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1. INTRODUCTION

The problem of preferential synthesis with light
from aracemic solution of enantiomers has been under
discussion over last decades [1-8]. Two different solu-
tions have been discussed so far.

One solution is based on preferable selection of left-
or right-handed enantiomers from a racemic solution
with no change in their nuclear configurations. We will
call such alaser scenario laser selection scenario. One
of the laser selection scenarios was discussed in [1],
where the preferential synthesis from a racemic solu-
tion was demonstrated with the use of circularly polar-
ized laser light with theinhomogeneousintensity distri-
bution along the laser beam radius (though the yield of
the scenario was quite small).

Another solution is based on a photoinduced synthe-
sis of left-handed enantiomers from right-handed ones
or vice-versa. We will call such alaser synthesis laser
distillation of enantiomers. Obviously, laser distillation
of enantiomers scenario works for a racemic solution
only if the photoinduced dynamics of left-handed or L-
enantiomers differs from the dynamics of right-handed
or D-enantiomers. Several models for laser distillation
scenarios for a preferential production of required
enantiomers from aracemic solution were discussed in
the literature over afew last years [2-5]. For example,
it has been discussed an interaction of a circularly
polarized light with aracemic solution [2, 4]. However,
calculations give anegligible difference of about 10-5%
in preferential synthesis of L- over D-enantiomers or
vice-versa. Another scenario suggested by Shapiro
et al. [5] seems to be more promising. It encodes the
guantum coherences in the molecule to selectively
enhance the production of either L- or D-enantiomers.
However, as we show in this paper, Shapiro’s scenario
does not work for aracemic isotropic solution.

In this paper, we elucidate the role of the rotational
degrees of freedom for the process of laser distillation
of enantiomers from a racemic isotropic solution for
any possible laser scenario (Section 2). It is shown that
the laser distillation scenario suggested in [5], which is
based on coherent control, does not work for the achiral
synthesis from aracemic isotropic solution. Thisisdue
to the fact that rotational degrees of freedom of enanti-
omers constituting the solution are homogeneously dis-

tributed over the Euler angles and averaging over this
distribution cancels the effect. A modified scenario is
suggested (Sections 3 and 4), which works for the case
of isotropic racemic solution. A detailed analysis of this
scenario shows its efficacy for the preferable synthesis
of enantiomers of required handedness. The results of
this paper are summarized in the Conclusions
(Section 5).

2. ROTATIONAL SYMMETRY ANALYSIS
OF A LASER DISTILLATION SCENARIO
FROM A RACEMIC SOLUTION

In thefollowing we will suppose, for simplicity, that
the nuclear configuration of a stable enantiomer in the
ground electronic state depends only on a reaction

coordinate 8 and the Euler anglesO = (¢, 9, 8), which
characterize the rotation of the enantiomer in free
space. We suppose also that al other intramolecular
degrees of freedom are fixed and are not changed dur-
ing enantiomer’s dynamics. For stable enantiomers, the
double-well potential that is typical for chiral mole-
cules, has a high barrier along the reaction coordinate.
Therefore, the splitting of the rotational levels of the
enantiomer due to switching between left- and right-
handed configurations is negligible: the eigenstates of
the Hamiltonian, Y, (6) and Yp(0), are equally possible
in aracemic mixture of L- and D-enantiomers at ther-
modynamica equilibrium. For large molecules, most
interesting for practical purposes, the high potential
barrier is due to the essential mass of the enantiomer
M = 10°my,, where my, is the proton mass. In this case,
rotations of the enantiomer in free space can be treated
as classical because Aw, .1 < KT, where w, ., are
the frequencies of rotational transitions. Rotational
dynamics of such an enantiomer along the reaction
coordinate O is described in terms of the states ), (6)
and Pp(6) (in matrix representation, by |LOand |DO)
respectively) and dynamics along the Euler angles O
can be counted on by simple classical averaging over an
initial distribution, which is not changed during laser
excitation.

This ssimple model of enantiomer dynamics in iso-
tropic medium is sufficient to elucidate the fundamen-
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tal role of rotational symmetry, which imposes restric-
tions on possible scenarios for the laser digtillation of
enantiomers from a racemic isotropic mixture. From
the analysis below it follows that any laser distillation
scenario that employs coplanar configuration of the
laser fields polarizations does not work for an isotropic
mixture.

