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Coupled-cluster and density-functional methods have been used to determine specific rotations and electronic
circular dichroism (ECD) rotational strengths f@-2-chloropropionitrile. Coupled-cluster specific rotations

using both the length- and velocity-gauge representations of the electric-dipole operator, computed with basis
sets of triple€ quality containing up to 326 functions, compare very well with recently reported gas-phase
cavity-ring-down polarimetry data. ECD rotational strengths for the six lowest-lying excited states are found
to vary in sign, and the second excited state, which has a larger rotational strength than the first by a factor
of 4, was found to yield a much larger contribution (by a factor of 10) to the overall negative specific rotation
observed both experimentally and theoretically. However, both valence and Rydberg states appear to make
substantial contributions to the total rotation, often of opposite sign from the converged/linear-response result.
Furthermore, the sum-over-states approach was found to be inadequate for reproducing the specific rotations
derived from the linear-response approach, even when 100 excited states (well beyond the estimated ionization
limit) were included in the summation. Density-functional specific rotations using the B3LYP functional
with basis sets of quadrupleguality containing up to 588 functions are found to be too large compared to
experiment by approximately a factor of 2. This error appears to be related to both the underestimation of the
electronic excitation energies, as well as concomitant overestimation of the corresponding ECD rotational
strengths. Although earlier studies reported good agreement between density-functional specific rotations
and experiment when electric-field-dependent functions were used in conjunction with a degméty

basis set, the results reported here, which are near the basis-set limit, suggest that this agreement may be
fortuitous.

1. Introduction 2 w
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Enantiomeric pairs of chiral molecules exhibit distinct ster- h &= W — o’

eospecific responses to polarized light, whether in absorption,

refraction, or scattering.These responses may be used to Wherew is the field angular frequencyOland|nOdenote the

determine the absolute configuration of an enantiomerically pure 9round and excited electronic states, respectively, Zieri is

sample, provided sufficient information is available a priori 1€ length-gauge representation of the electric-dipole operator

about the corresponding circular dichroism, birefringence, or @1dm = Zié/2mri x pi is the magnetic-dipole operator. The

scattering intensity differences. Unfortunately, such information trace of this tensor is related to the specific rotatitine optical

. . . . rotation, normalized for path length and concentratioh
can often be obtained only following X-ray analysis of high- . . A . .
._nonoriented (i.e., liquid- or gas-phase) samples, and its residues

quality smgle-cryst.al samplgs or asymmgtnc/ranonal Sy.”thes's provide the rotatory strength associated with electronic circular
of the target enantiomer, a time-consuming task, especially for dichroism (ECD) spectra

cases involving large numbers of possible stereoisofners. The first ab initio calculations of the Rosenfeld optical activity
In recent years, state-of-the-art ab initio quantum chemical tensor were reported in 1986 by Lazzeretti and Zanasi using
method$4 have been extended to include calculations of chiro- time-dependent Hartred=ock theory for the water molecule
optical properties such as optical rotation and circular dichroism (for which the off-diagonal elements of the tensor may be
spectra in the hope that such first-principles calculations might nonzero) The first ab initio calculations of optical rotation were
provide an alternative approach for the assignment of absolutecarried out at the Hartreg=ock level by Polavarapu in 1997
configuration. The quantum mechanical foundations for such USing a “static-limit” approximation to the Rosenfeld tensor
computations were laid more than 75 years ago by Rosenfeld,d€veloped by Amos in 1982The first such calculations of ECD
who demonstrated that the electric dipole moment of an isolated rotatory _strengths were reporteq some thlrtgen years earlier by
chiral molecule induced by a polarized electromagnetic field Rauk using truncated configuration interaction modlarsd by

. ... Hansen and Bouman using time-dependent HartFexk
depends not only on the usual electric-dipole polarizability 10 h . -
. o S theory!® The current state-of-the-art in theoretical calculations
tensor, but also on the mixed electric-dipole/magnetic-dipole

S of electronic chiro-optical properties includes both density-
polarizability tensof, functional theory (DFTY and coupled-cluster theddas for
optical rotatiod*2% and ECD rotatory spectfd-2° Reviews
*To whom correspondence should be addressed. E-mail: crawdad@vt.edu.of the theoretical underpinnings and history of ab initio chiro-
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optical techniques, as well as some recent important applications pasis-set convergence behavior similar to that of DFT? How
may be found in refs 3633. do origin-independent velocity-gauge and origin-dependent
One of the major obstacles in the development of accurate length-gauge representations of the coupled-cluster Rosenfeld
theoretical models of chiro-optical properties, however, is the tensor (vide infra) compare? Is the basis-set dependence of
problematic comparison with experimental data, due to the wide coupled-cluster methods similar to that observed by Wiberg et
variety of conditions under which optical rotation angles and al. for DFT? To address these questions, we have carried out a
ECD spectra are obtained. It is well-known, for example, that Series of coupled-cluster and density-functional calculations of
solvent and temperature effects can be significant for specific optical rotatory dispersion and electronic circular dichroism
rotation, even resulting in changes in the sign of the rotation rotational strengths ofgj-chloropropionitrile with a hierarchy
between polar and nonpolar solvents for species such asOf correlation-consistent basis sets.
methyloxirane?%.22:34.3%Although theoretical models of solvation
effects have advanced considerably in the past de€adehey Il. Computational Methods

are not yet capable of the level of accuracy needed for reliable Optical rotation calculations for several wavelengths were

predictions of chlro-optlcal propertiéa:= i carried out for §)-chloropropionitrile using coupled-cluster

