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CONSPECTUS

ibrational circular dichroism (VCD) spectroscopy provides — Experimental
detailed information about the absolute configurations of
chiral molecules indluding biomolecules and synthetic drugs. This s Pulse

method is the infrared (IR) analogue of the more popular elec- E B
tronic CD spectroscopy that uses the ultraviolet and visible » Semuf
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ranges of the electromagnetic spectrum. Because conventional § electric field
electronic CD spectroscopy measures the difference in signal Hy E
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intensity, problems such as weak signal and low time-resolu- {}
tion can limit its utility. To overcome the difficulties associated N {}
with that approach, we have recently developed femtosecond IR Calculation
optical activity (I0A) spectrometry, which directly measures the ~ QMMM MD trajectory <p(t)-M(0)>
I0A free-induction-decay (FID), the impulsive chiroptical IR i
response that occurs over time. B, o = ‘&"
In this Account, we review the time-domain electric field mea- < sl 1

surement and calculation methods used to simultaneously char-
acterize VCD and related vibrational optical rotatory dispersion
(VORD) spectra. Although conventional methods measure the
electric field intensity, this vibrational technique is based on a
direct phase-and-amplitude measurement of the eleciric field of the chiroptical signal over time. This method uses a cross-
polarization analyzer to carry out heterodyned spectral interferometry. The cross-polarization scheme enables us to selec-
tively remove the achiral background signal, which is the dominant noise component present in differential intensity
measurement techniques. Because we can detect the 10A FID signal in a phase-amplitude-sensitive manner, we can directly
characterize the time-dependent electric dipole/magnetic dipole response function and the complex chiral susceptibility that
contain information about the angular oscillations of charged particles. These parameters yield information about the VCD
and VORD spectra.

In parallel with such experimental developments, we have also calculated the I0A FID signal and the resulting VCD spec-
trum. These simulations use a quantum mechanical/molecular mechanical molecular dynamics (QM/MM MD) method and
calculate the electric dipole/magnetic dipole cross-correlation function in the time domain. Although many quantum chem-
istry calculation approaches can only consider a limited number of geometry-optimized conformations of chiral molecules
in a gas phase, this computational method includes the solute—solvent interactions and the inhomogeneous distributions
of solute conformers in condensed phases. A subsequent Fourier transformation of the chiral response function produced
a theoretical VCD spectrum in the entire mid-IR frequency range.

Directly comparing theory and experiment, we demonstrate quantitative agreement between frequency-tunable femto-
second 10A measurements and QM/MM MD simulations of (1S)-3- pinene in CCl, solution. We anticipate that these direct
I0A measurement and calculation methods will be applied to the studies of equilibrium chiroptical properties and struc-
ture determinations. These methods provide tools to investigate ultrafast structural dynamics of chiral systems with unprec-
edented time resolution.
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Introduction

A fundamental difference between quantum mechanical and
classical mechanical descriptions of particle dynamics is the
phase factor of quantum mechanical wave function." Such
phase information is lost when the absolute square of wave
function is experimentally measured. Similarly, a free-induc-
tion-decay (FID) field E generated by the linear polarization of
a given material interacting with an incident radiation is a
complex function containing an additional time- and space-
dependent phase factor exp (i¢) compared to the incident elec-
tric field.? Conventional circular dichroism is usually based on
an intensity measurement technique so that the intensities |E|?
of the transmitted fields when a chiral solution sample inter-
acts with left- and right-circularly polarized radiations are sep-
arately measured. The imaginary part of the additional phase
factor is responsible for the differential absorbance of chiral
molecules for left- and right-circularly polarized radiations,
whereas its real part is associated with the optical rotation of
an incident linearly polarized radiation.? Direct characteriza-
tion of such a complex phase factor thus requires special mea-
surement and calculation methods. Recently, it was shown
that a combination of cross-polarization analyzer and hetero-
dyned interferometric detection method is capable of mea-
suring both the phase and the amplitude of the IR optical
activity (IOA) FID field E instead of |E|2.*~® We shall refer to
these measurement and calculation methods as electric field
approaches.

