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Coupled cluster calculations of optical rotatory dispersion
of (S)-methyloxirane
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Coupled clusteCC) and density-functional theor§DFT) calculations of optical rotatior,«], ,

have been carried out for the difficult case @)-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 [af], . Furthermore, both methods show a surprising sensitivity

to the choice of optimized geometry, wifhr]ss5 values varying by as much as 15 degdm
(g/mL)~* among molecular structures that differ only negligibly. Although at first glance the DFT/
B3LYP values off ]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 IdRgdiberg excitation energy

in methyloxirane, resulting in a shift of the first-order pold ], (the Cotton effegttowards the
experimentally chosen incident radiation lines. This leads to a fortuitous positive shift in the value
of [ @]3s55 towards the experimental result. The coupled cluster singles and doubles model, on the
other hand, correctly predicts the position of the absorption tmewithin 0.05 eV of the
experimental result but fails to describe correctly the shape/curvature of the ORD regia3b5,
resulting in an incorrect prediction of both the magnitude anddigae of the optical rotation.

© 2004 American Institute of Physic§DOI: 10.1063/1.1772352

I. INTRODUCTION Sl C (0| /n)(n|m|0) @
3wh n#0 2 2 ,

A long-standing problem in natural products chemistry is Wpo— @

the determination of the absolute configuration of newly iso-

lated compounds. Although the assessment of the enanti¥therex andm are the electric and magnetic dipole opera-
meric purity of such chiral species is routinely achieved bytors{ respectively, and the summation runs over excited elec-
measuring optical rotation angles or integrating chiral GCAronic (unperturbegiwave quct|o?§ln>. This tack has been
HPLC traces, determining the absolute configuration is mor&akeén with both serr;ze_rlrémnc’él’ and ab initio quantum
difficult. The most convincing analyses rely on x-ray crys-

chemical techniques, most recently with density func-
2 ,8,17,18 -21 _

tallographic data of the compound itsélising anomalous tona theory and coupled cluster thedf*' and sev

dispersion or of a derivative that incorporates a known ste-

eral applications have appeared in the literafth&2°Un-
reocenter. In the case of a noncrystalline compound, asyn{

ortunately, the quality of such theoretical predictions is
metric synthesis, or total synthesis from starting materials Opften difficult to assess because fair comparisons with ex-
known absolute configuration, must be performed. Wher?

erimental data are not straightforward. First, the theoretical
these methods fail, less secure chiroptical and NMR methoa%'o'oroaCh may contain many sources of error, such as choice
are used. All of these approaches are time consuming, a

r}tg one-electron basis set, dynamic electron correlation ef-
none are guaranteed to be successful. ects, etc. Second, experimental data are often obtained un-
An alternative approach is to compute directly the chi-

der widely varying conditions, and solvent and/or tempera-
. . ture effects, as well as conformational averaging, may have a
roptical properties of selected molecular structures and com-. ~ .2 . o
. . - significant impact on measured chiroptical spectra.

pare the results with the associated propeffasical rota- . o
. : ; . A recent breakthrough in the development of cavity ring-
tion angles, optical rotatory dispersid®RD) spectra, or down polarimetry(CRDP by Miiller, Wiberg, and Vaccaro
circular dichroism(CD) spectrd of the original natural prod- ' ’

t isolate®° Th i hanical foundation f hhas allowed ultrasensitive gas-phase measurements of optical
uct iso'ate: € quanium mechanical foundation Tor SUCh ,ati6n of a number of small chiral molecules, thus opening

compl%tatiqns h_as been known since the. work of Rasenteld 'the door to more systematic comparisons between theory and
1928." Using time-dependent perturbation theory, one MAYaxperiment®3! Miiller et al. reported that, contrary to con-
show that the angle of rotatione],,, of plane-polarized ventional wisdom, solvent effects can indeed be significant,

light of frequencyw in a chiral medium is related to the trace o a0¢ jeading to dramatic differences in both magnitude
of the frequency-dependent electric-dipole magnetic-dipole,q sign of optical rotation angles relative to gas-phase re-

polarizability tensor: sults. For example, among the molecules studied byleviu
et al. is propylene oxidgalso known as methyloxiranea
dElectronic mail: crawdad@vt.edu potentially ideal test case for higher-level theoretical models
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because it is conformationally rigid and contains only four d*{Lcchr

nonhydrogen atoms. Mler et al. measured a 355 nm spe- ﬁ(w)Z«M;m»w:W, 2

. - . . pmam

cific rotation of the (S enantiomer of methyloxirane of

+10.2 degdm?® (g/mL)~?! in the gas phase and26.4

degdm?® (g/mL)~! in cyclohexane. These results agreeWhere{Lccjr represents the time-averaged coupled cluster
qualitatively with those of Kumatat al, who reported a Lagrangiari® Evaluating the derivative above leads to an
wide variation of sodium D-lin€¢589 nm specific rotation of ~ Operator form of the linear response function:
(S-methyloxirane in benze?b—30.6 (lzlea%drﬁ1 (g/mL) Y]
versus watef(+4.3 degdm~ (g/mL)™"]. : _1Atop _ T Sw