In 2000, Muller, Wiberg, and Vaccaro reported the first frequency-dependent linear-response th&df/at both the
quantitative measurements of optical rotation of gas-phaseccx7and the singles and doubles (CCSD) levels of thédf§,
samples using their newly developed technique of cavity ring- a5 well as with time-dependent density-functional theory (TD-
down polarimetry’® They have since applied this new experi- DFT)®5L with the B3LYP functionak*52-54 For the coupled-
mental approach to a wide array of small molectfes? thus cluster methods, two representations were used for the electric-
prowd_mg benchm_ark_specn‘lc rotation data free of the_ “veil of dipole operator: the standard length-gauge approach, for which
solvation” that will likely prove to be invaluable in the the specific rotation is inherently origin-dependent, and the
development of new theoretical techniques. velocity-gauge approach, which gives origin-independent resullts.

This work focuses on the small, conformationally rigid For the former, center of mass was chosen as the origin, whereas
molecule, §)-2-chloropropionitrile, for which Wiberg et al.  for the latter, we report the “modified velocity-gauge” approach
recently measured the gas-phase specific rotation at 633 anchf Pedersen et al., for which the specific rotation computed at

355 nm, pfesz= —6.8+ 2.3 deg dm? (g/mL) ! and fo]sss = a given field frequency is shifted by its zero-frequency
—37.9 + 2.9 deg dm! (g/mL)"?, as well as the neat-state counterpart® The B3LYP data were obtained using gauge-
specific rotation at the sodium D-linexJsss = —14.5 deg dm?* including atomic orbitals (GIAOs) and are thus origin indepen-
(g/mL)"14 They further noted that solvent effects were dentl4

considerable in this case and reportefkfy values ranging from In addition, excitation energies and ECD rotational strengths
—11.6 deg dm* (g/mL)~* in acetonitrile to—34.6 deg dm* for the six lowest-lying electronically excited states &j--

(9/mL)*in benzene, as compared to an interpolated gas-phasechioropropionitrile were computed using equation-of-motion CC
value of—8.3 deg dm' (g/mL)~*. Comparison of these results (EOM-CC¥® theory and the corresponding TDDFT/B3LYP
with DFT-based optical rotation data (B3LYP) revealed sig- approact?5! The excitation frequencies coincide with the
nificant basis-set effects: split-valence and correlation consistentpositions of first-order poles in the specific rotation [cf. eq 1],
basis sets up to the tripielevel produce specific rotations more  whose sign and widths are related to the corresponding ECD
than a factor of 2 larger than their experimental counterparts. rotational strengths (i.e., Cotton polésRotational strengths
However, Wlberg et al. further observed that the addition of are reported using both |ength_ and Ve|ocity_gauge representa_
electric-field-dependent (EFD) functions to the correlation- tions of the electric-dipole operator for all three levels of theory.
consistent doublé-basis set, using the protocols developed by The EOM-CC rotational strengths reported here have been
Darling and Schilegéf; reduced the computed rotations to within - determined using transition-strength expressions analogous to
the experimental error bars. those described by Stanton and Bartfétt.

In a recent study comparing high-level ab initio (coupled-  Several basis sets were used in this work, including the Sadlej
cluster) and density-functional (B3LYP) specific rotation data triple-¢ basis set (174 functions), which was designed for
to gas-phase results of Wilson et al. for the conformationally electric-field-dependent properties such as dipole polarizabili-
flexible chiral molecule epichlorohydrin, we found that the ties’”~59 and the correlation-consistent basis sets of Dunning
coupled-cluster singles and doubles method in conjunction with and co-worker§?:6%-62 For the latter, with the coupled-cluster
large one-electron basis sets was capable of reproducing themethods, we used the aug-cc-pVDZ basis set (155 functions),
experimental rotations to within less than 1% using the length- a “mixed” doubly augmented doubfebasis set with d-aug-
gauge representation of the electric dipole operator and to within cc-pVDZ on C, N, and H and aug-cc-pVDZ on Cl, which we
6% using the modified velocity-gauge representatforin label d-aug-cc-pVDZ* (207 functions), and the aug-cc-pVTZ
addition, we found that, similarly to the work of Wiberg et al. basis set (326 functions). B3LYP optical rotation calculations
for 2-chloropropionitrile, the B3LYP approach overestimated were carried out with these and larger basis sets, including a
the rotations of the individual conformers as well as the “mixed” doubly augmented triplé- basis set with d-aug-cc-
Boltzmann-weighted rotation. pVTZ on C, N, and H and aug-cc-pVTZ on Cl, which we label

