirane computed with various basis sets and
optimized geometries.

Geometry type

EOM-CCSD B3LYP/TDDFT

aug-cc-pVDZ d-aug-cc-pVDZ Sadlej-pVTZ aug-cc-pVDZ d-aug-cc-pVDZ Sadlej-pVTZ

eV nm eV nm eV nm eV nm eV nm eV nm

B3LYP/6-31G* 7.17 173 7.14 174 7.14 174 6.54 190 6.48 191 6.58 188
7.63 162 7.38 166 7.42 167 6.98 176 6.89 180 7.03 176

B3LYP/cc-pVTZ 7.18 173 7.14 174 7.14 174 6.54 190 6.48 191 6.58 188
7.48 166 7.39 168 7.60 163 6.99 178 6.89 180 7.03 176

CCSD~T!/6-31G* 7.16 173 7.13 174 7.13 174 6.53 190 6.48 191 6.57 189
7.43 167 7.56 164 7.39 168 6.97 178 6.88 180 7.01 177

CCSD~T!/cc-pVTZ 7.19 172 7.15 173 7.16 173 6.55 189 6.49 191 6.59 188
7.49 166 7.59 163 7.44 168 6.99 177 6.89 180 7.04 176
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positionof the pole, the width and curvature of the pole are
clearly underestimated, resulting in poor agreement with the
experimental value of@a#355 experimental value.

V. CONCLUSIONS

We have presented theoretical calculations of optical ro-
tation angles for the difficult case of~S!-methyloxirane using
TDDFT/B3LYP and coupled cluster linear response theories.
We find that both methods are exquisitely sensitive to the
choice of one-electron basis set and that diffuse functions
have a particularly large impact on the computed values of
@a#l . Furthermore, both methods show a surprising sensi-
tivity to the choice of optimized geometry, with@a#355 val-
ues varying by as much as 15 deg dm21 ~g/mL!21 among
structures that appear to differ only negligibly.

At first glance, the DFT optical rotation angles appear to
be superior to those of the CCSD method. For example, the
B3LYP @a#355 values computed with large, diffuse basis sets
agree reasonably well with the experimental gas-phase re-
sults of Müller and co-workers, while those from CCSD are
qualitatively incorrect. However, the success of DFT in this
case may actually stem from a cancellation of errors. Spe-
cifically, the B3LYP functional underestimates the lowest
electronic excitation energy of~S!-methyloxirane by 0.5–0.6
eV, thus shifting the first-order pole~the Cotton effect! in
@a#l towards the experimentally chosen incident radiation
lines, resulting in a fortuitous positive shift in the value of
@a#355 towards the experimental result. On the other hand,
while the CCSD method correctly predicts the position of the
pole, with a lowest excitation energy within only 0.05 eV of
experiment, the shape/curvature of the ORD region near
l5355 nm is still significantly in error.

We agree wholeheartedly with the assessment of Giorgio
et al.33 that the optical rotation of~S!-methyloxirane is one
of the most difficult cases to be treated to date. In order to
eventually resolve these discrepancies between theory and
experiment, we are working to extend our coupled cluster
response programs in two important directions:~1! imple-
mentation of GIAOs for CC optical rotation in an effort im-
prove the dramatic basis set dependence of the computed
rotation angles; and~2! inclusion of triple excitations in the
CC ansatz@e.g., the CC3 or EOM-CCSD~T! methods# to
determine the importance of residual dynamic electron cor-
relation effects. We will report on these developments in fu-
ture publications.
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