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Cavity ring-down polarimetry (CRDP) has been exploited to interrogate the nonresonant optical activity (or
circular birefringence) of prototypical organic compounds in the vapor phase, thereby revealing theintrinsic
chiro-optical response evoked fromisolated(solvent-free) molecules. Specific polarization rotation parameters
have been measured at two distinct excitation wavelengths (355 nm and 633 nm) for a variety of gas-phase
species drawn from the terpene, epoxide, and alkane/alkene families, with complementary solution-phase
polarimetric studies serving to highlight the pronounced influence of solute-solvent interactions. Time-
dependent linear response calculations performed at high levels of density functional theory have been enlisted
to unravel the structural and electronic origins for observed behavior. Aside from elucidating the complex
solvation processes that mediate chiro-optical phenomena taking place in condensed media, this study affords
a critical assessment for emerging ab initio predictions of nonresonant optical activity and for their promising
ability to assist in the determination of absolute molecular stereochemistry.

I. Introduction

The chiral nature of molecules and the stereospecificity of
molecular interactions play pivotal roles in diverse fields of
physical, chemical, and biological importance,1,2 ranging from
fundamental investigations of parity nonconservation3 and
asymmetric catalysis4 to the interminable quest for the origins
of life.5 A key issue for all of these endeavors is determination
of the absolute configuration for a targeted species, as defined
most commonly by elaborating the three-dimensional arrange-
ment of substituents about each stereogenic center. Two
venerable methods have emerged for accomplishing this crucial
taskdirectly, X-ray diffraction analyses6 (which demand high-
quality crystalline samples as well as additional phase informa-
tion deduced from anomalous dispersion effects) and rational
total syntheses2 (which can be time-consuming, labor intensive,
and costly).Indirect strategies, including those based on X-ray
characterization of diastereomeric crystals2 or clever magnetic
resonance7 and mass spectrometric8 procedures, have been
shown to be of considerable utility; however, their fruitful
application requires the controlled action of supplementary
(chiral) complexation agents that must bind selectively to the
molecule of interest. The inherent difficulties and limitations
of these schemes have motivated substantial efforts to identify
alternative means for discriminating chiral structure, particularly
in systems where pronounced conformational flexibility or
unusual bonding motifs preclude the use of established tech-
niques. Recent years have witnessed the rapid development of
chiro-optical spectroscopy9-11 for the in situ assignment of
absolute molecular configuration, with the complementary
vibrationally mediated probes of Raman optical activity12 (ROA)
and vibrational circular dichroism13 (VCD) found to be espe-
cially promising. The concerted experimental and theoretical

work reported in this paper focuses on the related phenomenon
of nonresonant optical activity,9,11,14 ultimately striving to
transform such facile polarimetric measurements into versatile
tools for the extraction of (absolute) stereochemical information.

Electromagnetic radiation propagating through a chiral me-
dium experiences a complex index of refraction (η ) n + iκ)
that differs in both real (∆n ) nL - nR) and imaginary (∆κ )
κL - κR) parts for the two polarization states comprising the
helicity (or circular) basis.9,11 The resulting phenomena of
circular birefringence (CB for∆n * 0) and circular dichroism
(CD for ∆κ * 0) lead to observable effects in the form of
nonresonant (linear) polarization rotation and resonant (circular)
differential absorption, respectively, which are connected for-
mally through extension of the canonical Kramers-Kronig
relationships.11 The molecules (of opposite handedness) that
comprise an enantiomeric pair long have been known to display
wavelength-resolved optical activities (CB and CD) of equal
magnitude but inverse sign, thereby affording a facile means
for their relative discrimination.10 Unfortunately, the a priori
correlation of a specific chiro-optical response (sign as well as
magnitude) with an individual enantiomer still presents formi-
dable challenges, usually requiring supplemental chemical
results and/or semiempirical models to reach a definitive
assignment. While the basic theoretical framework governing
chiral matter-field interactions was established at the dawn of
quantum mechanics,15,16 reliable computational methods for
predicting molecular optical activity are just beginning to
emerge.14,17-37 Such ab initio calculations are crucial for the
extraction of stereochemical information from chiro-optical
measurements; however, their inherent difficulty has been
compounded by the fact that essentially all laboratory data
available for comparison purposes stem from solution-phase
studies that are subject to significant and, as of yet, poorly
understood solute-solvent perturbations.20,29

The present work strives to alleviate environmental complexi-
ties by performing measurements of nonresonant optical activity
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under solvent-free (gas-phase) conditions, thereby lifting the veil
of solvation and revealing the chiro-optical response evoked
from isolated molecules. This task has been made possible by
our development of cavity ring-down polarimetry (CRDP),38,39

an ultrasensitive polarimetric scheme designed to interrogate
both CB and CD phenomena in rarefied media. In brief, CRDP
builds upon the exquisite detection capabilities afforded by long-
path-length cavity ring-down spectroscopy (CRDS),40 as aug-
mented through incorporation of polarization-selective compo-
nents into the light injection stage, stable resonator assembly,
and signal detection train of a conventional (pulsed) CRDS
apparatus. Direct comparison of the resulting vapor-phase optical
activity parameters with their solution-phase and ab initio
counterparts can afford a trenchant glimpse of the pronounced
and, oftentimes, counterintuitive effects incurred by nonspecific
solute-solvent interactions.

The investigation of optical activity in condensed media has
enjoyed a long and fruitful history,10 serving to elucidate many
of the key features that distinguish the structure and dynamics
of chiral molecules. The underlying motivation for our attempt
to extend these efforts to the vapor phase is demonstrated
succinctly by Figure 1, which presents optical rotatory dispersion
(ORD) data obtained by monitoring nonresonant CB as a
function of excitation wavelength for two model organic
compounds, (S)-methyloxirane and (S)-epichlorohydrin. Specific
optical rotation, [R]λ

T, expressing the angle of linear polariza-
tion rotation (deg) recorded at temperatureT and wavelengthλ
per path length (dm) and per concentration (g/mL), has been

plotted on the ordinate scale. The dashed curves follow from
the interpolation of canonical solution-phase polarimetric mea-
surements performed at discrete excitation frequencies (ν)
denoted by the individual symbols, with concentrations being
kept low enough to minimize solute-solute interactions.41 The
selected solvent species span a wide range of chemical and
physical characteristics, including permanent electric dipole
momentsµ, dielectric constantε(ν), and refractive indices
n(ν) ≈ ε(ν)1/2. Even a cursory inspection of Figure 1 reveals
marked differences among the solution-phase results, reflecting
the substantial influence of solvation and showing that the
observed quantity is not an intrinsic property of the isolated
solute molecule. This anomalous behavior is made more evident
by the fact that all traces have been “corrected” for local field
effects through use of the well-known Lorentz factor,10,16

γs(ν) ) (ε(ν) + 1)/3 ≈ (n(ν)2 + 1)/3, which stems from a
rudimentary continuum-dielectric model that often has been
invoked (with some trepidation19,20) to account for the nonspe-
cific influence of solvation upon chiro-optical response. Clearly,
analogous studies conducted in a solvent-free (gaseous) environ-
ment are essential for the reliable extraction of unperturbed (or
intrinsic) molecular properties.