In the only theoretical comparison to these new experi- (pm), =2 C=*PLa( = w).m(@)JOIAL. X1 0)
mental results to date, Giorgietal. recently reported + %(0|/A\[[ﬁ,§(j;],5<r;°’]|0)], (3)
density-functional theoryDFT) specific rotation data for
(S)-methyloxirane using a variety of basis s&tdhey found )
that the B3LYP functional was capable of predicting the cor-Where|0) is the Hartree—Fock reference state, the overbar
rect sign for the optical rotation with the use of high-angular-denotes the similarity transformation of the given operator
momentum correlation-consistent basis ¥etsr specially [€.9.,H=exp(~=T)Hexp(T)], and A is a cluster operator pa-
tailored Sadlej basis set$% but the magnitude of the rota- rametrizing the coupled cluster “left-hand” ground-state
tion was overestimated by a factor of two. In addition, theywave function(developed also in coupled cluster analytic
reported that large-basis-set Hartree—Fock optical rotatiognergy gradient theoyy’ ' The permutation operatdg =
calculations disagreed qualitatively with the results ofilslu ~ simultaneously changes signs on the chosen field frequency,
et al, a point recently made in several systematic studies by, and takes the complex conjugate of the equation, while
Cheesemaret al®® Giorgio et al. also indicated that the P(A,B) permuted the property operatoksandB. The per-
anomalously large frequency dispersion observed(Sp  turbed wave functionsX,, are determined by solving the
methyloxirane is related to the lowest energy Cotton effectsystem of linear equations:
even though the corresponding absorption occurs at only
174.1 nm(7.12 e\}*’ some distance from the wavelength of — o
the CRDP radiation source at 355 ni®.49 e\} used by (D] (H=0)|@;)(P|X}]0) = —(Di| 4]0}, 4
Mliller and co-workers?

Given the apparent need for higher-level theoretical calwhere the®; represents excited determinants. It is worth
culations of optical rotation ifS-methyloxirane, we have noting that the eigenvalues of the response matrix on the
applied coupled cluster linear response theory to this probteft-hand side of the above equatiGepmetimes referred to
lem. Coupled cluster is widely regarded as the most reliablén the literature as the coupled cluster Jacobian ma#ie
quantum chemical approach for computing a variety of proprelated to the excitation energies of the system, an approach
erties of small molecules, including molecular structure, vi-tg UV/Vis spectra known as the equation_of-motion Coup|ed
brational spectra, NMR chemical shieldings, UV/Vis spectracluster(EOM-CC) method*>°2

and thermochemical properti&&;* Thus, we seek to extend One may therefore evaluate the above linear response
its applicability to optical rotation and to benchmark its ac-function by the following steps:

curacy relative to experiment. In particular, using a new (1) Solve the ground-state coupled cluster equations for
implementation of the coupled cluster singles and doubleghe clyster operatori.53v54

(CCSD model for frequency-dependent properties, de-  (2) Compute the similarity transforms of the Hamil-
scribed in Sec. Il we have considered the effect of basis Sefonian, ﬁ, and other operators required for the response
optimized geometry, and gauge origin on the computed rOtafunction, ie.
tion angles of S)-methyloxirane for comparison to both DFT
data and the experimental results of IMuand co-workers.
We find that:(1) the quality of both the DFT and coupled
cluster predictions vary widely with basis set and choice o
optimized structuref2) DFT benefits from an incorrect pre-

.dICtIOI'] of the lowest energy Rydperg tranapop n methY'OX' rotation function, this leads to twelve sets of perturbed wave
irane; and3) coupled cluster, while correct in its determina- function equations which must be solved

tion of the energy of the lowest Rydberg state, instead fails to (5) Compute the contributions to the total linear re-
predict the width of the pole surrounding the resonance. 43,46

. andm.5?

(3) Solve the left-hand ground-state wave function
equations forA.%!

(4) Solve the system of linear equations in E4) for
feach component of each perturbation for both positive and
negative values of the field frequenay, For the optical

sponse function given in E@3).

We have derived and implemented the linear response
function for the RosenfelgB tensor at the coupled-cluster
Il. COUPLED CLUSTER RESPONSE THEORY singles and double€CCSD) level of theory within the pro-
FOR OPTICAL ROTATION gram packagesia>® We have adopted a factorization strat-

egy of the many diagrams appearing implicitly in E¢3)

The RosenfeldB tensor in Eq.(1) may be computed and(4) similar to that used in efficient ground-state coupled
within the coupled cluster model using response th&orf,  cluster energy and analytic gradient implementations, such
in which g is related to the linear response function: that no single term scales worse th@gN®).%®>" The pro-
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gram makes full use of Abelian point-group symmetry when gggg;&%{}g;z
available for efficiency, though fotS)-methyloxirane, no ggggg;ﬂ:l\%z
such symmetry is present. b

An important failing of the above approach to coupled
cluster frequency-dependent properties, as noted by Pederse
and Koch?»®®-%0 s 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
orbitalg,®1°61~%%his 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 dependenc:
of magnetic-field dependent propertfésa point we will
address below.

Ill. COMPUTATIONAL DETAILS

The optimized geometry df5)-methyloxirane was deter- - _ : :

mined using analytic energy gradients at the B3£%# and (F:I((:Béo%f) %pett'mléidwgﬁ??eeg'gsmogﬁénlit_hy'°X'ra”e. using B3LYP and
pVTZ basis sets. Bond lengths

CCSOT)*0388-"evels of theory with two different basis are given in angstroms and bond angles in degrees.
sets: the standard 6-3fGsplit-valence basis set of Pople
et al’? and the correlation-consistent triple-zétx-pVT2)
basis set of Dunning These four optimized structures were most 0.001 A in bond lengths and less than 0.1 degrees in
confirmed to be minima on the potential energy surfaige  bond and dihedral angles at the CQ$W6-31G" level from
harmonic vibrational frequency calculations, carried out usthe all-electron data used heréBasis sets were obtained
ing analytic energy second derivative methét%* from the Extensible Computational Chemistry Environment

