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Theory of a two-step enantiomeric purification of racemic mixtures
by optical means: The D ,S, molecule
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We present an optical “enantio-purification switch” that turns in two steps a racemic mixture of
left-handed and right-handed chiral molecules into a pure sample containing the enantiomer of
interest. The optical switch is composed of an “enantio discriminator” and an “enantio converter”
acting in tandem. The method is robust, insensitive to decay processes, and does not require
molecular preorientation. We demonstrate the method for the nanosecond purification of a racemate
of (transiently chiral D,S, molecules. The energies of the rovibrational states and the related dipole
elements are obtained lap initio calculations. ©2003 American Institute of Physics.
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I. INTRODUCTION The interference of these transitions renders CPT depen-
. . . . _ dent on the total phase of the three Rabi frequencidthe
The “enantio separation” of “racemic” mixturesi.e.,  product of the transition dipoles and the electric figfs®

mixtures of enantiomers that are chiral molecules and thEiSince transition d|p0|e matrix elements of the two enanti-

mirror image$, is one of the most important and difficult omers often differ in sign, the population evolution in the

problems in chemistry-° The even more ambitious task of o enantiomers under the action of the three fields can be
converting the entire mixture into one enantiomer of choiceyitterent. As a result, when both enantiomers initially occupy

(“enantio purification” has also received much attention. state|1), one enantiomer can be excited to st@lewhile the

The possibility of ach_ieving this. goal by purely optical oiharis transferred to sta{®). By merely changingp by ,
means has been a topic of much interest in recent ye#ts. one can exchange the enantiomer in statawith its mirror

In particular, this goal was shown to be realizable, using thefmage in state3). In this manner one can distinguish be-

strong electrlc—d|pole phgton coupllng, b.y employlng threetween the enantiomers and potentially separate them by, e.g.,
(mutually perpendicular, linearly polarizetight beams in a . o

method termed “laser distillation®*! The laser distillation performing a selective ionization of the unwapted molecule.
method, which involves the application of many cycles of . The great advantage of the CET 'scheme 'S that the sepa-
optical excitation followed by relaxatichwas shown to be ration process can be completed in just one step. Moreover,
capable of gradually achieving enantio purification. the process can take place solely on the ground electronic

Our objective of the present paper is to show how thiSsurface. In this way one can avoid disruptive competing pro-

task can be performed in just two steps. Our method is basedfSS€S: such as dissociation and internal convetSion.the

on a previous suggestion, according to which enantio sep&ther hand, CPT is sensiti:/e to variations in the lasers pa-
ration (as distinct from enantio purificationcould be rameters, and, contrary to “laser distillatioR,CPT leads to

achieved by a “cyclic population transfe(CPT) process?® enantio separation but not to enantio purificatioa., there
According to this approach, which is an extension of adiaiS N0 conversion of one enantiomer into the other

batic passagéAP) phenomena’~*° one can separate enan- In this work, we present a robust extension of CPT
tiomers by executing an adiabatic population transfer procesgalled the “enantio-purification switch,” which can complete
between threée.g., rovibrationalquantum states, denoted as the purification of racemic mixtures by using optical pulses
|1), [2), and|3). The method makes use of the fact that chiralin two consecutive steps. In the first step, termed an “enantio
molecules, which lack an inversion center, possess eigemliscriminator,” we excite only one enantiomer, while leaving
states of ill-defined parity. As a result, it is possible to ex-the other enantiomer in the mixture in its initial state. In the
ecute simultaneously a one-photon transitjpr-[3) and a  second step, called the “enantio converter,” the specific ex-
two-photon  transition |1)—[2)—|3), thereby forming a cited enantiomer is converted to its mirror image form. Thus,
“loop” or a “cycle” in which the two processes interfere. n just two steps, the racemic mixture of chiral molecules can
Simultaneously, the|1)—[2) process interferes with the pe converted into the enantiomer of choice. Furthermore, the

|1)—[3)—2) process. use of three mutually perpendicular polarizations during the
first, enantio-discriminating step makes the prepolarization

dElectronic mail: ioannis@weizmann.ac.il or preorientation of the molecules unneces$anthe
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enantio-purification switch is demonstrated computationally
for the (transiently chiral D,S, molecule.

This paper is organized as follows: Following our pre-
liminary account® the principles of the enantio discrimina-
tor are introduced in Sec. Il, with 3, serving as an ex-
ample. The principles of the “enantio converter” and the
action of the “enantio-purification switch” on £5, are pre-
sented in Sec. Ill. Details of thab initio calculations of the
ground potential energy and electric dipole surfaces8,D
as well as the rovibrational eigenstates used, are presented il
Sec. IV. Conclusions are drawn in Sec. V.

Il. THE BASIC THEORY
OF THE ENANTIO-DISCRIMINATOR

We consider a system composedNfmolecular states
li) of energiesw; (where atomic units, with=1, are usey
being driven by an oscillating electric field,

E(t):; Re[ € ;& (e i, )

wheree; j are the polarization directions of each field com- , , A
' FIG. 1. (Color) The double well potential energy for the torsional motion of

p‘?”e”t ar_]d th@ivj freqy_enCies are Chosen to be in resonanC(?he D,S, molecule. The two enantiomers connected by this stereo-mutation
W|.th the [i)« |J> transmqn frequ_enmeS, Lew; j~ w;— wj. path are shown above their respective wells.