II. Experimental Procedures

The basic CRDP apparatus and accompanying alignment
procedures employed for the present investigations of gas-phase
optical activity (at nonresonant excitation wavelengths of 355
and 633 nm) were similar to those reported previously;38,39

however, a brief description of the most salient features will
prove useful for the ensuing discussion. Tunable light in the
visible/ultraviolet region of the spectrum was obtained by
pumping a high-resolution pulsed dye laser (Lambda Physik
FL3002E; 0.035 cm-1 bandwidth) with the second harmonic
of an injection-seeded Nd:YAG system (Spectra Physics GCR-
4-20; 20 pps repetition rate;e10 ns pulse duration). While the
fundamental dye laser output was utilized for 633 nm work,
studies performed at 355 nm necessitated that it be frequency
doubled (INRAD Autotracker III; BBO crystal) with the
generated ultraviolet being isolated by a set of four Brewster
angle prisms. The resulting light beam propagated through a
variable attenuator before entering a Keplerian telescope where
it was spatially filtered and refocused to match the mode
structure of a ring-down cavity having a measured length of
L ) 149.355(79) cm (one standard deviation uncertainty in the
final two significant digits).

The mode-matched CRDP excitation beam (∼8 ns pulse
duration; 3-5 µJ pulse energy) passed through a circular
polarizer composed of a tandem calcite prism (linear polarizer)
and quarter-wave plate (λ/4-retarder) prior to entering the linear
resonator assembly though the planar rear surface of one cavity
mirror. The mirrors employed for 355 nm and 633 nm studies
(Research Electro-Optics) possessed reflectivities ofRg 99.95%
and R g 99.99%, respectively, with the attendant radii of
curvature for the substrates being 1 and 1.5 m. Two intracavity
zero-orderλ/4-retarders having superior antireflection coatings
(Alpine Research Optics;R < 0.15% per surface) were located
d ) 15.489(30) cm from each mirror face so as to correct for
the inversion of light helicity incurred by retroreflection.38,39

Careful alignment of these components allowed a stable,
linearly-polarized field to be established in the central
l ) L - 2d ) 118.375(98) cm portion of the apparatus, thereby
making this region (of fractional lengthf ) l/L ) 0.79257(78))
sensitive to the accruing effects of natural optical activity
imposed by the introduction of chiral vapors. All experimental

Figure 1. Nonresonant optical activity in model chiral systems. Optical
rotary dispersion (ORD) curves, showing the dependence of specific
optical rotation on excitation wavelength, are plotted for two model
organic compounds, (S)-methyloxirane and (S)-epichlorohydrin. The
depicted results follow from canonical liquid-phase polarimetric studies
performed on a variety of dilute solutions (dashed curves and opened
symbols: cyclohexane (0); carbon tetrachloride (]); di-n-butyl ether
(3); ethanol (4); benzene (+); and acetonitrile (O)), as well as from
corresponding density functional calculations (solid red curves and
hourglass symbols) and from analogous CRDP vapor-phase measure-
ments (b). The first electronic absorption bands for the targeted species
appear well below 200 nm, highlighting the nonresonant nature of the
observed chiro-optical response.
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data were acquired through use of the phase-sensitive or
modulated mode of CRDP operation39 whereby mechanical
adjustment of the intracavity retarders imposes a polarization
oscillation of known frequency upon the exponentially decaying
temporal profiles of the evacuated ring-down apparatus.

Light emerging from the high-finesse resonator assembly was
analyzed by utilizing a tandem quarter waveplate and calcite
prism to project it onto two orthogonal axes of linear polariza-
tion, nominally representing polarization states parallel and
perpendicular to that injected initially into the active cavity
region of lengthl. The polarization-resolved photons impinged
upon the photocathodes of matched photomultiplier tubes with
the resulting pair of electrical signals, reflecting the intensities
I| and I⊥, being directed into separate channels of a digital
oscilloscope (Tektronix TDS684B; 1 GHz bandwidth, 5GS/s
sampling rate) where they were averaged over 4000 laser pulses
prior to being transferred to a personal computer for further
processing. Reduction of the intrinsic oscilloscope bandwidth
to 20 MHz by means of an internal electronic filter provided
an effective means for suppressing mode-beating features
superimposed on the exponentially decaying and polarization-
oscillating temporal profiles.

Most of the chiral compounds examined during the present
study were obtained commercially (Sigma-Aldrich); however,
the lack of viable sources for (R)-propylenesulfide,42 (S)-2-
chloropropionitrile,43 (R)-2-chlorobutane,44 and (R)-3-chloro-
1-butene45 required that they be synthesized in-house according
to procedures described in the published literature. Tables 1-3
provide a synopsis of targeted species, partitioning them into
families of structurally related terpenes, epoxides, and alkanes/
alkenes. Although the accompanying information regarding
chemical and enantiomeric purities usually was taken from the
specifications of the manufacturer, these data were corroborated
by measuring the specific optical rotation for the neat liquid
with sodium D-line excitation ([R]D

25°C). The purities of (R)-3-
chloro-1-butene and (R)-2-chlorobutane were determined di-
rectly through use of chiral gas chromatography while that of
(S)-2-chloropropionitrile was obtained by converting to the
amide and comparing the attendant [R]D

25°C value to that
reported for samples of known enantiomeric excess.43

To minimize potential sources of contamination, each chiral
compound was subjected to at least three freeze-pump-thaw
cycles prior to having its vapor introduced into the CRDP
apparatus (which had been evacuated toe10-6 Torr by means
of a baffled, diffusion-pumped vacuum system). Sample pres-
sures were maintained at constant values spanning the range of
0.3-100 Torr as measured by factory-calibrated capacitance
manometers (MKS Baratron). The resulting gas-phase measure-
ments of nonresonant optical activity were compared with
analogous solution-phase results obtained through use of a
commercial polarimeter (Perkin-Elmer 341; 1 dm sample path
length) operating at discrete excitation wavelengths filtered from
NaI and HgI atomic emission lamps. Solvents employed for
the latter work were of spectrophotometric grade (Sigma-
Aldrich), except for ethanol (ACS grade; 200 proof) and carbon
tetrachloride (ACS reagent grade; 99.9%). Theoretical predic-
tions of structural parameters and chiro-optical properties for
all targeted molecules were obtained through use of the
Gaussian03 ab initio program.46

III. Experimental Results
The unique capabilities afforded by CRDP for the interroga-

tion of optical activity in rarefied media are demonstrated
explicitly by Figure 2, which highlights CB measurements
performed on gaseous epichlorohydrin at the nonresonant

excitation wavelength of 355 nm. The top panel depicts ring-
down traces obtained by monitoring the perpendicular detection
channel (i.e.,I⊥) as a function of time (referenced to the instant
that the incident light pulse first enters the cavity). Results are
presented both for an evacuated polarimeter (solid curve) and
for one containing ap ) 6.610 Torr sample of ambient (S)-
epichlorohydrin vapor (dotted curve). These data sets were
acquired sequentially through use of the phase-sensitive or
modulated mode of operation,39 with the polarization oscillation
frequency imposed upon the exponentially decaying profile of
the empty apparatus,ω′0, being determined by mechanical
adjustment of the intracavityλ/4-retardation plates. In particular,
ω′0 (or ω′p for p * 0) describes the rate of linear polarization
rotation (in units of angle/time or, equivalently, angle/length)
as light repeatedly traverses the optical resonator assembly. The
signals emerging from the parallel detection channel (i.e.,I|)
were recorded simultaneously and found to be similar in shape
to their I⊥ counterparts, exhibiting oscillations of identical
frequency but of quadrature phase.

