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The rotationally resolved laser-induced optical activity including the laser-induced optical rotation (LIOR)
and laser-induced circular dichroism (LICD) effects of an IR probing light pumped by a collinear intense
resonant circularly polarized light dependent on the third-order susceptibility due to the pure electric dipole
interaction for achiral symmetric top molecules in the gas phase is discussed theoretically. The laser-induced
optical activity contains four distinct contributions nam&d, C, andD terms: theB term of the LIOR and

LICD arising from the rotational wave function perturbed by the pumping light is deduced using the
semiclassical perturbation theory, and the expressions, fGr andD terms, respectively, due to the ac Stark
effect, the Boltzmann statistical redistribution, and the alteration of occupation polability, are obtained from
previous results [Zheng, R.-H.; Chen, D.-M.; Wei, W.-M.; He, T.-J.; Liu, F3CChem. Phys2004 121,

6835]. The microwavelR double resonant spectrum is proposed to detect the LIOR and LICD effects. As
an example, the LIOR and LICD for the HgRolecules in the conditions of 298.15 K and 0.3 Torr when
the IR probing light sweeps over the rotationalbrational transition of thess and v, modes and the right
circularly polarized microwave pumping light with the intensity of 1 kW ¢énat the resonant frequency
40.84 GHz are calculated on the basis of the B3LYP/643tG** computations. The theoretical results
indicate that thé3 term can be of the same order of magnitude a#ithaedD terms, and the LIOR and LICD

can be measurable in comparison to the rotationally resolved MVCD. The laser-induced optical activity may
provide useful new information and form a basis for a different kind of optical activity spectroscopy.

1. Introduction 1999, Hache et al. introduced a nonlinear circular dichroism

Optical activity has been an attractive subject for chemists, fOr @ liquid chiral molecule due to nonlocal effects such as

physicists, and biochemists for a long tifté.Optically active magpnetic dipolar and electric quadrupolar 6fésand presented
molecules interact differently with left and right circularly ~€XPerimental evidence latét. Recently, self-rotation due to
polarized light. This manifests itself in such well-known Fhe interaction of an elliptically polarlzed light field .Wlth. an
phenomena as optical rotation, circular dichroism, and Rayleigh iSotropic medium has been rapidly develoged:, which is

and Raman optical activity. Faraday observed a linear effect of €Ssentially not a real optical activity but an optical Kerr effect
a magnetic field on optical rotation in 1846. Magnetaptical arising from nonlinear electronic respor#e®® Though so many
rotation was later shown to occur in all matéiSince then, electrooptical optical activities have been introduced and
efforts have been made to find a similar effect caused by an observed, there is no simple electric analogue of the Faraday
electric or optical field; i.e., linear and nonlinear electrooptical €ffect due to the requirements of time and reversal and parity
optical activity?2 In 1980, Buckingham and Shatwell reported Symmetry? For example, the electrooptical activity for the
the differential scattering of circularly polarized light by gaseous isotropic optically inactive molecule arising from pure electric
methyl chloride linear on applying an electrostatic field from dipole transition is rarely reported. In this paper, a different kind
interference of electric and magnetic dipole scatte?ig1998, of nonlinear optical activity including optical rotation and
Buckingham and Fisher predicted a linear effect of an electro- circular dichroism due to the third-order polarizability from the
static field on the intensity of sum- and difference-frequency pure electric dipole interaction for achiral symmetric top
generation in a chiral liquid arising from the electric dipole molecules in the gas phase is presented and discussed theoreti-

interactiort® and observed this effect five years lattin 1993 cally.
and 1997, intensity-dependent optical rotation by a solution of  In the 1990s, Keiderling and co-workers did a series of
optically active molecules, which was predicted in 1968as experiments on the rotationally resolved magnetic vibrational

experimentally observed:'* Since 1994, Byers et al. have circular dichroism (MVCD) for linear moleculésand sym-
discovered that surface second harmonic generation (SHG) cametric top molecule#? It is knowrs3-35 that, when the light

be shown to display optical rotation effects depending on the heam has some degree of circular polarization, this optical field

handedness of chiral molecules at various interfates.In is equivalent to an effective magnetic field, and a Zeeman light-
. - induced shift can occur due to the ac Stark effect. In our previous
* Corresponding author. E-mail: zrh@ustc.edu. 36.37 L . .
t School of Life Science. paper;®3’the magnetic field in the MVCD for a linear molecule
* Department of Chemical Physics. is replaced by a resonant circularly polarized intense pumping
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LIOR and LICD Effects for Symmetric Top Molecules

optical field, and the corresponding laser-induced circular
dichroism effect by this pumping light is expected to occur.
Similarly, the laser-induced optical rotation (LIOR) and laser-
induced circular dichroism (LICD) are also expected to occur
when a resonant circularly polarized pumping optical field takes
the place of the magnetic field in the MVCD for symmetric

top molecules.