The present study seeks to answer several fundamentald-aug-cc-pVTZ* (426 functions), as well as the aug-cc-pVQZ
questions regarding the ability of quantum chemical models to basis set (588 functions). These latter basis sets appear to be
reproduce the experimental gas-phase specific rotatio)of (  close to the complete basis-set limit for the B3LYP functional
chloropropionitrile. First, are the DFT results of Wiberg et al. (vide infra).
robust? That is, does the addition of EFDs serve to advance Core orbitals (1s on C and N, and 1s, 2s, and 2p on CI) were
the B3LYP method more rapidly toward the complete-basis- held frozen in all CC2 and CCSD calculations reported here.
set (CBS) limit? If not, what is the nature of the underlying All coupled-cluster optical rotation, excitation-energy, and ECD
problem in the DFT approach? Second, how do convergent calculations were carried out with the PSI3 program package,
coupled-cluster methods perform for this property, and is their whereas the corresponding B3LYP calculations, as well as all
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Figure 1. Key parameters of the B3LYP/6-3+1#G** optimized
geometry of §-2-chloropropionitrile, which was used for all optical
rotation and ECD calculations reported in this work. Bond lengths are
given in Angstroms, and bond angles are given in degrees.

DFT geometry optimizations and harmonic vibrational frequency
calculations were carried out with the Gaussian sifite.

I1l. Results and Discussion

The optimized geometry ofS-2-chloropropionitrile (see
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ing theoretical structure agrees reasonably well with that inferred
from the microwave data, with-€C bond distances reproduced
to within a few thousandths of an Angstrom. However, the
B3LYP/6-31H+G** C—Cl bond distance of 1.828 A is
somewhat longer than its experimental counterpart of 1.791 A,
in agreement with earlier calculatioffs.

Tables 1 and 2 report the computed specific rotation€pf (
2-chloropropionitrile at the CC2 and CCSD levels of theory,
respectively, at wavelengths of 633, 589, 436, and 355 nm. As
expected, the rotations increase in magnittfilem —9.9 at 633
nm to —40.6 at 355 nm at the CCSD/aug-cc-pVTZ level of
theory—as the wavelength decreases, indicating the onset of a
Cotton pole as the field frequency approaches that of the lowest-
lying excited states. CC2 and CCSD length-gauge rotations
agree very well with one another in this case, differing by only
2.0 with the aug-cc-pVTZ basis set. The CC2 and CCSD
velocity-gauge rotations differ more substantially, up to 12.1
at 355 nm with the d-aug-cc-pVDZ* and Sadlej-pVTZ basis
sets.

Of particular interest, however, is the convergence of these
methods with respect to basis set. The difference between the
aug-cc-pVDZ and aug-cc-pVTZ rotations is relatively small for
both CC2 and CCSD, with a maximum shift of 8.4 degdm
(g/mL)~1 at 355 nm. The shift between the aug-cc-pVDZ and
d-aug-cc-pVDZ* basis sets is similar to that between the aug-
cc-pVDZ and aug-cc-pVTZ sets, though a second set of diffuse

Figure 1) was determined using analytic energy gradients atfunctions on the triple:-basis will likely produce a much smaller

the B3LYP15253 |evel of theory with the split-valence
6-311++G** basis se”.65-67 which is the same level used by
Wiberg et al*! This optimized structure was confirmed to be a
minimum on the potential energy surface via harmonic vibra-

incremental change from the aug-cc-pVTZ results in Tables 1
and 2 (vide infra). It is likely that the aug-cc-pVTZ results for
both methods are within a few degrees of the basis set limit for
both methods.

tional frequency calculations, carried out using analytic energy  Both CC2 and CCSD also compare well to the experimental
second-derivative methods. The computed rotational constantsgas-phase rotations reported by Wiberg et'dhdeed, at the

compare to within 1.3% with those determined by Ogata et al.
from the experimental microwave spectré®The correspond-

CCSD level, the velocity-gauge CCSD/aug-cc-pVTZ result of
—8.0 deg dm? (g/mL)~! lies within the experimental error bars

TABLE 1: CC2 Specific Rotation [In deg dm~1 (g/mL) Y] for ( S)-2-Chloropropionitrile 2

A (nm) aug-cc-pvDZ d-aug-cc-pVDZ* aug-cc-pVTZ Sadlej-pVTZ Experimeht
Length gauge
633 —6.7 —9.4 —8. —10.0 —6.8+23
589 -7.9 —-11.1 —10.5 -11.7
436 —16.8 —22.9 —21.8 —24.0
355 —30.2 —40.0 —38.6 —41.6 —37.9+29
Modified velocity gauge
633 -85 —-11.5 —10.7 —-11.4 —-6.8+23
589 —10.0 —-13.5 -12.6 —-13.4
436 —20.8 —27.6 —25.9 —27.4
355 —36.8 —47.4 —45.1 —47.3 —37.9+29

2 Computed at the B3LYP/6-33#1+G** optimized geometry® The center of mass was used as the coordinate ofigiaug-cc-pVDZ(H,C,N)

+ aug-cc-pVDZ(CI).¢ Ref 41.