Optical rotation calculations for a variety of wavelengths Basis Set Databas@.
were carried out using the coupled cluster singles and All coupled cluster optical rotation calculations were
doubles(CCSD) linear response approach described in thecarried out with thersis program packag®, while B3LYP
previous section and using time-dependent densityoptical rotation calculations were carried out using
functional theory(TDDFT) with the B3LYP functionaP®  GAussiaN 03%° Coupled cluster geometry optimizations,
The molecular center of mass was chosen as the origin fdrarmonic vibrational frequency calculations, and excitation
most of the calculations reported here, though the coordienergy calculations were carried out with gesi program
nates of the oxygen atom were used for additional analysiackagé while B3LYP optimized geometries, harmonic vi-
The B3LYP data were obtained both with and withoutbrational frequencies, and excitation energies were computed
GIAOs for comparison to the CCSD resultsde supra. In  with the Gaussian suif€.
addition, the positions of poles in the values [af] (i.e.,
excitation energigswere computed using EOM-CCStand |y RESULTS AND DISCUSSION
TDDFT/B3LYP approache&:’® _ .

In addition, several different basis sets were employed ~Figure 1 reports the optimized geometry ¢§-
for the optical rotation calculationgl) the split-valence ba- Methyloxirane at the B3LYP/6-31G B3LYP/cc-pVTZ,
sis sets, 6-318 6-31++G**, and 6-31% + G(2d,2p); " CCSDOT)/6-31G", and CCSDT)/cc-pVTZ levels of theory.
(2) the correlation-consistent basis sets, cc-pVDZ, cc-pvTzAlthough the CCSDT)/cc-pVTZ results are reasonably ex-
aug-cc-pVDZ, d-aug-cc-pVDZ, and a mixed basis consistingoeCted to be the most gccurate, the !‘Igld structure of this
of the aug-cc-pVTZ basis for carbon and oxygen and thdnolecule depends very little on thg choice of mgthod, anq all
aug-cc-pVDZ basis for hydrogef238 contracted Gaussian four structures agree very well with the experimentally in-
function9;3*7""8and (3) the Sadlej-pVTZ basis set, which ferred geometry of Creswell and Schwenderﬁ%rﬁond
was developed specifically for computations of electric prop/engths vary among the four methods only slighaji within
erties, including dipole polarizabilitie€:* Pure angular mo- ~0-01 A) and the variation in the bond angles is, at most, a
mentum polarization functions were used for the 6-811 few tenths of a degree. Most importantly, the angle of the
+G(2d,2p), correlation consistent, and Sadlej basis sets[“e_thyI group out of the plane formed b}’ the oxirane ring,
while Cartesian polarization functions were used with allWhich one might expect to be the most important structural
other basis sets. All electrons were correlated for the geonfature influencing the computed rotatiofig] varies by less
etry and frequency calculations, but the core electrons werfan a degre€54.95 degrees at the B3LYP/cc-pVTZ level vs
held frozen for all of the CCSD optical rotation and excita- -89 degrees at the CCED/cc-pVTZ leve). Nevertheless,
tion energy calculationgThe only reason for this choice is a @S We show below, the choice of optimized structure still has
program limitation in the ACESII system, which was used?@ significant impact on the computed optical rotatlon._
for the structural optimizations. Coupled cluster geometries Tablfs | and |1| report the computed values{of], [in
determined using frozen core orbitals differ negligibly—atdegdm = (g/mL)""] at the B3LYP and CCSD levels of




TABLE I. B3LYP and CCSD specific rotatiofdeg dm* (g/mL) 1] for (S9-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 6-31++G** 6-311+ +G(2d,2p) cc-pvDZ cc-pVvTZ aug-cc-pVDZ d-aug-cc-pVDZ mixed-cc-pVTZ  aug-cc-pVTZ Sadlej-pVTZ

B3LYP (GIAO)

B3LYP/6-31G —22.6 —37.0 —14.9 —49.5 —24.5 —19.4 —11.8 —14.56 —12.7 —-1.27
B3LYP/cc-pvVTZ —23.8 —37.0 —-13.1 —49.0 —23.3 —16.8 —9.26 —11.93 —10.0 2.17
CCSDOT)/6-31G" —27.8 —38.7 —-16.7 —53.9 —27.5 —21.0 —12.9 —16.49 —14.2 —3.02
CCsOT)/cc-pVTZ —30.4 —38.8 —14.2 —55.2 —26.7 -18.1 —9.07 —13.47 —-11.1 0.58

B3LYP (non-GIAO)

00z 1snBny zz '8 'ON ‘TZT "JoA “sAud ‘weyd

B3LYP/6-31G —29.3 —36.0 —3.83 —44.8 —28.1 -21.0 -9.19 —11.56 -11.3 -10.4
B3LYP/cc-pVTZ —28.1 —34.0 —-1.94 —44.1 —27.4 —18.5 —6.58 —8.70 —8.49 —7.45
CCsOT)/6-31G —33.9 —37.2 —5.28 —48.9 —31.6 —22.6 —10.8 -13.14 —12.0 -12.0
CCSDOT)/cc-pVTZ —34.6 —34.8 —2.63 —49.7 —30.5 —19.5 —7.70 —-9.74 —9.49 —8.69
CCSD
B3LYP/6-31G —24.1 —49.8 —17.6 —38.2 —29.6 —29.2 —18.6 —20.02 —18.8
B3LYP/cc-pvVTZ —23.7 —47.4 —15.8 —37.4 —28.5 —26.9 -16.4 —17.56 -16.4
CCSDOT)/6-31G" —28.5 —50.8 —19.0 —42.2 —32.6 —30.6 —-20.1 —21.66 —20.3
CCsOT)/cc-pVTZ —28.9 —48.0 —16.5 —42.6 —31.5 —27.6 -17.3 —18.60 -17.3

faug-cc-pVT4C,0)+aug-cc-pVDZH).

