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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 revealimginisec
chiro-optical response evoked frasolated(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 seldlvent 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 work reported in this paper focuses on the related phenomenon
¢ of nonresonant optical activi/tl14 ultimately striving to

molecular interactions play pivotal roles in diverse fields of ';rar;s?orr?hsucr; fa(;!le p(]zlari)mel'tr[[c mfasurehments Imt;) verigtlle
physical, chemical, and biological importariceranging from ools for the extraction of (absolute) stereochemical information.

fundamental investigations of parity nonconservati@nd Electromagnetic radiation propagating through a chiral me-
asymmetric catalysigo the interminable quest for the origins  dium experiences a complex index of refractign= n + i)

of life.5 A key issue for all of these endeavors is determination that differs in both realAn = n_ — ng) and imaginary A« =

of the absolute configuration for a targeted species, as defined«L — «r) parts for the two polarization states comprising the
most commonly by elaborating the three-dimensional arrange- helicity (or circular) basi8:!* The resulting phenomena of
ment of substituents about each stereogenic center. Twocircular birefringence (CB foAn = 0) and circular dichroism
venerable methods have emerged for accomplishing this crucial(CD for Ax = 0) lead to observable effects in the form of
taskdirectly, X-ray diffraction analysés(which demand high- nonresonant (linear) polarization rotation and resonant (circular)
quality crystalline samples as well as additional phase informa- differential absorption, respectively, which are connected for-
tion deduced from anomalous dispersion effects) and rational mally through extension of the canonical Krameksonig
total syntheségwhich can be time-consuming, labor intensive, relationships! The molecules (of opposite handedness) that
and costly)Indirect strategies, including those based on X-ray Comprise an enantiomeric pair long have been known to display
characterization of diastereomeric crystais clever magnetic ~ wavelength-resolved optical activities (CB and CD) of equal
resonance and mass spectromettiprocedures, have been magnitude but inverse sign, thereby affording a facile means
shown to be of considerable utility; however, their fruitful for their relative discriminatiod® Unfortunately, the a priori
application requires the controlled action of supplementary correlation of a specific chiro-optical response (sign as well as
(chiral) complexation agents that must bind selectively to the magnitude) with an individual enantiomer still presents formi-
molecule of interest. The inherent difficulties and limitations dable challenges, usually requiring supplemental chemical
of these schemes have motivated substantial efforts to identifyresults and/or semiempirical models to reach a definitive
alternative means for discriminating chiral structure, particularly assignment. While the basic theoretical framework governing
in systems where pronounced conformational flexibility or chiral matter-field interactions was established at the dawn of
unusual bonding motifs preclude the use of established tech-quantum mechanic$;'® reliable computational methods for
niques. Recent years have witnessed the rapid development opredicting molecular optical activity are just beginning to
chiro-optical spectroscofy!! for the in situ assignment of ~ emerge*1*37 Such ab initio calculations are crucial for the
absolute molecular configuration, with the complementary extraction of stereochemical information from chiro-optical
vibrationally mediated probes of Raman optical actditiROA) measurements; however, their inherent difficulty has been
and vibrational circular dichroist (VCD) found to be espe- ~ compounded by the fact that essentially all laboratory data
cially promising. The concerted experimental and theoretical available for comparison purposes stem from solution-phase
studies that are subject to significant and, as of yet, poorly
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- - plotted on the ordinate scale. The dashed curves follow from
(S) — methyloxirane + the interpolation of canonical solution-phase polarimetric mea-
surements performed at discrete excitation frequencigs (
denoted by the individual symbols, with concentrations being
kept low enough to minimize solutesolute interactioné! The
selected solvent species span a wide range of chemical and
physical characteristics, including permanent electric dipole
momentsyu, dielectric constank(v), and refractive indices
=507 - T n(v) ~ «(v)¥2. Even a cursory inspection of Figure 1 reveals
ot marked differences among the solution-phase results, reflecting
—-100 £ e ; : A 4 the substantial influence of solvation and showing that the
t + + + observed quantity is not an intrinsic property of the isolated
. o solute molecule. This anomalous behavior is made more evident
100 + o T by the fact that all traces have been “corrected” for local field
e e Nt i, - effects through use of the well-known Lorentz fact®#®
ys(v) = (e(v) + 1)/13 ~ (n(v)2 + 1)/3, which stems from a
rudimentary continuum-dielectric model that often has been
invoked (with some trepidatid®29 to account for the nonspe-
cific influence of solvation upon chiro-optical response. Clearly,
4 analogous studies conducted in a solvent-free (gaseous) environ-
ment are essential for the reliable extraction of unperturbed (or
3§ intrinsic) molecular properties.
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Figure 1. Nonresonant optical activity in model chiral systems. Optical ; ; ;
rotary dispersion (ORD) curves, showing the dependence of specific The basic CRDP apparatus and accompanying alignment

optical rotation on excitation wavelength, are plotted for two model pro_cedure_s _employed for the presen_t Inyestlgatlons of gas-phase
organic compounds S-methyloxirane and$)-epichlorohydrin. The optical activity (at nonresonant excitation wavelengths of 355
depicted results follow from canonical liquid-phase polarimetric studies and 633 nm) were similar to those reported previod%fy;
performed on a variety of dilute solutions (dashed curves and openedhowever, a brief description of the most salient features will
symbols: cyclohexane); carbon tetrachloride<¥); di-n-butyl ether prove useful for the ensuing discussion. Tunable light in the
(v); ethanol &); benzene £); and acetonitrile©)), as well as from  yisiple/yltraviolet region of the spectrum was obtained by
corresponding density functional calculations (solid red curves and pumping a high-resolution pulsed dye laser (Lambda Physik

hourglass symbols) and from analogous CRDP vapor-phase measure . . . '
ments ®). The first electronic absorption bands for the targeted species F-3002E; 0.035 cm' bandwidth) with the second harmonic

appear well below 200 nm, highlighting the nonresonant nature of the Of an injection-seeded Nd:YAG system (Spectra Physics GCR-
observed chiro-optical response. 4-20; 20 pps repetition rates 10 ns pulse duration). While the