In section 2, on the basis of the results in ref 37, A,
andD terms of LIOR and LICD for symmetric top molecules
due to theM-dependent ac Stark splittings and shifig;
dependent Boltzmann statistical redistribution, Mdependent
occupation probability repopulation by the pumping light are
respectively deduced. Also, th& term of LIOR and LICD
arising from the rotational wave function of the symmetric top
molecule perturbed by the pumping light is taken into account
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where the antisymmetric polarizability,, can be expressed
as?5
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Ng and p{) are the number density and the population of
molecules in the statégl] respectively,i = n — ik is the
complex refractive index, and and k are the real refractive
index and absorption coefficient, respectivef:**The mono-
chromic right &) or left (=) circularly polarized wave
propagating along theaxis with the frequency is described

in this paper and obtained using the semiclassical perturbationby the electric-field vectdr

theory. In section 3, the microwav¢R double resonant
spectrum is proposed to detect the LIOR and LICD effect. As
an example, the LIOR and LICD for the Hgolecules in
the gas phase at the temperature of 298.15 K and the pressu
of 0.3 Torr with 5 cnt! optical path are calculated when the
IR probing optical field sweeps over the rotationalbrational
transition of theyvs and v; vibration modes and the circularly
polarized microwave pumping light at the frequency of 40.84
GHz resonant with the rotation transition and with the intensity
of 1 kW/cn? based on the B3LYP/6-33#14-G** computation.
The results indicate that thigterm of the laser-induced optical
activity can be on the same order of magnitude asttla@dD
terms, and theC term is 2 orders of magnitude smaller than
they are. In comparison with the MVCD, the LIOR and LICD

L =-LEO expl-i2nu(t — 1, ZI)(T F iT) + c.c. (4)

V2

and the interaction Hamiltonian describing the interaction of
circularly polarized light with matter is

re

— L or EO expl-i2nut — n,Z0)] + c.c. (5)

V2

whereer. = (1/+/2) e(x T iy) is the dipole moment operator.
2.1. LIOR for a Given Rotational Sublevel|JKMLlBecause
the deduction process of LICD is very similar to that of LIOR,

H,

are measurab|e, and the magnitude of LICD with the pump|ng in this subsection Only the eXpressionS of LIOR is deduced,

optical fieldl = 0.1 kW cn1? is equal to that of MVCD with
the magnetic field of 1 T.

2. Theory

The experimental arrangement for laser-induced optical
rotation and laser-induced circular dichroism for symmetric top
molecules is a weak IR probing beam with the frequengy
propagating collinearly with an intense resonant circularly
polarized pumping optical field with the frequeney.3” The
LIOR and LICD depend on the third-order susceptibility that
is treated by the effective linear susceptibility meti6é?

In this section, the relation between the optical rotation and
circular dichroism and the antisymmetric polarizabilities is
presented first. Second, the expressions of the antisymmetri
polarizability for rotational sublevels of a symmetric top
molecule induced by a resonant circularly polarized light are
described. Third, thé, B, C, andD terms of LIOR for a given
rotational sublevel is considered. And last, the LIOR and LICD
for a given rotational leve]JJKOare obtained.

A plane-polarized light is equivalent to the sum of right and
left circularly polarized light of equal amplitude, and it may be
shown that the rotatiop of the plane of polarization an@ of
an initially plane polarized light of circular frequencyy
propagating with the path lengthare respectively determined
by the real part and imaginary part of the antisymmetric
polarizability o>

2z B voZ .
- 2 (n— - n+) - c Reﬁlxy':| (1)
2” 2
0= k)= e ()
2c ' c xy

and those of LICD is omitted for simplification. Here, the LIOR
effect in this paper is concerned with three energy levels, the
ground statdgland the intermediate statésTand |m[ the
circularly polarized optical field, pumps the system frong

to |[mJ and the probing IR beam at the frequengyscans over
the transition betweengdand [nCJ Assume that the wave
functions of a symmetric top molecule can be written as the
product of separable vibronic and symmetric top rotational wave
functions

[gCF= [g00UKMO InCE= |y, JUK'M'O
|mD: |mUm|:|]\]”K”M”|:|(6)

cwhere§ and i (or M) stand for the initial and intermediate
electronic states in eq 7, respectively.J, K, andM are the
guantum numbers for the vibrational, total angular momentum,
top axis component, and space-fixgehxis component of
angular momentum, respectively. The unprimed, primed, and
double-primed indices of rotation quantum numbers correspond
to the statesgl] |n[] and |mC] respectively.