TABLE Il. B3LYP and CCSD specific rotatiofdeg dm* (g/mL)~1] 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 6-316 6-31++G** 6-311+ +G(2d,2p) cc-pvDZ cc-pvTZ aug-cc-pvDZ d-aug-cc-pVDZ mixed-cc-pVTZ  aug-cc-pVTZ Sadlej-pVTZ

B3LYP (GIAO)

B3LYP/6-31G —51.9 -57.2 9.36 —122 —40.4 —5.19 20.3 6.29 11.4 46.8
B3LYP/cc-pVTZ —51.5 —56.7 14.8 —119 —36.1 2.80 27.8 14.28 19.5 57.1
CCSsOT)/6-31G —67.7 —61.7 4.60 —135 —49.5 —9.87 17.3 0.68 6.97 41.8
CCSOT)/cc-pVTZ —73.9 —61.3 12.5 —138 —46.4 —0.52 28.9 10.08 16.6 52.6

B3LYP (non-GIAO)

auelixojAylaw-(s) Jo uoisiadsip Arejol jeondo

B3LYP/6-31G —76.0 —53.2 41.7 —117 —50.1 —-11.7 25.4 14.69 15.7 19.4
B3LYP/cc-pvVTZ —-74.1 —46.4 475 —114 —54.7 —4.01 33.2 23.44 24.1 25.5
CCSDOT)/6-31G" —90.0 —58.2 37.8 —129 —68.3 —15.9 20.9 10.23 11.2 151
CCsSOT)/cc-pVTZ —90.8 —47.9 46.3 —130 —63.9 —6.54 30.3 20.86 21.6 25.3
CCSsD
B3LYP/6-31G —65.0 —118 —22.4 —102 —71.0 —56.8 —24.3 —32.84 —24.9
B3LYP/cc-pVTZ —63.1 —110 —-17.0 —98.6 —67.4 —49.9 —17.8 —25.50 —-17.7
CCsOT)/6-31G —78.5 —120 —26.2 —114 —80.1 —60.6 —28.5 —37.59 —29.0
CCSDOT)/cc-pVTZ —78.5 —111 —18.6 —114 —76.4 —51.4 —-20.1 —28.17 —20.0

faug-cc-pVTZC,0)+aug-cc-pVDZH).

€GG€E
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TABLE Ill. CCSD specific rotatioffdeg dn* (g/mL) ] for (S)-methyloxirane with the gauge origin placed at
the center-of-masgCOM) or at the coordinates of the oxygen atd®).

CCSDJ/aug-cc-pVDZ CCsD/d-aug-cc-pVDZ
355 nm 589 nm 355 nm 589 nm
Geometry type COM O COM O COM O COM O
B3LYP/6-31G -56.8 —-77.8 —-29.2 362 244 557 186 —28.9
B3LYP/cc-pVTZ -499 -69.7 -269 —-335 178 476 —-164 —26.2
CCSDOT)/6-31G* -60.6 —-815 —-306 —-376 —-285 —-60.1 —-20.1 304
CCSDOT)/cc-pVTZ -514 -711 -276 —-342 -200 -500 -—-173 -—-27.1

theory using a variety of basis sets at the two key wave- In addition, Tables | and Il also reveal a surprisingly
lengths: 589 and 355 nm, respectively. Nearly all choices oétrong dependence of the computed value$ «f, on the
basis set and optimized geometry for both methods predict ahoice of optimized geometry. Although computed values of
negative value of a]sge, in qualitative agreement with the [ a]sgqvary with structure by only a few deg dm (g/mL) ~*
CCl,-solvent-dependent experimental result of18.7  for a given method and basis set, for the]sss data, the
degdm* (g/mL)~* of Kumataet al,* though, as noted ear- variation can be greater than 15 degdnig/mL) %, as ob-

lier, the influence of solvent may be considerable. On theserved for the B3LYP/Sadlej-pVTZ and CCSD/6-31@&v-
other hand, the variation of the results with respect to basig|s of theory. This disparity occurs in spite of the rather small
set even for the GIAO-based B3LYP method, is striking. Westryctural differences among the four optimized geometries
find that the effect of diffuse functions in the basis set isshown in Fig. 1.

particularly imporet%nt, in agreement with pVZ%ViOUS_ studies by Optical rotation calculations were also carried out to as-
Cheesemanet al>® and by Wiberg etal™ While the gess the origin dependence of the CCSD results and the ef-
6-31G", cc-pVDZ, and cc-pVTZ basis sets, which lack dif- tect of using London orbitals/GIAOs with DFT. Tables | and
fuse functions, give values 2‘}“]589 that are too large in | therefore include B3LYP optical rotation data both with
magnitude, even the 6-31+G™ basis set, which includes 5nq without GIAOs for the 355 and 589 nm wavelengths.
diffuse s and p functions for the heavy atoms and diffuse  pq st hasis sets, the non-GIAO B3LYP results differ little
funcUogf on the_lhydrogens, produces angles arouﬁj [usually less than 5 deg drh (g/mL) %] from their GIAO-

deg dm_l (g/mL) " for B3LYP and near—50 degdm based counterparts. Two notable exceptions are the Sadlej-
(g/mL) " for CCSD. The aug-cc-pVDZ basis set, which also )\ 7 ang the mixed aug-cc-pVTzZ/aug-cc-pVDZ basis set
includes diffused functions on the heavy atoms and diffyse results for[ a]ags: without GIAOs the B3LYP data shift by