TABLE 2: CCSD Specific Rotation [In deg dm~! (g/mL) 1] for ( S)-2-Chloropropionitrile 2

A (nm) aug-cc-pvDZ d-aug-cc-pVDZ* aug-cc-pVTZ Sadlej-pVTZ experimeht
Length gauge
633 -7.9 —10.3 -9.9 -11.0 —-6.8+23
589 -9.3 —-12.1 -11.7 -12.9
436 —19.0 —24.4 —23.6 —25.9
355 -32.9 —41.6 —40.6 —43.9 —37.9+29
Modified velocity gauge
633 -5.8 -85 -8. -84 —-6.8+23
589 —6.8 —10.0 —9.4 —-9.9
436 —14.4 —20.4 —-19.5 —20.3
355 —25.8 —35.3 —34.0 —35.2 —37.9+29

a Computed at the B3LYP/6-33#1+G** optimized geometry® The center of mass was used as the coordinate ofigiaug-cc-pVDZ(H,C,N)

+ aug-cc-pVDZ(CI).¢ Ref 41.
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TABLE 3: B3LYP Specific Rotation2 [In deg dm~1 (g/mL) 1] for (S)-2-Chloropropionitrile °
A (nm) aug-cc-pvDZ aug-cc-pVTZ aug-cc-pvVQZz d-aug-cc-pvVDZ* d-aug-cc-pVTZ*# Sadlej-pVTZ experimefit

633 —12.3 —15.7 —15.7 —16.0 —14.6 —14.0 —6.8£2.3
589 —14.6 —18.5 —18.6 —18.9 —-17.3 —16.5
436 —31.7 —39.3 —39.5 —40.1 —37.0 —35.5
355 —590.1 —71.6 —72.1 —72.9 —68.1 —65.5 —37.9+2.9

aUsing the origin-invariant GIAO-based approach with the length-gauge representation of the electric-dipole operator as described in ref 14.
b Computed at the B3LYP/6-3314-G** optimized geometry¢ d-aug-cc-pVDZ(H,C,N}H- aug-cc-pVDZ(CI) ¢ d-aug-cc-pVTZ(H,C,N}H aug-cc-
pVTZ(CI). ¢ Ref 41.

for [a]ess Of —6.8 & 2.3, whereas the corresponding length- TABLE 4: Excitation Energies (eV), Oscillator Strengths
gauge results 0f-9.9 deg dm? (g/mL)"? lie slightly above (unzltlessgi, gota_tflpngl Str_enggls (1.840?5“2 %mz)’ dAme'”
these_ bounds. At the shortest wavelength, the length- andgg(/’r%’l_?fll] Ofpﬁ]ce' I§IX Etoa\‘/tv'ggt E?(rg}{édug?gig gfg m
velocity-gauge CCSD/aug-cc-pVTZ results closely bracket the (S)-2-Chioropropionitrile

experimental value off]sss of —37.9+ 2.9 deg dm? (g/mL)~®

at values of-40.6 and—34.0 deg dm? (g/mL)%, respectively.

We note that these errors are similar in magnitude and sign to
those found for the length- and modified velocity-gauge CCSD
approach for R)-epichlorohydrirt

specific rotation contributich

excitation oscillator rotational A 633 589 436 355
state energy strength strength 20 nm  nm nm nm

B3LYP

. - . .1 6284 00004 04341 3 48 56 115 199
The corresponding B3LYP specific rotations are reported in -, 393  0.0104 —4.8203 3 —51.3 —60.2 —122.1 —210.7
Table 3. The relatively low computational cost of DFT optical 3  6.947 0.0016 —1.7688 0 —15.7 —18.4 —36.6 —61.5
rotation calculations as compared to CC methods allows for 4 7335 0.0379 06135 18 48 57 111 185
the use of significantly larger basis sets, in this case up to d-aug- 2 ;ﬂg 8-8;23 _é'zlg%?ég 2‘; 1_%59_710213 . ;19-5873_432-3 1
cc-pVTZ* (426 functions) and aug-cc-pVQZ (588 functions). ’ ' ' . ' ' ' '
Asdcan bée seian from_;lfablet 3'[ the dlfferencltT %egwgen :12; tI/lpIe- 1 6966 00007 06107 3 54 63 125 211
and quadruplé; specific rotations are small, 0.5 deg dfr(g 2 7037 0.0087 —3.8565 3 —33.3-38.9 —77.3-129.5
mL)~! at most, whereas the doubly augmented basis sets atthe 3 8074 0.0095 65067 12 41.8 488 94.7 153.9
double- and triple: levels differ by up to 4.8 deg dm (g/ 4 8145 0.0330 9.1416 16 57.6 67.2 1304 211.6
mL)~! at 355 nm. Furthermore, the addition of a second setof 5 8213  0.0284  7.9442 27 49.2 57.4 1112 180.1
6 8551 0.0659 35277 0 201 234 451 726

diffuse functions at the triplé-level (aug-cc-pVTZ to d-aug-

cc-pVTZ*) decreases the computed rotation by 1.1 deg’dm 6047 00005 O E%ggD s 51 50 118 198

