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Principles of electric-dipole-allowed optical control of molecular chirality
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Conditions for achieving “optical asymmetric synthesis,” an example of controlled chiral symmetry break-
ing, using the electric-dipole light-field interaction are derived. These include scenarios in which neither the
medium nor the light is chiral by itself. Specifically, parity requirements are used to show that any optical
scenario in which the dynamics of the molecule depends on the overall sign of the electric field allows for
control over the production of one chiral species in preference to its mirror image. A sample laser-molecule
scenario is used to demonstrate these conditions.
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The ability to produce a specific broken-symmetry sys-the electric-dipole light-field interaction is possible. The con-
tem, and in particular, a chiral system of specific handednesslitions are completely general, taking into account the prop-
in preference to its equal-energy broken-symmetry forms, igrties of both the medium and the incident light.
of great interest, both practically as well as theoretically. Ex-  Consider a molecule, described by the total Hamiltonian
amples of broken-symmetry systems of interest include @including electrons and nucleiH,,. Within the Born-
pair of asymmetric quantum wells, one being the mirror im-gppenheimer approximation adopted below, the nuclear
age of the other; two heteronuclear molecules aligned in §ave function associated with the ground electronic state has
DC electric field; and a 1:1 mixtur@alled a “racemic” mix-  two enantiomers denoted and D, related to one another

ture) of chiral molecules and their mirror imagesuch pairs  through inversior. Specifically,H,, eigenstates describing
are called “enantiomers’ Although the results described | andD and are denotefl ;) and|D;) (i=1,2,3...,) and

below may be applied to a rather general class of brokengagisfy

symmetry systems, we focus here on the conversion of a

racemic mixture to a single enantiomeric form, a process we 7Ly =—|Dy); 7ID)=—|L;). (1)
term “optical asymmetric synthesis.” Our interest is in iden-
tifying general conditions under which linearly polarized
light may be used to achieve this goal.

The use of circularly polarized lightL—3] to selectively
enhance a desired enantiomer, results in a very small effect
for most molecules. The reason for this may be traced to the
reliance on the presence of the weak molecular magnetic . . . .
dipole. Alternatively, we can explain the minuteness of theHere. u is the tota] d|pole operator, including .b.Oth _elelctron
effect by noting that although circularly polarized light is and nuclear contributions, qnd we have expllcrgly _|nd|cated
chiral, this chirality, which is due to the combined sense of:N€ dépendence of the Hamiltonian on the electric field. Con-
the rotation of the electritor magnetig¢ field and the direc- sider now the effect of inversion d. SlnceI operqtes on
tion of propagation, is hardly felt by the molecule due to thethe coordinates of the molecule, we first note that it reverses

- - A
differences of at least three orders of magnitudes between tHg€ Sign of the dipole operator, i.8,u7=—n. Second, we
wavelength of light in the visible range and the molecularnote that the molecular Hamiltonian is invariant to the action

size. of Z. Thus, sinceZ"'=7, that[H, ,Z]=0. Combining the
In contrast, coherent control methods that utilize the fa@20ve results, we haved] that 7TH(E)Z=H(—E), where
stronger electric-dipole interaction, in conjunction with ei- H(~E)=Hu+uXE. This implies, definingU(E) and U
ther polarization K1, selection of photofragment$4] or of ~ (—E) as the propagators corresponding to dynamics under
the initial racemic mixturd5,6], or orientation[7,8] of the ~ H(E) andH(—E), respectively, that
initial sample, have been shown theoretically to yield a very
high degree of enantio selectivity. In the former cage$), U(E)I=ZU(—-E). (€)
linearly polarized light was used, so that neither the system,
nor the light, was chiral by itself. As discussed below, chiralTo expose the underlying principles allowing optical asym-
molecules of specific handedness may be generated, in a prapetric synthesis, consider irradiating a racemic mixtur® of
cess we term “optical asymmetric synthesis,” by combiningandL in its ground electronic-state with an electric fietd
a phase-specific electromagnetic field with a polarized raceand examine the differencgbetween the amount @ andL
mic mixture. formed. We consider first the coherent process using trans-
In this Brief Report we derive the general conditions un-form limited light in the absence of collisions. Then, the
der which an optical asymmetric synthesis based purely odifferences is given by

The dipole interaction of this molecule with an incident time-
dependent electric fielH(t) is described by the Hamiltonian

H(E)=H,,— uXE. 2
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6=2, Pi 2 [KDjJU(E)ID)*+K(D U(B)|L) ]