fundamental dye laser output was utilized for 633 nm work,
under solvent-free (gas-phase) conditions, thereby lifting the veil studies performed at 355 nm necessitated that it be frequency
of solvation and revealing the chiro-optical response evoked doubled (INRAD Autotracker 1ll; BBO crystal) with the
from isolated molecules. This task has been made possible bygenerated ultraviolet being isolated by a set of four Brewster
our development of cavity ring-down polarimetry (CRGP§? angle prisms. The resulting light beam propagated through a
an ultrasensitive polarimetric scheme designed to interrogatevariable attenuator before entering a Keplerian telescope where
both CB and CD phenomena in rarefied media. In brief, CRDP it was spatially filtered and refocused to match the mode
builds upon the exquisite detection capabilities afforded by long- structure of a ring-down cavity having a measured length of
path-length cavity ring-down spectroscopy (CRB%Ss aug- L = 149.355(79) cm (one standard deviation uncertainty in the
mented through incorporation of polarization-selective compo- final two significant digits).
nents into the light injection stage, stable resonator assembly, The mode-matched CRDP excitation beaw8(ns pulse
and signal detection train of a conventional (pulsed) CRDS duration; 3-5 uJ pulse energy) passed through a circular
apparatus. Direct comparison of the resulting vapor-phase opticalpolarizer composed of a tandem calcite prism (linear polarizer)
activity parameters with their solution-phase and ab initio and quarter-wave platé/@-retarder) prior to entering the linear
counterparts can afford a trenchant glimpse of the pronouncedresonator assembly though the planar rear surface of one cavity
and, oftentimes, counterintuitive effects incurred by nonspecific mirror. The mirrors employed for 355 nm and 633 nm studies
solute-solvent interactions. (Research Electro-Optics) possessed reflectivitiés»f99.95%

The investigation of optical activity in condensed media has and R > 99.99%, respectively, with the attendant radii of
enjoyed a long and fruitful histordf,serving to elucidate many  curvature for the substrates being 1 and 1.5 m. Two intracavity
of the key features that distinguish the structure and dynamics zero-ordeii/4-retarders having superior antireflection coatings
of chiral molecules. The underlying motivation for our attempt (Alpine Research OpticR < 0.15% per surface) were located
to extend these efforts to the vapor phase is demonstratedd = 15.489(30) cm from each mirror face so as to correct for
succinctly by Figure 1, which presents optical rotatory dispersion the inversion of light helicity incurred by retroreflectiéh3®
(ORD) data obtained by monitoring nonresonant CB as a Careful alignment of these components allowed a stable,
function of excitation wavelength for two model organic linearly-polarized field to be established in the central

compounds,$)-methyloxirane andS)-epichlorohydrin. Specific | =L — 2d= 118.375(98) cm portion of the apparatus, thereby
optical rotation, {x]{, expressing the angle of linear polariza- making this region (of fractional length= I/L = 0.79257(78))
tion rotation (deg) recorded at temperatiirand wavelengtii sensitive to the accruing effects of natural optical activity

per path length (dm) and per concentration (g/mL), has beenimposed by the introduction of chiral vapors. All experimental
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data were acquired through use of the phase-sensitive or 1.0 f . ' . =
modulated mode of CRDP operati8nwvhereby mechanical :' — 0.024 ' ' -
adjustment of the intracavity retarders imposes a polarization _‘;’ 0.8 = 1
oscillation of known frequency upon the exponentially decaying £ ?’ 1
temporal profiles of the evacuated ring-down apparatus. @B 06 - 2 0011 1
Light emerging from the high-finesse resonator assembly was & 5 1
analyzed by utilizing a tandem quarter waveplate and calcite &, | ™ oS WM AL A\ T
prism to project it onto two orthogonal axes of linear polariza- & “‘“"j'a . - 4 |
tion, nominally representing polarization states parallel and .z | R e (;;) L
perpendicular to that injected initially into the active cavity § ™
region of length. The polarization-resolved photons impinged 2 &% T T

upon the photocathodes of matched photomultiplier tubes with
the resulting pair of electrical signals, reflecting the intensities
Iy and I, being directed into separate channels of a digital _
oscilloscope (Tektronix TDS684B; 1 GHz bandwidth, 5GS/s 7. 0 -
sampling rate) where they were averaged over 4000 laser pulsess  _; |
prior to being transferred to a personal computer for further g
processing. Reduction of the intrinsic oscilloscope bandwidth 'E =)
to 20 MHz by means of an internal electronic filter provided Z -3 {
an effective means for suppressing mode-beating features.2
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 forR{-propylenesulfidé? (9)-2- ' ' ' - ' -
chloropropionitrile?® (R)-2-chlorobutané4 and R)-3-chloro- 0 ! B 3 4 5 6 7
1-butené® required that they be synthesized in-house according Sample Pressure (Torr)
to procedures described in the published literature. Tabtes 1 Figure 2. Demonstration of nonresonant optical activity measurement
provide a synopsis of targeted species, partitioning them into by CRDP. In the top panel, the relative intensity of 355 nm light
families of structurally related terpenes, epoxides, and alkanes/transmitted through a ring-down polarimeter is plotted as a function of
alkenes. Although the accompanying information regarding g?qeu{felﬁt'ivf ﬁﬁéh?nglfﬁ?arlﬁf f’n“cl)fjid c')?sgggf;['ig"rt"og' Tmhce)f“eto(i‘;ﬁg ";’ﬁere
Chem'_cal _and enantiomeric purities usually was taken from the erpendicular detection channel, with signal traceg displayed for an
specifications of the manufacturer, these data were corroborateCempty apparatus (solid curve) and for one containing 6.610 Torr of
by measuring the specific optical rotation for the neat liquid ambient §)-epichlorohydrin vapor (dotted curve). As highlighted by
with sodium D-line excitation Q]ZDSOC)- The purities of R)-3- the inset, the action of natural optical activity leads to a marked shift
chloro-1-butene andR)-2-chlorobutane were determined di- in the oscillation frequency from which the chiro-optical response of
rectly through use of chiral gas chromatography while that of the sample can be extracted. The bottom panel shows the dependence

S . . of measured 355 nm polarization rotation per unit path lengtian
(9-2-chloropropionitrile was obtained by converting to the gpjchiorohydrin pressurey. The linear scaling with number density

amide and comparing the attendaru]ﬁﬁcC value to that and accompanying zero intercept confirm the isolated nature of the
reported for samples of known enantiomeric exdéss. targeted species. Least-squares regression yields a slope of

To minimize potential sources of contamination, each chiral d¢/dp = —9.420+ 0.090 mdeg dm" Torr™* which corresponds to a
compound was subjected to at least three fregzenp-thaw specific rotation of §]325,, = —238.7+ 2.3 deg dm* (g/mL)* (one
cycles prior to having its vapor introduced into the CRDp Standard deviation uncertainties).

apparatus (which had been evacuated 1@ 6 Torr by means o . .