(g/mL)™ at 633 nm and 3.5 deg drh (g/mL)"* at 355 nm. 7.022  0.0061 —3.2046 3 —28.6 —33.4 —66.4 —111.2

These data suggest that further expansion of the basis set will 8.026 0.0003 —3.5044 1 —23.4 —27.3 —53.0 —86.2

have little effect, and the aug-cc-pVQZ and d-aug-cc-pVTZ* 8.245  0.0457 17.4927 24 1075 1253 2426 393.0

results are likely to be close to the B3LYP basis-set limit. 8330 0.0340 63411 23 381 444 859 1389
The B3LYP specific rotations compare poorly to the gas-

U WNE

8.497 0.0413 9.9141 4 572 66.6 1285 207.0

phase experimental results, with errorsadfjegs and [o] 355 just aComputed at the B3LYP/6-3#1+G** optimized geometry using
above and below a factor of 2, respectively, with the aug-cc- the aug-cc-pvVDZ basié.Rotational strengths and state-by-state specific
pVQZ and d-aug-cc-pVTZ* basis sets. Again, this pattern is rotatio_n contributions were computed using the length-gauge repre-
essentially identical to that found for conformers of epichloro- fne;;gtfhnogé;hgsetfgtggo%ﬁﬁﬁeogﬁr?rgor with the molecular center of
hydrin, with the B3LYP method consistently overestimating the g
specific rotation as compared to CCSD for all wavelendgths. only slightly (a few hundredths of a cgs unit for the rotational
Wiberg et al. reported that the addition of electric-field- strength and a few deg drh(g/mL)™* for the specific-rotation
dependent (EFD) functions to the aug-cc-pVDZ basis set yields contributions) from corresponding velocity-gauge results (not
specific rotations within the experimental error bérslowever, reported). However, the higher-lying states reveal more sub-
the data reported in Table 3 suggest that the addition of EFD stantial differences between the CC2 and CCSD rotational
functions to larger basis sets such as those described abovetrengths, including changes of sign. These differences appear
would not improve the comparison with experiment, and the to be related to the varying Rydberg vs valence character of
good agreement obtained by Wiberg et al. with the modest the states, as described by the?[alues also reported in Table
double¢ basis may be fortuitous. 4. As noted by Grimme, pure valence states (for second-row
Table 4 reports excitation energies, oscillator strengths, atoms) typically have\[i2[values< 10 %.69 For example, the
length-gauge ECD rotational strengths, and the correspondingthird excited state, for which the sign of the rotational strength
state-by-state optical rotation contributions computed at the changes between CC2 and CCSD, is described at the CC2 level
B3LYP, CC2, and CCSD levels of theory using the aug-cc- as Rydberg-like, whereas CCSD suggests primarily valence
pVDZ basis set for the six lowest-lying electronic statesS) ( character for this same state.
2-chloropropionitrile. To the best of our knowledge, no experi-  Table 4 also shows that B3LYP produces excitation energies
mental values for the lowest excitation energies of this molecule lower than their EOM-CC counterparts by more than 0.6 eV.
have been reported in the literature, but given the establishedAlthough this result is to be expected of the B3LYP approach,
accuracy of EOM-CC methods for singly excited states of particularly for states involving significant Rydberg character,
closed-shell molecules (typically to within ca. 0.2 eV), the close we also note that this occurs for states with strong valence
correspondence of the CC2 and CCSD excitation energiescontributions, as illustrated by the@2[values in Table 4. This
(within 0.02 eV) suggests that higher levels of theory will offer underestimation of the transition frequencies at least partially
little improvement. In addition, both methods agree reasonably explains the overestimation by the TDDFT method of the values
well on the values of the ECD rotational strengths for the lowest of [a], described above: the divergence of eq 1 shifts to longer
two states, and the length-gauge data shown in the Table differwavelengths with B3LYP than CC2 or CCSD, leading to an
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early onset of the corresponding Cotton pole. We note, however, Conclusions
that errors in the position of the pole provide only part of the
picture and that overestimation of the ECD rotational strengths
may also be a factor. This is observed in Table 4, particularly
for the sixth excited state, which appears to be strongly
overestimated relative to CCSD. We further note that even state-
of-the-grt functionals that produce correct excitation energies reported gas-phase experimental data by Wiberg &t k.