functions on the hydrogens, performs well for B3LYP, but o 4a5 55 deg dit (g/mL)~* towards the experimental
poorly for CCSD, while the d-aug-cc-pVDZ basis set, which g, 4 for the former and nearly 20 deg dh{g/mL) " * away
includes two sets of diffuse functions for each atom, FeVETSER om the experimental result for the latter. Table Il reports

this behavior. Finally, the Sadlej-pvTZ basis, which is opti- CCSD/aug-cc-pVDZ and CCSD/d-aug-cc-pVDZ optical ro-
mlze_d for computing electrical response properties, gives ®Yation data for 355 and 589 nm wavelengths for the four
sentially the same CCSPa]sge as d-aug-cc-pvDZ, but optimized structures computed at two choices of gauge ori-

Sggg /Z?!:(\e/s-rtzhzzﬁﬁe:;ar zefand even positive with the gin: the molecular center-of-mass and the coordinates of the
The variation in the vélues i ase (Table 1) with re- oxygen atom. In every case, the rotation becomes more nega-
355 tive as the origin shifts away from the center-of-mass by as

spect to basis set is even greater than thatdtgy. For the - 1 ;
basis sets lacking diffuse functions, strong negative rotatio"Uch as 30 deg drf (g/mL) _ for the d-aug-cc-pVDZ basis
t and the results are again much more sensitiveddsss

angles are computed for all methods—even greater than 1

degdm® (g/mL)* for CCSD/cc-pVDZ, in dramatic dis- 2" Lor[al’:;lggg- s b . ion: why d
agreement with the gas-phase CRDP result [@f]sss The above results beg an important question: why does
= +10.2 degdm?(g/mL) ! of Miiller and co-workers. For B3LYP appear to perform somewhat better for the 355 nm

the larger basis sets that include diffuse functions, the B3Ly@Ptical rotation than CCSD, giving rotation angles that are at
predictions of a]sss are positive, in qualitative to semiquan- qust in qualitative agreement with thg e>'<per|men.t'al result of
titative agreement with experiment, while the CCSD resultduller and co-workers? The answer lies in the ability of each
remain negative for all the basis sets used here. Furthermor@€thod, B3LYP and CCSD, to describe the first-order pole
the B3LYP results show the correct direction of the disper-Structure(the Cotton effedtin [«], implied by Eq.(1) as the
sion in[ a], (more positive for 355 nm than for 589 nrfor  frequency of the incident radiation approaches resonance
several of the more diffuse basis sets, while CCSD rotatiofVith an electronic excitation. In CC response theory, the oc-
angles are consistently more negative at 355 nm than thefiurrence and shape of such a pole depends both on the struc-
589 nm counterparts. In short, none of the coupled clustefure of the perturbed wave functions;;, determined in Eqg.
calculations of [a]zss carried out in this work are in (4), and the dependence of the linear response function in
even qualitative agreement with the experimental data byg. (3) on these functions. The appearance of the EOM-CC
Mdiller et al. response matrix(®|(H—w)|®;) in Eq. (4) indicates that,
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{S)-Methyloxirane Specific Rotation vs. Wavelength where the submatrices andB represent matrix elements of
' ' ' ' ' ' the Kohn-Sham effective Hamiltonian between excited deter-
150 - BOLYP/Sadiej-p\TZ —— | minants, and the property vectors include single excitations
B3LYP/aug-ce-pVDZ -~ (subscriptS) and single deexcitationésubscriptS™). The
CCSD/Sadlej-pVTZ - eigenvalues of the inverted response matrix appearing in Eq.
N CCSD/aug-co-pVDZ --a-- (5) represent excitation energies, but because the TDDFT
h i linear response function depends at most linearly or(ithe
plicit) perturbed wave functions, the method will give a cor-
rect first-order pole at resonance.
Thus, two questions remaitit) How well do CCSD and
] B3LYP methods predict theositionof the pole inf «], , i.e.,
the excitation energies of the system, a2id how well do
300 380 400 450 500 850 600 650 they reproduce thehapeof the pole? Figure 2 plots the
Wavslength (nm) optical rotatory dispersion spectrum @&-methyloxirane for
FIG. 2. Calculated optical rotary dispersion curve (8)-2-methyloxirane the B3LYP/SadIej-pVTZ, B3LYP/aug-cc-pvDZ, CCSD/
using B3LYP and CCSD linear response methods with the Sadlej-pVTZ an(?adlej'pVTZ’ and CCSD/aug-cc-pvDZ methods at the
aug-cc-pVDZ basis sets. CCSDT)/cc-pVTZ optimized geometry. As the radiation
wavelength becomes shorter, all four methods predict an in-
crease in«],, 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 aimcorrectprediction of the position of
the pole. Table IV reports vertical excitation energies for the
lowest two excited states ¢§)-methyloxirane both of which
are Rydberg transitions using TDDFT/B3LYP and the EOM-
CCSD method with several different basis sets that include

[o] (deg/[dm g/mL])
8

o
T

-50 |

-100

as w approaches an eigenvalue ldf (an excitation energy
the perturbed wave function components will become infi-
nitely large (with variable sign. However, as noted previ-
ously by Christianseret al.*® although the CC-linear re-
sponse function contains terms that depgoddraticallyon
the perturbed wave functions.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:. . . S
order pole structure ifa], . (It is worth noting that this diffuse functions, all using the CCSID)/cc-pVTZ optimized

point is closely related to the ability of coupled cluster meth_geomc;attr)y. Thﬁ corrlespondlng experimental e(;<C|tat|ons re-
ods to describe correctly the first-order pole structure of viported by Coheret al. are 7.12 eM174.1 nm and 7.75 eV