With the Rabi frequen@es defined ﬁ&’j(t)ZMi’ja’j(t).,

where w; ; are the matrix elements of the transition-dipole

component in the polarization direction, the Hamiltonian ofpetween the enantiomers becomes so facile and fast that it is
the system in the rotating wave approximation is given as more physical to work with the true energy eigenstates

N N iYsa-
H:E wil i)+ Z (Qi’j(t)e*iwi,jt|i><j|+H_C_)_ 2) In the “enantio-discriminator” step, shown schemati-

i=1 i>j=1 cally in the upper plot of Fig. 2, we wish to separate the
Expanding the system wave function as (racemig mixture into the two enantiomers. Assuming that

N the two enantiomers are initially in a statistical mixture of
()= 2, ci(ve'i), 3
=
. 13> 13>
we obtainc=(c;,C,,...,.cn) " (" denotes transposehe (col- t _7&_9
umn) vector of the slow varying coefficients, as the solution N 19 N P9
. . . . . . AN ~N

of the matrix Schidinger equationc(t) = —iH(t)-c(t), with Qs / N -Qis / N
H(t) being the effective Hamiltonian matrix, whose explicit /’ ;/é— ,/ /%—
form is given for the enantio discriminator and the enantio / ///9/12 1251 / ///612 2>p
converter below. 1> | 1> ’

We now specialize the treatment to a pair of enanti- t P
omers. We assume a situation, depicted in Fig. 1 fgB,Din
which the ground electronic state contains two identical po- 15 ~ 15 =
tential minima separated by a high barrier. At sufficiently 4| E \\/a\ ] 10} /E* ,/ \\/ .
low energies the molecular states appear as paigsand osl SN \ ] osl 7 \\/4 \
li), localized about the rightD) or left (L) potential mini- g S g \ g / Eo /N AN

- . .y . =, 0.0 = = =, 0.0 =
mum. If the barrier is sufficiently high, these states are de-n_j Ve P
generate and stationary, as they are practically identical in~ 05} ™ v 4 At
energy to the symmetric and antisymmetric true molecular .of .~ - S
energy eigenstates, denoted |&s and |i),, respectively, s B s E
where T2 1 0 1 2 3 4 5 6 T2 1 01 2 3 4 5 6
tr T

|i>S: 1/‘/§[| i >|-+ | i >D]’ FIG. 2. (Upper plo} a schematic plot of the enantio discriminator. The three

. . . (4) levels of each enantiomer are resonantly coupled by three fields. Particular

li)a= 1/\/§[| iL—li)ol. dipole moments of the two enantiomers have opposite sigisver plob

. - e the time-dependence of the eigenvalues of the enentio discriminator. The
As the energy gets higher thieunneling splitting between population initially follows the|E,) dark state. Att~r, the population

the |i)s and|i), levels gets larger and larger a_nd this _crosses over diabatically §&_) for one enantiomer and tE. ) for the
states cease to be stationary. Eventually the interconversiasther.

Downloaded 26 May 2011 to 131.193.196.159. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 A two-step enantiomeric purification 5107

the|1)p . states, the task of the “discriminator” is to selec- a smooth transition from the initially populat¢g,) eigen-
tively transfer one enantiomer to th® state, while keeping state to eithetE_) or |E, ), depending on whethes=0 or
the other enantiomer in thid) state. This is a complicated ¢=r, i.e., on the identity of the enantiomer.
task because, due to the near degeneracy ofi fheand the After the crossing is complete, & 7,, the eigenvalues
li)p levels fori=1, 2, 3, the driving light fieldE(t) simul-  separate and the dynamics become adiabatic again. The
taneously excites the same transitions in both enantiomersnantiomer population therefore remains confined to either
Hence, we take advantage of the two CPT excitation loops|E_) or |E. ). At this stage we slowly switch off thé&; t)

pulse while keeping th&, 4(t) field on. Consequently, the

|1) ]2y < |3)L<|1), zero adiabatic eigenstat&,) correlates adiabatically with
(5) state|2), which thus becomesmptyafter this process, while
|1)p]2)p3)p|1)p, the occupiedE. ) and|E_) states correlate t{fE.)—(|1)
+[3))/42.
in which the two enantiomers are subjectediifferentinter- In order to complete the process, we modidy 3, by
ference conditions, and thus undemgjéferentexcitation, as adding to it a chirped component, of the formf(t
we explain below. —4r1p)exp{—itQ"®f(t—67,)}. Therefore, (), ;3 assumes the

The effective X3 Hamiltonian matrix of the enantio form
discriminator is given by Q4 ()= QM F(t—27) + F(t— A7)

0 () Qi) Xexp{—itQM¥f(t—67,)}). (7)
Hit)=| Qut) 0 Q341)|. (6)  The role of the chirped component in EG) is to adiabati-
Qa(t)  Qut) 0 cally couple statgl) to state|3), since its action in the

{|11),|3)} space is governed by an effectivx 2 Hamiltonian,
The overall enantio discriminator works as follows: the ex-
o . . " f(t—67,)/2 f(t—47,)

citation process starts with a “dump” pulsé,s(t) that Heg( ):Qma{ P P (8)
couples thg2) and|3) states. We choose the pulse such that f(t—4r,) —f(t—67)/2
the Rabi frequency has a fornﬂz (1) = Q¥ (t), where
f(t)=exd —t¥7] with Q=1ns 1. At this stage of the
process all the population is in the adiabatic IEN&)). We
next simultaneouslyadd two “pump” pulses, of Rabi fre-
quencies ) 15(t) = Q15(t) = A f(t—27,) that couple the
|1)«|2) and the|1)«|3) states.

It turns out® that the difference in the dynamics of tbe

As a result of the chirp, at~57,, the two eigenstates of
Hew(t) change their nature adiabatically from the superposi-
tion state (|1)+|3))V2 to either |1) or |3), depending on
whetherp=0 or ¢=1. Due to the “#/2 rotation” induced by
the chirped pulse, one enantiomer returns to the injfial
state and the other switches over to [Bestate. We find the
enantio discriminator to be a robust process, with all popu-

aqd L enant|omers with re;peqt to the process of E). . lation transfer taking place smoothly without any oscilla-
arises from a difference in sign between the respectlv% ons

lectric—dipole matrix elements, for rticular polarization . . - .
electric—dipole matrix elements, for a particular polarizatio In the laboratory implementation one envisions using a

of Ias'er fields inducing th.e transition. This situation also'oc—phase stabilized cw source at one of the frequencies of inter-
curs in B;S,, as shown in Table VI of Sec. IV, where its est, sayw, 1, to seed a nonlinear crystal. Thus, givenaa,
dipole moments for all transitions relevant to the enantlo “oulse, thew, 5 pulse will be generatetby sum-frequency or
meric switch are tabulated. The phage; =7+ ¢' A dlfference-fréquency mixing like in an OPA, in addition to
each Rabi frequencyl;;(t) is , aM sum of the(enantlo the w, ; pulse. By introducing a phase delay element in the
specifig phase of they; ;=|x; ;|€'*1 dipole matrix element path of either one of these three pulses we can control the
and the (common phase of the electric field component rejative phase between them. Additionally, by changing the

