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Circular Dichroism in the Photoionization of Nanopatrticles from Chiral Compounds
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The dichroism in photoemission from chiral molecules is observed for the first time. Particles
consisting of chiral molecules are suspended in air and irradiated alternately with right and left
circularly polarized uv light. We found a polarization dependence in the total photoelectric current.
The asymmetries observed are of the ordet®f to 1073, as expected from perturbation theory, and
reverse their sign when the handedness of the molecules is changed. [S0031-9007(97)04233-6]

PACS numbers: 33.55.Ad, 33.15.Bh, 79.60.—i, 82.70.Rr

The interaction between chiral molecules and polarizedanalized by collisions with the surrounding gas molecules
light displays optical activity [1] and was first investigated [12]. The final thermalization state is independent of pho-
by Biot and later by Pasteur [2]. Pasteur also resolvedoelectron properties such as spin or kinetic energy. In
racemic tartaric acid into the enantiomers. Today, opticapractice, one in fact measures the positive charge left be-
rotation and circular dichroism (CD) in photoabsorptionhind on the particles after the photoelectron has been re-
are well established tools in analytical chemistry [3].moved. Therefore, chiral geometry is strictly eliminated
In these techniques, the rotation of the polarizationn this experiment. Photoemission on aerosols has the ad-
axis of the transmitted linearly polarized light or the vantage that dichroic effects can arise only from the hand-
difference in extinction coefficients for left- and right edness of the particles or their molecular building blocks.
circularly polarized light is measured. Optical activity We chose molecules where the light absorbing part,
can also occur with nonchiral compounds when thecalled chromophore, is chiral. 11;Binaphthyl-22'-diyl
experimental geometry is chiral [4]. This necessarilyhydrogen phosphate has two achirakystems which in-
requires molecules which are aligned or oriented due tderact in a chiral way due to their geometrical arrangement
external (i.e., electric or magnetic fields) or internal forcegFig. 1). Both enantiomers are commercially available in
(i.e., strained or stressed material, coated surfaces) [5]. high purity (=99%). CD spectra of binaphthalene deriva-

In analogy to the dichroism in photoabsorption, it wastives show strong dichroism in the uv range [14] which is
predicted that the photoemission from chiral moleculesexplained by the exciton coupling model [15].
should also depend on the helicity of the light [6,7]. Inthe The experimental setup consists of three parts: the par-
angular distribution of the photoelectrons from unalignedticle generation section, the source for polarized light, and
chiral molecules, circular dichroism can occur within athe photoemission tube. A solution of one enantiomer of
pure dipole approximation theory. But in a photoemis-the binaphthalene in methanol (20 mg in 250 ml) is nebu-
sion experiment without angular resolution, dichroismlized continuously yielding a stable flow of fine droplets.
occurs only in higher order approximations [7,8]. Cir- The solvent in these droplets is subsequently evaporated,
cular dichroism in the angular distribution of the photo-and the dissolved compounds crystallize to form par-
electrons exists even from nonchiral compounds when thécles in the nanometer size range. These particles are
molecules are aligned or oriented in space [7,9,10]. Thigpolydisperse, i.e., a broad size distribution is obtained
is caused by the chirality of the experimental geometry(5 nm < diameter< 300 nm). In order to generate a
due to the handed coordinate system given by the propaharp distribution the particles are size selected in a dif-
gation direction of the light, the direction of the emitted ferential mobility analyzer (DMA) [16] according to their
electrons, and the orientation of the molecules. Asymmobility in an electric field. This technique requires a
metries up to 80% are observed [10]. Recently, circu-
lar dichroism in the double photoionization of He in an

angle resolved coincidence experiment was reported [11]. mirror plane
In this experiment the third axis of a handed coordinate OO OO
system is given by the emission direction of the second Q OH | Ho_ 0

photoelectron. /P< A

In order to determine the effect stemming from molec- o © 0" o
ular chirality alone one has to carefully avoid chirality in OO R S OO
the experimental setup. This is achieved in photoemission