of a baffled, diffusion-pumped vacuum system). Sample pres- excitation wavele_ngth of 355_nrr_1. The top pane_l depicts ring-
sures were maintained at constant values spanning the range of®Wn traces obtained by monitoring the perpendicular detection
0.3-100 Torr as measured by factory-calibrated capacitance channel (i.e.|g) as a function of time (referenced to the instant

manometers (MKS Baratron). The resulting gas-phase measurelhat the incident light pulse first enters the cavity). Results are

ments of nonresonant optical activity were compared with presented bo'gh .for an evacuated polarimeter (solid .curve) and
analogous solution-phase results obtained through use of al© On€ containing @ = 6.610 Torr sample of ambiensk
commercial polarimeter (Perkin-Elmer 341; 1 dm sample path eplch_lorohydnn vapor (dotted curve). These data sets were
length) operating at discrete excitation wavelengths filtered from acquired sequentially tthUQh_ use of thg pljase-se_n3|_t|ve or
Nal and Hgl atomic emission lamps. Solvents employed for modulated.mode of operatighwith the pqlanzanon (_)scnlathn
the latter work were of spectrophotometric grade (Sigma- freduency imposed upon the exponentially decaying profile of
Aldrich), except for ethanol (ACS grade: 200 proof) and carbon (€ €mpty apparatusy;, being determined by mechanical
tetrachloride (ACS reagent grade; 99.9%). Theoretical predic- adjustment of the |ntracaV|ty4-retardat|on plgtes. In part!culgr,
tions of structural parameters and chiro-optical properties for @0 (OF @, for p = 0) describes the rate of linear polarization

all targeted molecules were obtained through use of the rotation (in units of angle/time or, equivalently, angle/length)
Gaussian03 ab initio prograff. as light repeatedly traverses the optical resonator assembly. The

signals emerging from the parallel detection channel (igg.,
lll. Experimental Results were recorded simultaneously and found to be similar in shape
The unique capabilities afforded by CRDP for the interroga- to their |5 counterparts, exhibiting oscillations of identical
tion of optical activity in rarefied media are demonstrated frequency but of quadrature phase.
explicitly by Figure 2, which highlights CB measurements The introduction of a chiral vapor into the CRDP apparatus
performed on gaseous epichlorohydrin at the nonresonantproduces a change in the rate of polarization modulation as the

1 > 3 3
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action of natural optical activity either increases or decreaseswhere ¢ = (e, + ¢r)/2 and ¢ = wAn/A denote the total
w,, relative to that of the evacuated instrumé&ht) with the absorption/scattering (or net attenuation) per unit path length
sign of the observed frequency shift depending on the enantio-and optical activity (or polarization rotation) per unit path length,
meric form of the entrained species. While the resulting respectively, whilex represents the complement of the displace-
frequency differenceAw, = w, — wy, is expected to be  ment angle established between the fast axes of the two
minute in magnitude, the enormous effective path length realized intracavity waveplates. It is important to recognize thatas
by having light undergo multiple reflections in a high-finesse well as¢) should scale linearly with target number density and
resonator assembly greatly enhances the manifestation of suchdrop to zero in the limit of an evacuated apparatus. In contrast,
effects. This is demonstrated clearly by the top panel of Figure the value ofa is fixed by mechanical alignment of the
2 where the inset presents an expanded view of the divergingA/4-retarders within the polarimeter body and should remain
temporal behavior exhibited by the twg traces (for empty constant independent of the sample pressure. The quantity
and filled polarimeters) in the vicinity of @s which corresponds R (0 < R < 1) appearing in egs 2 and 3 defines the effective
to a sample path length in excess of 1 km. As discussed below,reflectivity for each mirror in the resonator, embodying the
the measured value dfw;, can be converted readily into the efficiency of the mirror coating as well as the inevitable losses
angle of linear polarization rotation accrued per unit distance, introduced by the adjacent intracavity waveplate.
¢, which, in turn, can be combined with the known density of  SinceN is related to the round-trip period of an optical pulse
target molecules to yield the specific optical rotation at excitation trapped in the resonator assemlijy= 2L/c, it follows thatl,
wavelengthl, [a];. and Ig can be recast as functions of time. The resulting
The quantitative extraction of optical activity information exponentially decaying temporal profiles are preditem
from temporal data sets such as those depicted in the top panebscillate at a common frequency determined by the combined
of Figure 2 builds upon our previously reported theoretical effects ofa and¢l, which collectively govern the rotation of
analyses of the CRDP methodolo#fyin brief, this treatment polarization taking place in the active region of the polarimeter.
relies upon a matrix representation of polarization $fate Complications arising from polarization imperfectiéhge.qg.,
describe the changes in transverse characteristics accrued asla= 1 in eq 1) can be mitigated by subtractihgfrom I, with
beam of light undergoe round-trip passes through the linear the quadrature relationship between the polarization modulations
resonator assembly (of length) that forms the heart of the  superimposed on these concurrently recorded traces leading to
apparatus. It proves convenient to consider the radiation

introduced initially into the active region of the polarimeter (of 1, — I = /b(2 — b)e " " URNcos[2(N + 1)(o + ¢l)]
lengthl = L — 2d) to be polarized completely, but not in a o

strictly linear sense, such that the amplitude-normalized polar- =Ag "tCOSkDpt + @ (4)
ization vector for the injected electromagnetic field has the

forms39:47 where A, = +/b(2-b) e, T, = c(llIn R + eL)L,

wp = 2¢(a. + ¢l)/L, and®p, = 2(a. + ¢l) denote the amplitude,
_ Vb 2—Dbl. . 2—Dbl. decay rate, angular modulation frequency (with = 2wy),
P = 2 1+ A 1- A 1) and relative phase factor, respectively, for the I difference
signal. The subscript ofg” affixed to each of these quantities

where §, and &; denote orthogonal unit vectors that span the emphasizes that they should depend on the pressure of chiral
plane transverse to the direction of collimated beam propagation.vapor introduced into the CRDP apparatus. The transformation
The parameteb (0 < b < 2) adjusts the polarization state of of variables embodied in the second equality of eq 4 has
the attendant wave from right circulao & 0) through linear exploited the fact that = Nt; = 2NL/c in order to convert
(b = 1 whereP; = §)) and onto left circularlf = 2). Forb between the number of round-trip passdsgnd the ring-down
close to unity,P; describes an injected electromagnetic field time ().3°
that is polarized elliptically with its major axis aligned along The time-domain difference signal defined by eq 4 closely
the direction specified b, This situation is reminiscent of  resembles that of an idealized free-induction decay (FID), as
that encountered when a linearly polarized beam of light passesoften encountered in the realm of magnetic resonance spectros-
though a transparent, yet slightly birefringent, medium (e.g., a copy“® Consequently, Fourier transformation with minimal zero-
cavity mirror substrate}® padding (2-4x) was used to obtain the frequency-domain