can still yield values of ¢]; that are too large because of ,qgition, we find that the six lowest-lying excited states yield
overestimation of the corresponding rotational strength. Recentgcp rotational strengths with varying signs, and that these are
results reported by Autschbach et al. and by Kongsted et al. otten |arger than and of opposite sign to the total rotation
with the SAOP functional for the problematic methyloxirane  computed from the linear-response formulation. This suggests
molecule provide a case in point: although SAOP excitation that 5 sum-over-states approach to determining the total rotation
energies for the four lowest states agree well with experiment js not viable for systems such as 2-chloropropionitrile. The
and with EOM-CCSD, the corresponding ECD rotational yemaining discrepancies between coupled-cluster theory and
strengths are too large by a factor of-2,° and its optical  experiment may be attributed to several factors, including zero-
rotation values at 355 nm are larger than experimental data bypoint vibration and temperature effects, both of which have been
an order of magnitud® As a counterexample, we note that shown to be significant for systems such as methyloxifarie,
B3LYP appears to perform superbly foi§4S)-norbornenoné; as well as to residual correlation effects. However, we note that
yielding a sodium D-line specfic rotation 61216 deg dm! Wiberg et al*! specifically considered the impact of vibrations
(9/mL)"* and a rotational strength 6f55.6 cgs for the lowest  on the specific rotation at 589 nm and found that a low-lying
excited state as compared to the liquid-phase experimentalmode involving the methyl torsion was primarily responsible
values of ca.—1150 deg dm! (g/mL)"! and —51 cgs, for the observed temperature effects. A detailed analysis of the
respectively. CCSD, on the other hand, compares very poorly, vibrational contributions will be the focus of future work in
giving a value of §]p of —741 deg dm? (g/mL)land a rotation this area.

strength of~23.1 cgs (length gauge). It is not yet clear if these ~ B3LYP specific rotations with large basis sets (up to 588
results represent a fundamental failing of the CCSD model or functions) are too large compared to experiment by ap-
if the liquid- and gas-phase rotations differ significantly for this proximately a factor of 2, an error that may be partly explained
molecule. by an apparent underestimation of the molecule’s excitation

Table 4 also shows that the contribution of the six lowest €nergies and concomitant overestimation of the corresponding
excited states of 2-chloropropionitrile to the total specific rotation strengths (as compared to coupled-cluster data). Al-
rotation does not adequately account for the rotations reportedthough earlier work reported good agreement between B3LYP
in Tables 1-3. Indeed, although the second state clearly yields and experimental specific rotations when EFD functions were
a much larger contribution to the total rotation than the first USed to further augment the standard aug-cc-pVDZ basis set,
(by a factor of 4-5 for CC2 and CCSD and a factor of 10 for the near-CBS-limit resu_lts reported here suggest that this
B3LYP), their sum does not approach the corresponding values23r€ément may be fortuitous.
in Tables +3. Indeed, for CCSD, the 355 nm individual

rotational contributions from the second t.hroug.h sixth excited Science Foundation CAREER award (CHE-0133174) and a

states are each larger than the total rotatiand five of these ;

have the opposite sign of the converged/linear-response resultcome” Scholar Award ”0".‘ the Res_earch Corporqtlon. T.DK.
was supported by the National Science Foundation Research

To examine this point further, we also computed the first gyperience for Undergraduates (REU) program at Virginia Tech.
100 B3LYP/aug-cc-pVDZ excited states @&){2-chloropropi-

onitrile and their corresponding specific-rotation contributions References and Notes
and found that the resulting summation exceeds the aug-cc- O B L DMolecular Liaht Scatteri 4 Ontical Actty. 2nd

. : arron, L. D.Molecular Lig cattering an ptical Aetty, Zn
pvDZ rptatlons reportgd in Table 3 by a factor of 3475, ed.; Cambridge University Press: Camridge, U.K., 2004.
depending on the choice of wavelengtFurthermore, many (2) Nicolaou, K. C.; Vourloumis, D.; Winssinger, N.; Baran, P. S.
of these states make contributions several times larger (and ofterAngew. Chem., Int. EQ00Q 39, 44.

i i ; i i (3) Crawford, T. D.; Wesolowski, S. S.; Valeev, E. F.; King, R. A.;
of opposite sign) than the total rotation, e.g., .the sixth excited Leininger, M. L.; Schaefer, H. F. I8hemistry for the 21st Centuri{einan,
state at 7.45 eV (well above the lowest excitation energy of 6.3 g schecter, I Eds.: Wiley-VCH: Weinheim, 2001; pp 2296
eV) makes a contribution 0f947 deg dm? (g/mL)~! to the (4) Helgaker, T. Ruden, T. A.; Jargensen, P.; Olsen, J.; Klopper, W.
355 nm rotation of-55.7 deg dm?* (g/mL)~1 (computing using J. PFS);S-ROFQ- ?Tgﬂfgoéﬁl %28 6> 161

} ; ; ; osenfeld, LZ. Phys. , .
a non-GIAQ approach .for direct compané&)nEven unphys_|ca! (6) Lazzeretti, P.; Zanasi, Rhys. Re. A: At., Mol., Opt. Phys1986
states beyond the (orbital-relaxed) B3LYP/aug-cc-pVDZ ioniza- 33 3727.
tion limit of 11.4 eV make substantial contributions to the total (7) Polavarapu, P. LMol. Phys 1997 91, 551.
rotation (e.g., the 98th excited state at 11.8 eV makes a  (8) Amos, R. D.Chem. Phys. Lettl98 87, 23.