The introduction of a chiral vapor into the CRDP apparatus
produces a change in the rate of polarization modulation as the

Figure 2. Demonstration of nonresonant optical activity measurement
by CRDP. In the top panel, the relative intensity of 355 nm light
transmitted through a ring-down polarimeter is plotted as a function of
time relative to the instant of pulsed laser excitation. These data were
acquired in the modulated mode of operation by monitoring the
perpendicular detection channel, with signal traces displayed for an
empty apparatus (solid curve) and for one containing 6.610 Torr of
ambient (S)-epichlorohydrin vapor (dotted curve). As highlighted by
the inset, the action of natural optical activity leads to a marked shift
in the oscillation frequency from which the chiro-optical response of
the sample can be extracted. The bottom panel shows the dependence
of measured 355 nm polarization rotation per unit path length,φ, on
epichlorohydrin pressure,p. The linear scaling with number density
and accompanying zero intercept confirm the isolated nature of the
targeted species. Least-squares regression yields a slope of
dφ/dp ) -9.420( 0.090 mdeg dm-1 Torr-1 which corresponds to a
specific rotation of [R]355nm

25°C ) -238.7( 2.3 deg dm-1 (g/mL)-1 (one
standard deviation uncertainties).
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action of natural optical activity either increases or decreases
ω′p relative to that of the evacuated instrument,38,39 with the
sign of the observed frequency shift depending on the enantio-
meric form of the entrained species. While the resulting
frequency difference,∆ω′p ) ω′p - ω′0, is expected to be
minute in magnitude, the enormous effective path length realized
by having light undergo multiple reflections in a high-finesse
resonator assembly greatly enhances the manifestation of such
effects. This is demonstrated clearly by the top panel of Figure
2 where the inset presents an expanded view of the diverging
temporal behavior exhibited by the twoI⊥ traces (for empty
and filled polarimeters) in the vicinity of 3µs which corresponds
to a sample path length in excess of 1 km. As discussed below,
the measured value of∆ω′p can be converted readily into the
angle of linear polarization rotation accrued per unit distance,
φ, which, in turn, can be combined with the known density of
target molecules to yield the specific optical rotation at excitation
wavelengthλ, [R]λ

T.
The quantitative extraction of optical activity information

from temporal data sets such as those depicted in the top panel
of Figure 2 builds upon our previously reported theoretical
analyses of the CRDP methodology.39 In brief, this treatment
relies upon a matrix representation of polarization state47 to
describe the changes in transverse characteristics accrued as a
beam of light undergoesN round-trip passes through the linear
resonator assembly (of lengthL) that forms the heart of the
apparatus. It proves convenient to consider the radiation
introduced initially into the active region of the polarimeter (of
length l ) L - 2d) to be polarized completely, but not in a
strictly linear sense, such that the amplitude-normalized polar-
ization vector for the injected electromagnetic field has the
form39,47

where ê| and ê⊥ denote orthogonal unit vectors that span the
plane transverse to the direction of collimated beam propagation.
The parameterb (0 e b e 2) adjusts the polarization state of
the attendant wave from right circular (b ) 0) through linear
(b ) 1 wherePi ) ê|) and onto left circular (b ) 2). For b
close to unity,Pi describes an injected electromagnetic field
that is polarized elliptically with its major axis aligned along
the direction specified byê|. This situation is reminiscent of
that encountered when a linearly polarized beam of light passes
though a transparent, yet slightly birefringent, medium (e.g., a
cavity mirror substrate).39

Given the expression forPi in eq 1 and assuming that the
excitation wavelength is removed sufficiently from resonance
such that CD phenomena justifiably can be neglected
(∆ε ) εL - εR ) 0), the intensities recorded on the parallel
and perpendicular detection channels of the CRDP apparatus
are predicted to have the forms39

where ε ) (εL + εR)/2 and φ ) π∆n/λ denote the total
absorption/scattering (or net attenuation) per unit path length
and optical activity (or polarization rotation) per unit path length,
respectively, whileR represents the complement of the displace-
ment angle established between the fast axes of the two
intracavity waveplates. It is important to recognize thatφ (as
well asε) should scale linearly with target number density and
drop to zero in the limit of an evacuated apparatus. In contrast,
the value of R is fixed by mechanical alignment of the
λ/4-retarders within the polarimeter body and should remain
constant independent of the sample pressure. The quantity
R (0 e R e 1) appearing in eqs 2 and 3 defines the effective
reflectivity for each mirror in the resonator, embodying the
efficiency of the mirror coating as well as the inevitable losses
introduced by the adjacent intracavity waveplate.

SinceN is related to the round-trip period of an optical pulse
trapped in the resonator assembly,trt ) 2L/c, it follows that I|

and I⊥ can be recast as functions of time. The resulting
exponentially decaying temporal profiles are predicted39 to
oscillate at a common frequency determined by the combined
effects ofR andφl, which collectively govern the rotation of
polarization taking place in the active region of the polarimeter.
Complications arising from polarization imperfections39 (e.g.,
b * 1 in eq 1) can be mitigated by subtractingI⊥ from I|, with
the quadrature relationship between the polarization modulations
superimposed on these concurrently recorded traces leading to

where Ap ) xb(2-b) e-εL, Γp ) c(|ln R| + εL)/L,
ωp ) 2c(R + φl)/L, andΦp ) 2(R + φl) denote the amplitude,
decay rate, angular modulation frequency (withωp ) 2ω′p),
and relative phase factor, respectively, for theI| - I⊥ difference
signal. The subscript of “p” affixed to each of these quantities
emphasizes that they should depend on the pressure of chiral
vapor introduced into the CRDP apparatus. The transformation
of variables embodied in the second equality of eq 4 has
exploited the fact thatt ) Ntrt ) 2NL/c in order to convert
between the number of round-trip passes (N) and the ring-down
time (t).39

The time-domain difference signal defined by eq 4 closely
resembles that of an idealized free-induction decay (FID), as
often encountered in the realm of magnetic resonance spectros-
copy.48 Consequently, Fourier transformation with minimal zero-
padding (2-4×) was used to obtain the frequency-domain
I| - I⊥ power spectrum for a simultaneously recorded pair of
I| andI⊥ traces, with subsequent nonlinear least-squares regres-
sion based upon a Lorentzian line shape model allowing for
quantitative extraction of the angular modulation frequencyωp.
In particular, the desired chiro-optical response of the gaseous
target medium can be isolated fromωp ) 2c(R + φl)/L by
examining the change in this quantity,∆ωp, between a filled
(at pressurep * 0) and evacuated (at pressurep ) 0)
polarimeter:

wheref ) l/L denotes the fraction of the cavity length that is
sensitive to optical activity (the active fraction) andω0 signifies
the value ofωp for p ) 0.