An IR optical activity extensively studied over the decades
is the vibrational circular dichroism (VCD) spectroscopy prob-
ing differential interactions of chiral molecules with left- and
right-handed chiral IR fields.? It was shown to be extremely
useful for the studies and determinations of chiral molecule
structures and their absolute configurations in condensed
phases.> '~ 19 Nevertheless, the conventional methods in
experiment and computation still pose their own limitations so
that further methodological advancement should be achieved
for a wide range of applications including time-resolved VCD
studies of biomolecules. To understand this difficulty, it is
noted that the vibrational response of a chiral molecule can
be approximately described as helical oscillations of charged
particles that are associated with nuclear motions in a given
chiral molecule. Such helical oscillations can be decomposed
into angular and linear components representing chiral and
achiral effects, respectively. A major difficulty of the conven-
tional differential absorbance (AA) measurement technique is
associated with the fact that such angular components (mag-
netic dipole responses) of the nuclear motions are extremely

small in comparison to the linear components (electric dipole
responses). Consequently, the VCD (AA) sighal can be masked
by the strong achiral IR absorption signal (AA/A =
107#~1079). In the case of using an intense laser light whose
intensity level is much higher than that of a thermal back-
ground noise, a huge fluctuating achiral signal (A) becomes
the dominant noise factor for measuring the differential
absorption AA. However, it has been shown that the electric
field measurement*~” and calculation2" methods based on
a time-domain characterization of IOA are alternative and
promising approaches overcoming a variety of problems ham-
pering the differential intensity measurement and gas-phase
ab initio calculation methods, respectively.

The governing principles of the present electric field mea-
surement method can be understood from an explanation of
the non-differential amplitude-level detection scheme, where
the 10A field is isolated from the achiral background field and
its handedness (phase) and magnitude are characterized. The
emitted electric field from the cross-polarization (CP) analyzer
accounts for the chirospecific IR response of chiral solution
sample and forms a wave packet of I0A FID field carrying
complete IOA (VCD and VORD) information over the whole
frequency range of the incident IR pulse. Second, direct phase-
and-amplitude measurement of the IOA FID field can be
achieved by employing a Fourier-transform spectral interfer-
ometry (FTSI),%2~27 which is a useful method for characteriz-
ing unknown weak electric fields in terms of its spectral phase
and amplitude with respect to a reference field called local
oscillator and has been widely used in heterodyne-detected
two-dimensional (2D) photon echo spectroscopy.?*~2¢28 Such
heterodyned detection of the I0A FID using a Mach—Zehnder
interferometer, where a time delay between the signal and a
local oscillator is controllable, provides both VCD and VORD
spectra that are imaginary and real parts of the complex chiral
susceptibility, Ay(w), respectively.

However, even with the experimentally measured VCD
spectrum, often a complete determination of absolute config-
uration (or multiple configurations) of chiral molecules in solu-
tion additionally requires extensive quantum chemistry
calculations and comparisons with experimental data, if the
solute molecules have a conformation distribution and/or if
the structure of an isolated molecule in a gas phase signifi-
cantly differs from those in solutions. Despite that such an ab
initio calculation approach and vibrational exciton coupling
models*°29 have been found to be of effective use, they can
provide I0OA information on one or just a few selected geom-
etry-optimized conformations of chiral molecules. Conse-
quently, the conformational inhomogeneity and dynamic
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solute—solvent interaction effects on VCD spectrum, which are
inherently present in chiral molecule solutions, have not been
taken into account with ease. In this respect, there have been
several theoretical attempts to directly obtain the IR and VCD
spectra of chiral molecules in solution using molecular dynam-
ics simulation and time correlation function approach.?°—32
Recently, we employed the so-called quantum mechanical/
molecular mechanical molecular dynamics (QM/MM MD) sim-
ulation method to simulate the IR and VCD spectra of peptides
and chiral molecules in solution.?"33 It was shown that the
time-correlation function approach provides quantitatively reli-
able results, where the corresponding spectra were obtained
by Fourier-transforming the auto- and cross-correlation func-
tions of the electric and magnetic dipole moments calculated
from the QM/MM MD trajectories. This time-correlation func-
tion approach utilizing entire MD trajectories has certain
advantages, because the conformation distribution of chiral
molecules such as peptides and the solvation-induced effects
on the corresponding spectra are automatically taken into
account. In this review, we present simulation results on (15)-
p-pinene/CCl, solution by carrying out QM/MM MD simula-
tions with the HF/3-21G method for the QM treatment of the
solute (15)-p-pinene. The IOA FID fields associated with C—C
stretch, C—H bend, C=C stretch, and C—H stretch VCD bands
are obtained and compared with experimentally measured
I0A FID fields using a femtosecond IR spectral interferometry
in time domain. The agreements were found to be accept-
able. We shall also present a discussion on the relationships
between the femtosecond I0A measurement method and the
heterodyne-detected 2D photon echo method as well as
between the quasi-null geometry-based ellipsometry of CD
and ORD measurement method and the self-heterodyne-de-
tected 2D pump—probe method.