Yo o L 3 (9) Rauk, A.J. Am. Chem. S04.984 106 6517.
contribution of —181 deg dm® (g/mL)™" to the 355 nm (10) Hansen, A. E.; Bouman, T. D. Am. Chem. S0d.985 107, 4828.

rotation). (11) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
Nevertheless, the available data suggest that the failure ofM‘?fg)l"eBs (aXft‘t)“;zUJmVlzwa'té" Neé\’l th’fK ,1933- (ure Thearyol. 2 of
_ : e artlett, R. J. oaern ectronic ructure eqryol. (0]
B3LYP to reproducg the gas phase _eXpe”ment?‘I SPeC'f'C Advanced Series in Physical Chemistry; Yarkony, D. R., Ed.; World
rotations can be partially explained by its underestimation of Scientific: Singapore, 1995; Chapter 16, pp 184131.
excitation energies and apparent overestimation of corresponding (13) Crawford, T. D.; Schaefer, H. F. IReviews in Computational

; e ; ; inh. Chemistry Lipkowitz, K. B., Boyd, D. B., Eds.; VCH Publishers: New
rotational strengths. Additional experimental estimates of high York, 2000; Vol. 14, Chapter 2. pp 33.36.

resolution gas-phase ECD rotational strengths 8+2¢chlo- (14) Cheeseman, J. R.; Frisch, M. J.: Devlin, F. J.: Stephens, P. J.
ropropionitrile would help to test this hypothesis. Phys. Chem. /200Q 104, 1039.

We have reported coupled-cluster and density-functional
specific rotations and ECD rotational strengths &)-Z-
chloropropionitrile. CC2 and CCSD specific rotations computed
with large basis sets (up to 326 functions) in both length- and
velocity-gauge representations compare very well with recently

Acknowledgment. This work was supported by a National



7654 J. Phys. Chem. A, Vol. 110, No. 24, 2006

(15) Stephens, P. J.; Devlin, F. J.; Cheeseman, J. R.; Frisch, . J.
Phys. Chem. &2001, 105, 5356.

(16) Ruud, K.; Helgaker, TChem. Phys. Let2002 352 533.

(17) Ruud, K.; Stephens, P. J.; Devlin, F. J.; Taylor, P. R.; Cheeseman,
J. R.; Frisch, M. JChem. Phys. LetR003 373 606.

(18) Goldsmith, M.-R.; Jayasuriya, N.; Beratan, D. N.; WipfJPAm.
Chem. Soc2003 125, 15696.

(19) Giorgio, E.; Viglione, R. G.; Zanasi, R.; Rosini, &.Am. Chem.
Soc.2004 126, 12968.

(20) Tam, M. C.; Russ, N. J.; Crawford, T. D. Chem. Phys2004
121, 3550.

(21) Crawford, T. D.; Owens, L. S.; Tam, M. C.; Schreiner, P. R.; Koch,
H. J. Am. Chem. So005 127, 1368.

(22) Kongsted, J.; Pedersen, T. B.; Strange, M.; Osted, A.; Hansen, A.
E.; Mikkelsen, K. V.; Pawlowski, F.; Jgrgensen, P:ttita C. Chem. Phys.
Lett 2005 401, 385.

(23) Rinderspacher, B. C.; Schreiner, PJRPhys. Chem. 2004 108
2867.

(24) Grimme, SChem. Phys. Lettl996 259 128.

(25) Furche, F.; Ahlrichs, R.; Wachsmann, C.; Weber, E.; Sobanski,
A.; Vogtle, F.; Grimme, SJ. Am. Chem. So200Q 122 1717.

(26) Autschbach, J.; Ziegler, T.; van Gisbergen, S. J. A.; Baerends, E.
J.J. Chem. Phys2002 116, 6930.

(27) Autschbach, J.; Jorge, F. E.; Ziegler, Ifiorg. Chem.2003 42,
2867.

(28) Pedersen, T. B.; Koch, H.; Ruud, B. Chem. Phys1999 110
2883.

(29) Pedersen, T. B.; Koch, H. Chem. Phys200Q 112 2139.

(30) Stephens, P. J.; McCann, D. M.; Cheeseman, J. R.; Frisch, M. J.
Chirality 2005 17, S52.

(31) Crawford, T. D.Theor. Chem. Ac006 115 227.

(32) Pecul, M.; Ruud, KAdv. Quantum Chem2005 50, 185.

(33) Polavarapu, P. LChirality 2002 14, 768.

(34) Kumata, Y.; Furukawa, J.; Fueno, Bull. Chem. Soc. Jpri97Q
43, 3920.

(35) Kongsted, J.; Pedersen, T. B.; Jensen, L.; Hansen, A. E.; Mikkelsen,
K. V. J. Am. Chem. So@006 128 976.

(36) Cramer, C. J.; Truhlar, D. GChem. Re. 1999 99, 2161.

(37) Tomasi, J.; Cammi, R.; Mennucci, B.; Cappelli, C.; CorniPBys.
Chem. Chem. Phy2002 4, 5697.

(38) Mennucci, B.; Tomasi, J.; Cammi, R.; Cheeseman, J. R.; Frisch,
M. J.; Devlin, F. J.; Gabriel, S.; Stephens, PJJPhys. Chem. 2002
106, 6102.