L et us define the degree of chirality operator, which
istheoperator X = |LOL |- |DID | that defines an excess
of L-enantiomers in a racemic mixture (i.e., the nonra-
cemicity of the mixture). Eigenstates of X are |L[H and

|DEstates and the eigenvalues are equal to £1. In matrix
representation the degree of chirality operator issimply

the Pauli matrix 6, . Similar definitions of the degree of
chirality operator one can find in [9, 10], where it is

shown that § is a pseudoscalar, i.e, R{R™ = —¥,

where R isthe inversion operator that mirrors aradius
vector asr —» —. Excess of L-enantiomers at the fixed
Euler angles O, or simply the degree of chirality X, can

be expressed through the degree of chirality operator X
and the transition superoperator &,(0), which
describes the transformation of density matrix p, —
p; over the time t. For an ensemble of molecules, the

degree of chirality is to be averaged over the Euler
angles:

X = Or[XF1(0)pd . D

We will suppose in the following that molecules in a
racemic mixture are homogeneoudly distributed over
the Euler angles.

The transition superoperator, describing photoin-
duced dynamics of a chiral molecule aong the reaction
coordinate, can be written if we neglect rotations of the
molecule in free space as

t

[ TR TP [
¢,(0) = TexpD—%I[UolHqu, o],
0% O 2

i~

A~ —Ho

Ug=e d T,

where T is the time ordering operator, expression
[A, ©] with the substitution symbol © describes the
superoperator for commuting the transformed density
matrix with the operator A, H, =E - d —E - j isthe
interaction Hamiltonian of the molecule with incident
laser field E = De;k%k(t)e_'mkt, d is the dipole
moment operator of the nuclear configuration of

the molecule, and pu is the electron dipole moment
operator.
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For enantiomers homogeneously distributed along
the Euler angles, we have Rp, = po, Where R =
RoR ™", and, therefore,

X = OMRRS pb = THRRS R Bl b (3)
Then, comparing Eq. (3) with Eg. (1) we immediately
havex = 0if

¥,(0) - RS, (0)R T} = 0. (4)

Let us prove that Eq. (4) isstrictly fulfilled for a copla
nar configuration of the laser fields polarizationsand is
valid in general caseto the third order of the expansion

of the transition superoperator (2) by the powersof H .

To prove this, let us expand Eq. (4) in series taking
into account the correct time ordering:

- RS, R = S " -wF R, (5)
n=1

t tn t2

- E_%an'dtnj'dtn_l...I[%H.(tn)...[%Hl(tl),o]]dtl.

The inversion transformation of the interaction Hamil-
tonian in expansion (5) is equivalent to the inversion of

the dipole moment operator R dx = (—dix, —Oky , —dkz),
which, in its turn, is equivalent to the inversion of the
vector E. From Eqg. (1) and on account of Eg. (5) the
degree of chirality takesthe form

t tn tl

X = zleé”f_..an fatafdn-s-.-[Ea(t) - Eq, (tr) s, (6)
n= 0 0 0

where

1)1 0
S((x ) 0 %Z pr(m) |]jnn, GQ)’
n
2 1 0
Sfx,)B 0 ——zz pr(m) Ijjnm,t}(dmn, Bl%!
h n,m

® 1 ©)
Ea,B,y 0 ~3 Z Pnn Ijjnm,oxdmp,[?)dpn,yu)f
np,m
o,, o, B, Y=X Y, zand n, p, m number the levelsinci-
dent laser fields act on which.
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Let us specify thetensorse®, €2, and €® after aver-
aging over the homogeneous distribution over the Euler
angles O.