Electric Field Measurement

Phenomenological Description of 10A FID. The I0A FID
field containing information on the molecular chirality can be
selectively allowed to pass through the cross-polarization ana-
lyzer, where a chiral solution sample is placed in between the
two crossed linear polarizers (see Figure 1a). When a linearly
polarized light after the first linear polarizer passes through the
chiral medium, due to the electric field/electric dipole and
magnetic field/magnetic dipole interactions, its polarization
state is transformed into rotated elliptically polarized light.
Here, the circular dichroic (A«) and circular birefringent (An)
effects are combined to contribute to such a polarization state
change by chiral molecules. The incident linearly polarized
radiation is a 50:50 linear combination of left- and right-cir-
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FIGURE 1. Cross-polarization scheme for femtosecond IR optical
activity free-induction-decay field measurement. (a)
Phenomenological description of the working principle of the cross-
polarization detection scheme. Differences in absorption coefficients
(Ak) and refractive indexes (An) of chiral molecule for left- and right-
circularly polarized radiations are associated with circular dichroism
and circular birefringence, respectively. Due to these effects, the
incident linearly (vertically) polarized beam is transformed into an
inclined elliptically polarized beam, whose horizontal component is
directly related to the IOA FID field. (b) Radiation—matter
interactions and molecular level description of the cross-
polarization detection scheme. For simplicity, only the mth molecule
with a particular orientation is illustrated among randomly oriented
molecules. In this figure, u™ is the electric dipole vector component
along the direction of E-vector, whereas 4™ and M{ are the
electric dipole and magnetic dipole vector components along the
direction of B-vector. For an ensemble of randomly oriented
molecules, their orientation-averaged inner products, (|,ug”’|2) (dipole
strength) and (u{™-M™) (rotational strength) are proportional to the
IR FID field (Eir) and the IOA FID field (Eion), respectively. In the case
that there exist multiple IOA-active modes, the IOA FID field is given
as the superposition of the corresponding fields.

cularly polarized (LCP and RCP) radiations. Due to the circu-
lar dichroism, the linearly polarized radiation becomes
elliptically polarized after the chiral solution sample because
the ratio of the LCP to RCP components of the transmitted
radiation deviates from a unity. Second, the circular birefrin-
gence effect induces specific rotation of the major axis of the
transmitted elliptically polarized radiation. In principle, the
handedness, ellipticity, and rotation angle of the resultant
polarization are completely determined by the linear optical
activity property called vibrational rotational strength of the
target chiral molecule. In fact, such chiroptical properties result
from the relative phase shift and amplitude change of the IOA
FID field transmitted through the second linear polarizer
whose optic axis is precisely perpendicular to that of the first
one (see Figure 1a). On the other hand, the parallel polariza-
tion component of which polarization direction is parallel to
the optic axis of the first linear polarizer corresponds to the
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achiral IR FID field. The specially designed cross-polarization
analyzer in Figure 1a is therefore of important use to selec-
tively remove such undesired achiral components. This
enhanced selectivity of the chiral (IOA FID) field from the large
achiral background component is a key to the success of the
present cross-polarization scheme shown in Figure 1.
Molecular Level Description of I0OA FID Field. Molecu-
lar vibrations excited by an incident IR field can have both lin-
ear and angular oscillatory components of asymmetrically
distributed atomic partial charges in a given chiral molecule.
They are the sources of oscillating electric (¢) and magnetic
(M) dipole moments, respectively. The magnitudes and rela-
tive orientations of # and M determine the oscillator (|u|?) and
rotational (Im[g - M]) strengths of a given vibrational mode. To
understand how these two different dipoles are probed spec-
troscopically, one should consider the following
radiation—matter interaction Hamiltonian®3*

