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Theory of enantiomeric control in dimethylallene using achiral light
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Extensive control over enantiomer populations using achiral light is computationally demonstrated
for J, M ;-selected 1,3 dimethylallene. In particular, by altering the detuning of one of three lasers
incident on anJ, M j-polarized racemic mixture, one can alter the enantiomeric excess~@3#6

of the L enantiomer to~93% of theD enantiomer. ©2001 American Institute of Physics.
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Considerable attention has recently been directed topole moments for 1,3 dimethylallene in conjunction with a
wards using lasers to alter the enantiomeric excess of atlree-laser version of the laser distillation scenario, to dem-
initially racemic mixture!™ Traditionally, light-induced onstrate a vast range of control over the enantiomeric excess
asymmetric synthesis scenarios have relied on the ability ah an irradiatedV; polarized racemic mixture dd andL 1,3
left or right circularly polarized light to differentiate be- dimethylallene.
tween enantiomers via th@veak magnetic dipole interac- Consider first the initial laser excitation scheme. Specifi-
tion. Recentl§® we demonstrated that it is possible to usecally, we examine a three-laser extensfoaf the scenario
linearly polarized light, and hence the strong dipole—electrigdiscussed in Ref. 2. Here, an electric fi#é¢t) comprising
field interaction, to control the interconversion of enanti-three pulses is incident on a racemic mixture of chiral mol-
omers if the molecules that are laser excitedMyeselected, ecules in a fixedM; state. The fieldE(t) is given by
whereMj is the projection of the total angular momentdm
along the direction of laser polarizati6rRelated arguments ~ ,
have been made by others about enantiomer control for ori- E(t):k;O:lz Ek(t)Ek;O:lz 2eRe e(t)expliwy(t)],
ented moleculed? with Ref. 4 relying upon the excitation of - o 1)
oriented molecules with shaped laser pulses. In both cases,
specifying conditions on the molecules plus including lasefyhere ¢,(t) is the pulse envelopay, is the central laser
phase introduces chirality into the total electric field- frequency, anck, is the polarization direction. The central
molecule system. frequency ofe,(t) is chosen to couple the ground vibrational

In our Mj-selected scenario a particular laser arrangestates|D) and |L) of the right and left handed enantiomers
ment, discussed below, serves to excite more or less of thgjth energiesE,=E, to eigenstatél) of energyE;, e,(t)
population of one enantiomer than the other. The excitedp couple eigenstatd®) and |L) to state|2) of energyE,,
molecules then collisionally relax and radiate back tolthe and ¢,(t) couples statell) and|2) to one another. Herf)
andL ground staté.Laser pumping followed by relaxation and|2) are eigenstates of nuclear motion in the excited elec-
in the ground and excited states is repeated again and agaynic state, and we choogg= &,= &, to define thez axis.
until convergence, leading to an excess of population of the  The molecule under consideration is assumed character-
desired enantiomer. This scenario, which we call laser distilized by an achiral excited potential energy surtace that
lation, is one example of a more general thedt@m pos- |1y can be chosen to be symmetric with respect to inversion
sible scenarios for asymmetric synthesis based on thgnd|2) is antisymmetric with respect to inversion. By choos-
dipole—electric field interaction. It is of interest since neithering (. near-resonant witho,p=(E,—Ep)/%, (i=1,2) and
the incident light nor the initial molecular system are chiral, ;) ~ ,,,=(E,— E,)/%, and by making the pulse widths nar-
but chiral discrimination and the enhancement of the popurow, the system is well described as a laser coupled four

lation of one enantiomer over the other in a racemic mixturgeve| system. This being the case, we expand the total wave
is nonetheless possible. function |¥) as

In this communication we demonstrate computationally
thgt 1,3 dimethylallene provides an excellent candidate for W) = bp(t)exp —iEpt/f)|D)+b, (1)
this scenario, and that virtually total control over the enan-
tiomeric excess resulting from irradiating a racemic mixture Xexp(—iE t/A)|L)+by(t)exp( —iEt/A)|1)
of 1,3 dimethylallene is possible. Specifically, we use our r
recently computetipotential energy surfaces and electric di- ha()exp(—iEt/A)[2). 2
Substituting Eq(2) into the time dependent Schrodinger