Given the expression fdp; in eq 1 and assuming that the | — Iy power spectrum for a simultaneously recorded pair of
excitation wavelength is removed sufficiently from resonance I, andlg traces, with subsequent nonlinear least-squares regres-
such that CD phenomena justifiably can be neglected sion based upon a Lorentzian line shape model allowing for
(Ae = e, — eg = 0), the intensities recorded on the parallel quantitative extraction of the angular modulation frequengy
and perpendicular detection channels of the CRDP apparatudn particular, the desired chiro-optical response of the gaseous

are predicted to have the forfs target medium can be isolated fromp, = 2c(ac + ¢l)/L by
examining the change in this quantitw,, between a filled
N —aons ol 1— /b2 —b) (at pressurep = 0) and evacuated (at pressupe = 0)
I, = RPNe f-i- polarimeter:
vb(2 — b)co[(2N + 1)(o + ¢|)]} 2) Awy= 0, — 0y = 20(|[)¢> = 2cfg (5)
| = RNgeLeN+ 1){ 1—4/b(2—Db) N Wher_e_f =I/L dgnotes_the fraction_ of the (_:avity Ien_gth_t_hat is
0 - 2 sensitive to optical activity (the active fraction) atg signifies
the value ofw, for p = 0.
MSinz[(ZN + 1)+ ¢|)]} ©) The lower panel in Figure 2 illustrates the pressure depen-
dence for the angle of linear polarization rotation per unit path
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TABLE 1: Specific Optical Rotation of Model Terpene Compound$

Calculated Specific Rotation
Excitation Measured Extrapolated for Isolated Molecule
Optically-Active Purity and Wavelength Gas-Phase Solution-Phase B3LYP B3LYP
Sample Density (g/mL) (nm) Specific Rotation | Specific Rotation (pVDZ) (pvVTZ2)
(IR, 5R)—a—Pinene | 299% (97% ee) 355 188.2+22 171.2 102.6 104.7
[ = 49.93
4=0.856 633 463+2.5 43.4 385 380
(1S, 59)-0-Pinene | - 9994 (9796 ec) 355 ~187.0+ 24 -171.2 ~102:6 -104.7
[a]%¢ =-50.65
d=0856 633 —46.0+2.5 —43.4 -38.5 -38.0
(1S, 55)-B~Pinene | > 9994 (97% ce) 355 69.7+3.2 24.7 260.6
[o] € =-21.59
J=0.866 633 —4.66 +0.60 -18.3 21.3
(1R)—cis-Pinane 99% 355 61.9+35 82.8 71.0
[a]5€ =23.68
d=0856 633 122+26 18.1 15.8
(R)-Limonene | 970 (98% ee) 355 315.5+ 7.4 407.1 270.3
[o]°¢ =122.80
) d=0.840 633 62.1+7.1 100.1 76.3

a Specific optical rotation CL]§5°°) is tabulated in the units of deg d(g/mL)~ 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 Vﬂ]é%g @bflium D-line
excitation) and densityd( 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 calaufigiibns c
out by means of B3LYP/aug-cc-PVDZ and B3LYP/aug-cc-PVTZ density functional methods. The ab initio resultpifeme,s-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/6-3HtG* 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.

length, ¢ (in mdeg dnl), extracted from 355 nm CRDP
measurements of CB in ambiei@{epichlorohydrin vapor. As
expected for isolated, gas-phase species, a linear relationship
is found to hold betweer andp, with least-squares analysis
revealing a null (to within experimental uncertainty) zero-
pressure intercept afp = —54 + 84 udeg dntl. Of special
importance for the quantification of optical activity is the
corresponding slope¢ddp = —0.9420(90) mdeg dmi Torr!

(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 ] (18.58) - (-) - a - Pinene
of an ideal gas, yields a specific optical rotation value of 0.0 0.5 1.0 1.5 20 25 3.0

[a]:zag;(r;wm: —238.7+ 2.3 deg dm* (g/mL)™. Sample Pressure (Torr)

To assess the_ 0Vera”_ fe"a}bi”ty of CRDP as a probe of Figure 3. Pressure dependent CRDP studies on optically-pure and
nonresonant optical activity in the vapor phase, pressure-racemica-pinene. The measured 355 nm optical rotation per unit path
dependent studies were performed in tandem on the twolength is plotted as a function of pressure for vapor-phase samples of
enantiomers ofa-pinene (cf., Table 1), as well as on their (R)-a-pinene, §-a-pinene, and racemia-pinene. As expected, data
corresponding racemic mixture. As highlighted by Figure 3 sets acquired for the optically pure enantiomers scale linearly with

o . ; . number density, exhibiting nonzero slopes of equal magnitude, but
polarization rotation data acquired for optically pui®)-¢.- opposite sign. Regression analyses yieldy/dd values of

pinene and§-a-pinene vapor gave nonzero slopeg/(tp) of +1.380 + 0.016 and—1.371+ 0.017 mdeg dm' Torr%, which

equal magnitude (to within experimental uncertainty), yet correspond to specific rotationsoffss,) of +188.2 + 2.2 and

opposite sign, leading to 355 nm specific rotation parameters —187.0+ 2.4 deg dm* (g/mL)* for the R) and ) forms, respectively

([a]gg;%n) of +188.24 2.2 deg dm! (g/mL) ! and—187.0+ (one standard deviation uncertainties). The null valug obtained at

2.4 deg dm? (g/mL)~1, respectively. In contrast, a null value all sample pressures for the racenigpinene mixture is in keeping
. .with the anticipated absence of net optical activity.

of ¢ was measured at all sample pressures in the case of racemic

o-pinene. These results are in keeping with the inverse chiro-

optical response predicted for the molecules comprising an  Given the substantial electromagnetic field strengths available

enantiomeric pair and the absence of net optical activity expectedfrom pulsed laser sources, it is interesting to speculate on the

for their racemic mixturé?®11 possible roles that higher-order interactibtfsnay play for the

b

(1R,5R) — (+) — . — Pinene

Racemic « - Pinenc

T ---B--F--F--F--F-F--F--F--F--F--F

Polarization Rotation (mdeg dm™')
(=]
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interrogation of optical activity by (laser-based) CRDP tech- equilibrium geometry with a 3-fold barrier to methyl rotation
niques. While resonant two-photon CD has been explored of 2.7 kcal/mol height? the more flexible nature of epichlo-
extensively?°0 theoretical predictior?$ for the existence of  rohydrin (bottom panel) leads to several low-lying structures
analogous nonlinear or multiphoton CB phenomena have beenof similar energy (vide infra). The 633 nm results for isolated
corroborated by only a handful of solution-phase stugfés. and solvated9-methyloxirane are in good accord (excluding