H=H;+Hy+ + » + =—p-Er,) —M-B(r,)) + - - -

(M

The first and second terms are the electric dipole/electric field
(E) and magnetic dipole/magnetic field (B) interactions, respec-
tively. Figure 1b depicts a schematic representation of the IOA
FID field generation. When an impulsive (~ tens of femtosec-
onds) IR field that is linearly polarized (E, vertical; B, horizon-
tal) interacts with chiral molecules in solution, the electric and
magnetic dipole operators, which are projected components
onto the directions of E and B vectors, induce vibrational tran-
sition and put the interacting solute molecules on vibrational
coherences. The time-dependent expectation values of these
dipole operators correspond to the linear polarizations that are
responsible for the generated IR FID (Eir) and IOA FID (Eion)
fields. For the jth vibrational mode with frequency of wj, Er(w;f)
and Eppa(w;,t) can be approximately written as

Exlo, 0 < (afZ) expliod 0 = 1uf" expliof 510 (2

Eionl;, ) < (' - MIR) explioo)f (0

= %[u}m) - M expliof() (3)

where u/™ and M/™ are the transition electric and magnetic
dipole moments of the jth vibrational mode of the mth mol-
ecule and the subscripts, E and B, denote their vector compo-
nents that are parallel to the unit vectors of E and B,
respectively. Here, (- --) means the rotational averaging over
randomly oriented chiral molecules, and f() is the relaxation
function describing vibrational dephasing effects on the IR and
I0OA spectra. Since the transmission axis of the analyzer (the

second linear polarizer in Figure 1b) is parallel to the mag-
netic field vector B not E, only the IOA FID field, Eioa(wjt),
selectively transmits through the analyzer. In contrast, the IR
FID field Eir(w;,t) whose direction is perpendicular to the optic
axis of the second linear polarizer is completely rejected if the
linear polarizer is perfect. The relative phase and amplitude of
Eioalw;,f) compared to the incident IR field are determined by
the orientation-averaged inner product of #/ and M{B (lab-
oratory frame), that is, (/8- M/®), which is by definition pro-
portional to the rotational strength, Im[g{™-M/™] (molecular
frame). For a collection of I0OA-active modes, the I0A FID field,
which can be viewed as a chiral wave packet, is then given as
a superposition of all the contributing fields, that is, Eioa(t) =
SEioalw;t) (see Figure 1b).

Phase-and-Amplitude Measurement of the 10A FID.
Although the IOA FID field transmitted through the cross-po-
larization analyzer contains entire linear optical activity infor-
mation, it is in fact coupled to the IR FID component Ej via the
Maxwell equation. According to our theory discussed in ref 4,
the IOA FID spectrum is linearly proportional to the IR FID
spectrum and the proportionality factor is the frequency-de-
pendent chiral susceptibility, Ay(w), that is,

EIOA(CU)
Elw)

Aylw) o (M

ol

(4)

where n(w), ¢, and L are the refractive index, speed of light,
and path length of the sample cell, respectively. The above
result eq 4 suggests that measuring both Eoa(w) and Eg(w)
spectra yields Ay/(w).