The antisymmetric rotational polarizabilities for a symmetric
top molecule induced by a resonant circularly polarized optical
field are presented in the Appendix. Here, the results are cited
including the population (diagonal density matrix elements)
pgg. The imaginary and real parts of the antisymmetric polar-
izability at v; or vp are bothM-dependent

ant _ Mf_pg)g)

()
(8)

Re(y,)
i _ 0
Im(ay)*™ = Mg, 0

wherei = m or n for the transition|§v— |fMvyOat resonant
frequency vy or |gv0— |fAvsOdat vo, respectively, and the
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frequency factorg; andf; are, respectively

fi(J) = [(23 + 3)CE+AK(‘] K)fiR,K+AK - CS+AK(‘] K)fiQ,K+AK -
(23 - 1)CE+AK(‘JK)fiP,K+AK] (9)

g =[(2I+ 3)CE+AK(‘J K)Girk+ak — C(IngAK
(IKGigr+ak — (23— 1)CE+AK(JK)giP,K+AK] (10)

where the detailed expressions for the coefficient factor

Ck+ak(JK) and frequency factorsk+ak andgik+ax are in the
Appendix. In the following discussiofi,= fi(J) andg; = gi(J)
except where otherwise stated.

When a resonant circularly polarized pumping field is
applied, o, in eq 3 becomes a function of the frequenay
intensityl, and polarization of the pumping light. Just as pointed

out in ref 37, analogous to the magnetic field in magnetic optical

activity, the pumping optical field has four effects on the
antisymmetric polarizability, and to the first order in the
pumping light intensity, the antisymmetric polarizability should

be split into four terms related to the above effects, respectively,
and the corresponding laser-induced optical rotation for a given

rotational sublevelJKMQOyields A, B, C, andD terms

¢JKM = ¢2KM + ¢JAKM + (/J)?KM + ¢§KM + ¢?KM (11)
Here,qb‘J)KM is the optical rotation of the probing light when the
pumping optical field is not applied and determined by the
M-dependent antisymmetric polarizability of the rotational
sublevel|JKMO From egs 1 and 2 and ref 37, tAeC, andD
terms of LIOR for symmetric top molecules can be obtained in
a similar way of deducing the laser-induced circular dichroism
for linear molecules and are presented as follows.
The A term of LIOR is from the laser-induced splittings and
shifts of the degenerate rotational subleVdlsMO
A ZﬂzNgsz
Pim = C

MAAv, (12)
whereAuwv. is the ac Stark effect of rotational sublevel&MO

induced by the resonant right{ or left (—) circularly polarized
pumping light and can be expressed’as

(E?)?
Av, = on

[Reloqp)™™ F Re g™ (13)

when (E(O>)2|(Mo)g"v”'|2 < 1gl'm 7 is the spontaneous and
collision decay width for the ground rotation level, ahg is
the spontaneous decay width for the rotation lewall The
frequency facto, in eq 12 is

A — VAR Crak(IK) .
? 4@+ 1423 + Dh[A, 2 + T,
UoAnQZCE+AK(JK) CEJrAK(‘] K)UOAnPZ
8P+ 1YNA G + 7 4F¥(1+ Dh[Ay + T

(M ak) %ZH(MAK)ng (14)
andAK = 0, 1.

TheCterm of LIOR is from the differences of the Boltzmann
statistical distribution of molecules in the statiKM[(the
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number density\Ny) due to the ac Stark splitting. If it is assumed
thathAvy < KT, the C term can be expressed as

27Ny, 2 hAv

cC __ N +
KMT T WMC¢ (15)
which is inversely proportional to the temperature. And the
frequency factoC, is

Cs = vofy (16)
The D term of LIOR is from changes of the occupation
probability in the sublevgUKML] pv, due to the optical pumping

b ZnZNQJUz
Dkm = C MC¢APi (17)
wherepy = pg’g) + Aps+ and
(E(O))Z mysym myan
Ap, =~ he [Im(ay)™" F Im(oyy) 1 (18)

g

In our previous studie¥, the B term arising from the wave
functions of the ground rotational sublevels perturbed by the
pumping optical field was not considered. Here, iderm
is taken into account using the semiclassical perturbation
theory. The wave functions of the rotational subleygl
perturbed by the right+) or left (=) circularly polarized
pumping light resonant with the transitiggC'— |mCcan be
written ag!