of electrons from aerosols [12,13] because nanoparticleSs 1 Ther- and S-configuration of 11'-binaphthyl 27'-

in gas suspension (aerosol) are randomly oriented and ngiyl hydrogen phosphate. The angle between the two naph-
aligned. The photoelectrons from such particles are thetthalenes i0° (—60°, respectively).
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known charge distribution of the particles which is re-tivity current amplifier. Measured currents range between
alized with a radioactive diffusion charger. The charge—250 and+250 fA. The resolution of the electrometer is
distribution is derived by the Fuchs theory [17]. More better than 1 fA and its time constant is 1 sec.
than 90% of the charged particles investigated are singly Typical raw data of a measurement are shown in
charged. In our setup only negatively charged particle§ig. 3(a). At the beginning the electrometer signal
within a small mobility diameter rangeA¢d/d < 0.15) is constant and negative. This is caused by the flow
leave the DMA and enter the photoemission tube. Typ-of negatively charged particles from the DMA. After
ically, the particle concentration of the monodisperse3 sec the laser fires 20 times and the particles are charged
aerosol is higher than0* cm~3. The particle size and photoelectrically. Consequently the electrometer current
shape is also checked by scanning electron microscogyecomes positive. Thereafter, the¢4 plate is rotated by
which shows that the particles are spherical. The particl®0° and the electrometer current decreases exponentially
formation method used avoids heating of the chiral comto the starting value. Next, the same procedure is repeated
pound. Racemization can therefore be excluded. with the opposite circular polarization. Two measured
In Fig. 2 the photoemission unit is shown. As the lightquantities are obtained from the recorded data. The area
source we use an excimer laser filled with an ArF gas mixbetween the measured curve and the fitted background line
ture (A = 193.4 nm; pulse duratior= 20 ns). The laser is proportional to the total charge of the particles produced
light is attenuated by dielectric mirrors and linearly po-by photoemissionQ"® = [I.iccrometer d.  This charge
larized by thin film polarizers. Left and right circularly ranges between 0.1 and 10 pC. The constant electrometer
polarized light is obtained with a rotatable, single ordersignal before and after photoemission corresponds to the
A/4 plate made of crystalline quartz. The degree of cir-particle concentrationcparicie. From these quantities
cular polarization p = (/LCP — JRCP)/(JLCP 4+ JRCP)]  and the light intensity,.r the normalized photoelectric
was determined and is greater than 99.5%. The polarizegctivity is calculated [18]:Ipg = QO /(Iaser Cparticle)-
light is directed through a 30 cm long photoemission tube

where the light interacts with the size selected particles.

After exiting the tube, the light intensity is measured by
a fluorescence detector in order to monitor the pulse tag
pulse fluctuations of the excimer laser. The light intensity £ 0-1
is adjusted so that every particle emits an average of twos
electrons. The emitted electrons are thermalized by CoIIi-§ 0.0
sions with the gas and attached to the air molecules formin E
small ions. By applying a small alternating electric field = |
(E = 500 V/cm;v = 200 Hz), both the electrons and the
small ions are removed efficiently because of their highg%’,,
electric mobility [12]. The charged aerosol particles re- 5§ & RCP-pulses LCP-pulses
main unaffected because their electric mobility is at least £~
. . Time (s) 25 50
2 orders of magnitude lower, compared to the small ions. 70
In order to measure particle charging the particles are3s i ' ' ' ’ ' (b) 1
routed into an electrometer where they are removed from® g, s e A
the carrier gas with an electrically isolated filter. The de- =: ] /_\ :
posited charge per unit time is measured by a high sensi§ 50 61 . . . .
o L ]
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Md4-Plate Fiter FIG. 3. (a) The charge particle current during one mea-
rotsteble e ﬁﬂ,’,’,ﬁ'f‘,‘e, Iu to Pump surement( c)ycle with right gnd left circularly polgrized light.