37
brational force constants in pseudo-Jahn—Teller theory, 560-0 Nm.“" As can be seen from the table, the B3LYP

topic pertinent to studies of real and artifactual symmetryMethod is in error by 0.5-0.6 eto low. (Such errors of
breaking in polyatomic molecul@&89 TDDFT with current functionals are common for Rydberg-

Density-functional response theory, on the other handlYP€ €xcitations. Thus, the position of the B3LYP pole in
benefits from variational optimization of the component[“]x is shiftedcloserto the 355 nm wavelength of the inci-

Kohn-Sham orbitals, and a linear response function thaflent radiation, resulting in a faster rise in the rotation angle,
closely resembles that of the random-phase approximatioﬁnd apparently fortuitously agreement with the experimental

(RPA):18 result of Muler and co-workers.
On the other hand, Table IV shows that the EOM-CCSD
_ A-ol B M mg method gives a lowest-energy excitation that is essentially
(pimo=(ns ps+) "B  —A+ol (ms+)’ identical to the experimental resultvithin only 0.05 eV).

(5) However, while the CCSD method clearly predicts a correct

TABLE IV. EOM-CCSD and B3LYP-TDDFT excitation energies for the two lowest Rydberg state3-ofiethyloxirane computed with various basis sets and
optimized geometries.

EOM-CCSD B3LYP/TDDFT
aug-cc-pvDZ d-aug-cc-pvDZ Sadlej-pVTZ aug-cc-pvDZ d-aug-cc-pvDZ Sadlej-pVTZ
Geometry type 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
CCsOT)/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
CCSOT)/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




3556 J. Chem. Phys., Vol. 121, No. 8, 22 August 2004 Tam, Russ, and Crawford

position of the pole, the width and curvature of the pole are *E. L. Eliel and S. H. Wilen,Stereochemistry of Organic Compounds
clearly underestimated, resulting in poor agreement with the (Wiley, New York, 1994.

: : 2E. Charney,The Molecular Basis of Optical Activity: Optical Rotatory
experimental value dfa]szss experimental value. Dispersion and Circular Dichroisniwiley, New York, 1979.

3P. L. Polavarapu and D. K. Chakraborty, J. Am. Chem. S@f 6160
(1998.
V. CONCLUSIONS 4P. L. Polavarapu and D. K. Chakraborty, Chem. Phys. [2dif, 1 (1999.
SP. J. Stephens, F. J. Devlin, J. R. Cheeseman, M. J. Frisch, B. Mennuci,
We have presented theoretical calculations of optical ro- and J. Tomasi, Tetrahedron: Asymmelry 2443 (2000.

tation angles for the difficult case 68)-methyloxirane using f:'himcf\iiie?g;é (’;Id OJQ Frisch, F. J. Devlin, and P. J. Stephens, J. Phys.
TDDI_:T/B3LYP and coupled cluster Im_egr response theories.7 Furche, R. Ahlrichs, C. Wachsmann, E. Weber, A. Sobanski. §ti¥/o

We find that both methods are exquisitely sensitive to the and S. Grimme, J. Am. Chem. Sd22, 1717(2000.

choice of one-electron basis set and that diffuse function€P. J. Stephens, F. J. Devlin, J. R. Cheeseman, and M. J. Frisch, J. Phys.
have a particularly large impact on the computed values of, Chem. A105 5356(2000.

. . °P. L. Polavarapu, Mol. Phy€1, 551 (1997).
[a], . Furthermore, both methods show a surprising SeNSin|  Rosenfeld, . Phys52, 161 (1928,

tivity to the choice of optimized geometry, wiflJsss val- 11y, 1. pao and D. P. Santry, J. Am. Chem. SB88, 4157 (1966.
ues varying by as much as 15 degdmg/mL) ! among  “T. D. Bouman and D. A. Lightner, J. Am. Chem. S&8, 3145 (1976
structures that appear to differ only negligibly. '3A. Volosov, Int. J. Quantum Cher86, 473 (1989.

. : : 1YR. D. Amos, Chem. Phys. Let87, 23 (1982.
Atfirst glance, the DFT optlcal rotation angles appear tolsT. Helgaker, K. Ruud, K. L. Bak, P. Jgrgensen, and J. Olsen, Faraday

be superior to those of the CCSD method. For example, the pigcss 99, 165 (1994

B3LYP [ «]3s5 values computed with large, diffuse basis sets*k. Ruud, P. R. Taylor, and P.-O.stand, Chem. Phys. Let837, 217
agree reasonably well with the experimental gas-phase re-(2002.

sults of Muler and co-workers, while those from CCSD are gg Grimme, Chem. Phys. Lea3a iﬁ?'(zr?onéh orve. Lagl 301
qualitatively incorrect. However, the success of DFT in this 'Ooa”_mme’ - Furche, and R. Ahlrichs, Chem. Phys. 8@l

case may actually stem from a cancellation of errors. Spewk. ruud and T. Helgaker, Chem. Phys. L&2, 533 (2002.

cifically, the B3LYP functional underestimates the lowest?K. Ruud, P. J. Stephens, F. J. Devlin, P. R. Taylor, J. R. Cheeseman, and
electronic excitation energy ¢§)-methyloxirane by 0.5-0.6 , M- J Frisch, Chem. Phys. LeB73 606 (2003.

eV, thus shifting the first-order poléhe Cotton effedtin 22;' Eli' ieoiedrrsuenl‘: "\'I'ViK?Cgﬁjry E gi‘rﬁt’a‘:}' %21%3@5?3%%399'
[«]) towards the experimentally chosen incident radiatioresg k. Kondru, P. Wigf: and D. N. Beratan, J. Am. Chem. SE20, 2204
lines, resulting in a fortuitous positive shift in the value of (1998.