&ij =1¢& ]|e X i, resonant with the—| transition. The total phase of the cw seed light we can make sure that the sum of
phasey of the product of the three Rabi frequencies;(t), the three phaseg&he “phase sumj of the three pulses is
defined ase= ¢, ,+ ¢, 3+ ¢34, and different in the two controllable.
enantiomers, makes thi2 andL dynamics different® Because it is not possible to say fraab initio theory

In order to understand this, we consider the time-which (D or L) enantiomer would be formed in the lab from

dependent dressed adiabatic eigenstdes), |Ey), and  a particular phase sufthis problem is akin to the fact that it
|E.) of the Hamiltonian(6), depicted in the lower panel of is impossible to give amb initio definition of the “right”
Fig. 2. We obtain that at the particular tinte; 7,, when the  and “left” concepts, and one must always use some standard
three Rabi frequencies are equal, fgt) eigenvalue coin- to decide which is which we must monitor the enantiomer
cides with(“crosses”) either theE (t) or theE_(t) eigen- formation; if we see that we are purifying the unwanted
value, depending op. Depending on the polarizations of the enantiomer, we then give a phase shiftmoto the w,; cw
fields, one or all of the three Rabi frequencies; of the two  seed light in order to obtain the desired one.
enantiomers differ by a sign. This means in either case that This completes the discussion of the enantio discrimina-
¢p= ¢+ and it follows that the eigenvalues crossing eachtor, which separates the two enantiomers, by exciting one of
other att= 7, are differentfor the two enantiomerS At t  them and leaving the other unexcited. We can, as in Ref. 15,
=17,, the system experiencesabatic dynamics and makes be content with just that, but in order to go further and
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FIG. 3. (Upper plo} schemeA of the enantio converter: The population . : | 5> | 5> o
passes from thg8), state to thd4)y, state, while going through a superpo- Il - § A ‘.’- \\
sition of the|5)s 5 states(Lower plof) schemeB of the enantio converter: In 0.2} !- =y i
the first transfer the population passes from|B)g state to th¢5)s 5 states. ! ! 1
In the second transfer, it passes from {&is o states to th¢3), state. /- ! -1\
0 O /‘/‘;vt\ " ) - jl_e?n'\»-'\
0 1 2 3 4 5 6
achieve enantio purificatiolf, we need to activelyconvert t/t
one enantiomer that has been thus separated to its mirror-
imaged form. as we discuss in Sec. . FIG. 4. (Upper plo} time dependence of the transitions in schefnand

(lower plob in schemeB of the enantio converter.

IIl. THE ENANTIO CONVERTER The used Rabi frequencies af, s5(t) = Q"®f(t—27,),

Assuming that thé. enantiomer has been excited to the 3z (t) =0.5Q"F(t—27), Q,55(t)=0.4QM%F(t) and
|3), state by the enantio-discriminator scheme, we now proQasa(t)=—Qmf(t), with Q™=30ns* and f(t) being
ceed to show how to convert it into enantiomer(in, say, identical to the function chosen for the discriminator, as dis-
the |4)p statg, while leaving theD enantiomer intact in the cussed in Sec. Il. Thus, the conversion of the excited enan-
|1)p state. We discuss the enantio-conversion strategy btjomer is achieved by choosing,ss(t) to have the same
two different schemesA andB, shown in Fig. 3. sign as(3s5(t), andQ454(t) to have theoppositesign to
Q351(t). This choice guarantees that staf@s, and|4), ,
which are nearly degenerate with tf@), and|4), states,

In this scheme, presented in Ref. 16, we perform theespectively, are never populated. This result can be traced to
enantio conversion by creating a superposition of the welthe fact that with our choice of phases, the Rabi frequencies
separated5)s and|5), states(see Table V. The “enantio-  of the empty state§3)p and|4),, form two orthogonaf®
converter” process, a variation of a multipath transfervectors to the vectors of Rabi frequencies connected to states
techniquée® follows the path |3). and|4)p, respectively. )

i e The evolution of the calculated populatiops=|c;|“ is

[3)1—ae”'ss(B)s+ e *sA|5)a—[4)o, O shown in the upper plot of Fig. 4. We see that |inc|ieed the
schematically shown in the upper plot of Fig. 3. process starts in th&), state and ends in tHé)p state. The

The process starts with the application of two simulta-states5)s 4, although being absolutely necessary, never get
neous “dump” pulses&, ss(t) and &, s (t), of duration7,  actually populated during the process. As a result, the con-
> (wss— wsp) *, Which resonantlycouple each of thés)s  verter, and, in fact, the entire enantio-purification switch, is
and|5), states to the4), and|4)p state. After a delay of immune to dephasing processes that would otherwise destroy
~27,, two “pump” pulses, &355(t) and E3sa(t), which  the coherence of the excited superposition state. For the
resonantly couple each of th&)s and|5), states to thé3),  same reason, the process would be unaffected by dissociation
and|3)p, states, are also introduced. and/or internal conversion channels, arising otherwise when

A. Scheme A
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the |5)s 4 States belong to an excited electronic state. A fur- | f>
ther discussion of the dynamics is presented in Ref. 16.