The lower panel in Figure 2 illustrates the pressure depen-
dence for the angle of linear polarization rotation per unit path

Pi )
xb
2 [(1 + x2 - b

b )ê| - i(1 - x2 - b
b )ê⊥] (1)

I| ) R2Ne-εL(2N + 1){1 - xb(2 - b)
2

+

xb(2 - b)cos2[(2N + 1)(R + φl)]} (2)

I⊥ ) R2Ne-εL(2N + 1){1 - xb(2 - b)
2

+

xb(2 - b)sin2[(2N + 1)(R + φl)]} (3)

I| - I⊥ ) xb(2 - b)e-εL(2N + 1)R2Ncos[2(2N + 1)(R + φl )]

) Ape
-Γptcos[ωpt + Φp] (4)

∆ωp ) ωp - ω0 ) 2c( l
L)φ ) 2cfφ (5)
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length, φ (in mdeg dm-1), extracted from 355 nm CRDP
measurements of CB in ambient (S)-epichlorohydrin vapor. As
expected for isolated, gas-phase species, a linear relationship
is found to hold betweenφ andp, with least-squares analysis
revealing a null (to within experimental uncertainty) zero-
pressure intercept ofφ0 ) -54 ( 84 µdeg dm-1. Of special
importance for the quantification of optical activity is the
corresponding slope, dφ/dp ) -0.9420(90) mdeg dm-1 Torr-1

(as obtained by constraining the intercept to be zero), which,
upon performing the appropriate transformation between pres-
sure (in Torr) and concentration (in g/mL) under the assumption
of an ideal gas, yields a specific optical rotation value of
[R]355nm

25°C ) -238.7( 2.3 deg dm-1 (g/mL)-1.
To assess the overall reliability of CRDP as a probe of

nonresonant optical activity in the vapor phase, pressure-
dependent studies were performed in tandem on the two
enantiomers ofR-pinene (cf., Table 1), as well as on their
corresponding racemic mixture. As highlighted by Figure 3,
polarization rotation data acquired for optically pure (R)-R-
pinene and (S)-R-pinene vapor gave nonzero slopes (dφ/dp) of
equal magnitude (to within experimental uncertainty), yet
opposite sign, leading to 355 nm specific rotation parameters
([R]355nm

25°C ) of +188.2( 2.2 deg dm-1 (g/mL)-1 and-187.0(
2.4 deg dm-1 (g/mL)-1, respectively. In contrast, a null value
of φ was measured at all sample pressures in the case of racemic
R-pinene. These results are in keeping with the inverse chiro-
optical response predicted for the molecules comprising an
enantiomeric pair and the absence of net optical activity expected
for their racemic mixture.10,11

Given the substantial electromagnetic field strengths available
from pulsed laser sources, it is interesting to speculate on the
possible roles that higher-order interactions9,49may play for the

TABLE 1: Specific Optical Rotation of Model Terpene Compoundsa

a Specific optical rotation ([R]λ
25°C) is tabulated in the units of deg dm-1 (g/mL)-1 for a variety of organic compounds belonging to the terpene

family. The chemical and enantiomeric purities of each chiral sample are indicated, as are the corresponding values of [R]D
25°C (sodium D-line

excitation) and density (d, in g/mL) for the neat liquid. Gas-phase CRDP measurements were performed under ambient conditions through direct
355 and 633 nm laser excitation, while analogous solution-phase data were extrapolated from discrete-wavelength polarimetric studies conducted
in dilute cyclohexane media. Predicted specific rotation values for isolated (solvent-free) molecules follow from linear response calculations carried
out by means of B3LYP/aug-cc-PVDZ and B3LYP/aug-cc-PVTZ density functional methods. The ab initio results forR-pinene,â-pinene, and
cis-pinane reflect properties expected for the minimum-energy configuration of the nuclear framework, with requisite geometry optimizations being
done at the B3LYP/6-311+G* level of theory. Similar structural analyses of limonene revealed three low-lying conformers, which were taken into
account by thermally averaging their attendant contributions to the total chiro-optical response.

Figure 3. Pressure dependent CRDP studies on optically-pure and
racemicR-pinene. The measured 355 nm optical rotation per unit path
length is plotted as a function of pressure for vapor-phase samples of
(R)-R-pinene, (S)-R-pinene, and racemicR-pinene. As expected, data
sets acquired for the optically pure enantiomers scale linearly with
number density, exhibiting nonzero slopes of equal magnitude, but
opposite sign. Regression analyses yield dφ/dp values of
+1.380 ( 0.016 and-1.371 ( 0.017 mdeg dm-1 Torr-1, which
correspond to specific rotations ([R]355nm

25 °C ) of +188.2 ( 2.2 and
-187.0( 2.4 deg dm-1 (g/mL)-1 for the (R) and (S) forms, respectively
(one standard deviation uncertainties). The null value ofφ obtained at
all sample pressures for the racemicR-pinene mixture is in keeping
with the anticipated absence of net optical activity.
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interrogation of optical activity by (laser-based) CRDP tech-
niques. While resonant two-photon CD has been explored
extensively,9,50 theoretical predictions51 for the existence of
analogous nonlinear or multiphoton CB phenomena have been
corroborated by only a handful of solution-phase studies.52,53

In particular, Cameron and Tabisz53 employed strongly focused
308 nm radiation from a nanosecond-duration excimer laser
to demonstrate that extracted specific rotation parameters,
[R]308nm

T , could be decomposed into contributions arising
from simultaneous one-photon, [R(1)]308nm

T , and two-photon,
[R(2)]308nm

T , processes. Experiments conducted on aqueous uri-
dine and sucrose solutions (∼0.2 M) at fluences of∼27.8 J/cm2

gave [R(2)]308nm
T /[R(1)]308nm

T ratios of-1.8 × 10-3 and-5.5 ×
10-4, respectively, with the magnitude of [R(2)]308nm

T found to
scale quadratically as a function of laser power. Such conditions
are to be contrasted with those utilized for the present CRDP
work, where the minute fraction of excitation light that passes
through the resonator input mirror (1- R e 5 × 10-4) leads to
intracavity fluences of less than 7× 10-7 J/cm2 (assuming an
intracavity beam waist of 0.03 cm). This represents nearly 8
orders of magnitude reduction in optical energy relative to that
needed by prior two-photon CB investigations and would tend
to discount significant influence of higher-order nonlinear/
multiphoton effects, an assertion supported by the lack of any
discernible intensity dependence in our gas-phase measurements
of chiro-optical properties.

Tables 1-3 present a summary of specific optical rotation
parameters determined at the two available CRDP excitation
wavelengths of 355 and 633 nm under ambient (25°C), bulk-
gas conditions. These quantities are meant to augment and
supersede those emerging from our prior work,38,39with the use
of pressure-dependent analyses (cf., Figure 2) rather than the
averaging of many data sets acquired at comparable pressures
(as previously employed) thought to enhance substantially the
overall accuracy of extracted [R]λ

T values. Indeed, the ac-
companying one standard deviation uncertainties, obtained
through conventional propagation of error techniques, are found
to be in excellent accord with the reproducibility gauged by
repeating CRDP experiments at different times. Aside from
pertinent information regarding the purity of targeted chiral
samples, Tables 1-3 also contain ab initio predictions for the
nonresonant optical activity of isolated (solvent-free) molecules
as well as analogous condensed-phase [R]355nm

25°C and [R]633nm
25°C

parameters interpolated from discrete-wavelength polarimetric
studies performed on dilute (<0.1 M) cyclohexane solutions.
The tabulated theoretical results reflect properties calculated for
the optimized (minimum-energy) geometry of each molecular
framework, with the flexibility inherent to nonrigid species (e.g.,
limonene, epichlorohydrin, etc.) leading to several low-lying
conformers that often display antagonistic chiro-optical behavior.
As discussed below, proper treatment of such systems demands
use of statistical averaging procedures to account for the thermal
population of multiple structural isomers.