It is Fourier-transform spectral interferometry (FTSI) that was
used to measure Eoalw) and Eg(w) spectra. Figure 2a depicts
a schematic representation of the heterodyned IOA/IR FID
detection setup using Mach—Zehnder interferometry. The FTSI
method first measures the heterodyned spectral interferogram
resulting from an interference between the FID field either Epa
or Er and a strong local oscillator field (E,o), where the delay
time tp between the two pulsed fields is fixed. Particularly, the
IOA/IR FID spectral interferograms denoted as Sioa r(w) are
recorded using a properly chosen array detector, where Sio-
AR(w) is given as

Sioar(@) = 2Re[Eigp rlw)Elo(w) explioTy)] (5)

Figure 2b explains the standard Fourier and inverse Fourier
transform procedure that was used to retrieve the VCD and
VORD spectra from the experimentally measured Sioa r(w) that
are real functions of frequency. Not only because the Ay(w) is
proportional to the ratio of Epa(w) to Er(w) (eq 4) but also
because the phase contribution from the reference term
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FIGURE 2. (a) Heterodyned spectral interferometric measurement
setup of the IR (Er) and IOA FID (Eioa) fields. A modified
Mach—Zehnder interferometer (for active-heterodyning) is used. (b)
Stepwise FTSI procedure for obtaining the VCD and VORD spectra
from the experimentally measured spectral interferograms, Sigjoa(w)
with the setup shown in (a). Step 1: the spectral interferograms
Srioal) in frequency domain are measured. Step 2: the positive
part of the inverse Fourier transform of Sgjoal(w) is taken. Step 3:
Fourier transformation of thus obtained time-domain profile is

performed. Step 4: Ay(w) is obtained by taking the ratio of the IOA
FID spectrum to the IR FID spectrum (see eqs 4—6).

Q
Frequency Time

Etolw) expliotp) cancels out while taking the ratio, the chiral
susceptibility spectrum can be obtained in a straightforward
manner as

Ay() o< Exop(@) / Egl@)e< FlOOF S oa(@))] /F[O(t)F_1{5,R(w)g] |
6

where F(---) and F~'(- - -) denote the Fourier and inverse Fou-
rier transformations, respectively, and 6(t) is the Heavyside
step function. The relationship in eq 6 is the working formula
that has been used to convert the experimentally measured
spectral interferograms into the complex susceptibility.
Analogy between IOA FID Measurement and Two-
Dimensional Photon Echo. Despite that the present tech-
nique uses an active heterodyne-detection technique, it should
be mentioned that the so-called ellipsometric technique using
a quasi-null geometry with two linear polarizers,>3>3¢ which
was pioneered by Kliger and co-workers, shares a very simi-
lar optical setup. Much like the cross-polarization scheme, two
crossed linear polarizers were used. However, instead of a lin-
early polarized radiation, an elliptically polarized beam with a
vertical major axis was used to generate an electronic OA FID
field in the visible frequency domain. It was then detected by
allowing its interference with the residual horizontal compo-
nent of the incident elliptically polarized beam; note that an
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elliptically polarized radiation is given as a linear combina-
tion of linearly polarized and circularly polarized beams. Even
though this technique is still an intensity (not phase-and-am-
plitude) measurement method, it can be considered to be a
self-heterodyne-detection scheme. Recently, Helbing and Bon-
marin clearly showed that such an ellipsometric technique can
be extended to the IR region to measure the VCD and VORD
spectra with a significantly enhanced detection sensitivity.3”
The principal difference between this and ours is how to con-
trol the relative phase between signal and reference fields dur-
ing the heterodyning process. In the ellipsometric detection
geometry, the chiral signal field interferes with the incident
horizontal electric field itself, which acts as a local oscillator
(for self-heterodyning) as well as an excitation field. Thus, the
phase delay between the chiral signal and intrinsic local oscil-
lator fields is not experimentally controllable. As a result, the
imaginary (VCD) and real (VORD) parts of the I0A response
should be measured separately. On the other hand, the
present cross-polarization interferometric technique shown in
Figure 2a uses an external local oscillator (for active-hetero-
dyning) so that both the imaginary and real parts of Ay(w) can
be simultaneously obtained via the FTSI procedure discussed
above.