>

d>
B. Scheme B

The “enantio converter” in schemB is depicted in the |b>//
lower plot of Fig. 3, for the first time. It is directly related to
the method of Ref. 20, as does schefebut it uses a se-
guence oftwo two-photon steps,

3).—14)—15),  [5)—[4)p—I3)p- (10

In the first step, the population in tfhg), state is transferred
FIG. 5. (Left pane) the bifurcation scheme from Ref. 22. The absolute

to the  superpositon  state |5)=ae '5|5)g ; . © " €
B #54[5),.. To this end, we simuancously apply o e o1 Ao FEGUeries iy nc” o 0 0.
“dump” pulses of Rabi frequencie$),ss(t) and Q4 za(t) coupling strengths ar® .= Qg% Q= Qg and Q3= Q4q.
with duration 7,> (wss— wsp) ", which resonantly couple
the|4), states to each of th®&)s and|5) states. Then, we
apply a single resonant “pump” pulse of Rabi frequency correlates initially with thec, dark state of the second step.
Q3 4t), which couples statel8), and|4), . Therefore, the population is transferred to,(tg,9
In the second two-photon step, the population in the su=(0,0,0,0,0,1), corresponding to th&), state of opposite
perposition|5) state is transferred to th8), state, by repeat- handedness to that of the initial state of the first step. The
ing this process with aoppositesequence of pulses. In order population transfer is robust with respect to variation of the
to achieve the handedness switching in the secddd ( magnitude of the ratio’, i.e., the systenbifurcatesbetween
—14)p) step, the phase of the, s5a)(t) pulse is shifted by the two final states, similarly to the scherAe
o relative to its value in the first|¢)_ —|5)) step. We have performed simulations with the Rabi frequen-
We expand the total wave function in a basis composegies: Q4 55(1) = QM (1) — f(t—67p)), Qusa(t)
of six |3.), [41), |59), |5a), |3p), |4p) states. The vector of =0.5QM(f(t)+f(t—67y)),  Qg,(t)=Qm(F(t—27)
expansion  coefficient is  denoted as c(t)  +f(t—47,)), with f(t) and Q™ as in scheme\. Notice,
=(Cs1 ,Ca ,C55,Csa,C3p ,Cap). Given this basis, the effec- the shift by of the phase of the pump pul$k, s(t), which
tive Hamiltonian matrix is given as is centered at=67,, in the second step.
- - The evolution of thep; populations is shown in the

11>

0 Qg4 0 0 0 0 lower plot of Fig. 4. We see that indeed a complete popula-
34 O Quss  Qysa 0 0 tion transfer from thd3), to |3)p state occurs by the se-
0 * 0 0 e 0 guence of events described above. We note that the popula-
4,55 4,55 . .
H(t)= . tions of the|5)s 5 states are nearly the same, independent of
0 Qs O 0 Qs 0 the Q4 ss/Q4 5 ratio of the Rabi frequencies. This is due to
0 0 —Q% s Qe 0 -03%, the symmetry Osl;la six-level scheme with two pairs of degen-
’ : ' erateL, D states.
| 0 0 0 0 —Q34 0 |

o _ o (11)  C. Comparison of two bifurcation schemes
The Hamiltonian matrix has a similar form to other coupled ) )
STIRAP system&! The enantio converter of scherBgschematically shown

As in the schemd, '® the Hamiltonian given by Eq11) in Fig. 5 (right), is topologically equivalent to the six-level
has two zero and four nonzero\[Q5 J2+ 2|00, 5S(A)|2 ei- schemé&' of Fig. 5 (left). It is interesting to discuss briefly

genvalues. The zero eigenvalues correspond to two darrlbe similarities and differences between these two schemes.
states with the coefficients The scheme of Ref. 2left pane) uses Rabi frequencies

Qap=Qcq# Qac=Qpq. The population goes from thg)
C(1)=(—2045,00341",93,0,0), state, via thela) state, to either of théb) or |c) states,

_ 5 k% * (12 depending on thd),,/Q,. ratio of the Rabi frequencies.
C2(1)=(0.07 03,177 Q5,0.0 A3 55), Notice that this transfer shows a bifurcation behavior, similar
with 1’ =0, 55/Q4 sa. Again, the system can follow two to that seen in schemésandB. If we add anothe(delayed
possible paths with final states of opposite handedness. time-reversed sequence of two pulses, the population transfer

Assuming for simplicity that’ =1, we have that in the can continue to staté) or return to statéi). In particular, if
beginning of the first stept €0), only the dark state givenin we switch theratio Q,,/Q,.=Qcq/Qpq, the population
terms of thec, vector correlates with the initial staf8), . At proceedsto state|f) rather than proceeding td) for the
the end of the first step, the same dark state correlates witlormer ratio.
the ¢;(teng =(0,0,1,1,0,0) vector; hence, at the end of the  On the right-hand panel, we show scheBavith Q).

first step the final population resides in tf®s+|5)a state.  =Qpg# Qac= —Q¢q. This scheme thus operates in the re-
In the second step%)— |4)p—|3)p), we flip the phase of gime of instability of the scheme on the left-hand panel, with
Q4 50 in order to have ' = — 1. Now, the above staig (ten the important difference that in this case the elementia
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of the molecule, and the molecule-fixgdxis oriented par-
allel to the S—S bondWe denote the molecule-fixed axes
Yy, Z by lowercase letters.

D,S, has six vibrational degrees of freedom, of which
08 / the large-amplitude torsional motion of the D atoms about

the S—S bond is the relevant one for stereo mutation. Accord-

ing to ourab initio electronic structure calculations, which
we present in detail below, there are two torsional stereo
mutation barriers, one in thas configuration and one in the
" v/ 100pm trans configuration, whose heights are2700 and~1900
cm 1, respectively. BS, hasC, symmetry at its equilibrium
structure, but due to the possibility of tunneling through the
two barriers, the use of the higher symmetry gr@h for

e classifying the energy levels is requir&f® However, since
/’\1é4—/_\ the cis potential energy barrier is about 800 chhigher than

= T e T~ the trans barrier, we may consider it insuperable and use the
o, 0251 approximateC,,, symmetry group instead @J, .
= /\539\/\ A one-dimensional cut of the ground electronic potential
— 6 energy surface along the stereo-mutation path ovetréres
~ barrier is shown in Fig. 1. The tunneling splitting of the
nf‘ \/\/ lowest torsional level, which is not known experimentally, is
- predicted by our calculations to be 10 °cm™!, corre-