[ a]3s5 towards the experimental result. On the other hand?*S: Ribe, R. K. Kondru, D. N. Beratan, and P. Wipf, J. Am. Chem. Soc.
while the CCSD method correctly predicts the position of thezsizf 4§§r?;220%ickerson A A Khan. R. K. Kondru. D. N. Beratan. P
pole, with a lowest excitation energy within only 0.05 eV of it M. Kelly, and M. T. Hamann, Tetrahedrd7, 1483 (2001. o
experiment, the shape/curvature of the ORD region nea#c. Diedrich and S. Grimme, J. Phys. Chem187, 2524 (2003.

A=355 nm is still Signiﬁcant]y in error. 27K. B. Wiberg, P. H. Vaccaro, and J. R. Cheeseman, J. Am. Chem. Soc.

; i i 125 1888(2003.

Y;/se Egreﬁ WhOI.EhelartEd!y with the a?]STSS.ment pf GIOI’gIQBK. B. Wiberg, Y. G. Wang, P. H. Vaccaro, J. R. Cheeseman, G. Trucks, and
et al™ that the optical rotation ofS-methyloxirane is one ;5 Frisch, J. Phys. Chem. 208, 32 (2004).
of the most difficult cases to be treated to date. In order t@°B. c. Rinderspacher and P. R. Schreiner, J. Phys. Chet08\ 2867
eventually resolve these discrepancies between theory algc():IZOOfD- _ _
experiment, we are Working to extend our coupled cluster T. Muller, K. B. Wiberg, P. H. Vaccaro, J. R. Cheeseman, and M. J. Frisch,

in two important directiof®): imple- 3. Opt. Soc. Am. B19, 125/(2002.

respon;e programs in twi p Lo - 1mp . S1T. Miller, K. B. Wiberg, and P. H. Vaccaro, J. Phys. Cheml@%, 5959
mentation of GIAOs for CC optical rotation in an effort im-  (2000.
prove the dramatic basis set dependence of the computéty. Kumata, J. Furukawa, and T. Fueno, Bull. Chem. Soc. 38n3920
rotation angles; an¢?) inclusion of triple excitations in the 33(Elgé9- 0. C. Rosini R. G. Vidii d R, zanasi. Chem. Phs. Lett
CC ansatze.g., the CC3 or EOM-CCSD) method$ to 376 f&':glfz'ooé osini, R. G. Viglione, and R. Zanasi, Chem. Phys. Lett.
determine the importance of residual dynamic electron cors. 4. punning, J. Chem. PhyS0, 1007(1989.

relation effects. We will report on these developments in fu-*A. J. Sadlej, Coll. Czech. Chem. Comm&8, 1995(1988.

ture pub“cations_ S6A. J. Sadlej, Theor. Chim. Actg@9, 123(1991).
37D. Cohen, M. Levi, H. Basch, and A. Gedanken, J. Am. Chem. $05.
1738(1983.
38T, D. Crawford and H. F. Schaefer, Reviews in Computational Chem-
ACKNOWLEDGMENTS istry, edited by K. B. Lipkowitz and D. B. Boy@/CH, New York, 2000,

Vol. 14, Chap. 2, pp. 33-136.

This work was supported by a National Science Founda2’R. J. Bartlett, inModern Electronic Structure Thearyol. 2 of Advanced

tion CAREER Award (CHE-0133174 a Cottrell Scholar Series in Physical Chemistrgdited by D. R. YarkonyWorld Scientific,
L Singapore, 1995 Chap. 16, pp. 1047-1131.

Award from th,e Research Corporation, a New FaCU|ty AWard“OT. J. Lee and G. E. Scuseria, @uantum Mechanical Electronic Structure
from the Camille and Henry Dreyfus Foundation, the Jeffress calculations with Chemical Accuracedited by S. R. Langhoffiuwer
Memorial Trust, and a Lab-Directed Research and Develop- Academic, Dordrecht, 1995pp. 47-108.
ment (LDRD) Contract with the Department of Energy 41J. Gauss, ?nEncyclopedia of Computational Chemistrgdited by P.
through Sandia National Laboratofyivermore. The au- 423?2I.exﬂegavll/}:|§l§ls,tNﬁ1\;Y jogu;r?z?n Chem., Syrtg, 421.(1677.
thors thank Professor Kenneth Ru(idhiversity of Troms@ 43y koch and P. Jargensen, J. Chem. Pi9gs.3333(1990.

for helpful discussions. 447, Olsen and P. Jgrgensen;Ntodern Electronic Structure Thearyol. 2



J. Chem. Phys., Vol. 121, No. 8, 22 August 2004 Optical rotary dispersion of (S)-methyloxirane 3557

of Advanced Series in Physical Chemistegited by D. YarkonyWorld 8K. Raghavachari, G. W. Trucks, J. A. Pople, and M. Head-Gordon, Chem.