Interestingly, the relationship between these two methods
is quite similar to that between self-heterodyne-detected
pump—probe with two pulses and active-heterodyne-detected
stimulated photon echo with four pulses. The latter two meth-
ods have been widely used to measure the 2D optical spec-
tra of biomolecules,® 4% light-harvesting systems,?>
semiconductors,?54'42 chemical exchange systems,*>4* and
so on. Despite that the frequency-resolved pump—probe
experiment is comparatively easy to perform, information on
the absorptive part of the 2D response spectrum can only be
extracted from the signal. In contrast, the heterodyned pho-
ton echo techniques can be of use to measure both the
absorptive and dispersive parts of the complex 2D response
spectrum.

Experimentally Measured VCD and VORD Spectra of
(18)-p-Pinene. To demonstrate the experimental feasibility of
femtosecond IOA FID measurement technique and also to
make direct comparisons with theory, we considered (15)-4-
pinene/CCl, solution; note that (15)-5-pinene is a standard
chiral organic molecule studied before.*> We shall focus on
four distinctively different groups of vibrational modes that are
C—C stretch modes (1000—1350 cm™'), a C=C stretch mode
(1600—1700 cm™'), C—H bending modes (1400—1500
cm™1), and C—H stretch modes (2850—3000 cm™'). To per-
form the heterodyned IOA FID measurements, we deliberately
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FIGURE 3. (a) Experimentally measured spectral interferograms (upper) by properly tuning the center frequency of the IR pulse spectrum to
measure the IOA responses from the C—C stretch (6.6 M), C—H bend (2M), C=C stretch (2M), and C—H stretch (0.3M) vibrations of
(15)-B-pinene/CCl, solution. The sampling time of the time-domain signal O()F {Sioa(w)} (middle of Figure 2b, the data are not shown) is set
to ~1 fs that is determined by the size of the frequency window (0—10'5 s77) taken for the inverse Fourier transformation. The imaginary
and real parts of Ay(w) correspond to the VCD and VORD spectra (see the solid and dashed black lines in this figure). It is noted that dichroic
calcite polarizers®° instead of Brewster's angle germanium polarizers were used for the measurements of spectral interferograms of C—H
stretching vibrations. Linear baseline corrections were made to obtain the Im[Ay(w)] spectra (black solid line) of C—H bending and C—H
stretching vibrations (second and fourth from the left). (b) Time-domain IOA response functions, Ax(f), obtained by Fourier-transforming the

experimentally measured Ay/(w).

tuned the center frequency (o) of the femtosecond IR pulse
whose spectral width is about 200 cm~'. One of the crucial
optical elements for the success of the present experiments
was Brewster angle germanium polarizers having an
extremely small extinction ratio of about 10~° over the broad
IR frequency range from 20 to 10 000 cm~".7#® Such a small
value of extinction ratio means that one out of 10° photons
in a vertically polarized incident beam is transmitted through
this linear polarizer whose optic axis is horizontally aligned.

In the upper panel of Figure 3a, the experimentally mea-
sured spectral interferograms, Sioa(w) (red solid lines) and Si(w)
(blue dashed lines) of (15)-5-pinene are plotted. The chiral IR
susceptibility, Ay(w), is then retrieved from these interfero-
grams using eq 6, and the resultant imaginary (differential
absorptive) and real (differential dispersive) parts are plotted
in the same figure. The characteristic VCD features of (15)-4-
pinene, Im[Ay(w)], are consistent with the results obtained by
using a FT-IR VCD spectrometer,*>#® even though the VCD
spectrum of the C=C stretch mode (1600—1700 cm™')
appears to be comparatively noisy, which is presumably due
to IR absorption by water vapor. This shows that the present

phase-sensitive detection technique has advantages over the
differential intensity measurement method.