It follows from Eq. (6) that €® being the first rank
tensor (vector) corresponds up to the dimensional coef-
ficients to the permanent dipole moment vector of the
medium, all components of which are equal to zero for
an isotropic medium. Second rank tensor €@ corre-

spondsto the linear susceptibility tensor )Z(l) , hondiag-
onal components of which are equal to zero for isotro-
pic medium. Moreover, according to Egs. (5) and (6)
diagonal components of € are also equal to zero. Ten-
sor €@ corresponds up to the dimensional coefficients

to the nonlinear susceptibility tensor )~((2) for an isotro-
pic and gyrotropic medium[11] and, therefore, its coef-

ficients satisfy the folllowi.ng relation: sff)&y 0 €5,y
wheree, ;  isthe Levi—Civita tensor.

Let us now prove that in general case only those
components of €™ are non-zero for which all threeindi-
ces X, Y, z are present and each index appears an odd
number of times. First, from expansion (6) it follows
immediately that those components of tensor €M are
non-zero, for which one index (or three different indi-
ces simultaneously) appears an odd number of times.
Second, consider in the equation for the degree of
chirality for a single molecule the term whose indices

in the €", for instance x, y appear an even number of
times and index z appears an odd number of times. This
means that the X, z-projections of all dipole moments
for the transitions in the conjugated molecule, which
are obtained by rotating an original molecule around
the OY-axis by 11, change the sign. Then, summation of
the degrees of chirality for origina and conjugated
molecules leads to the zeroing of the components of
tensor €M indicesx and y of which appear an even num-
ber of times. As aresult, the only nonzero components
of tensor €M are those in which al indices x, y, z are
present and every index appears an odd number of

times. For instance, for thefifth rank tensor £®) thefol-

. 5 5
lowing tensor components are non-zero: ef(x)xyz, siyi,yz :

8(5) 8(5) etc.

Xyzzz 1 ©yxxxz

Now we will apply this symmetry analysis to the
laser distillation scenarios. For coplanar polarizations
¥, (t) we can choose as OZ-axis an axis that is orthogo-
nal to the plane formed by the vectors €,(t). Then, the
only nonzero components are the x, y-projections of the
incident laser field E. From Eq. (6) it followsthat in the
expansion appear only zero components of the tensor
€M for which index z is absent and, therefore, x = 0.
Thus, alaser distillation scenario from aracemicisotro-
pic solution will be successful only if the configuration
of the polarizations of the incident fields is non-copla-
nar or, in other words, shows helicity.
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Presented above analysis shows that for coplanar
polarizations of the incident laser fields the transitions
D — LandL — D arejointly compensated in arace-
mic isotropic solution, where molecules are homoge-
neoudly distributed over the Euler angles, and the solu-
tion remains the racemic solution.

For alaser distillation scenario applied to aracemic
isotropic solution of enantiomers, the symmetry of the
L — D and D — L transitions, which is due to the
homogeneous distribution of the enantiomers over the
Euler angles, can be violated in two possible ways.
First, we can align the enantiomers in a solution and
therefore made the distribution over the Euler angles
inhomogeneous. This can be done, for instance, with
the help of strong laser field, which aligns the dipole
moments of the enantiomers. Such a scheme was cal cu-
lated in [6, 7] for a vapor of hydrogen peroxide mole-
cules. The calculations show, however, that the laser
field intensities necessary for aligning the enantiomers
are close on the order of magnitude to the intraatomic
field intensity. Second, we can use a non-coplanar con-
figuration of incident laser field polarizations, whichis
considered below in Section 3. An extension of alaser
distillation scenario [5], described in our paper, isbased
on the use of three linearly polarized pulsed (in subpi-
cosecond time scale) laser fields with non-coplanar
configuration of polarizations. Non-coplanarity of the
polarization vectors is the necessary condition to form
achira field configuration in 3D space. The chirality of
such a field configuration is revealed in the process of
enantiomer— aser field interaction in dipole approxima-
tion even locdly, i.e., in a specific point of space. By
contrast, the chiral properties of a circularly polarized
light are not shown in dipole approximation for local
interactions and became apparent only for non-local
interactions.