1 WnH.[g0

gl = g H -~ im0 (19)
|ml

Ugm = 01 — 1y
where the line widtH 'y, is included to avoid divergence when
the light frequency; approaches the transition frequengy,

By substituting eq 19 into eq 3, only the four-wave mixing term
is reserved; the antisymmetric polarizability, can be re-

written as

1 [@ler/nThler)g0) 1 [Gler,nhler,/g
(), = -= +

20 (04, — v — 1Ty 20 (00— 0 — Ty

1 (tnjerntmjer,|m— njery|ntijer,| Mg/ Hx|mIm/H, |gt
£i2h (0gn— vo— T (g — o1+ ITy) (g — 21— Ty
(20)

where the second term is the polarizability of the probing light
when the influence of the pumping light is considered. Using
egs 1 and 20 and the angular momentum thébdtiie B term

of LIOR for the subleve|JKMLIs also temperature-independent
and can be written as two terms: onevi&-dependent, and the
other isM- and M3-dependent.

z‘nzNngZ (E(O))Z

B _ r
M=o op MMB,+B) (21)

Here, the frequency factds, is
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(M( AK))mU (MAK)mvm dichroism (LICD) for the rotation levelJKOare, respectively
UeChloa(d, K)F(J + 1) A 0D+ 1 27Ny ZAf,
2 2 T O="T — (28)
434 1723+ Dh(Aprsar” + Tod) 3 he,c c
Q
S SVCLO R oD@+ | 2TN 2B
8 (3 + )'h(Angr+ak” + Tin) K 3 he,c c (29)
UOCE+AK(‘]1 Kf.(J—1) 22) 27%h £
L Z
2523~ D@+ DA + T g5, = 7 WTV@ED | ZTLEGI (5
' 3 he,c ckT

It should be noted that the transition moments in eq 22 are not A3+ (2] + 1 22N 2C,

(M ak)g'Madn, bUt M_a)me (Mpdn™ Equation 22 0 =+ ( ) ) | 5092 9m (31)
shows that different from thA C "andD terms, theB term 3 he,c CTy,
cannot be explicitly expressed into the product of the polariz- )
abilities respectively induced by the probing and the pumping Here, the frequency factor for theterm of LICD is

light. B}, in eq 21 contains both a constant avié-dependent

R
frequency factors, and its expression is omitted for it provides , _ UoAnrl nCk +ak(IK) _
no contribution to LIOR for a given rotational leveIKOwhen 0 40+ 1)2(2] + 1h[A 24T 2]2
eq 21 is summed oveM (see next subsection). nR :
2.2. Rotationally Resolved LIOR and LICD. When the UOAnanCS+AK(JK) UoAnPFnCEMK(JK)

pumping optical field is not intense enough to separate the > 5 > 5T 5 > o
individual rotational sublevgDKMCand the decay widths, and 8 (I + 1) h[A g + T ]° 43(23+ Dh[A" + T7]
the line widths are large compared with the laser-induced shifts

and splittings, we study LIOR and LICD for the given rotation (M ai (MAK)M” (32)
level |JKO. By summinggykm over rotational sublevelg KM
we obtain the LIOR for a given rotational levglKD the frequency factor foB term is

b= D+ BB+ ¢S+ B By = (M_a)in, (Mardi"

. . . CRiak(d K)g,(3 + 1) N
- MZ (¢JKM) MZ (¢JKM) MZ (¢JKM) MZ (¢JKM) 4(J + 1)2(2J + 1)h(AmRK+AK2 + sz)

(23)
K+AK(‘J K)gn(9)

Note thatyw ¢ is zero and is neglected in eq 23. All of the

A, B, C, andD terms in eq 33 can be expressed as two terms 8‘]2(‘] + 1)2h(AmQ,K+AK + sz)

according to egs 710, 12-18, and 2%22: one isM?% P

dependent arising from the interaction of the antisymmetric Cirak, K)g,(J — 1) 33
polarizabilities respectively induced by the probing and pumping 4J2(23 — 1))+ 1)h(AmPK+AK2 + rmz) (33)

optical fields, which is nonzero in summing ovdr; the other
term is M- and M3-dependent from the interaction of the gnd the frequency factor fdt term is
antisymmetric polarizability by the probing optical field and