IV. Discussion

Figure 1 highlights the dual role that the chiro-optical response
of an isolated molecule can play for elucidating the origin of
solvent effects and assessing the reliability of theoretical
calculations. The filled circular symbols appearing in this figure
follow from pressure-dependent CRDP measurements of gas-
phase optical activity performed at the nonresonant excitation
wavelengths of 355 and 633 nm. While the ground electronic
potential surface of methyloxirane (top panel) supports a rigid

equilibrium geometry with a 3-fold barrier to methyl rotation
of 2.7 kcal/mol height,54 the more flexible nature of epichlo-
rohydrin (bottom panel) leads to several low-lying structures
of similar energy (vide infra). The 633 nm results for isolated
and solvated (S)-methyloxirane are in good accord (excluding
the case of benzene solvent); however, a substantial discrepancy
is present at 355 nm where [R]355nm

25°C apparently changes sign as
the surrounding solvent molecules are “removed” from the chiral
solute.55 As discussed below, much less satisfactory agreement
is found for (S)-epichlorohydrin, reflecting the differential
stabilization of solvated conformers each of which contributes
uniquely to the total specific rotation.41,56,57It should be noted
that a handful of attempts to observe polarization rotation in
chiral vapors have been documented since the discovery of
chiro-optical phenomena nearly two centuries ago;58 however,
our CRDP work surprisingly represents the first quantitative
extraction of such information under ambient conditions.

Nonresonant CB imposes unique challenges for quantum
chemistry calculations since this composite electric/magnetic
property reflects dynamical response of theentire electronic
distribution to oscillating electromagnetic fields (rather than
depending primarily on the electronic provenance of a localized
chromophore as often is the case for resonant CD). Nevertheless,
recent years have witnessed the rapid development of coupled
cluster59 (CC) and density functional theory60,61 (DFT) tech-
niques designed specifically for the ab initio prediction of ORD
profiles. Owing to its accurate incorporation of electron-
correlation effects (essential for the quantitative description of
electric and magnetic interactions), CC long has been recognized
to provide the superior theoretical framework;62 however, the
substantially greater computational efficiency afforded by DFT
methods has led to their dominance in studies of chiro-optical
phenomena.14,17-21,23,24,28,36,63Successful application of the
requisite time-dependent density functional formalism61 (TD-
DFT) demands use of large basis sets that include diffuse
functions on all nuclei,18,64 with the introduction of gauge-
invariant atomic orbitals27,65 (GIAOs or London orbitals)
yielding [R]λ

T values that are independent of coordinate origin
(magnetic properties generally depend on the gauge origin
selected for the vector potential66) and converge rapidly to the
hypothetical complete basis-set limit (since GIAOs respond
correctly to magnetic fields through first order67). Recent
TDDFT/GIAO analyses conducted on a series of rigid chiral
compounds have suggested that the average discrepancy attained
for specific rotation calculations at the sodium D-line (as gauged
by comparing isolated-molecule predictions with solution-phase
measurements) to be(25-35 deg dm-1(g/mL)-1.19,21

The hourglass symbols and solid curves in Figure 1 denote
nonresonant optical activity predictions made for isolated (S)-
methyloxirane and (S)-epichlorohydrin molecules by means of
substantial B3LYP/aug-cc-pVTZ and B3LYP/aug-cc-pVDZ
density functional treatments, with requisite equilibrium geom-
etries being optimized at comparable MP2 levels of theory (MP2
often gives more reliable predictions of equilibrium structures
than DFT).68 As discussed in detail below, three low-lying
conformers were identified for epichlorohydrin and accounted
for by thermally averaging the corresponding specific rotation
parameters at each excitation wavelength. While these compu-
tational results mimic the CRDP gas-phase behavior, discrep-
ancies between experiment and theory appear to increase as the
incident light frequency approaches electronic resonance (oc-
curring atλ < 200 nm). Analogous conclusions can be gleaned
from the TDDFT/GIAO predictions compiled in Tables 1-3
for all of the chiral species targeted during the present
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investigation. The nominally rigid terpene family (cf., Table 1)
affords an especially insightful example of this phenomenon,
showing that removal of theCdC chromophore fromR-pinene
to obtain the structurally relatedcis-pinane system (which has
its electronic transitions shifted to much higher energies) leads
to vastly improved 355 nm predictions for chiro-optical
behavior. In contrast, ab initio calculations performed on
â-pinene (which differs fromR-pinene only in the location of
theC ) C moiety) fail to duplicate the zero-crossing found in
both solution-phase and vapor-phase ORD data, thereby giving
the incorrect sign for [R]633nm

25°C and a value of [R]355nm
25°C that is

much too large in magnitude. On a similar note, recent high-
level CC analyses31,33 have questioned the ability of TDDFT
to correctly reproduce the change in [R]355nm

25°C sign that ac-
companies “removal” of solvent molecules from an (S)-
methyloxirane solute24,31,34 (cf., Figure 1 and Table 2), sug-
gesting that such findings stem from a fortuitous cancellation
of errors inherent to the density functional scheme.

Detailed comparison of the complementary vapor-phase and
solution-phase ORD data in each panel of Figure 1 reveals
pronounced differences between chiro-optical properties mea-
sured for the targeted epoxide systems. While solvents pos-
sessing high static dielectric constants (e.g., acetonitrile where
ε ) 36.6) are found to best mimic the isolated-molecule behavior
evoked from (S)-methyloxirane and other rigid chiral species
(vide infra), the opposite trend appears to hold in the case of
(S)-epichlorohydrin. As suggested by previous polarimetric
studies,41,57 this disparity can be traced to the conformational
flexibility of epichlorohydrin,56 which gives rise to several low-
lying structural isomers that antagonistically contribute to the
total optical activity.

Table 4 contains a summary of optimized structural param-
eters, electric dipole moment magnitudes, and relative energies
calculated for the three lowest-lying conformers of (S)-epichlo-
rohydrin at the MP2/6-311++G** level of theory. As illustrated
by the accompanying Newman projections, the global energy
minimum for an isolated epichlorohydrin molecule, designated
as thegaucheII form, has the chlorine atom displaced essentially
as far as possible from the oxygen center of the epoxide ring.
Owing to increased steric repulsion, the remaininggaucheI and
cis configurations are predicted to reside 0.55 and 1.50
kcal/mol, respectively, above theirgauche II counterpart.
Consequently, a thermally equilibrated ensemble of gaseous
epichlorohydrin will be a mixture ofgaucheII (0.634),gauche
I (0.270), and cis (0.047) species, where the values in paren-
theses denote the fractional populations expected under ambient
(25 °C) conditions. By excluding vibrationally mediated isomer-
ization and tunneling processes, the computation of nonresonant
optical activity at a given wavelength (λ) and temperature (T)
now must be expressed as a weighted average taken over the
specific rotation of each participating conformer, [R]λ,i

T :

where the fractional population coefficients,{ci}, implicitly
depend on sample temperature. Table 5 presents a compilation
of nonresonant optical activity parameters calculated for the low-
lying conformers of (S)-epichlorohydrin at the B3LYP/aug-cc-
pVDZ level of theory. For each excitation wavelength examined,
the chiro-optical response for thegaucheI species is found to
be of opposite polarity to that for either thegaucheII or cis