dpermanent address: Chemical Physics Department, The Weizmann Institu%_,quatio_n gives the fO_IIOWing set of COl_Jpleq differential equa-
of Science, Rehovot, Israel 76100. tions within the rotating wave approximation:
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by=i expiA ) Qf [bp+b ]+i expiAgt) QEb, Eigenvector [2) 00
b,=i exp(iAt) QF Jfbp—b ] +iexp(—iAgt)Qgby _
. . . . (3) d 140
bp=iexp—iAt)Qp b +iexp—iA,t)Qp b,
= [o]
b =i exp —iA;t)Qp by —i exp(—iAs)Qp b, 180 §
Here O ()= &0/, A=) — o), wy=(ildali), 8
with i=D,L, k=0,1,2, j=1,2, Ag=ws— wy, and Q(t) - @
= uq060(t)/h. The quantityg; is the electric dipole operator 220
relevant to the particular transition. In obtaining E8) we NS
have used the relation€p = ;, and Qp,=—Q, ,, ! ) ! 260
which are consequendcesf the symmetric and antisymmet- 0 90 180 270 360
ric nature of|1) and|2). The extent to which control can be o (rotation)
achieved over enantiomer populations depends upon numer-
ous system parameters, including the nature of the sthtes Eigenvector [1)
|2), the laser parameters, etc. Equati@ can be solved 100
numerically for various system parameters to display this
dependence, as shown below. Specifically, we present results
for the probabilitiegbp|? and|b, |? at long times. Note that 140
control arises, as in all coherent control scenarios, through S
guantum interference effects. Specifically, the presence of the 180 iz
three excitation frequencies in E@) allows for at least two &
interfering routes for excitation from staté®) and |L) to o
state|1) or |2). 220
To apply this approach to dimethylallene we require the
Franck—Condon factors for excitation from ti® and L

eigenstates of the ground electronic state to the excited state ' : : 260

L . . 90 180 270 360
levels. Essential input into this study are the results of our
previous molecular structure computatidr8pecifically, we o (rotation)
constructed a cut _through the full dimethylallene po'FentiaIHG. 1. Contour plots of1) and [2) where dash—dash line.012 a.u.,
surface by computing ground and excited state energies asggt—dot lines-0.004 a.u., solid lines —0.004 a.u., and dot—dash lines
function of the dihedral angler between the EIC—C=C —0.012 a.u. Note thdtl) is symmetric with respect to inversion aff} is
and G=C—CHj, planes and the ©-C—C bending anglé. antisymmetric. Inversion here corresponds to changimg 180°) to («
Consideration of these cuts showed that dimethylallene, 4180%).
chiral molecule by virtue of its overall molecular geometry,
possesses two stable conformations in the ground state, cor-
responding to the right- and left-handed enantiomeric statesion coefficient at the absorption maximum of 196.3 nm is
and does have an achiral first electronic stas, required 6601 (cm *mol L) as compared to the experimental value
above. Further, we computed the electronic dipole mofentof 6300, with the absorption maxima shifted by only 6 nm.
and the eigenstates of the potentials as a functiotarfd «, Below we choose two eigenstates which have large
the latter using the discrete variable representation with peFranck—Condon transition probabilities to demonstrate the
riodic boundary conditiort8 in «. Only high lying states extent of possible control. The, # dependence of the wave
were found to give significant Franck—Condon overlap withfunctions for these two states, shown in Fig. 1, make clear
the ground state wave functions, hence the DVR computathe symmetric and antisymmetric character of the states, as
tions required very large numbers of basis functiery., on  well as the very high level of excitation to which they cor-
the order of 25000for convergence. In addition, we ap- respond. Since we approximate dimethylallene by a symmet-
proximate the rotational eigenfunctions of dimethylallene byric top, we consider specifid, M;, A to J',M;,\’ transi-
those of a symmetric top with quantum numbéysv;, A,  tions. Our computations gave, for these wave functions and,
where\ is the projection of] on a body fixed axis. for example, for rotational quantum numbeksM ;,\ of 3,

The reliability of our calculated eigenstates was verified2, 2 and 4, 2, 2 for the ground and excited electronic states:
by comparing computed absorption spectra to experimentdll|u|D)=(1|u|L)=5.44X10 3a.u., (2|u|D)=—(2|u|L)
data. Starting with Fermi’s golden rule, the absorption cross=4.01X10 3a.u., (1|u|2)=—-8.17<10 *a.u., and wy
section is given byo=D?wlL(w)/(6€sc), where D>  =261.78cm?. Many other pairs of states defined by differ-
=e?|u|? is the square of the transition dipole momentis  ent vibrational or rotational quantum numbers show qualita-
the transition frequency, and() is the lineshape function tively similar control to the results for this case, discussed
which includes both spontaneous emission and Dopplebelow.