Scientific, Singapore, 1995Chap. 13, pp. 857-990. Phys. Lett.157, 479(1989.
450. Christiansen, P. Jgrgensen, and Cttiglaint. J. Quantum Chengs, 1 %9R. J. Bartlett, J. D. Watts, S. A. Kucharski, and J. Noga, Chem. Phys. Lett.
(1998. 165 513(1990; Erratum167, 609 (1990.
460. Christiansen, A. Halkier, H. Koch, P. Jargensen, and T. Helgaker, J/°T. J. Lee and A. P. Rendell, J. Chem. Ph94, 6229(1991).
Chem. Phys108 2801(1998. "1G. E. Scuseria, J. Chem. Phyg}, 442 (1991).
47L. Adamowicz, W. D. Laidig, and R. J. Bartlett, Int. J. Quantum Chem., 72p C. Hariharan and J. A. Pople, Theor. Chim. A28 213 (1973.
Quantum Chem. Sym{8, 245 (1984. 73J. F. Stanton and J. Gauss,Recent Advances in Coupled-Cluster Meth-

“G. Fitzgerald, R. Harrison, W. D. Laidig, and R. J. Bartlett, Chem. Phys. o4 edited by R. J. BartlettWorld Scientific, Singapore, 1997pp. 49—
Lett. 117, 433(1985.

79.
“°R. J. Bartlett, inGeometrical Derivatives of Energy Surfaces and Molecu- 743 Gauss and J. F. Stanton, Chem. Phys. D&, 70 (1997).
lar Properties edited by P. Jgrgensen and J. Sim@Reidel, Dordrecht,  75- jamorski. M. E. Casida ’and b.R. Salahub. J. Chem 5134
1986, pp. 35-61. 100 » MUE. , .R. ) . Flioys.
50A. C. Scheiner, G. E. Scuseria, J. E. Rice, T. J. Lee, and H. F. Schaefer, q]e(R Bgl.Jernschmitt and R. Ahlrichs, Chem. Phys, LBES, 454 (1996

Chem. Phys87, 5361(1987. 77 . .
51J. Gauss, W. J. Lauderdale, J. F. Stanton, J. D. Watts, and R. J. Bartlett,R' A. Kendall, T. H. Dunning, and R. J. Harrison, J. Chem. PRg56796

(1992.
5, Chem- Phys. Lettl82, 207 (1991 78D, E. Woon and T. H. Dunning, J. Chem. Phg6l0, 2975 (1994,
J. F. Stanton and R. J. Bartlett, J. Chem. Pi®8.7029(1993. 79 ; ) . ) .
53 : Basis sets were obtained from the Extensible Computational Chemistry
G. D. Purvis and R. J. Bartlett, J. Chem. Phy8, 1910(1982. Envi ¢ Basis Set Datab Version 12/03/03 developed and di
54M. Rittby and R. J. Bartlett, J. Phys. Che82, 3033(1988. nvironment Basis set Database, Version » @s developed and dis-

55T, D, Crawford, C. D. Sherrill, E. F. Valeev, J. T. Fermann, R. A. King, M. triblutedI by thg Moleculag Science C;(_)rnp_uting Fa(;ilitg/, Envir_(f)'nmentil and
L. Leininger, S. T. Brown, C. L. Janssen, E. T. Seidl, J. P. Kenny, and W. Molecular Sciences Laboratory which is part of the Pacific Northwest

D. Allen, PSI 3.2(2003. Laboratory, P.O. Box 999, Richland, WA 99352, USA, and funded by the
563, F. Stanton, J. Gauss, J. D. Watts, and R. J. Bartlett, J. Chem. ®hys. U.S. Department of Energy. The Pacific Northwest Laboratory is a multi-

4334(1991). program laboratory operated by Battelle Memorial Institute for the U.S.
573, Gauss, J. F. Stanton, and R. J. Bartlett, J. Chem. PBy2623(1991). Department of Energy under Contract No. DE-AC06-76RLO 1830. Con-
58T, B. Pedersen and H. Koch, Chem. Phys. L283 251 (1998. tact D. Feller or K. Schuchardt for further information.

59T, B. Pedersen, H. Koch, and C g, J. Chem. Phys110, 8318(1999. 80M. J. Frischet al, GaussiaN 03 Gaussian, Inc., Pittsburgh, PA, 2003.
60T, B. Pedersen, B. Femndez, and H. Koch, J. Chem. Phykl4, 6983 81J. F. Stanton, J. Gauss, J. D. Watts, W. J. Lauderdale, and R. J. Bartlett,

(2001). ACES I, 1993. The package also contains modified versions of the
S1F London, J. Phys. Radiu@ 397 (1937. MOLECULE Gaussian integral program of J. Alniland P. R. Taylor, the
52R. Ditchfield, Mol. Phys27, 789 (1974. ABAcUS integral derivative program written by T. U. Helgaker, H. J. Aa.
83T, Helgaker and P. Jargensen, J. Chem. PB§s2595(1991). Jensen, P. Jgrgensen, and P. R. Taylor, and the PROPS property evaluation
54T, Helgaker and P. R. Taylor, iModern Electronic Structure Thearyol. integral code of P. R. Taylor.
2 of Advanced Series in Physical Chemistgited by D. YarkonyWorld #R. A. Creswell and R. H. Schwendeman, J. Mol. Spectrég. 295
Scientific, Singapore, 1995Chap. 12, pp. 725-856. (1977).
8R. G. Parr and W. YangDensity-Functional Theory of Atoms and Mol- 3T. D. Crawford, J. F. Stanton, W. D. Allen, and H. F. Schaefer, J. Chem.
ecules(Oxford University Press, New York, 1989 Phys.107, 10626(1997).
%6C. Lee, W. Yang, and R. G. Parr, Phys. Rev3B 785 (1988. 843, F. Stanton, J. Chem. Phyidl5 10382(2007).

57A. D. Becke, J. Chem. Phy88, 5648(1993. 85N. J. Russ and T. D. Crawford, J. Chem. Phy20, 7298(2004.