Ra 025 [T™e2 —— sponding to enantiomeric lifetime of 33 ms. Thus, although

09

Z/100pm

X/100pm

0,50

—&s D,S, is not a chiral molecule in the conventional sense, a
P e SN e o molecular configuration described by superposition of the
o 90 180 270 360 lowest torsional states, localized in one minimum of the
double well potential, would stay chiral for sufficiently lon
©/ degrees P y ylong

times to be detected.
FIG. 6. The orientation of the 3, molecule fixed frameupper part Optical transitions between the torsionab S eigen-
Contour line plot of the two-dimensional potential energy surface includingstates, relevant to the stereo mutation, are induced only by
points with energy up to 14 000 crh (lower par). the zcomponent of the dipole moment. The existence of such
transitions is, however, insufficient for the realization of the
of the branches have an opposite sigh,(= — Q.q). As a enantio—purifi(_:ation switch in g5, b(_acause, as we discuss
result, theb) or |c) states become equally populated at theP€low: transitions due to theandy dipole moment compo-
end of the first transition, in contrast to the scheme on th&€nts are also necessary.
left. On the other hand, if we add another sequence of pulses It turns out that the antisymmetric S—D stretching mode
with reversed order, the population transfer can continue t@/lows, in general, fox andy transitions. Moreover, due to
state|f) or return to stat¢i), as the scheme of the left-hand the large frequency difference between the torsion and the
panel. The population woulgroceedo state f) if we switch ~ antisymmetric S—D stretching mode, it is reasonable to as-
the signs of the transition element€),.=—-Q,. andQ., sSume that their eigenstates are dynamically decoupled, at
=—Q¢q(QL=—Q/y. The population wilreturnto the|i) least for the lower-energy levels, which can be further used
state if the signs are kept unchanged. We thus see that theseour study. This assumption is supported by our results, as
two schemes correspond to two regimes of evolution govwe discuss below. We therefore study the enantio-

erned by the same topology. purification switch by explicitly considering the molecular
configuration space of the torsional mode about the S-S
IV. CALCULATIONS OF THE MOLECULAR bond and the S—-D antisymmetric stretch.

ATTRIBUTES OF D,S
a2 A. Ab initio potential energy surface

In Fig. 1, we have shown the enantiomers of ttran- .
siently chira) D,S, molecule, for which the enantio- We have calculated the potential energy surface of the

purification switch is computationally demonstrated in configuration space as a function of two coordinates, one

Secs. Il and Ill. In order to operate the switch inSy,  being the dihedral angle between the two DSS planes, de-
we have used five pairs of rovibrational states, Scribing the torsion around the S-S bond, and the oger,
{1.,15,2.,25,3.,30.,4.,4p,55,54}, which we explicitly intro- =Ri1—R;, being the asymmetric S—D stretching motion.
duce in this section. For this purporse, the coupled-cluster method including

In Fig. 6 (up) we show the molecule with its molecule- single and double excitations and a correction due to con-
fixed z axis oriented parallel to the principal axis with the nected triple excitations, named CCSI* has been used.
smallest moment of inertia, conventionally named ¢rexis ~ The basis set employed is the correlated-consistent polarized
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TABLE I. Absolute energy and optimized structural parameters for the equi-TABLE II. Rotational eigenvalue& for J=0, 1, 2 for the asymmetric top
librium, thecis and thetrans conformers of DS, (energyE in Hartree, bond ~ D,S, (in cm™?) within the rigid rotor approximation, using thab initio
lengths in A, and angles in degreéesiarmonic frequencieéin cm™1) at rotational constants.

equilibrium are also presented. The assignments, stiteferring to stretch-

ing andb to bending, aréy;=sym. st (S—D), 7,=sym. b (S—S-D, 7 J KK, E J KK, E J KK, E

=st (D—‘D),7/4:tqrsion,7/5:asym.st (S-D), vg=asym.b (S-S-D. Cor- 0 00 00 1 10 275363 2 11 3607 63

responding experimental values in parentheses. 1 01 0:427 0 2 02 i.280 9% 2 51 16.587 39
i E S_D S-S, (SSD 1 11 275357 2 12 360750 2 20 10.58739

0 (cis) —796.6594395  1.3404 2.1387 95.8564

90.55(equil)  —796.6714791  1.3444 2.0825 97.7100

(90.34) (1.3420)  (2.0564)  (97.88)

180 (trans) T796.6628461 13413 21283 925574 innal modes of BS,, designated as followd}, is the sym-

metric S—D stretchingy, is the symmetriS—S—Dbending,

. Harmonic frequencies at equilibrium 73 is the D—D stretchingy, is the torsional modéys is the

Y1 1920.17 va 308.34308) asymmetric S—D stretching, andg is the asymmetric

v 647.45 s 1923.001863)  5_5_Dhending mode. The only experimental ddtanown

3 514.64 v 639.11 to us are tabulated in parentheses next to the corresponding

3From Ref. 28 ab initio values. The calculated torsional frequency is very

°From Ref. 29. close to the experimental value, in spite of the fact that tor-

sion is a large-amplitude anharmonic motion.

The ab initio rotational constants aréin GHz) A,
=76.15025,B.,=6.401 46, andC.=6.39961, which imply
an asymmetric parameterdefined by®

basis, namedc-pVTZ?® with 96 contracted functions. All
calculations have been performed using th&SSIAN 98
package?®

Calculations were carried out for a two-dimensional grid
composed of 12X points ranging between 8°~=360° and
61s points ranging as—0.5A<s<0.5A. Due to the fact
that only the first excited level of the asymmetric S—Dof —0.9999469, as compared to the experimental value of
stretching mode is used in the enantio-purification schemes¢=—0.999 999 3. Thus, £5, is an almost prolate symmetric
we avoid the computationally expensive full geometry opti-top.
mization at the CCS[) level of theory for eackr,s} point
as follows: The energy profile for tre=0 minimum energy
torsional path is fully relaxed with respect to all other coor-
dinates; fors#0 values, at eachr value, we increase one
S-D bond length and decrease the other S—D bond length by The rotational eigenstates are calculated within the rigid
the same amountsubjected to thgs|<0.5A constrainy, rotor approximation using parity adapted symmetric top
while keeping all other coordinates fixed at their 0 (mini-  eigenfunctions, defined by
mum energy pathrelaxed values.