the symmetric polarizability by the pumping optical field, which Cy = v0, (34)
is zero in summing ovell. Thus, theA, B, C, andD terms of ) _ ) o )
the laser-induced optical rotation for the rotation leNélCare, In egs 24-31, | is the intensity of the pumping light with
respectively = 1/2eqc(E®)?,38 and all terms of LIOR and LICD are
proportional to it, and the signs denote the circularity of the
22N.. ZA f pumping optical field.
i O+ D@+ 1)L gvJ A@ m (24) Equations 2431 can also be valid for the laser-induced
3 he.C c optical rotation and laser-induced circular dichroism of a given
rotational level for a linear molecule only if the corresponding
s JO+D@I+1) | 2ﬂ2NGU325¢ factors in the above equations are rewritten as follows:
w=F 3 [YSPS— (25)
60 gm =
2 L e ns
O Ol e I hNg,2Cyfm 26) 21+ DA+ T2 Ap?+T,7 .
K 3 he,C ckT (35)
2 fn=
JA+1)(23+1) | 27Ng,2C0n, m
D g ®
- LI A A
P =% 3 hec  cry @7) 1 [ Aw (M9, (Mo

21+ D A2+ T, Mg +T,7
Similarly, theA, B, C, andD terms of the laser-induced circular (36)
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the frequency factors for LIOR of a linear molecule are

A, =
1 |l ZjOAnRz ZjOAnPZ vy
_22\]+1h 2 22_ 2 22(MO) (MO)
( ) l[AnR + rn ] [AnP + I_‘n ]
(37)
= (Mo, (Mo (M) (M)
1
2, 2 2 X
2(2J + 1) h(AmRK+AK + I_‘m )
A+ 1) A+ 1) N
AREQ+1D)+T72 AL+ +T,7
1
2, 2 2 x
2(23 - 1) h(AmP,K+AK + rm )
AnR(J -1 . AnP(‘:J +1) (38)
AR@—1+T72 AS@+1)+T7

1 |. UOAnR _ Z/O nP

C, =-
P2+ DAZHTE AG AT

5| (Mo)R, (Mo)g,”
(39)

and the frequency factors for LICD of a linear molecule are

A9=

1 |l Z/OAnRFn UOAanrn fiy,
_22\]+1h 2 22_ 2 22(MO) ( 0)
( ) l[AnR + rn ] [AnP + I_‘n ]
(40)
= (Mo, Mo (M) (M)
1
2 2 2 X
’2(23 + 1 (Angcrak’ + T
Fn I_‘I”l
AZOtDAT? AZO+ DT
nR n nP n
1 X
2(2) - 1)2(AmP,K+AK2 + sz)
T r
2 ; 2 2 > 2| 41)
AgQ@—-1)+T, Ap@+1)+T,
cy=— ot ] 5| (Mo, (Mo)g,”
" 2@+ DaZ+T A,P +r o
(42)
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ticity37:43-45 [¢3x] and [0«]; eqgs 28-31 can also be expressed
in terms of equivalent onAA involving absorbance unifs”43

3. Calculation and Discussion

The MVCD of HCR molecules at 0.5, 1, and 2 chh
resolution in gas phase have been measured in the experiment
of Wang et al. using an infrared vibrational spectrometer in a
magnetic field of 8 T2¢ To know about the magnitude and
line shape of the laser-induced optical activity spectra, the
resonant circularly polarized pumping optical field is applied
to take the place of the magnetic field and to produce the
corresponding LIOR and LICD spectra. Note that the IR probing
light is circularly polarized for LICD where the differences of
absorption for the right and left circularly polarized probing
light are detected and is plane-polarized for LIOR where the
rotation of the plane of polarization is measured. The parameters
of HCF; are obtained with the B3LYP/6-3#1G** computa-
tion,*¢ the single LIOR and LICD rotation line for thes,
E-symmetry, Ckg asymmetric stretching mo#fé is calculated
in section 3.1, and the whole rotational LIOR and LICD spectra
for the us mode and the, A.-symmetry, CH stretching moefé
are given in section 3.2.

The experiment is a microwavéR double resonant consid-
eration where the right circularly polarized pumping microwave
optical field with intensityl = 1 kW cn1? at the frequency
40.84 GHz is resonant with the rotational transitien< 0, J)

— (v =0, J), and the IR probing wave of frequeney with
the optical path lengtlz = 5 cm scans over the rotatioral
vibrational absorption transition & 0, J) — (v = 1, J') under
the conditions of 298.15 K and 0.3 To#¢ With the B3LYP/
6-311++G** computation, the following parameters are ob-
tained. HCR belongs taCs, symmetry, and the ground electronic
state istA;. The rotational constants afe= B = 10.21 GHz
andC = 5.596 GHz; thus, it is an oblate symmetric top, and
the corresponding rotational partition functi@dnis 1.198 x