—[KL;JUB) D)+ KLU (B)ILi) 2T, (4)

whereP; is the probability of statél;) and|D;) in the initial
mixed state(Since the initial state is a racemic mixture, the
states|L;) and|D;) appear with equal probabilitylf §=0,
then there is no control over the chirality in the scenario
defined byU(E).
To determine the conditions under whiéhs nonzero, we FIG. 1. Model system and laser scenario, as described in text.
rewrite Eq.(4) as
example, a racemic mixture & ; polarized molecules irra-
5= P X [(D;|U(E)D)2~ (L] U(E)|L)[2] diated with linearly polarized ligh{5] gives nonzeroé.
i j Other 6#0 examples emanating from E({) are also ex-
pected to display similar nontraditional characteristics.
Both qualitative and quantitative applications of E®)
are possible. Qualitatively, for example, a traditional scheme
where the ground electronic statelodndD are incoherently
(L;|U(E)|L;)|2=(D;|Z"U(E)Z|D;)|? excited to bound levels of an excited state, gives0. This
) is because all processes connecting the initial and flnal
=[(Dj[U(=B)|Dpl*, and|D;) states, i.e., contributions to the matrix elements in

+[KD;lU(B)IL)[*=KL;|U(E)IDy)I?] 5

and recast the second and third terms using

_ A2 /D). |2 Eq. (7), are even in the power of the electric field. Hence,
(BUBIL)I*=KD;UE)ZID))] propagation undeE and —E are identical. By contrast, con-
=[(Dj|ZU(—E)|D})|? sider the four-level model scheme in Fig. 1, where the states
5 |ID,;) and|L,) are denotedD) and|L). (E.g., these may be
:|<L1|U(_E)|Di>| ' ®)  four levels of fixedM ). In this enhanced version of the
- scenario introduced in Ref5], two states|1) and|2) of
giving energyE,; andE,, which are associated with an excited elec-
tronic state, are coupled to the ground state at enefgies
8=2 P; X [[D;|U(B)[D;)|?~[(D;|U(-E)[D;)|?] =E, by two narrow pulses(t), &,(t) of linearly polarized
' ! coherent light. Here the rovibrational component|dj is
+[|<L,~|U(—E)|Di>|2—|(LJ-|U(E)|Di>|2]. (7) symmetric with respect t@, whereas2) is antisymmetric

[12]. The latter two levels are coupled to one another by an
Equation(7), the essential result of this report, provides theadditional pulse of coherent linearly polarized light of ampli-
general condition under which electric fields, assuming a ditudeeq(t). Wheney(t) # 0, there exist processes connecting
pole interaction, can break the right-left symmetry of thethe initial and finallL) and |D) states that are of the form
initial state, and result in enhanced production of a desiredlL)—|1)—|2)—|D), and hence, there are terms in Ed)
enantiomer. Specifically, the difference between the amourthat are odd in the power of the electric field. One therefore
of D andL formed is seen to depend entirely on the differ- anticipates the possibility of altering the enantiomeric excess
ence between the molecular dynamics when irradiatet by using this combination of pulses, providing the basis for the
and by —E. Hence, barring cancellation of matrix elements control results reported in Réb]. Further, ife3=0, then the
of differentj, any scenario where the dynamics of the mol-situation reverts to the case discussed above, where only pro-
ecules depends on the overall sign of the electric field magesses even in the electric field contribute to transitions be-
give a nonzero enantiomeric excess and a breaking of thaveen the initial|D),|L), and final|D),|L) transitions, and
left-right symmetry, even for cases with initial achiral pre- hence control over the enantiomeric excess is lost. For this
cursors.Note that the fact that molecular dynamics may de-reason, theso(t) coupling laser is crucial to enantiomeric
pend on the phase of the incident electric field is well subcontrol. This qualitative picture is substantiated quantita-
stantiated 10,11, but its utility for asymmetric synthesis is tively, below.
only evident from this result. Finally, note that the result is  Quantitatively, the time evolution of the system shown in
completely consistent with symmetry-based arguments thegig. 1 is given by the wave function
can usefully provide conditions under whi¢hmust equal
zero. For example, a racemic mixture of thermally equili- |'¥(t))=bp(t)exp(—iEpt/A)|D)+by (t)exp( —iE t/7)|L)
brated molecules is rotationally invariant. Hence, any rota- .
tion that converts to —E could not, in this case, result in by (yexp(—iE,t/A)|1)
enantiomeric control. In particular, in this case, the sum over +b,(t)exp( —iE,t/h)]2). 8
M ; (whereM is the component of the total angular momen-
tum along the direction of laser polarizatioimplicit in the  Inserting Eqg.(8) into the time-dependent Sclinger equa-
sum overP; in Eq. (7) would result in6=0. By contrast, for tion, invoking the rotating wave approximation, and noting
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the symmetry properties of the nuclear component pfand
|2) gives a set of equatiori$] that may be solved numeri-
cally for the time dependence of the coefficiehtét). Spe-
cifically,