Although this procedure is expected to somewhat over-
estimate the asymmetric vibrational frequency, the enantio-
purification switch is not sensitive to the particular value of
this frequency. Moreover, the electric dipole moments ob-
tained with the corresponding eigenfunctions should be mi-
nor influenced and it is expected to have practically no effectere, Di,M(dh 6,x) are the rotational matricé$whereJ is
on the stereo-mutation dynamics due to the large frequencthe total angular momentury is its projection on the labo-
difference of the two modes. A contour plot of the two- ratoryZ axis (we use capital letters to denote the laboratory-
dimensional potential energy surface is shown in Fig. 6fixed axe$, and\ is its projection on the molecule-fixezl

2Bo—As—C,
K=E——

Ae—Ce a3

B. Rotational eigenstates

2J+1

872

+p(— 1D, \(,6.x)).

DR, 6,x)=t, (O3 m(b:6.x)

(14)

(down). It includes points up to 14 000 cm above the po-
tential energy minimum.
Thecis andtransconformers of S, correspond ta=0

axis,p=*+1, t,=2"Y2for A>0 andt, =1/2 for \=0.
The rotational eigenvalues fal=0, 1, 2, using the
asymmetric tolK,, K. notation K, andK, are the projec-

and 7=180° ats=0, respectively. Table | presents the opti- tion of the total angular momentudon thea andc molecu-

mized bond lengths and bond angles for the equilibrated

lar principal axey are given in Table Il. We used the rota-

and trans molecular structures, showing good agreementional constants obtained by oab initio calculations. We

with the experimental daf&. The ab initio energies of all
D,S, conformers are also given in Table I. We find ttis
barrier to be 2642 cit and thetrans barrier to be 1894

find that the expansion of each asymmetric top eigenfunction
| KaKc) (where theM quantum number is suppressed
terms of the parity adapted symmetric top eigenfunctions

cm™ ! above the potential energy minimum, while the experi-includes essentially only or|g|. This fact further shows that

mental values are-2800 and~2000 cm %, respectively.’
Table | also contains thab initio calculated harmonic

D,S; is essentially a prolate symmetric top. Thus, Bie},
functions of Eq.(14) approximate well the rotational eigen-

frequencies at the equilibrium configuration for the six vibra-function of DB,S, (at least for the low] values studied hefe
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C. Vibrational eigenstates TABLE Ill. The 7, andvs frequencies, obtained by two-dimensional and
one-dimensional calculations, are presented, as well as the corresponding
The vibrational eigenstates are obtained using aevel splittings(in parenthesgsnduced by tunneling@,, symmetry. (See
Hamiltoniart'2 for zero angular momentum, in terms of the text for a discussion.

generalized vibrational coordinatég, ,q,,...} and general-

ized conjugate momentgp,,P,,...}, Pj=dq=—ihdldq;. 2D 1P
It is given by : {1.0 296.3¢2x10°7)  {v,=1} 296.20(2<10°7)
{0, 1945.741x10°%  {vs=1} 1945.22

H(d1,d2,...)= %qEq 3quqjqk(Q1,Q27---)aqk
j vk

+u(dy,9z,..)+V(d1,02,...). (19
Here,V is the potential energy and is the “pseudopoten- tained in the two-dimensional configuration space are labeled

tial,” by {v.,vs}, wherev, denotes the torsional and stands for
52 J alng the a;ymmetric S-D stretching modg quantum pumber, re-
u(gy,Qz,...)= = > _[ij_} spectively. We always assume that the barrier is insuper-
8 Tk dq; 9k able (C,, symmetry in our calculations, unless otherwise
stated.

+ E M jkm, (16) In order to understand better the dynamical coupling be-
4 dq 90k tween the torsion and the asymmetric S—D stretching mode,
where|g| is the determinant of the covariant vibrational met-we consider two cuts of the two-dimensional potential en-
ric tensorg given by ergy at 7=90.55° ands=0 A, calculate the eigenstates in
these two, one-dimensional subspaces, and compare the ei-
gjkzz M, e (17) genvalues obtained in the two- and one-dimensional calcula-
a dq; d0 tions. In the one-dimensional cases, we denote the eigenval-
ues by{vs} and{v.}.
The energy valueéin cm™?) of levels with one torsional

Xy OXq

In Egs.(15), (16), G is the contravariant metric tensor, de-

fined by or one asymmetric S—D stretching quantum are given in
quqz_z m‘lﬁ & 18) Table Ill. The energies of th€l,0f and {0,1} states, calcu-
LR ax, Xy lated for the{r,s} subspace, are tabulated in column “2D.”
In column “1D” we tabulate the{v,} and{vs} eigenvalues
and related tay by obtained from one-dimensional potential cutsat0 and at
G=(g-CTI-tc) % (19 7=90.55, respectively. The corresponding tunneling split-

o ) - tings (in cm™*) are given in parentheses. We see that the one-
Here, C denotes the Coriolis coupling matrix' (stands for  and two-dimensional results essentially coincide. This pro-
transposgand| denotes the instantaneous tensor of inertiayjges evidence that the asymmetric S—D stretching mode is

Thel andC matrices are given by only weakly coupled to the torsional motion, at least at the
low-energy end of the spectrum.
Lap= 2 My, X Xa)*(E5X Xg), Furthermore, in order to estimate the error incurred in
é the 2-D calculations, due to the fact thatsat O the other
L L Xy (20) degrees of freedom were not fully relaxétiey use relaxed
Caj:Ea Mgy(€,X Xa)'a_q_- values ats=0), we have repeated thab initio calculation