TABLE 2: Specific Optical Rotation of Model Epoxide Compoundsa

a Specific optical rotation ([R]λ
25°C) is tabulated in the units of deg dm-1 (g/mL)-1 for a variety of organic compounds belonging to the epoxide

family. The chemical and enantiomeric purities of each chiral sample are indicated, as are the corresponding values of [R]D
25°C (sodium D-line

excitation) and density (d, in g/mL) for the neat liquid. Gas-phase CRDP measurements were performed under ambient conditions through direct
355 and 633 nm laser excitation, while analogous solution-phase data were extrapolated from discrete-wavelength polarimetric studies conducted
in dilute cyclohexane media. Predicted specific rotation values for isolated (solvent-free) molecules follow from linear response calculations carried
out by means of B3LYP/aug-cc-PVDZ and B3LYP/aug-cc-PVTZ density functional methods. The ab initio results for methyloxirane and methylthiirane
reflect properties expected for the minimum-energy configuration of the nuclear framework, with requisite geometry optimizations being done at
the MP2/6-311++G** level of theory. Similar MP2/6-311+G* analyses of epichlorohydrin and epoxybutane revealed three low-lying conformers,
which were taken into account by thermally averaging their attendant contributions to the total chiro-optical response. It is interesting to note that
[R]D

25°C for neat (S)-epichlorohydrin is positive while analogous quantities measured under either (isolated) gas-phase or (dilute) solution-phase
conditions have the opposite sign.

[R]λ
T ) ∑

i

conformers

ci [R]λ,i
T (6)
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form. This antagonistic behavior imparts a characteristic tem-
perature dependence to the overall specific rotation, necessitating
use of the averaging procedure embodied in eq 6. As shown by
the ORD curves in the lower panel of Figure 1 and reinforced
by the numerical data in Table 5, the conformer-weighted
ab initio predictions of [R]λ

T for isolated (S)-epichlorohydrin

molecules (with{ci} values determined from relative con-
former energies) are in reasonable accord with the gas-phase
results obtained from CRDP measurements. Similar analy-
ses are required to account fully for the chiro-optical be-
havior exhibited by other nonrigid species (e.g., limonene and
epoxybutane).

TABLE 3: Specific Optical Rotation of Model Alkane and Alkene Compoundsa

a Specific optical rotation ([R]λ
25°C), corrected for enantiomeric excess, is tabulated in the units of deg dm-1 (g/mL)-1 for a variety of organic

compounds belonging to the alkane and alkene families. The chemical and enantiomeric purities of each chiral sample are indicated, as are the
corresponding values of [R]D

25°C (sodium D-line excitation) and density (d, in g/mL) for the neat liquid. Gas-phase CRDP measurements were
performed under ambient conditions through direct 355 and 633 nm laser excitation, while analogous solution-phase data were extrapolated from
discrete-wavelength polarimetric studies conducted in dilute cyclohexane media. Predicted specific rotation values for isolated (solvent-free) molecules
follow from linear response calculations carried out by means of B3LYP/aug-cc-PVDZ and B3LYP/aug-cc-PVTZ density functional methods. The
ab initio results for 2-chloropropionitrile reflect properties expected for the minimum-energy configuration of the nuclear framework, with the
requisite geometry optimization being done at the B3LYP/aug-cc-PVDZ level of theory. Similar structural analyses of 2-methylbutyronitrile (MP2/
6-311+G*), 2-chlorobutane (MP2/6-311+G*), and 3-chloro-1-butene (CCD/6-311++G(2df,2pd)) revealed three low-lying conformers, which were
taken into account by thermally averaging their attendant contributions to the total chiro-optical response.

TABLE 4: Calculated Properties for (S)-Epichlorohydrin Conformers a

a The three lowest-lying conformers of (S)-epichlorohydrin predicted at the MP2/6-311+G* level of theory are illustrated by means of Newman
projections and defined in terms of their respective torsion angles. The relative energies and Boltzmann-weighted populations (at 25°C) for the
gaucheI, gaucheII, and cis forms are tabulated, with use of an IPCM implicit solvation model, suggesting that their energy ordering changes
between the isolated vapor (ε ) 1.0) and acetonitrile solution (ε ) 36.6) phases where values in parentheses denote the corresponding dielectric
constants. This differential stabilization of conformers in solvent-mediated environments can be attributed primarily to the distinct permanentelectric
dipole moment (of magnitudeµ in units of Debye) supported by each species.
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The three low-lying conformers of epichlorohydrin are
predicted to support grossly different permanent electric dipole
moments (cf., Table 4), with the magnitude of this quantity for
the gaucheI form (3.432 D) greatly exceeding that for its cis
(2.486 D) andgaucheII (0.634 D) counterparts. To explore
the ramifications for nonresonant optical activity in condensed
media, the ab initio energy for each structural isomer was
recalculated by exploiting a polarizable continuum model20,69

(PCM) to treat nonspecific solvation phenomena in conjunction
with a static isodensity surface technique70 to generate the
requisite solute cavity. For a dielectric constant selected to mimic
acetonitrile (ε ) 36.6), this IPCM approach suggests significant
stabilization of the more polar conformations, leading to a
change in relative energy ordering that has thegaucheI species
as the global minimum (cf., solution-phase and vapor-phase
energy predictions in Table 4). The attendant shifts in fractional
population coefficients for a thermally equilibrated ensemble
of (S)-epichlorohydrin are found to reverse the polarity of total
specific rotation (relative to the isolated molecule) for all of
the excitation wavelengths compiled in Table 5, reflecting, once
again, the antagonistic chiro-optical response evoked from
participating species. While our rudimentary analyses (which
combine implicit-solvation energy estimates with vapor-phase
[R]λ,i

T predictions) fail to reproduce the detailed wavelength
dependence of ORD curves recorded in dilute acetonitrile
solutions, the key assertion of a sign inversion upon solvation
does agree with the results of polarimetric measurements.

The surprising disparity between the nonresonant chiro-optical
response evoked from isolated and solvated species is empha-
sized by Figure 4 which plots specific optical rotation for the
nominally rigid (R)-cis-pinane system against a quantity related
to the static dielectric constant,ε, of the surrounding medium.
The depicted data follow from CRDP gas-phase (filled symbols)
and canonical solution-phase (opened symbols) polarimetric
studies, with the two panels distinguishing results obtained for
(a) 355 nm and (b) 633 nm excitation. The abscissa for each
graph is defined in terms of the Onsager dielectric function,
g(ε) ) (ε - 1)/(2ε + 1), which spans the range 0.0e g(ε) e
0.5 as one moves from rarefied vapor (ε ) 1.0) to solvents of
high polarity (ε . 1). This analysis builds upon the well-known
concepts of Onsager reaction field theory71 where the multipole
moments of a (potentially polarizable) solute molecule, imbed-
ded in an isotropic and homogeneous continuum-dielectric
solvent, induce reflection moments that, in turn, act to electro-
statically stabilize the solute. In simplest form, this venerable
approach encloses the solute in a spherical cavity of radiusa
and only considers the molecular dipole momentµ, thereby
leading to a reaction fieldE (generated by the polarized solvent)
that scales in proportion tog(ε), E ) (2g(ε)/a3)µ.70,72 Despite

explicit exclusion of first solvation shell effects in the cybotactic
region,69 such continuum-dielectric models have been found to
provide reasonable descriptions for aprotic (sans hydrogen
bonding) and nonaromatic (dipole-dominated) solvents that do
not engage in specific solute-solvent interactions.