Electric Field Calculation

In the previous section, we presented a discussion on the elec-
tric field measurement method and results on (15)-5-pinene
solution. For the sake of comparison with theory, we obtained
the 10A response function, Ayx(f), by Fourier-transforming the
experimentally measured Ay/(w); note that the IOA/IR FID field
in the time domain was obtained from the corresponding
spectral interferograms (see eq 6). Each individual Ay(f) asso-
ciated with the four different groups of vibrational modes is
plotted in Figure 3b. It was shown that the IOA response func-
tion is related to the electric dipole/magnetic dipole cross-
correlation function, (u(t)-M(0)), which can be directly
calculated from the QM/MM MD trajectories.*' 3 It should be
emphasized that a fully classical MD simulation treating both
solute and solvent molecules with a set of force field param-
eters does not provide quantitatively reliable results on the
transition electric and magnetic dipoles of chiral molecules.
This is because (i) the intramolecular harmonic potential func-
tions are not accurate, (i) partial charge fluctuations induced
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FIGURE 4. (a) Electric dipole/magnetic dipole correlation function, (u(t)-M(0)), obtained by using the QM/MM MD trajectories of (15)-3-pinene
dissolved in CCl4 and by treating the nuclear vibrations of this molecule classical mechanically. Its sampling time is 2.5 fs. (b) Imaginary part
of the Fourier-transformed spectrum of (u(t)- M(0)), which corresponds to the entire VCD spectrum in the frequency range from 800 to 3300
cam~'. () Decomposed time-domain IOA response function, Ay(t), into the four target vibrational modes (gray regions in the full spectrum
shown in (b)). Also, the calculated VCD spectra (red lines) are plotted in the four panels of (c).

by solute—solvent interactions are not properly taken into
account, and (iii) charge fluxes due to intramolecular vibra-
tions of intrinsically polarizable solute molecule are ignored in
the classical MD simulations.

In order to run QM/MM MD simulations of (15)-4-pinene/
CCl, solution, the solute was treated quantum mechanically
with the HF/3-21G method. In total, 186 CCl; molecules are
treated classical mechanically*” with the CHARMM force
fields.*® The resultant spherical solvation shell has a radius of
about 25 A, and the solute molecule is placed at the center.
To avoid evaporation of solvent molecules at 273 K, a har-
monically bound potential is employed. The solute—solvent
system was initially energy minimized by using the steepest
descent and the adopted basis Newton—Raphson methods.
Then, the composite system was heated up to 273 K and
equilibrated for 25 ps. The time step used was 0.5 fs, and the
total QM/MM MD simulation run time was 300 ps. The coor-
dinates and velocities of the constituent atoms of the (15)-4-
pinene molecule were saved for every 2.5 fs time step so that
even the high-frequency C—H stretching vibrations were prop-
erly described. For the present QM/MM MD simulation stud-
ies, we specifically used the CHARMM program interfaced with
the GAMESS-UK package.*®

The electric dipole and magnetic dipole moments of (15)-
p-pinene were calculated as

u = a0 and MO=o- > q0 1<y (7)

Here gj(t), ri(t), and vi() are the Mulliken partial charge, posi-
tion, and velocity of the jith atom. Then, the VCD spectrum
AA(w) was obtained by taking the imaginary part of the Fou-
rier transform of the electric dipole/magnetic dipole cross-cor-
relation function, that is,

AAl(w) o< IM[Ay(w)] =< Im [~ dt e“*(u(t) - M(0)) (8)

The cross correlation function and the VCD spectrum in the
frequency range from 800 to 3300 cm™" are plotted in Fig-
ure 4a and b, respectively, where the frequency scaling fac-
tor of 0.9085 was used.

For direct comparisons with experimental results, the whole
VCD spectrum given in Figure 4b is divided into four fre-
quency regions that correspond to the C—C stretch, C—H bend,
C=C stretch, and C—H stretch bands (see the red lines in Fig-
ure 4q). The time-domain response functions (gray lines in Fig-
ure 4¢) of each band are obtained by performing a proper
inverse Fourier transformation of the corresponding seg-
mented spectrum. To reduce the noise originating from lim-
ited lengths of the simulation trajectories, an exponential
(apodization) function exp(—t/2T,) with T; = 1 ps (for C—C
stretchs, C—H bendings, and C=C stretch) or 300 fs (for C—H
stretchs) was multiplied with the time correlation functions.

As can be seen in Figure 4¢, the C—H bending mode VCD
spectrum exhibits a (—,+) line shape, which is in good agree-

Vol. 43, No. 12 = December 2010 = 1527-1536 = ACCOUNTS OF CHEMICAL RESEARCH = 1533



Electric Field Approaches in Time Domain Rhee et al.