1CP at 298.15 K. The vibration frequencies of the and v;
modes are 1125 and 3142 cin respectively. The nonzero
permanent dipole moment is 5.920 1073 C m along the
molecularz-axis. The dipole transition matrix elements of the
vibration state are obtained from the derivative of the dipole
moment with respect to the Cartesian coordirtfehe x andy
transition moments of thes mode from the ground vibrational
level to the first excited vibration are both 6.7¥91073° C m,
and that of the/; mode is thez transition moment with a value
of —2.083x 10730 C m. All of the line widths are assumed to
be the same magnitude of 0.5 chi2d Here, we did not take
the influence of line shape of the incident light into account,
since the laser line width can bel MHz 47

3.1. Rotationally Resolved LIOR and LICD Line of (v5s =
0,J =1)— (vs = 1, ). According to eqgs 2431, the molar
elipticities LIOR [¢>{,K] and LICD [¢,] (j =A,B,C,D; K=1)
(Figure 1), ppsx] and [03¢] (K = —1, 0, 1) (Figure 2), andg]j],

[63], andAA; (Figure 3) have been calculated for the rotatienal
vibrational line ¢5 = 0, J = 1) — (v5 = 1, J) of HCR;

Equations 35, 36, 40, and 42 have been obtained when themolecules and are plotted as a function of the frequerayf

A, C, andD terms of LICD for a linear molecule are deduééd

the IR probing light. Figures-13 show that, in resonant cases,

where the vibronic transition moments are not included in the almost all of the LIOR and LICD are of the same order of
corresponding frequency factors. Also, the formulas and fre- magnitude for the corresponding terms; the laser-induced optical
quency factors of the LIOR and LICD for a linear molecule activity of the B term can be as large as that of theand D

can apply to an atom if the vibronic transition moments in the terms with a magnitude of 10 deg émol~2, and that of theC
frequency factor for a linear molecule are replaced by the term is 0.1 deg cfhmol~! (see Figure 1); the laser-induced

electronic transition moments for an atom.
The laser-induced optical activity in eqs221 is in radians,

optical activity for the three rotationavibrational transitions
lvs =0,J=1,K=-1,0, I |vs = 1, JK'Oare all on the

and they can be in another experimental quantity for molar ellip- order of magnitude of 10 deg énmol~! (see Figure 2), and
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Figure 1. LIOR [¢>J'JK] (solid line) and LICD EjJK] (dotted line) { = A, B, C, D) in deg crd mol for the rotational-vibrational line ¢s = 0, J
=1,K=1)— (rs = 1,7, K') of HCF; molecules under the condition of 298.15 K and 0.3 Torr when the probing opticalfieldleeps over
the vibrational transitionzg = 0) — (vs = 1) and the right circularly polarized pumping microwave optical field with intenisityl kW cn2 is
at the frequency 40.84 GHz resonant with the rotational transitior=(0, J = 1) — (vs = 0, J). (a) [¢?K] and [OﬁK] as a function ofvo, (b) [¢?K]
and B5] as a function ofvo, (c) [¢5] and [65] as a function ofvg, (d) [¢5] and [¥5.] as a function ofv.

LIOR and LICD for rotationatvibrational transitionzs = 0, MVCD experiment and can be measurable, and so does LIOR,
J = 10— |vs = 1, JOare on the same order of magnitude and for the absorbance difference spectra, the pumping light
of 10 deg cmM mol™!, and the corresponding absorbance with intensity of 0.1 kW cm? in LICD is about equivalent to
spectra is on the order of magnitude of &@see Figure 3). the magnetic field D1 T in ref 32d.

Out of the absorption region, LIOR and LICD decrease rapidly  The »; mode of HCE has no observable MVCD under their
to zero. experimental conditions, since the rotational Zeergdactor

3.2. Rotationally Resolved LIOR and LICD Spectra of of this band is very smallg(~ 0.03)32d However, Figure 5
(vs=0,J=1-30)— (»s=1,J) and (v, =0,J = 1-30)— shows that for the;; band rotationally resolvedA; can be on
(v1 =1, J'). To compare the LICD effect with the rotationally the order of magnitude of 18 when the intensity of the
resolved MVCD experimeri£d using eqs 2431, we also pumping light is 1 kW cm? and can be measurable in
calculate the LIOR, LICD, and laser-induced absorbance comparison with the resolution of the MVCEF This indicates
differenceAA; for the rotationat-vibrational transitionsus = that the LICD and LIOR for the); mode can be observable
0,J=1-30)— (rs=1,J)and 1 = 0,1 =1-30)— (v1 = and may provide rotationalibrational information different
1, J), which are plotted in Figure 4 and Figure 5, respectively. from the MVCD.