In particular, Cameron and Tabfzmployed strongly focused  the case of benzene solvent); however, a substantial discrepancy
308 nm radiation from a nanosecond-duration excimer laser is present at 355 nm wheralfz.,apparently changes sign as

to demonstrate that extracted specific rotation parameters,the surrounding solvent molecules are “removed” from the chiral
[o]30snm could be decomposed into contributions arising soluteS As discussed below, much less satisfactory agreement

from simultaneous one-photongP]},,., and two-photon, is found for ©-epichlorohydrin, reflecting the differential
[0*(2)]-1'3—08nm processes. Experiments conducted on aqueous uri_Stabilization of solvated conformers each of which contributes
dine and sucrose solutions.2 M) at fluences 0f-27.8 J/crd uniquely to the total specific rotatiof:>>>7It should be noted
gave BN g {0 oenm ratios of —1.8 x 1073 and —5.5 x that a handful of attempts to observe polarization rotation in

chiral vapors have been documented since the discovery of

1074, respectively, with the magnitude ofP’]%,s.. found to , _ .
b y g l3os0m chiro-optical phenomena nearly two centuries &joowever,

scale quadratically as a function of laser power. Such conditions . . o
are to be contrasted with those utilized for the present CRDP our CRDP work sgrprlsmg_ly represents t_he first quantitative
work, where the minute fraction of excitation light that passes €Xtraction of such information under ambient conditions.
through the resonator input mirror AR < 5 x 10-4) leads to Nonresonant CB imposes unique challenges for quantum
intracavity fluences of less than7 10~7 J/cn? (assuming an chemistry calculations since this composite electric/magnetic
intracavity beam waist of 0.03 cm). This represents nearly 8 property reflects dynamical response of thetire electronic
orders of magnitude reduction in Optica| energy relative to that distribution to oscillating electromagnetic fields (rather than
needed by prior two-photon CB investigations and would tend depending primarily on the electronic provenance of a localized
to discount significant influence of higher-order nonlinear/ chromophore as often is the case for resonant CD). Nevertheless,
multiphoton effects, an assertion supported by the lack of any recent years have witnessed the rapid development of coupled
discernible intensity dependence in our gas-phase measurementglusteP® (CC) and density functional thed®f* (DFT) tech-

of chiro-optical properties. niques designed specifically for the ab initio prediction of ORD

Tables 13 present a summary of specific optical rotation Profiles. Owing to its accurate incorporation of electron-
parameters determined at the two available CRDP excitation correlation effects (essential for the quantitative description of
wavelengths of 355 and 633 nm under ambient @35 bulk- electric and magnetic interactions), CC long has been recognized
gas conditions. These quantities are meant to augment and® Provide the superior theoretical framewdfdiowever, the
supersede those emerging from our prior wifwith the use substantially greater computational efficiency afforded by DFT
of pressure-dependent analyses (cf., Figure 2) rather than theMethods has led to their dominance in studies of chiro-optical

i i henomend?17-21.23,24,.28,36.635yccessful application of the
averaging of many data sets acquired at comparable pressureBN€nomen ! | app
(as previously employed) thought to enhance substantially the "eduisite time-dependent density functional formafisgTD-
overall accuracy of extractedaﬂ values. Indeed, the ac- DFT)' demands use of Iargg baS|s.sets tha}t include diffuse
companying one standard deviation uncertainties, obtainedfunctions on all nUCI_e}?’M(S‘éV'th the introduction of gauge-
through conventional propagation of error techniques, are found Mvarnant atomic orbitaf§'®® (GIAOs or London orbitals)
to be in excellent accord with the reproducibility gauged by Yielding [a]; values that are independent of coordinate origin
repeating CRDP experiments at different times. Aside from (magnetic properties generally depend on the gauge origin
pertinent information regarding the purity of targeted chiral Selected for the vector potenfigl and converge rapidly to the
samples, Tables-13 also contain ab initio predictions for the ~Nypothetical complete basis-set limit (since GIAOs respond
nonresonant optical activity of isolated (solvent-free) molecules COrrectly to magnetic fields through first or@r Recent
as well as analogous condensed-phasglf, and pg2< TDDFT/GIAO analyses conducted on a series of rigid chiral
parameters interpolated from discrete-wavelength polarimetric ©©Mmpounds have suggested that the average discrepancy attained
studies performed on dilute<Q.1 M) cyclohexane solutions. for speuflc_rotgtlon calculations at the' sqdlum _D-Ilne (a_ls gauged
The tabulated theoretical results reflect properties calculated forPY comparing isolated-molecule predictions with solution-phase
the optimized (minimum-energy) geometry of each molecular Measurements) to be25-35 deg dmi(g/mL)-1.19.2
framework, with the flexibility inherent to nonrigid species (e.g., ~ The hourglass symbols and solid curves in Figure 1 denote
limonene, epichlorohydrin, etc.) leading to several low-lying nonresonant optical activity predictions made for isolat®d (
conformers that often display antagonistic chiro-optical behavior. methyloxirane and§)-epichlorohydrin molecules by means of
As discussed below, proper treatment of such systems demandsubstantial B3LYP/aug-cc-pVTZ and B3LYP/aug-cc-pVDZ
use of statistical averaging procedures to account for the thermaldensity functional treatments, with requisite equilibrium geom-
population of multiple structural isomers. etries being optimized at comparable MP2 levels of theory (MP2
often gives more reliable predictions of equilibrium structures
than DFT)% As discussed in detail below, three low-lying
conformers were identified for epichlorohydrin and accounted

Figure 1 highlights the dual role that the chiro-optical response for by thermally averaging the corresponding specific rotation
of an isolated molecule can play for elucidating the origin of parameters at each excitation wavelength. While these compu-
solvent effects and assessing the reliability of theoretical tational results mimic the CRDP gas-phase behavior, discrep-
calculations. The filled circular symbols appearing in this figure ancies between experiment and theory appear to increase as the
follow from pressure-dependent CRDP measurements of gas-incident light frequency approaches electronic resonance (oc-
phase optical activity performed at the nonresonant excitation curring atA < 200 nm). Analogous conclusions can be gleaned
wavelengths of 355 and 633 nm. While the ground electronic from the TDDFT/GIAO predictions compiled in Tables-3
potential surface of methyloxirane (top panel) supports a rigid for all of the chiral species targeted during the present

V. Discussion
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TABLE 2: Specific Optical Rotation of Model Epoxide Compoundst

Measured Extrapolated Cal;ulalt edl StpgcﬁclRotla -
Excitation Gas-Phase Solution-Phase or Isolate olecule
Optically-Active Purity and Wavelength Specific Specific B3LYP B3LYP
Sample Density (g/mL) (nm) Rotation Rotation (pVDZ) (pVvVTZ)
(S)‘Mf)‘hybx“m 99.9% 355 7.49 £ 030 250 25 213
[a]F € =-13.93
A 0829 633 8394020 -143 -162 9.9
(S)_Eg‘chbmhyd"“ 98% (97% ee) 355 2387423 ~167.7 2260.8
[a]5 € =41.94
e d=1.183 633 -55.0+ 1.7 -30.4 -56.8
(5)‘1’3)“31’°"yb“me 98% 355 ~13.56 4 0.95 177 192 -16.5
[a]5 € =-9.73
d=0837 633 -1233£0.35 -13.1 -18.8 -175
® ‘M';‘hym““a“e 355 647423 63.2 -50.0 1137
/\ [aly € =48.79
d=0.946 633 365+1.7 26.9 47.1 256

a Specific optical rotation ({L]fm) is tabulated in the units of deg dim(g/mL)~! 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 va]§ES @bflium D-line
excitation) and densityd( 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 calaui@ibns c
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 MP2/6-31%+G** level of theory. Similar MP2/6-31+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 interestingto note th