CHART 1. Comparisons between Frequency- (left) and Time-
Domain (right) IOA Calculation (upper panels) and Measurement
(lower panels) Methods

Frequency domain
(Conventional approach)

Time domain
(Electric field approach)

QM/MM MD method

aM:mithiod L{us) : lineshape Wity Eqin AA
Mit)= Egerith=wit] T
Al |n| L
Calc. fa "’J‘ V V7V o m‘h Tt i T
Riey)=Imip M) AA=ZR({o)-Lloy) <p(t)-M(0)> m[n’{{mﬂ.m{)})}]
Solute-solvent interaction: Solute-solvent interaction:
Ignored Included
Differential measurement 10A FID measurement
) LY
= o Ay 7N
- * i) A afh * R
Exp. L) \1’ VY e ok t N AW
‘l‘: L g < |E(o) E(t) o Ax(t) AR I A(w)]

Intensity measurement

Electric field measurement

ment with the experimentally measured spectrum shown in
Figure 3a. The C=C stretch band appears to be a single pos-
itive peak. The peak intensity distribution within the simu-
lated C—H stretch VCD band in Figure 4c does not completely
match with the experimental result. Nevertheless, the overall
“W”-shape spectral feature originating from complicated inter-
ferences among various C—H stretch normal mode IOA fields
is successfully reproduced by the simulation. Even with a lim-
ited accuracy of the HF/3-21G method used here, it is believed
that the overall line shape of the simulated VCD spectrum of
(1S)-p-pinene/CCl, solution (not an isolated (15)-5-pinene mol-
ecule) is comparable to the femtosecond IOA FID spectrum. It
is expected that a better agreement between the theory and
experiment would be found if a combination of density func-
tional theory and high-level basis set is used to run the
QM/MM MD simulations, which are still highly expensive.
However, we believe that the initial goal of comparing the
recently developed electric field measurement and calcula-
tion methods for a specific case has been successfully
achieved in the present comparative investigations.

Concluding Remarks

The experimental and computational electric field approaches
discussed in this Account are briefly summarized in the right
panel of Chart 1, where the conventional frequency-domain
methods (left panel) are also schematically described together
for comparison.

The time correlation function approach utilizing the
QM/MM MD trajectory takes into consideration the compli-
cated solute—solvent interactions and overall dynamical
events, which were however ignored or crudely described in
ab initio calculations of an isolated chiral molecule. Experi-

mentally, the spectral interferometric IOA FID measurement
method allows us to directly access the time-domain I0A
response function and the corresponding susceptibility giv-
ing VCD and VORD spectra simultaneously. The non-differen-
tial heterodyned IOA FID field detection scheme enables
achiral background-free measurement and offers significantly
enhanced selectivity of the chiral signal field. There is a close
connection between the two electric field approaches in exper-
iment and theory in that both of them record the electric
dipole/magnetic dipole correlation function, (u(t) - M(0)). In the
present Account, we showed that the experimentally mea-
sured 10A spectra of (15)-5-pinene are in agreement with
those from electric dipole/magnetic dipole cross-correlation
functions.

Up to now, we have discussed the IOA measurements and
calculations of chiral molecules in a thermal equilibrium state.
However, the same principles also apply to the other vibra-
tional optical activity spectroscopy, which is Raman optical
activity. Another potentially interesting application will be stud-
ies of biological functions and chemical reactions that are
accompanied by structural changes of involved chiral mole-
cules. This will require a high-speed chiroptical measurement
technique to monitor the resultant IOA changes in real time.
Ultrafast time-resolved IOA spectroscopy will, without a doubt,
be an important tool in the future, and such an experiment
would be realized by combining a properly designed trigger-
ing method that is capable of initiating certain non-equilib-
rium processes virtually instantaneously. It is believed that the
present time-domain electric field approaches will be
extremely useful not only in studying the ensemble-average
structures of chiral molecules in condense phases but also in
understanding a wide range of ultrafast dynamical processes
in biology and chemistry of natural chiral biomolecules such
as proteins and nucleic acids.
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M.C,, and by a NRF grant (20090078897) to M.C. We are
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