The Onsager dielectric function has been used to explore
solvent effects exhibited by varied chemical processes (e.g.,
conformational equilibrium shifts,73 barriers to internal rota-
tion,74 and activation energies for bimolecular reactions75), with
plots analogous to those of Figure 4 enabling monotonic
extrapolation of solution-phase (ε > 1) results to their gas-phase
(ε ) 1) counterparts. Analogous theoretical frameworks have
been enlisted to describe the influence of nonspecific solvation
upon frequency-dependent molecular properties, including
vibrational and electronic spectra.69,76 The solvents employed
for the present investigations of nonresonant optical activity have
been selected to span a significant portion of the accessible
abscissa scale and to meet criteria imposed for fruitful exploita-
tion of the dipolar reaction field model. Consequently, the
ordinate intercepts deduced from linear regression analyses

TABLE 5: Optical Rotation Parameters for ( S)-Epichlorohydrin a

calculated specific optical
rotation for individual conformers

predicted specific optical rotation
(Boltzmann-averaged at 25°C)

excitation
wavelength

(nm) gaucheII gaucheI cis
vapor phase

(ε ) 1.0)

acetonitrile
solution

(ε ) 36.6)

measured
solution-phase

specific optical rotation
acetonitrile solution

(ε ) 36.6)

633 -137.0 +143.4 -42.0 -56.8 +12.9 +37.8
589 -160.8 +166.9 -50.4 -67.1 +14.3 +44.5
436 -327.9 +335.9 -117.3 -138.7 +26.1 +82.1
355 -565.6 +505.3 -234.4 -260.8 +5.0 +123.3

a B3LYP/aug-cc-PVDZ linear response theory has been exploited to calculate specific optical rotation parameters (in deg dm-1 (g/mL)-1) at a
series of nonresonant excitation wavelengths for each of the low-lying structural isomers in (S)-epichlorohydrin. By taking into account conformer
populations under ambient conditions, Boltzmann-weighted values of [R]λ

25°C have been determined for isolated-vapor and acetonitrile-solution
phases, where the latter follow from an IPCM implicit solvation model. The thermally averaged optical activity of solvent-free (S)-epichlorohydrin
is predicted to change sign in a dilute acetonitrile medium, an assertion in keeping with the results obtained from polarimetric measurements.

Figure 4. Distinct behavior of chiro-optical response for isolated and
solvated species. The specific optical rotation of (R)-cis-pinane is plotted
against the Onsager dielectric function,g(ε) ) (ε - 1)/(2ε + 1), to
contrast the behavior exhibited by isolated and solvated species. The
solid circular symbols and associated error bars represent gas-phase
(ε ) 1.0) CRDP measurements performed at excitation wavelengths
of 355 (top panel) and 633 nm (bottom panel). The accompanying
opened symbols show analogous solution-phase results interpolated
from dilute cyclohexane (O, ε ) 2.02), di-n-butyl ether (0, ε ) 3.06),
acetone (3, ε ) 20.7), and acetonitrile (4, ε ) 36.6) polarimetric
studies. The dashed line in each panel depicts the extrapolation of
solution-phase response (ε > 1) to the vapor-phase limit (ε ) 1.0).
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would be expected to provide reasonable estimates for the chiro-
optical response evoked from isolated solute molecules. Obvi-
ously, such predictions are not realized since CRDP measure-
ments of [R]355nm

25°C and [R]633nm
25°C for solvent-free (R)-cis-pinane

are found to be substantially smaller in magnitude than
extrapolated (reaction field) values. Similar conclusions have
been found for all of the chiral species examined by our
polarimetric studies.43

The anomalous scaling with dielectric constant illustrated in
Figure 4 suggests that a serious incongruity exists between
specific rotation parameters acquired under solvated and isolated
conditions, with the latter routinely displaying characteristics
reminiscent of those found in solvents of high polarity. This
unexpected result casts fundamental doubts on the relevance
of comparisons often made between canonical (solution-based)
measurements of nonresonant optical activity and ab initio
predictions of corresponding solvent-free properties. Indeed,
direct inspection of [R]355nm

25°C and [R]633nm
25°C values has shown that

solvents possessing substantial dielectric constants (e.g., aceto-
nitrile and acetone) consistently provide a better mimic of vapor-
phase behavior than their less-polar counterparts (e.g., cyclo-
hexane), a result that would appear to contradict conventional
wisdom regarding the nature of attendant solute-solvent
perturbations.

Solvent molecules long have been known to markedly
influence both the magnitude and the sign of chiro-optical
response.10 In the case of flexible solutes such as epichlorohy-
drin, these observations commonly have been attributed to
geometrical relaxation of the nuclear framework that results in
the differential stabilization of specific conformers,41,57,77,78each
of which can possess unique and, oftentimes, antagonistic
behavior (cf., Tables 4 and 5). Nevertheless, as demonstrated
succinctly by the methyloxirane data in Figure 1, even nominally
rigid species can exhibit pronounced solvation phenomena that
ultimately must be ascribed to attendant changes in the static
and dynamic distribution of electron density. Some insight into
the origins of these effects can be gleaned by considering the
basic quantum mechanical framework developed for the de-
scription of natural optical activity.9,11,16Canonical theoretical
treatments of CB and CD lead to definition of the scalar rotatory
strength,egR, which couples ground (electronic) state|g〉 to
excited (electronic) state|e〉 under the simultaneous action of
electric (E1) and magnetic (M1) dipole transitions. This quantity
plays a role analogous to that of the oscillator strength in
conventional spectroscopy and can be cast as a summation over
diagonal elements (or trace) of the rotatory tensor,egR:

where formally egRââ′ ) Im{〈g|µ̂â
(E1)|e〉〈e|µ̂â′

(M1)|g〉}. By ex-
ploiting time-dependent perturbation theory to model the chiro-
optical response evoked by monochromatic light of angular
frequency ω, the natural optical activity supported by an
isotropic chiral medium can be described uniformly in terms
of the frequency-dependentE1 - M1 linear susceptibility tensor,
ø(1)(ω):9,79

where the summation is performed over all electronically excited
manifolds. While the rest frequency for the|e〉 T |g〉 resonance
follows from the difference in unperturbed energies for the
participating states,ωeg ) (Ee - Eg)/p, the corresponding
dephasing rate can be expressed as the average value of attendant
depopulation rates,Γeg ) 1/2(Γee + Γgg) + Γ′eg, with an
additionalΓ′eg term stemming from pure-dephasing processes
(e.g., elastic collisions) that disrupt molecular coherences but
do not affect molecular populations.80

The CB phenomena that dominate under nonresonant condi-
tions (ω * ωeg) are characterized by a difference in refractive
index for left-circular and right-circular helicity states,
∆n(ω) ) nL(ω) - nR(ω), with the angle of linear polarization
rotation per unit path length of chiral medium being defined
by φ(ω) ) (ω/2c)∆n(ω).9,11 The requisite value of∆n(ω) for
such optical activity calculations follows from the imaginary
part of the trace overø(1)(ω):79

where the final expression, often invoked in the limit of large
detuning (ω , ωeg), arises from neglect of dephasing processes
(the infinite lifetime approximation). As highlighted by the
summation overall excited states,∆n(ω) and φ(ω) are
composite molecular properties that reflect the dynamical
response of the entire electron distribution to oscillating
electromagnetic fields. The CD phenomena that dominate under
conditions of resonant excitation (ω ≈ ωeg) can be treated in a
similar fashion,9,79 with the polarization ellipticity of light
emerging from a chiral sample being proportional to the real
part of the trace overø(1)(ω).