[(1]?,5“C for neat §-epichlorohydrin is positive while analogous quantities measured under either (isolated) gas-phase or (dilute) solution-phase
conditions have the opposite sign.

investigation. The nominally rigid terpene family (cf., Table 1) Table 4 contains a summary of optimized structural param-
affords an especially insightful example of this phenomenon, eters, electric dipole moment magnitudes, and relative energies
showing that removal of the=C chromophore frona-pinene calculated for the three lowest-lying conformers 8fépichlo-

to obtain the structurally relaters-pinane system (which has  rohydrin at the MP2/6-3t+G** level of theory. As illustrated

its electronic transitions shifted to much higher energies) leads by the accompanying Newman projections, the global energy
to vastly improved 355 nm predictions for chiro-optical minimum for an isolated epichlorohydrin molecule, designated
behavior. In contrast, ab initio calculations performed on as thegauchel form, has the chlorine atom displaced essentially
B-pinene (which differs fronu-pinene only in the location of  as far as possible from the oxygen center of the epoxide ring.
the C = C moiety) fail to duplicate the zero-crossing found in Owing to increased steric repulsion, the remairgagchel and

both solution-phase and vapor-phase ORD data, thereby givingcis configurations are predicted to reside 0.55 and 1.50
the incorrect sign for(ﬂég;im and a value of(ﬂgg;%m that is kcal/mol, respectively, above theigauche Il counterpart.
much too large in magnitude. On a similar note, recent high- Consequently, a thermally equilibrated ensemble of gaseous
level CC analyséd33 have questioned the ability of TDDFT  epichlorohydrin will be a mixture ofauchell (0.634),gauche

to correctly reproduce the change in]f3<  sign that ac- 1 (0.270), and cis (0.047) species, where the values in paren-
companies “removal” of solvent molecules from a®)-( theses denote the fractional populations expected under ambient
methyloxirane solufé3134(cf., Figure 1 and Table 2), sug- (25 °C) conditions. By excluding vibrationally mediated isomer-
gesting that such findings stem from a fortuitous cancellation 1zation and tunneling processes, the computation of nonresonant
of errors inherent to the density functional scheme. optical activity at a given wavelengtii)(and temperatureTy

. . now must be expressed as a weighted average taken over the

Detailed comparison of the complementary vapor-phase and o . S T
solution-phase ORD data in each panel of Figure 1 reveaIsSpeCIfIC rotation of each participating conformen]J;:
pronounced differences between chiro-optical properties mea- conformers
sure(_j for.the targetgd ep(_)X|de systems. While solygnts pos- [(x]}: z c [a]li (6)
sessing high static dielectric constants (e.g., acetonitrile where
€ = 36.6) are found to best mimic the isolated-molecule behavior
evoked from §)-methyloxirane and other rigid chiral species where the fractional population coefficientss}, implicitly
(vide infra), the opposite trend appears to hold in the case of depend on sample temperature. Table 5 presents a compilation
(9-epichlorohydrin. As suggested by previous polarimetric of nonresonant optical activity parameters calculated for the low-
studies?>” this disparity can be traced to the conformational lying conformers of §)-epichlorohydrin at the B3LYP/aug-cc-
flexibility of epichlorohydrin®® which gives rise to several low-  pVDZ level of theory. For each excitation wavelength examined,
lying structural isomers that antagonistically contribute to the the chiro-optical response for tlgauchel species is found to
total optical activity. be of opposite polarity to that for either tlgauchell or cis
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TABLE 3: Specific Optical Rotation of Model Alkane and Alkene Compounds$

Calculated Specific Rotation
Excitation Measured Extrapolated for Isolated Molecule
Optically-Active Purity and Wavelength Gas-Phase Solution-Phase B3LYP B3LYP
Sample Density (g/mL) (nm) Specific Rotation | Specific Rotation (pVDZ) (pvTZ2)
(8)-2-Methylbutyronitrile | 989 (99% ee) 355 136.7 £ 4.0 110.1 1523 146.9
Neg & [o]%¢ =363
d=0786 633 354+23 29.0 39.9 38.8
(S)—2—Chloropropionitrile o
a (93% ee) 355 37929 —64.1 -60.6 -73.3
[o]%¢=-145
e \UH d=102 633 -6.8+23 -13.7 -12.7 -16.1
CHy
(R)~2~Chlorobutane (93.2% ee) 355 1214+ 12 -1115 ~127.8 -1213
B ), [o]¥°=-315
> d=08T3 633 -323+1.0 -28.6 338 -31.8
(9)-3-Chloro-1-Butene | (47.1% ee) 355 259.4+ 1.0 233.1 491.5 4937
NS [o]¥° =516
g "~ 633 533 +1.0 453 90.0 89.0
x d =0.900

a Specific optical rotation ({L]fs°c), corrected for enantiomeric exceds tabulated in the units of deg di(g/mL)~? 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 ot>L[§)5°C (sodium D-line excitation) and densityl,(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 (3ohalatiies

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 (MP2/6-3H#G*), and 3-chloro-1-butene (CCD/6-3+#-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 2

Vapor-Phase Acetonitrile Solution
Electric (£=1.0) (=36.6)
Dipole Relative Conformer | Relative  Conformer
Epichlorohydrin| O-C-C-Cl H-C-C-C1 | Moment Energy Population Energy Population
Conformer Torsion Angle | Torsion Angle £ D) (kcal/mol) (%) (kcal/mol) (%)
H
- . 163.2 -59.7 0.634 0.00 68.3 0.11 42.8
H
Gauche IT
H
L— HZ
a - -80.5 57.1 3.432 0.55 27.0 0.00 515
H
Gauche I
Cl
2
- 45.7 -176.1 2.486 1.58 4.7 131 5.7
Cis

2 The three lowest-lying conformers df)¢epichlorohydrin predicted at the MP2/6-3tG* 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 populatité@} f@t tbe
gauchel, gauchell, and cis forms are tabulated, with use of an IPCM implicit solvation model, suggesting that their energy ordering changes
between the isolated vapaor € 1.0) and acetonitrile solutiore (= 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 peectaicent
dipole moment (of magnitude in units of Debye) supported by each species.