3. LASER DISTILLATION SCENARIO OF CHIRAL
ENANTIOMERS IN A RACEMIC SOLUTION
WITH CHIRAL LIGHT

Inthelaser digtillation scenario for achiral synthesis
from a racemic solution suggested in [5] authors con-
sider the following model for the molecul€e's dynamics
in free space. Excited state potential of the molecule
along the reaction coordinate 0 is assumed to be a
guasiharmonic one with the minimum located at 6 = 0.
It is supposed also that there are two states, |10and |20)
in the excited state, which are described by symmetric
and antisymmetric wave functions in respect to 6 = 0,
respectively. The |10— |2[transition frequency liesin
IR range. Neglecting consideration of Section 2 spe-
cific for isotropic media, the authors of [5] have shown
that for the given model alaser distillation scenario for
achiral synthesis from a racemic solution can be real-
ized with the help of two pulsed laser fields (Fig. 1a). In
this scenario a pulsed (subpicosecond) laser field E, is
used for forming a coherent superposition of states |1[]
and |20] Then, asymmetric transfer of population from
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L- and D-states is achieved through the coherent super-
position of states |1[]|20which is linked by the second
laser pulsed field E; with the ground states. In this
scheme polarizations of the fields are always coplanar
and, therefore, described laser distillation scenario does
not work for aracemic isotropic solution (Section 2).

Let us now consider how one has to modify Sha-
piro’'s scenario [5] for the achiral synthesis with light
from a racemic mixture of enantiomers. For this pur-
pose, we will employ the same idea and model for the
free molecul€' s dynamics, suggested in [5], but will use
for generation the coherent superposition of states |10
and [20pulsed Raman pumping laser fields with linear
polarizations vectors of which form the plane different
from the plane linear polarization of the laser field
pumping the electronic transition liesin (Fig. 1b):

E,(t) = (0, Ex(1),0),

Ea(t) = (0, Es(t)cosy, Eg(t)siny),

where y is the angle between OXY-plane and polariza-
tion vector of the field E;(t). With this symmetry
choice, pumping of the electronic transition with the
laser field E,(t) destroys symmetry in population trans-
fer from L- and D-states via the states |10and |20 n the
excited electronic state. Polarization plane for the filed
E,(t) isto be chosen non-coplanar:

Ei(t) = (Eq(1),0,0).

In rotating wave approximation (RWA), the interaction

Hamiltonian H, for the four-level system (Fig. 1b) has
the form:

E 0 0 Ql—Qlé
6 -i50 00 9 @
25 Q, QA Q0
0-9Q; Q; Q, -A, [
where
Q1DE1D-|”|D@’
fi
" " (8
ook (E, (|d|pld)(Cpid|2[4 [E;)
z hzz W, —
D 2 1p

are the Rabi frequencies of one-photon electronic tran-
sition excited by the pulsed laser field E,(t) and Raman
transition |10— |200pumped by the pulsed laser fields
with frequencies w, and w, respectively, A, isthe laser
detuning at the |LC0— |1[transition.

For the following calculations we will assume that
(i) Q, < wy ,, Ap and (i) that Q; ~ wy,, Where wy, isthe
LASER PHYSICS Vol. 11
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Fig. 1. (@) Shapiro’s scheme for coherent laser digtillation
scenario from aracemic mixture of stable enantiomerswith
the help of two pulsed laser fields [5]. (b) Scheme for laser
digtillation from a racemic solution and homogeneous dis-
tribution of enantiomers over the Euler angles with the help
of three pulsed laser fields with frequencies wy, s, w3, lin-

ear polarizations of which are not coplanar. Here 6 is the
reaction coordinate.

|10— [20transition frequency. The first assumption
sets an upper limit on the laser fields intensities E,, E4
that can be used in the resonant approximation. The
second assumption ensures the coherent control in the
molecule that is determined by the laser field E;.

Let us decompose the interaction Hamiltonian H,

into sum of the Hamiltonian I:Il, which stays for the
one-photon population transfer of L- and D-states via

|10and |[20ktates, and the Hamiltonian H2, which stays
for the coherent superposition of |[L0and |200states.

Then, taking into account that H; > H-, thetransition
superoperator (2) in RWA takes the form

t

N s R 0
50.(0)=(uleull)m—lJ'[Uszul,@]dr+...m,
o fJ 0

. ©
Olze_ﬁHlt
where
Ho 09, -Qf 200 0 0
|:|1=E 0 00 Of szgoo 0 o% 10
00, Q, A, 00 H00 0 O

g U
D_Ql Ql 0 _Azlj |:lo 0 QZ OII|
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Fig. 2. The degree of chirality X versus detuning A, and laser pulses duration T, calculated for the case of orthogonal linear polar-
izations of incident laser fields E4(t), Ex(t), and Eg(t). The following parameters were used for calculation: Q4, wy » =100 cm L,

Q,=10cm™.