Figure 4 shows that the rotationally resolved laser-induced In the above calculations of LIOR and LICD for HEF
absorbance difference specixA; of the s band by the resonant  molecules, the intensity of pumping light is 1 kw cfand
circularly polarized pumping microwave optical field are similar the corresponding laser-induced shifts by the pumping light are
to that of the MVCD spectra, and both of them have a complex about 20 MHz, which is much smaller than the rotational line
band shape (see Figure 3 in ref 32d), @0 can be 2x 104 width 15 GHz (0.5 cm?). Thus, it is suitable to apply the
when the intensity of the pumping light is 1 kW cf The perturbation approximation and the rotation-sublevel-unresolved
corresponding MVCD of thes band in the magnetic field of 8  approximation.

T is 3 x 1074324 This indicates that the magnitude of the Last, it should be noted that, though the expression of the
calculated LICD is comparable with the rotationally resolved antisymmetric polarizability for a rotational sublevd! of an
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Figure 2. LIOR [¢j] and LICD [0x] (J = 1, K = —1 (dotted line), vo (cm™)
K = 0 (dashed line); andk = 1 (solid line)) for the rotationat . .
vibratiorSaI line g5 = 8, J=1K= o(, +1)— (y)s) =1,7,K) of HCFs Figure 3. LIOR [¢,] and LICD spectrad,] andAA; (J = 1) in 5 cm
molecules under the conditions of 298.15 K and 0.3 Torr when the Ea\tpfggf]hfir)tgfégg'&ﬁg&?ﬁio&ﬁ;grn?hg%;[?ai‘gi;é)o?z(gg15 K
right circularly polarized pumping microwave field with intensity= o h b - ; g
1 kW cnr2 at the resonant frequency 40.84 GHz. ¢a)] as a function and 0.3 Torr when the right circularly polarized pumping microwave
: ield with intensity | = cm 2 at the resonant frequenc .
of v, (b) [0:] as a function ofy . . field with i ityl =1 kw : h freq y 40.84
! i Hz. (a) ppj] (solid line) and P;] (dotted line) as a function afp,
° * ° GHz. (a) 4 (solid line) and p.] (dotted line) function afo, (b)

. ) _ AA; as a function ofv,.

asymmetric top molecule by a resonant circularly polarized
optical field is not presented, the rotational antisymmetric and D terms, respectively, due to the ac Stark shifts and
polarizability can be nonzero, and the corresponding rotationally splittings, the Boltzmann statistical redistribution, and the
resolved LIOR and LICD existent for the wave function of an alteration of occupation probability are obtained on the basis
asymmetric top molecule can be expanded into the completeof previous studied’ The microwave-IR double resonant
set of the wave functions of a symmetric top molecule, and a spectrum is proposed to detect the LIOR and LICD effects. As
large number of asymmetric top molecules fall under the near- an example, the LIOR and LICD for the HEfmolecules under
prolate or near-oblate symmetric rotor category, and it is the conditions of 298.15 K and 0.3 Torr with 5 choptical
convenient to think in terms of the symmetric rotor linfits'® length when the IR probing optical sweeps over the rotatienal
vibrational transition of thess mode and the right circularly
polarized microwave light with intensity of 1 kW crhat the
frequency 40.84 GHz resonant with the rotational transition (

We have discussed the rotationally resolved laser-induced= 0, J) — (v = 0, J) are calculated using the B3LYP/6-
optical activity including the laser-induced optical rotation 311++G** computation. The results indicate thBtterm can
(LIOR) and laser-induced circular dichroism (LICD) effects of be on the same order of magnitude as AhandD terms, and
a IR probing light pumped by a collinear intense resonant the C term is 2 orders of magnitude smaller. When comparing
circularly polarized optical field dependent on the third-order the laser-induced absorbance differen@g with the rotationally
polarizability due to the pure electric dipole interaction for resolved MVCD, the LIOR and LICD can be measurable, and
achiral symmetric top molecules in the gas phase. Blerm the magnitude of LICD with the pumping optical field= 0.1
of the LIOR and LICD arising from the rotational wave function kW cm2is equal to that of MVCD with the magnetic field of
perturbed by the pumping light is deduced using the semi- 1 T. Furthermore, at the same conditions, the calculated results
classical perturbation theory, and the expressions foAih@ indicate that the observable LIOR and LICD for theband

4, Conclusion
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can be obtained though the corresponding MVCD of this band

is not detectable. Thus, the LIOR and LICD effect may provide
useful new information and form a basis for a different kind of
optical activity spectroscopy.