! for a fully relaxed cut along the asymmetric S—D stretching
In Egs. (17)—(20), m, is the mass of theth atom in the coordinates, in which the torsional angle was frozen at its
molecule,e, (a=x,y,z) are the unit vectors in the center- equilibrium value of 7=90.55°. Using the potential curve
of-mass molecule-fixed frame, ang denotes the Cartesian thus obtained, we have calculated {lig=1} energy, which
coordinate vector of thath atom in this frame. was found to be 1922.16 crh As expected, this value is
We determine the Vvibrational eigenvalues usinglower than the{0,1} eigenvalue obtained in the partially re-
an equidistant  discrete  variable representatioaxed calculations. It is essentially identical to thle initio
(Chebyshev-DVR®>* of the two-dimensional Hamiltonian harmonic frequency of thes mode(see Table)l From this
of Eq. (15), in the coordinate$r,s}. A computation of the we conclude that th€d,1} eigenvalue obtained from the par-
aboveg, G, andu is performed using the Cartesian coordi- tially relaxed 2-D potential surface is about 20 thhigher
nates of the molecular structures in the two-dimensional conthan the fully relaxed value, representingrainor) relative
figuration space. These coordinates are obtained from therror of 1%.
bond lengths, bond angles, and dihedral angles and a We next focus on the pure torsional eigenstateg (
“ Z-matrix,”*°i.e., a system of local polar coordinates widely =0), which are of primary interest to our enantio-
used in quantum chemistry, e.g., in theaussiaN  purification calculations. Energy eigenvalues for such states
programs?® The Z matrix was also used in previous are presented in Table IV. Results obtained within the two-
studie$®*for the computation of the kinetic energy opera- dimensional subspace are compared with results using the
tor and the pseudopotential. The vibrational eigenstates oliersional minimum energy pattone-dimensional potential
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TABLE IV. Torsional energy eigenvalues and splittings(in cm™?) for the S and A components of the ,=0,...,5 levels calculated in the two-dimensional
potential surfac¢2-D (C,;,), only eigenstates withs=0] and in the one-dimensional potential energy cug=ad [1-D (C,,) and 1-D (Gzh)]. AE denotes
the energy differencén cm™1) between the first two and the last two states of a torsional ieuerte} in the case of}, symmetry.(See the text for a

discussion.
vy SIA 2D (Can) 1D (Cap) 1D (Gy)
E E E AE
0 S 0.0 0.0 0.0 0.0
A (10°9) (1079 (1079 0.0
1 S 296.3594 296.2046 296.2046 10
A (2x1077) (2x1077) (2x10°7) 1077
2 S 579.5212 578.1195 578.1195 10
A (10°%) (10°%) (2x1079) 2x10°7
3 S 848.4011 845.0467 845.0467 10
A (6X10°%)2 (5x107%) (5X107%) 10°°
4 S 1101.4162 1095.7998 1095.7998 X @0~°
A (2x107?) (2x1072) (2x10°?) 103
5 S 1337.3960 1329.3639 1329.3634 x50~
A (3.8x10° Y (3.4x107° Y (3.4x107Y) 3x10°8
3Expt. value: 0.0003 cmt 41.
energy cut as=0) for C,, symmetry, as well ags;h (al-  magnitude smaller than the energy difference between the
lowing for tunneling through theis barrie. two doublets. A notable exception is the upper doublet of the

Within the C,,, symmetry group, each, level has two v,=1 quartet, for which the corresponding values are com-
componentgdouble}, with the energetically lower member parable, though very small in magnitude.
labeled asS and the higher member labeled AsIn Table In the absence of experimental data for the tunneling
IV, we give theS member(given in cm! relative to the  splittings(except of the) ,= 3 doublet; see Table IVwe can
ground stateof thev,=0,...,5 energy level doublets. In pa- only compare our 1-D @,,) results with similar
rentheses, we present the doublet splitting, i.e., the energsalculations’®=*! However, only Ref. 41 reports results
difference between th& and theA states in each doublet. (which are in very good agreement with our calculatjoois
Although the actual energies of tf& members of thay,  sufficient accuracy for this work.
doublets obtained in the 2-D and 1-D calculations differ
somewhatespecially for the higher, values, the splittings  D. Localized-chiral and delocalized-symmetry-
of all the v, doublets coincide almost exactly in the two adapted states
calculations. This fact is further evidence that the torsional Two different proposals for the “enantio-purification
mode is weakly coupled to the antisymmetric S—-D mode at .. . prop . P .
switch” are introduced above. Both include five pairs of
the low part of the spectrum. . . Lo
. . . . . states given in Table V as a product of a vibrational part,
We also briefly study the one-dimensional case, in whic .
C . : T va,vs}, and a rotational partJ,K,,K.,M). However, the
tunneling is allowed through thes barrier (G5, symmetry ! . S |
. ; identity of some of them is different in the two schemes. In
and present the results in Table IV. ExtendingG§, sym- both schemes, chiral statdk, ) and|kp), defined as
metry, eachS and A member of av, doublet splits into two ' t D/
states, i.e., withir(-:-gh symmetry eachv, level consists of 1
four closely spaced eigenstat@giarte}. In this case we de- |k>L,D:E(|k>Si [k)a), k=1,...4, (21)
note bySthe lowest eigenstate of the lower doublet anddby
the lowest eigenstate of the upper doublet of states within &r the first four pairs are used.
v, quartet. The eigenvalues of tlsandA states in all quar- The |k)_ < |k)p interconversion of statek=1,...,3 ac-
tets are practically identical to the corresponding values obeompanying the corresponding tunneling splittingsee
tained in theC,;, symmetry. Furthermore, the splitting in the Table V) occurs within 33 ms—3.3s for schemeB and
lower or upper doublet of a quartet is always one order ofwithin 33—0.165 ms for schem®&® Fork=4 this rate is 0.05

TABLE V. The five eigenstate pairs<Ch, symmetry used in the enantio-purification schem®snd B, the energy of the corresponding lower symmetric
componentEs with respect to the zero-point energy and the tunneling splitNig 4 for each pair(Energy values are in cm.)

i) va Us J K.K¢ M Eg AEsa Scheme
1) 0 0 0 00 0 0.0 10° A B
[2) 0 1 1 01 -1 1947.0583 10° A B
13) 1 0 1 11 0 299.1130 21077 B