Broadening. The results are remarkably accurate when com- We consider the extent of control achievable using
pared to experimental valué$That is, the computed extinc- Gaussian pulses of the form
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FIG. 2. Control over dimethylallene enantiomer populations as a function of At=-30.0ps

the detuningA; for various laser powers. The first column corresponds to
probabilities ofL (dot—dash curvesandD (solid curve$ after a single laser
pulse, assuming that the initial state is lallthe second column are similar,
but for an initial state which is alD. The right most column corresponds to
the probabilities ofL and D when one starts with a racemic mixture and

carries out repeated excitations followed by spontaneous emission and col- . . . .
lisional relaxation. FIG. 3. Control over dimethylallene enantiomer probability as a function of

the field ratioB, /8, for B;=8,=3.0x10"°a.u.,A;=0.09 cn! and vari-
ous values of the time delayt=t,—t, with t;=t,.

0
=30 0 30

e ()=8,exp—[(t—t)/a,]% (1=0,1,2. (4)

Results are presented for pulses w#=1081, B1=B2and  ent time orderingsAt=t,—t,, with t;=t,. Control is
with all pulses of 100 ps durgﬂon full W|dth.at half maxi- clearly affected by a wide range of control parameters.
mum. These pulses are sufficiently narrow in frequency S0 \jore detailed consideration of the results shown in Fig.
that they excite only single levels in the excited state regionp js enlightening. To do so, note that the probabiliy for
where the density of states for our 2-dimensional model igorming theD enantiomer, after repeated iterations of laser

0.34 states per wave number. Control results are shown igycitation followed by collisional and radiative relaxation is
Fig. 2 as a function of the detuning, of w; from (E; given by

—Ep)/h and withA,= A for various laser powers. The other

pulse, wy=261.78cm?, is resonant with the transition

noted above. Three different sets of results are shown—those p_ = —
corresponding to a single pulse sequence starting with an 2=Ppt P +Pp—PL
initial state which is solel\L (column 1), those correspond-

ing to a single pulse sequence where the initial state is solelwhere P, and P_ denote the probabilities dD) and |L)

D (column 2, and the “converged result” which are com- resulting from a single laser pulse sequence assuming that
posed of repeated steps of radiative excitation followed byhe system is initially solely ifD) (i.e. the results in column
relaxation until equilibrium has been establistiediumn 3. 2 of Fig. 2, andP{, and P, denote results of a single laser
In the latter case the initial state is taken as a racemic mixpulse sequence exciting a system composed soldly) dife.
ture. The results clearly show outstanding enantiomeric conthe results shown in column 1 of Fig).Z'he probability of

trol over the dimethylallene enantiomers for a wide varietyforming L in the specific], M ;-state after the full iterative

of powers. For example, the most impressive result iprocess isP.=1—"Pp. (Note that it isP_ and Py that are
achieved forA;=—0.0986cm! and 8,=3.0x10 *a.u., shown as the “converged results” in Figs. 2 and 3.
B1=B,=3.0x10 °a.u., corresponding to laser powers of Given Eq.(5) we may extract trends that are responsible
3.16x 10° W/cn? and 3.16< 10" W/cn?, respectively. Here a  for increasingly good enantiomeric discrimination in the con-
racemic mixture of dimethylallene can be converted, after averged results. For example, results in Fig. 2 show that the
series of pulses, to a mixture of dimethylallene, containingenantiomeric discrimination is best foP,—P |~1 and
92.7% of theD-dimethylallene in this state. Similarly, detun- |P5—P/|~1, but withPp# P andP}# P _. For example,

ing to A;=0.0986 cm* results in a similar enhancement of at the maximal control poin;=—0.153cm ! in the top
L-dimethylallene. Slightly lower extremes of control are seerrow in Fig. 2 P5=0.99840, P/ =0.97592, andP,~P,

to be achievable for the two other laser powers shown. Fur=7.0x 103, In this instance the iterative laser distillation
ther, control was achievable to field strengths down toprocess gives an excellent result Bf=0.915. (Note that
10* W/cn?. Control can also be affected by varying other the small difference betweeR, and P{ and betweerP],
laser parameters such as the time ordering of the pulses, tlaad P is necessary for control; if these quantities are equal
relative laser powers, the remaining detunings, etc. For exthen enantiomeric control is lostSuch large values oPp
ample, Fig. 3 shows control as a function of the field strengtrandP| are, of course, not necessary for high quality control.
ratio 8o/, for B1=B,=3.0x10 ®a.u. for various differ- For example, the maximum control in the middle row of Fig.

1+PL—P|

®
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2 (at A;=—0.0986cm?, giving the results noted above, ethylallene as a candidate for the laser distillation scenario.
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