Because of the laser pulses the particles become positively
FIG. 2. The photoemission unit. Circularly polarized light charged. (b) Each data point represents one measurement of
illuminates the volume of the photoemission tube and thethe photoelectric charging, normalized to the particle concen-
particles become charged by photoemission. In a subsequetration and the light intensity. The zigzag behavior, shown in
filter the particles are removed and their charge is determined.the inset, is due to the circular dichroism.
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Switching the circular polarization and irradiation is dichroism in photoemission is not caused by an intrinsic
typically repeated 200 times. In Fig. 3(b) the normalizedasymmetry in the experiment. Therefore, we conclude
photoelectric activitieslpr of S-binaphthalene particles that the measured asymmetry is due to the chirality of
(diameter= 80 nm) are plotted. Measurements with the particles.

RCP light have even indices those with LCP light have No asymmetry should be seen if linearly polarized light
odd indices. It can be seen that the photoelectric activitys used. This was checked by the following experiment.
is almost constant. However, by closer examination 8 secondaA/4 plate was placed in the optical patts-
zigzag curve can clearly be observed. This shows that thend p-linearly polarized light is now obtained by rotating
photoelectric activity of chiral particles depends on thethe first A/4 plate exactly in the same way as in the

helicity of light. experiments with circularly polarized light. In Fig. 4(b)
A set of asymmetries; is calculated from thépe by  no significant separation of the distribution curves can be
the formula seen. This confirms that the particles in the photoemission
it o pLCP _ gReP tgbe are not aligned or oriented due to the applied electric
A= (1) —H — = —IcPp rcp - (1) field for electron and ion removal.
Iy +Ipg  Ipe + IpE

The circular dichroism in photoemission from a nonori-
The A; are normal distributed as shown below. Theented system can be described theoretically by an interfer-
average value of the asymmetry is determined to b&nce term of the electric and the magnetic dipole (E1IM1)
—0.2% * 0.01% (experimental standard deviation of the transition similar to the CD in photoabsorption [6,8]. The
mean). The circular dichroism is observable even with anagnitude of the interference term scales with, com-
few measurement cycles. This becomes possible becaugared to the leading dipole transition. Herés the wave
the resolution of a single measurement is about 0.2%. number of the light beam ang, the average radius of the

In Fig. 4(a) the distribution of the4; is plotted for light absorbing orbitals, in our case thesystems. With
both enantiomers. Instead of a histogram a cumulativéhe light wavelength of 193 nm ang, = 0.4 nm we ob-
representation is chosen. The distribution curves of theain a scaling factor of 0.65%. This value has to be inter-
R- and theS-enantiomer are clearly separated. Whilepreted as an upper limit. It has to be taken into account
the curve for theS-enantiomer is shifted to negative that the interference term exists also in the limit of an
asymmetries the curve for the-enantiomer is shifted to achiral molecule fixed in space. In the nonchiral case the
positive values. The asymmetry in photoemission of thénterference vanishes by summation over all molecule ori-
R-enantiomer is determined to B2 + 0.01%. Thisis  entations (initial states) and electron emissions directions
exactly the inverse value as for tSeenantiomer (within  (final states). For chiral molecules the averaging over all
the statistical uncertainty) and proves that the observefphitial and final states cannot result in complete cancella-
tion of the interference term. An incomplete cancellation
remains. Therefore asymmetries smaller than 0.5% are
expected by time dependent perturbation theory and are
(a) | confirmed in our experiments.

] In Fig. 5 the size dependence of the circular dichro-
ism is shown for particles from both enantiomers. The
two curves are mirror symmetric with respect to the zero
line. For particles with diameters comparable to the half
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enantiomers is seen. (b) No asymmetry is observed when

and p-linearly polarized light is used. A normal distribution FIG. 5. The measured asymmetries depend on the size of the

(solid line) fits the data in all cases. particles.
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