Finaly, putting Eqg. (9) in Eg. (1) for the degree of
chirality x, we get

t
X D—%— TrXOl © 011‘[.[011|:|201, ﬁo] dar) .
0 (e}

(11)

It is important to note that, asit follows from (11), the
degree of chirality depends linearly on the parameters
of Raman pumping of |10— [2[transition and, there-
fore, is equal to zero in the absence of coherent super-

position of states |1Cand [20Ji.e., for H, — 0. For our
simple model of photoinduced dynamics, described by

the unitary operator U1 and Hamiltonian H», Eq. (11)
can be calculated with the help of computer algebra
analytically. Resulted formula is too bulky to be pre-
sented in the paper, but can be easily evaluated numer-
ically. The degree of chirality x versus the detuning A,
and laser pulses duration T, isshownin Fig. 2.

4. DISCUSSION

Theoretical calculations for the laser distillation
scenario for synthesis from aracemic isotropic mixture
of enantiomers outlined in the previous section show
that, according to Eq. (11), the degree of chirality x
with the use of three laser fields depends on the angley

between the planes of the polarization vectors of the
incident fields as x ~ siny. Therefore, for y = 0 the sce-
nario does not work for the isotropic mixture of enanti-
omers which are homogeneously distributed over the
Euler angles (Section 2). The maximum value of the
degree of chirality isobviously achieved for the orthog-
onal polarizations of the incident fields, wheny = 102

Optima for the laser digtillation scenario pulse
duration of linearly polarized pulsed fieldsis limited by
the Rabi frequency Q,, T, < 21/Q;,, otherwise our theo-
retical analysis cannot be applied [12]. It follows from
Eq. (11) that for 1, < 217Q, the degree of chirality X ~
Q,/Q, and, therefore, do not exceed up to the order of
magnitude ~10%.

Analysisof Fig. 2 shows that the maximum value of
the degree of chirality X, ~ 8% is achieved at A; ~
—150 cmrt and 1, ~ 250 fs. From the Rabi frequencies
used in calculations and for the minimal estimates for
H;, p ~ €ag and d ~ eag, where ag isthe Bohr radius, we
can also estimate the intensities of the incident fields.
For the laser field pumping electronic transition we
have |, ~ 10° W/cm?. For the laser fields forming
Raman pumping we have I,, I3 ~ 102 W/cm?, if their
frequencies are in the visible range, and I,, I3 ~
10° W/cm?, if their frequencies arein IR range.
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5. CONCLUSIONS

In conclusion, it is shown that coherent synthesis
with light from a racemic mixture of enantiomers with
homogeneous distribution of enantiomers over rota
tional degrees of freedom is only possible when the
incident laser field configuration is of chira nature.
This condition is fulfilled for nonlocal magneto-dipole
[2] or quadrupole interaction of circular polarized light
with enantiomers. In electro-dipole approximation, i.e.,
for local interactions, enantiomers do not distinguish
between circular and linear polarizations and helicity of
theincident field comesinto play only for non-coplanar
configurations of polarizations for the incident fields.

For stable enantiomers with the total mass of M =
10°my,, we propose alaser distillation scenario for syn-
thesis from a racemic isotropic solution. In contrast to
the Shapiro’s scenario [5] this scenario can be used for
homogeneous distribution of enantiomers over the
Euler angles. Its efficacy depends on the configuration
of polarizations of the incident fields and their intensi-
ties. It is shown that it is feasible to achieve the maxi-
mum efficacy with the incident field intensities much
smaller than the intraatomic ones.
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Inthis case, expansion of the transition superoperator (9)
we used in the course of theoretical calculations is not
valid and we have a complex dependence of x on A; and
T,, Which hampers the coherent achiral synthesis from a
racemic isotropic mixture of enantiomers.