form. This antagonistic behavior imparts a characteristic tem- molecules (with{c} values determined from relative con-
perature dependence to the overall specific rotation, necessitatingormer energies) are in reasonable accord with the gas-phase
use of the averaging procedure embodied in eq 6. As shown byresults obtained from CRDP measurements. Similar analy-
the ORD curves in the lower panel of Figure 1 and reinforced ses are required to account fully for the chiro-optical be-
by the numerical data in Table 5, the conformer-weighted havior exhibited by other nonrigid species (e.g., limonene and
ab initio predictions of @]I for isolated §)-epichlorohydrin epoxybutane).
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TABLE 5: Optical Rotation Parameters for ( S)-Epichlorohydrin 2

calculated specific optical predicted specific optical rotation measured
rotation for individual conformers (Boltzmann-averaged at 2&) solution-phase
excitation acetonitrile specific optical rotation
wavelength vapor phase solution acetonitrile solution
(nm) gauchell gauchel cis (e=1.0) (e = 36.6) (e = 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

aB3LYP/aug-cc-PVDZ linear response theory has been exploited to calculate specific optical rotation parameters (in dggnd)n?) at a
series of nonresonant excitation wavelengths for each of the low-lying structural isom&ygepidhlorohydrin. By taking into account conformer
populations under ambient conditions, Boltzmann-weighted value&]éﬁ 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 solveS}-&gielflorohydrin
is predicted to change sign in a dilute acetonitrile medium, an assertion in keeping with the results obtained from polarimetric measurements.

The three low-lying conformers of epichlorohydrin are 2 ~—_ " ) ' '
; ; P - 85 -~ 1

predicted to support grossly different permanent electric dipole = ~~o. _
moments (cf., Table 4), with the magnitude of this quantity for % 807 \l:r~\\\ v |
the gauchel form (3.432 D) greatly exceeding that for its cis + B S~<7
(2.486 D) andgauchell (0.634 D) counterparts. To explore ,g 70 4 a1
the ramifications for nonresonant optical activity in condensed ¥ 651
media, the ab initio energy for each structural isomer was = 6041 (@) A=355nm ]
recalculated by exploiting a polarizable continuum mét ,§ + + + + H
(PCM) to treat nonspecific solvation phenomena in conjunction L] ~——— ' '
with a static isodensity surface technidti¢o generate the g 18 T
requisite solute cavity. For a dielectric constant selected to mimic T 164 =Tl
acetonitrile € = 36.6), this IPCM approach suggests significant 2 1l a ]
stabilization of the more polar conformations, leading to a Q
change in relative energy ordering that hasghachel species g 129 _ T
as the global minimum (cf., solution-phase and vapor-phase §. 104 (6) A=633nm 1
energy predictions in Table 4). The attendant shifts in fractional @ t

00 01 02 03 04 05

population coefficients for a thermally equilibrated ensemble Onsager Dielectric Function

of (§-epichlorohydrin are found to reverse the polarity of total o ] ) ) )
specific rotation (relative to the isolated molecule) for all of Figure 4. Distinct behavior of chiro-optical response for isolated and

o o - solvated species. The specific optical rotationR)f¢is-pinane is plotted
the excitation wavelengths compiled in Table 5, reflecting, once against the Onsager dielectric functiae) = (¢ — 1)/(2 + 1), to

again, the antagonistic chiro-optical response evoked from conirast the behavior exhibited by isolated and solvated species. The
participating species. While our rudimentary analyses (which solid circular symbols and associated error bars represent gas-phase
combine implicit-solvation energy estimates with vapor-phase (¢ = 1.0) CRDP measurements performed at excitation wavelengths
[a]]; predictions) fail to reproduce the detailed wavelength ©f 355 (top panel) and 633 nm (bottom panel). The accompanying
depéndence of ORD curves recorded in dilute acetonitrile opened symbols show analogous solution-phase results interpolated

h - o . . from dilute cyclohexaned, ¢ = 2.02), din-butyl ether 0, ¢ = 3.06),
solutions, the key assertion of a sign inversion upon solvation acetone ¥, ¢ = 20.7), and acetonitrilex, ¢ = 36.6) polarimetric

does agree with the results of polarimetric measurements.  gdies. The dashed line in each panel depicts the extrapolation of
The surprising disparity between the nonresonant chiro-optical solution-phase response ¥ 1) to the vapor-phase limit(= 1.0).
response evoked from isolated and solvated species is empha-
sized by Figure 4 which plots specific optical rotation for the explicit exclusion of first solvation shell effects in the cybotactic
nominally rigid (R)-cis-pinane system against a quantity related region®® such continuum-dielectric models have been found to
to the static dielectric constar, of the surrounding medium.  provide reasonable descriptions for aprotic (sans hydrogen
The depicted data follow from CRDP gas-phase (filled symbols) bonding) and nonaromatic (dipole-dominated) solvents that do
and canonical solution-phase (opened symbols) polarimetric not engage in specific solutesolvent interactions.
studies, with the two panels distinguishing results obtained for The Onsager dielectric function has been used to explore
(a) 355 nm and (b) 633 nm excitation. The abscissa for each solvent effects exhibited by varied chemical processes (e.g.,
graph is defined in terms of the Onsager dielectric function, conformational equilibrium shift& barriers to internal rota-
d(e) = (e — 1)/(2¢ + 1), which spans the range 0=0g(e) < tion,”* and activation energies for bimolecular reacti§ysvith
0.5 as one moves from rarefied vaper< 1.0) to solvents of plots analogous to those of Figure 4 enabling monotonic
high polarity € > 1). This analysis builds upon the well-known extrapolation of solution-phase ¢ 1) results to their gas-phase
concepts of Onsager reaction field the@nyhere the multipole (e = 1) counterparts. Analogous theoretical frameworks have
moments of a (potentially polarizable) solute molecule, imbed- been enlisted to describe the influence of nonspecific solvation
ded in an isotropic and homogeneous continuum-dielectric upon frequency-dependent molecular properties, including
solvent, induce reflection moments that, in turn, act to electro- vibrational and electronic spectt&’® The solvents employed
statically stabilize the solute. In simplest form, this venerable for the present investigations of nonresonant optical activity have
approach encloses the solute in a spherical cavity of raalius been selected to span a significant portion of the accessible
and only considers the molecular dipole momgntthereby abscissa scale and to meet criteria imposed for fruitful exploita-
leading to a reaction fiel& (generated by the polarized solvent) tion of the dipolar reaction field model. Consequently, the
that scales in proportion tg(e), E = (2g(¢)/a®)u.”®7? Despite ordinate intercepts deduced from linear regression analyses
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would be expected to provide reasonable estimates for the chiro-where the summation is performed over all electronically excited
optical response evoked from isolated solute molecules. Obvi- manifolds. While the rest frequency for thetl |glfesonance
ously, such predictions are not realized since CRDP measure-follows from the difference in unperturbed energies for the
ments of f]5am and zaa, for solvent-free R)-cis-pinane  participating statesweq = (Ee — Eg)/fi, the corresponding
are found to be substantially smaller in magnitude than dephasing rate can be expressed as the average value of attendant
extrapolated (reaction field) values. Similar conclusions have depopulation ratesl'eg = 1/2(Cee + g9 + Ty with an
been found for all of the chiral species examined by our additionalT, term stemming from pure-dephasing processes
polarimetric studie43 (e.g., elastic collisions) that disrupt molecular coherences but
The anomalous scaling with dielectric constant illustrated in do not affect molecular populatiofi$.
Figure 4 suggests that a serious incongruity exists between The CB phenomena that dominate under nonresonant condi-
specific rotation parameters acquired under solvated and isolatedions (@ = weg are characterized by a difference in refractive
conditions, with the latter routinely displaying characteristics index for left-circular and right-circular helicity states,
reminiscent of those found in solvents of high polarity. This An(w) = n.(w) — nr(w), with the angle of linear polarization
unexpected result casts fundamental doubts on the relevanceotation per unit path length of chiral medium being defined
of comparisons often made between canonical (solution-based)by ¢(w) = (w/2c)An(w).**! The requisite value oAn(w) for
measurements of nonresonant optical activity and ab initio such optical activity calculations follows from the imaginary
predictions of corresponding solvent-free properties. Indeed, part of the trace ovey®(w):™®
direct inspection ofd]5aamand [55sm,values has shown that
solvents possessing substantial dielectric constants (e.g., aceto-An(w) O Im{ Tr[;™(w)]}
nitrile and acetone) consistently provide a better mimic of vapor-