Appendix: Antisymmetric Polarizabilities for the
Rotational Sublevel of Symmetric Top Molecules Induced
by a Resonant Circularly Polarized Optical Field

With the semiclassical perturbativhand the angular mo-
mentum theory? the nonzero polar vector polarizabilityu
of the rotational magnetic sublevévUKMOinduced by a
linearly polarized, right circularly polarized, and left circularly
polarized optical field at frequenay resonant with the transition
between the initial stat&y[UKMOand the intermediate state
| ' K'M' Careopo(o), a—1(a+), andas—1(a-), respectively.
All of them can be written into the sum of three termag, (J
=J+1),0°@ =J,anda®” (I =J - 1)
o=of+a’+ao i=0+ (A1)
The polarizability for theR term induced by a resonant
circularly polarized optical field withAK = 0, +1 can be
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Figure 5. LIOR [¢;] and LICD spectraf;] and AA; (J = 1-30) for

the rotationat-vibrational line ¢; = 0,J = 1-30) — (v1» = 1, J) of
HCF; molecules in 5 cm path length under the conditions of 298.15 K
and 0.3 Torr when the right circularly polarized pumping microwave
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expressed in the sum of symmetric and antisymmetric polariz-
abilities
(A2)

R _ R R
Orak+ = OtaK,sym T OK+AK ant

Here, the symmetric paoty, symand the antisymmetric part
~ :
aK+AK,ant are

aE+AK,ser(‘]KM) =
CRoac@KI3 + 1)@ + 2) + MA(frysar T iOrieax) (A3)

O‘E—O—AK,am(JKM) =
CE+AK(‘] KIM(2J + 3)](frkrak T 19rk+ak) (A4)

where

CE+AK(‘] K) =
-2[(0+ 1)2- K9 AK=0
[(J+ 1)@+ 2) £K(2I+ 3) + K’ AK=+1
and the frequency factors are



9290 J. Phys. Chem. A, Vol. 110, No. 29, 2006

ArkakM- AK))nu (MAK)M"

40 + 1723 + 1)(2 + n(Agpiak’ + 1)

fR,K+AK =

n(M( AK))nz/ (MAK)nU
4Q+ 123+ 1)1+ 3)(Agpsax’ + TY)

Ork+aK =

Arksak = Vg, + U grykrak) ~ Vo= (Uﬁv Vg 2 T

(U(J+1)(K+AK) — U ~ Vo

Similarly, the symmetric and antisymmetric polarizabilities
of the Q and P terms are as follows. The symmetric polariz-

ability a%AK,Sym and the antisymmetric polarizability%AKYam
of Q term are

024 Ak sym(IKM) =

K+AK('JK)[J(‘] +1)— MZ](fQ,K+AK + ng,K+AK) (A5)

ag+AK,an(‘]KM) = K+AK(‘]K)( M)(foxrak T 90 k+aK)
(A6)
where
—2K? AK=0
C2, \c(JIK) =
wrak(JK) JI+ 1) EK+K? AK==1
. _ Agk+ak(M - AK))nu (MAK)nUn
QI 8P+ 1Ph(Agiald + D)
(M AK))nu (MAK)M"

Jok+ak =

8F(3+ 1’h(Agyiak’ + 1)

AQ,K+AK = Ugv,fiv, + UskJK+AK) — Yo

The symmetric polarlzabll|tyuK+AKSym and the antisym-
metric polarlzabllltyOLK+AK ant Of the P term are

Ol s ak syl IKM) =
CE+AK(‘]K)[J(‘] -1+ MZ](fP,K+AK +igpk1ak) (A7)

O‘E+AK an(‘] KM) =

K+AK(JK)[( M)(2) = Dl(fekak T 9pkrak) (A8)

where
—2(FP—-K? AK=0
CE—O—AK(JK) = 2 “) 2
[0 - 1)+ KEI-1)+K] AK==+1
. _ Ap k(M- AK))nu (MAK)M"
PK+AK —
4323 = 1)(2 + Dh(Apyak’ + 1)
(M AK))nu (MAK)M"
Op k+ak =

4323 = 1)(20 + Dh(Apyiak’ +T)

Apkiak = Vgofiv, t U g-nk+ak) — Yo

In the above equationsg, ., is the vibronic transition energy,
andu;k gk is the rotational transition energlyy, is the dephasing

Zheng and Wei

constant for the rotational state of the intermediate sfatg)

and the vibronic transition momenM(,)% = [@v|rax|fval)
Equations A3-A9 indicate that the polar|zab|llty for a rotational
sublevel induced by a resonant circularly polarized optical field
has not only the symmetric part but also the antisymmetric part,
and the antisymmetric polarizability is on the same order of
magnitude as the symmetric one.
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