By excluding cooperative mechanisms (e.g., the formation
of chiral solvation shells81 or the action of solvent-mediated
vibronic coupling82) and focusing on the isolated-molecule
behavior embodied in eqs 7-9, solute-solvent interactions can
be expected to perturb the transition energies (pωeg), dephasing
rates (Γeg), and rotatory strengths (egR) for individual excited
states. Aside from altering the locations and (signed) amplitudes
of resonant CD features, such effects will mediate the role that
each|e〉 manifold plays in constituting the composite property
of nonresonant CB. The diffuse nature of Rydberg states should
make them especially susceptible to solvent-induced energy
shifts (solvatochroism affectingωeg) and dephasing processes
(homogeneous broadening affectingΓeg), a fact documented by
the collisional-quenching techniques long used to discriminate
(gas-phase) Rydberg absorption bands from their valence
counterparts.83 From this perspective, the glaring discrepancies
uncovered between vapor-phase and solution-phase specific
rotation parameters can be attributed, in part, to the selective
exclusion, dampening, and/or frequency-shifting of contributions
arising from manifolds that possess substantial Rydberg char-
acter (which should be pervasive in regimes of high electronic
excitation). Theoretical corroboration of this assertion might
follow from a state-by-state decomposition of ORD curves;
however, modern ab initio calculations seldom perform the

egR ) Tr[egR] ) Im{〈g|µ̂(E1)|e〉 ‚ 〈e|µ̂(M1)|g〉}

) egRxx + egRyy + egRzz (7)

øââ′
(1) (ω) )

1

ε0p
∑
e*g

[〈g|µ̂â
(E1)|e〉〈e|µ̂â'

(M1)|g〉

ωeg - ω - iΓeg

+
〈g|µ̂â'

(M1)|e〉〈e|µ̂â
(E1)|g〉

ωeg + ω + iΓeg
] (8)

∆n(ω) ∝ Im{Tr[ø(1)(ω)]}

) Im[øxx
(1)(ω) + øyy

(1)(ω) + øzz
(1)(ω)]

∝
1

ε0p
∑
e*g[ ωeg - ω

(ωeg - ω)2 + Γeg
2

-
ωeg + ω

(ωeg + ω)2 + Γeg
2] egR

98
Γeg)0 2ω

ε0p
∑
e*g

egR

ωeg
2 - ω2 (9)
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summation of eq 9 explicitly, relying instead on a time-
dependent linear response formalism84 to efficiently evaluate
elements of the frequency-dependentE1 - M1 polarizability
tensor,G′(ω)79

which provides the needed information for both ORD and CD
predictions (the latter following from the residue ofG′ââ′(ω) as
ω f ωeg). Furthermore, quantum chemical treatments of chiro-
optical response seldom incorporate dephasing effects explic-
itly,28 with most simulations of resonant (CD) spectral features
instead relying on phenomenological line shape functions scaled
by computed values of the rotatory strength. While such
deficiencies can be attributed to the lack of viable methods for
evaluating requisiteΓegparameters, the implication of dissipation
processes and electronic parentage as potential mediators for
the environmental perturbation of nonresonant optical activity
must not be discounted. This remains an open issue for future
research endeavors, as do the attendant roles played by intrinsic
(vibrational)43,63,77,85and extrinsic (conformational) structural
nonrigidity.

V. Summary and Conclusions

The nonresonant optical activity (or circular birefringence)
of prototypical organic compounds has been interrogated under
complementary solution-phase and vapor-phase conditions, with
the latter studies being performed at two discrete excitation
wavelengths (355 and 633 nm) by means of the ultrasensitive
cavity ring-down polarimetry (CRDP) technique.38,39 Specific
(linear) polarization rotation parameters (in canonical units of
deg dm-1 (g/mL)-1) have been measured for a variety of isolated
(solvent-free) chiral species, including both rigid and nonrigid
members of the terpene, epoxide, and alkane/alkene families.
High-level ab initio calculations, employing extensive GIAO
basis sets in conjunction with the time-dependent linear response
formalism of density functional theory, have been exploited to
elucidate the structural and electronic origins of observed chiro-
optical properties.

Direct comparison of analogous solution-phase and vapor-
phase CB measurements has provided a trenchant glimpse of
the environmental perturbations that mediate chiro-optical
properties in condensed media. For flexible solute molecules
(e.g., epichlorohydrin), these observations commonly can be
attributed to the differential solvation/stabilization of individual
conformers, each of which makes a unique and, oftentimes,
antagonistic contribution to the total optical activity. In contrast,
the pronounced solvation effects exhibited by nominally rigid
species (e.g., methyloxirane) must reflect attendant changes in
the static and dynamic distribution of electron density, with
specific rotation parameters extracted under isolated (solvent-
free) conditions surprisingly found to resemble those obtained
in solvents of high polarity. Such anomalous behavior is the
subject of ongoing investigations; however, the basic theory
governing chiral matter-field interactions suggests that solvent-
induced quenching and/or shifting of certain excited states (i.e.,
diffuse manifolds of substantial Rydberg character) might play
a pivotal role. On the other hand, even in cases where the
potential energy landscape is dominated by a single configu-
ration of the nuclear framework, the influence of vibrational
(zero-point) motion upon chiro-optical response remains a
largely unexplored issue.43,63,77,85

By lifting the veil of solvation and revealing the intrinsic
response evoked from isolated (solvent-free) molecules, the

present investigations of nonresonant optical activity can fill
several notable voids in our understanding of chiro-optical
phenomena. On one hand, differences uncovered between the
solution-phase and vapor-phase CB of rigid species yield clear
evidence for solute-solvent perturbations, which are found to
be surprisingly strong and pervasive even in the case of
nonspecific coupling. This unequivocal resolution of environ-
mental effects provides an essential ingredient for systematically
improving current theoretical models of chiral solvation pro-
cesses, a prerequisite for any viable attempt to address the
complications incurred by conformational flexibility. At the
same time, the interrogation of isolated-molecule behavior under
well-defined experimental conditions furnishes the body of
refined data needed to critically assess burgeoning ab initio
calculations of optical activity and to impartially gauge their
potential for assigning absolute stereochemical configuration.
In pursuit of such goals, ongoing work in our laboratories has
targeted a variety of judiciously selected compounds that
embody physical/chemical characteristics and structural motifs
designed to elucidate the electronic provenance of chiro-optical
behavior, as mediated by structural nonrigidity (conformational
flexibility and vibrational motion) and solute-solvent interac-
tions. Related efforts have been directed toward further develop-
ment of the CRDP methodology, including enhanced wavelength
versatility and agility, as well as the ability to probe resonant
CD features in rarefied media.
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