by =i exp(iA;t)QF [bp+b]+i expiAgt)Qfb,,

bo=i exp(iA 1) Q% by —b ]+i exp(—iAgt)Qgby,

: 9
bD: | eX[f( - | Alt)QD,lbl+i eX[i - | Azt)Qszbz,

by =i exp(—iA;1)Qp 1b;—i exp(—iAyt)Qp by, A )
where the Rabi frequenciesQ;(t)=pu;e;(t)/%, | b
=D,L, [=1,200=pzeo(t)/h, and detuningsAj=wp
—j,Ag=wy—wy, Where u;=(iluXglj), with i
=D,L;k=0,1,2, andj =1,2. Here,w;; = (E;—E;)/% and ¢
defines the direction of the linearly polarized puigét). We
take the pulses; ande, much narrower in bandwidth than

w,1, and neglect the effect of pulse 1 on level 2 and of pulse 0'05_5 0 5
2 on level 1. BB,
Analytically, the solution to Eq(9) depends on the sign of
E when £¢#0, Specifically, changingg to —E means FIG. 2. Probability of observin® (solid lineg and of observing
changing allej(t) to —&(t). Doing so, and definindp; = L (dot-dashed lingsafter laser excitation of a racemic mixture as a
—b, andbj=—b, converts Eq(9) into function of (a) the phasel of e,(t) and(b) the ratio of amplitudes
Bo/B1. System parameters argl =uip=1 a.u., gy =— usp
b/ =i exp(iAt)Q% [by+b, ]—i exp(iAgt)Q¥b), =1 au, $=1x10° au., i=1,2, a;=2 psec,i=0,1,2, A;
! P20 Do+ by ] P20t 5 b =A,=-5 cm!, t;=t,, and(@ By=4%X10"° a.u.,A,=0, and
] = = —5 = — 1 —_
by=i eXF(iAzt)QB,g[bD—bL]—i expl —iAgt) Qb tzo_té. pét;)c Bo=1X10"" a.u., Ap=—-5 cm %, and ty—t;
. (10 '
bp=1iexp(—iAt)Qp b1 +iexp —iAst)QpHbj, Finally, we note that control depends upon the ability to
coherently prepare excited-state levels by one or more simul-
b,_=i exp(— A1) Qp b} —i exp(—iA,t)Qp 5b). taneous excitation routes, embodied in the simultaneous ra-

diative coupling of level§1) and|2) to one another and to
Thus, Eq.(10) is the same as Eq9) barring the change of |Di) and|L;). Thus, this constitutes a demonstration of the

scenario therefore allows for chirality control wheg(t) ~ SYStem without the use of chiral input. What is required ex-
#0. perimentally is control over the phase of the electric field.

Numerical studies indeed confirm that control over theon_e possible gpproach Is to use ult'ras.hort pu[des19

ID) and |L) populations is, indeed, extensive when laser/Nich allow defining the overall electric-field phase.
propertieqpulse widths, central frequencies, time delay,)etc. In summary, we have derlve_d the bas_lc p_rmmple_that al-
are varied in this scenario. Consider, for example, excitation®S: using the dominant electric-dipole light interaction, for
from a racemic mixture. Figure(@ shows the dependence phase-selgctlve .transfer ol racemic mixture into the mlre_
of the populations of D) and |L) on the phased=6, of or L enantiomeric form. In domg.so, we ha_lve ignored colli-
&,(t), where the pulses are assumed Gaussi&hof the sional effects, as well as radiative emission to the_ ground
form  e(t)=Beexp—[(t—t)/ea]d (k=0,1,2), with B, state, discussed in RdK], because they do not modify the

=|B«/expa). Clearly, one may preferentially deplete principles described above.

ground-state. or ground-statéD just by changingd by . This research was supported by the U.S. Office of Naval
Similarly, Fig. 2b) shows the extensive dependence oflthe Research, by the Minerva Foundation, and by the German
and D populations on the intensity rati8q /3. Israeli Foundation.
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