phase behavior than their less-polar counterparts (e.g., cyclo- = Im[$w) + X&,)(w) + 7B()]

hexane), a result that would appear to contradict conventional B "

wisdom regarding the nature of attendant sohsgelvent Di Weg— @ _ Weg ™ @ e

perturbations. PRY: 2 2 2
Solvent molecules long have been known to markedly & (Weg= @)+ T (weg @)+ Teg

influence both the magnitude and the sign of chiro-optical o e9R

responsé? In the case of flexible solutes such as epichlorohy- l_ 20—

drin, these observations commonly have been attributed to %#gwegz_ w? ©)

geometrical relaxation of the nuclear framework that results in

the differential stabilization of specific conformefsy”."7."&ach , . . . -
of which can possess unique and, oftentimes antagonisticWhere the final expression, often invoked in the limit of large

behavior (cf., Tables 4 and 5). Nevertheless, as demonstrateo‘]letur."n.g (” < weg), arises fro.m ngglect of dephgsmg processes
succinctly by the methyloxirane data in Figure 1, even nominally (the '”f'f‘"e lifetime app.roxmatlon). As highlighted by the
rigid species can exhibit pronounced solvation phenomena thatsummat_lon overall excited s_tates,An(w) and ¢(w) are .
ultimately must be ascribed to attendant changes in the staticcomposite molecular _properties th"?‘t r_efle_ct the dyn_am_|cal
and dynamic distribution of electron density. Some insight into response of f[hg entire electron distribution to QSC|IIat|ng
the origins of these effects can be gleaned by considering theelectromagnetlc fields. The CD phenomena that dominate under

basic quantum mechanical framework developed for the de- c_on_d|t|ons O.f res;;na_nt exatatmm(_% a{eg) can b_e_treated_ ina
scription of natural optical activit§116Canonical theoretical S|m|Iar_ fashiorf; W_'th the polanz_atlon elllpt_|C|ty of light
treatments of CB and CD lead to definition of the scalar rotatory emerging from a chmal) sample being proportional to the real
strength,®9R, which couples ground (electronic) staglto part of the tr.ace ovex (“f)' . )
excited (electronic) statellunder the simultaneous action of By.excludlng. cooperative mechamsms (e.g., the for'mauon
electric €1) and magnetic\L) dipole transitions. This quantity ~ ©f chiral solvation shelf$ or the action of solvent-mediated
plays a role analogous to that of the oscillator strength in Vibronic coupling?) and focusing on the isolated-molecule

conventional spectroscopy and can be cast as a summation ovepehavior embodied in egs-B, solute-solvent interactions can
diagonal elements (or trace) of the rotatory tens@: be expected to perturb the transition energfies.§), dephasing
rates ['eg), and rotatory strength$9R) for individual excited

. . states. Aside from altering the locations and (signed) amplitudes
*R=Tr[*R] = Im{ 9|z =" e ela™"|g]} of resonant CD features, such effects will mediate the role that
=°R_+ egRyy+ R, @) each|elmanifold plays in _constituting the composite property
of nonresonant CB. The diffuse nature of Rydberg states should
- (M1) make them especially susceptible to solvent-induced energy
where formally Ry = Im{[g|as")|el@|2; "0l By ex-  ghifts (solvatochroism affectingeg and dephasing processes
plo[tlng time-dependent perturbation theory to model the chiro- (homogeneous broadening affectifig), a fact documented by
optical response evoked by monochromatic light of angular the collisional-quenching techniques long used to discriminate
frequency w, the natural optical activity supported by an (gas-phase) Rydberg absorption bands from their valence
isotropic chiral medium can be described uniformly in terms  counterpart$2 From this perspective, the glaring discrepancies
of the frequency-dependeil — M1 linear susceptibility tensor,  yncovered between vapor-phase and solution-phase specific

x P (w):27° rotation parameters can be attributed, in part, to the selective
exclusion, dampening, and/or frequency-shifting of contributions
ng,(w) = 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
o +w+il follow from a state-by-state decomposition of ORD curves;

eg eg it ;
however, modern ab initio calculations seldom perform the

1 _|@lasedeiag™ g0 mlag" eTelai g
_|_

€&z weg— 0 — il
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summation of eq 9 explicitly, relying instead on a time- present investigations of nonresonant optical activity can fill
dependent linear response formal®érto efficiently evaluate several notable voids in our understanding of chiro-optical

elements of the frequency-depend&ait — M1 polarizability phenomena. On one hand, differences uncovered between the
tensor,G'(w)"® solution-phase and vapor-phase CB of rigid species yield clear
evidence for solutesolvent perturbations, which are found to
Gjp(w) = —|m{xf31/3)-(w)} (10) 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

which provides the needed information for both ORD and CD
predictions (the latter following from the residue @f;(w) as

w — weg). 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 requisit€eg parameters, the implication of dissipation
processes and electronic parentage as potential mediators fo

- : . S {argeted a variety of judiciously selected compounds that
the environmental perturbation of nonresonant optical activity . . o .
i . . - embody physical/chemical characteristics and structural motifs
must not be discounted. This remains an open issue for future

-designed to elucidate the electronic provenance of chiro-optical

research 6"222‘7’%5 , as do the attendant roles played by Irrmn":"%ehavior, as mediated by structural nonrigidity (conformational
(vibrationalf®%7and extrinsic (conformational) structural flexibility and vibrational motion) and solutesolvent interac-

nonrigidity. 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
The nonresonant optical activity (or circular birefringence) CD features in rarefied media.

of prototypical organic compounds has been interrogated under
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