13) 2 0 1 11 0 582.2748 ¢ A

|4) 3 0 0 00 0 848.4011 810 4 A B
5) 5 0 1 11 0 1340.1496 3810 A B
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o ’/,’ﬁ\‘ m "\“\ ’/fﬁ- 'ﬁ ’A‘.\\ FIG. 8. The achiralS (upper part and A (lower par} vibrational wave
R TN N A AT A
2 A q’\ R i ' ﬁ A Q J functions belonging to the fifth pair of states, common to schetnasdB.
- 0001 @ @ . [ 1. @ ] ) Thin and thick lines denotes negative and positive probability amplitude,
n{“ g 1 g/ ) (\g ‘V g respectively.
-0.25 1— ] 7 —
~ o us in both schemes. Thus, pulses of ns duration access both
T ] members of each of the=1,...,4 doublets, thus justifying
050 : , : : : . : using theL andD states in our calculation.
© 45 %0 % W0 2 20 A5 360 The vibrational part of the stat¢k), , k=1,...,4 used
080 ——— in schemeA are shown in Fig. {from top to bottom. We
= see that indeed thestates are well localized on the left-hand
1 (7<1809 part of the potential energy surface and tbe
/\
g o» -/ A ﬁ &‘m“ \ states are well localized on the right>180°. On the other
= I//;\‘iwﬁ\‘ ’,/ZS\?-‘? 'ﬂ"’k\‘i’;\;\\\ hand, the|5)s A states have the splitting E ,=0.38 cni *
8 / /’-ﬁ ﬁ /\5 A ﬁ"‘»_ N and ns laser pulses should be separately tuned to each of
T oo { ' ] @ . | ‘ them. These states are delocalized over the whole potential
£ . \\g Ig - g g S energy surface, as shown in Fig. 8.
) \t,g!g \'\Q?’j;l\i v\& On the basis of Table V, it is clear that use of g,
o{ 025 4 V V. VAV, symmetry instead of thezh symmetry is totally justified,
because the additional tiny splitting due to the possibility of
— i tunneling through thdrans barrier have no effect on the
0% ‘ ' - ' ' : ' dynamics at the ns pulse durations considered. Further justi-
45 80 135 180 225 270 315 360

fication is also based on symmetry arguménts.
r | degrees ymmety &g

E. Electric dipole moment surface
and matrix elements

FIG. 7. The chirak=1,...,4 vibrational wave functior§rom top to bottom . . . .
in schemeA. Thin and thick lines denote negative and positive probability At each point of the two-dimensional grid of the con-

amplitudes, respectively. figuration space considered here, the electric dipole moment
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0,50 TABLE VI. Nonvanishing laboratory-fixed electric dipole matrix elements
\,705/ O@/ ,u,fj (£=X=*iY,Z) (in 10 2 Debye) used in our calculations. The relevant
J0 0 enantio-purification schem@ or B) is given in parentheses.
g, 021 ope TN TN M3 1, M54,
8 ' (-5-5i)\2(B) (—0.3+0.3i)2(B) 55 (B) 9 (B)
: 0,00 4~ (-5-50)\2(A) (—0.3+0.30)\2(A) 34
MN 0 T #4Z|_ss #iLsA l‘«%l_ss ,U«gl_sA
' 9 (A,B) 9 (A,B) 2N 2N
=~ 0,25 03 0016 » _
= - e A wiay wha K
op1f /o /-S’Kf’ (-5+50)V2(B) (-0.3-0.31)y2(B) -55(B) -9(B)
-0,50 . _
' y ' (=5+5i)\V2(A) (-0.3-0.3i)V2(A) -3 (A)
0 % 360 z z z z
0,50 W 5 Magsg Mags, M35 M35,
) U -9 (A,B) 9 (A,B) -2(A -2
g 0251 e .
Q. | 09f6
g ¥ Defining the laboratory axes to be oriented along three
— 0,001 - mutually perpendicular laser polarization directions, we ob-
~ 0 tain the electric dipole operator in the laboratory framé,
=4 o8 00 5 (€=X,Y,2),
. 254
) /ﬁ’\ 8 pi = (gt = mwhIN2, pl = =iy i,
ARLE . (22)
080 LN 2 uE=pl,
0 90 180 360
by transforming the electric dipole operator defined in the
0.50 7 molecule-fixed frame,
~(+ o~ .~ ,...,0 ~
\ R =(FEE RN, B =R, (23
g8 0251 -2 and using®
‘o:" 0|80
040 P = oDt =
S ool A uh= 2 EDL(6.000, p=-101 (24
~ 0{40 1
MN -3.80 whereD;, ,(#,0,x) are the rotational matrices fdr=1, as
T 025 ) defined by Edmond®.
M—‘ The ,ufJ (€=X,Y,Z) dipole matrix elements used in all
calculations are given in Table VI. They are calculated using
0,50 5 : : the wave functions of the corresponding rovibrational states
0 90 180 270 360 obtained as discussed above and the dipole operators given
by Eq.(22). In Table VI it is shown that the transitions in the
Tt/ degrees enantio discriminator are induced by three mutually perpen-

dicular linearly polarized fileds. This is needed in order to
obtain a closed loop of transitions starting from the ground
rovibrational state of BS,. We, thus, also avoid deleterious
averaging of the angular momentum directidhginally, all
transitions in the enantio-converter schereandB are in-

of the corresponding molecular structure was calculated aduced by theZ component of the dipole moment.

the coupled-cluster level of theory, including only double

eXC|tat_|ons, CCD*We have used _the same basis set as in thQ/' CONCLUSIONS

potential energy surface calculations.

Contour plots of the, y, andz components of the elec- We have presented a two-step optical enantio-
tric dipole in the molecule-fixed frame,, are shown in Fig.  purification switch, composed of an enantio discriminator
9. Thex andy components are symmetric with respect to theand an enantio converter. In the enantio-discriminator step,
torsional angler and antisymmetric with respect &y while  only one enantiomer is excited, depending on the phase of
for thez component it is exactly opposite. The magnitude ofthe laser fields used. In the enantio-converter step, this par-
the z component is usually one order of magnitude largetticular enantiomer excited is converted to its mirror-imaged
than thex andy components, leading to strong transitions form. In this way an entire racemic mixture can be converted
between the torsional eigenstates. to a single enantiomer.

FIG. 9. Contour plots of th&, y, andz componentgfrom top to bottom of
the electric dipole surface in the molecule-fixed frame.
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