(39) Pecul, M.; Marchesan, D.; Ruud, K.; Coriani, 5.Chem. Phys.
2005 122, 024106.

(40) Mtuller, T.; Wiberg, K. B.; Vaccaro, P. H.; Cheeseman, J. R.; Frisch,
M. J.J. Opt. Soc. Am. BR002 19, 125.

(41) Wiberg, K. B.; Wang, Y. G.; Wilson, S. M.; Vaccaro, P. H.;
Cheeseman, J. R. Phys. Chem. 2005 109, 3448.

(42) Wilson, S. M.; Wiberg, K. B.; Cheeseman, J. R.; Frisch, M. J,;
Vaccaro, P. HJ. Phys. Chem. 2005 109 11752.

(43) Darling, C. L.; Schlegel, HJ. Phys. Cheml1994 98, 5855.

(44) Tam, M. C.; Crawford, T. DJ. Phys. Chem. 2006 110, 2290.

(45) Koch, H.; Jgrgensen, B. Chem. Phys199Q 93, 3333.

(46) Christiansen, O.; Jgrgensen, Ptiga C. Int. J. Quantum Chem.
1998 68, 1.

(47) Christiansen, O.; Koch, H.; JgrgensenCRem. Phys. Lettl995
243 409.

(48) Koch, H.; Jensen, H. J. Aa.; Jgrgensen, P.; Helgakel, Chem.
Phys 199Q 93, 3345.

(49) Kobayashi, R.; Koch, H.; Jargensen,Ghem. Phys. Lett1994
219, 30.

(50) Bauernschmitt, R.; Ahlrichs, Ehem. Phys. Letii996 256, 454.

Kowalczyk et al.

(51) Jamorski, C.; Casida, M. E.; Salahub, D.JRChem. Phys1996
104, 5134.

(52) Becke, A. D.J. Chem. Phys1993 98, 5648.

(53) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(54) Stephens, P. J.; Devlin, F.Ghirality 200Q 12, 172.

(55) Pedersen, T. B.; Koch, H.; Boman, L.; de Meras, A. M. Clgem.
Phys. Lett2004 393 319.

(56) Stanton, J. F.; Bartlett, R. J. Chem. Phys1993 98, 7029.

(57) Basis sets were obtained from the Extensible Computational
Chemistry Environment Basis Set Database, Version 02/25/04, as developed
and distributed by the Molecular Science Computing Facility, Environmental
and Molecular Sciences Laboratory which is part of the Pacific Northwest
Laboratory, P. O. Box 999, Richland, WA 99352, and funded by the U.S.
Department of Energy. The Pacific Northwest Laboratory is a multi-program
laboratory operated by Battelle Memorial Institute for the U.S. Department
of Energy under contract DE-ACO&6RLO 1830. Contact Karen Schu-
chardt for further information.

(58) Sadlej, A. JCollect. Czech. Chem. Commut888 53, 1995.

(59) Sadlej, A. JTheor. Chim. Actal991 79, 123.

(60) Dunning, T. HJ. Chem. Phys1989 90, 1007.

(61) Kendall, R. A.; Dunning, T. H.; Harrison, R. J. Chem. Phys
1992 96, 6796.

(62) Woon, D. E.; Dunning, T. HJ. Chem. Phys1994 100, 2975.

(63) Crawford, T. D.; Sherrill, C. D.; Valeev, E. F.; Fermann, J. T,;
King, R. A,; Leininger, M. L.; Brown, S. T.; Janssen, C. L.; Seidl, E. T,;
Kenny, J. P.; Allen, W. D. PSI 3.2, 2003.

(64) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, revision C.02; Gaussian, Inc.: Pittsburgh, PA, 2003.

(65) Hehre, W. J.; Ditchfield, R.; Pople, J. . Chem. Phys1972
56, 2257.

(66) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213.

(67) Francl, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon,
M. S.; DeFrees, D. J.; Pople, J. A. Chem. Physl1982 77, 3654.

(68) Ogata, T.; Yamashita, N.; Takata,JSMol. Struct.1997, 412 39.

(69) Grimme, S.; IrReviews in Computational Chemistri.ipkowitz,

K. B., Larter, R., Cundari, T. R., Eds.; VCH Publishers: New York, 2004;
Vol. 20, Chapter 3, pp 153218.

(70) Autschbach, J.; Ziegler, T.; van Gisbergen, S. J. A.; Baerends, E.
J.J. Chem. Phys2002 116, 6930.

(71) It should be noted that the B3LYP length-gauge specific-rotation
contributions reported in Table 4 cannot be directly compared to the aug-
cc-pVDZ specific rotations in Table 3 because of the use of GIAO’s to
obtain the latter. However, the B3LYP/aug-cc-pVDZ length-gauge non-
GIAO rotations differ by only 4 at short wavelengths, suggesting that we
may draw reasonable conclusions regarding the validity of the sum-over-
states approach in estimating the total specific rotations.

(72) Ruud, K.; Zanasi, RAngew. Chem., Int. EQ005 44, 3594.



