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Abstract

:

Molecular orientation is a fundamental requirement to study and control photoinitiated reactions. Experimental setups that make use of hexapolar electric filters combined with slice-ion imaging detectors were employed in these last years to investigate the photodissociation dynamics of chiral molecules. The final goal is the on-the-fly discrimination of oriented enantiomers, revealed by the different angular distributions in photofragment ion-imaging, as predicted from vector correlation studies. Here, we review experiments of photodissociation of oriented chiral molecules, with the aim of presenting limits emerging from these investigations and perspectives toward the achievement of the ultimate objective.
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1. Introduction


Molecular beam techniques have experienced significant developments since their introduction in the study of elementary chemical processes. This development was aimed at acquiring the control of translational, rotational, and internal degrees of freedom of the involved molecular species [1]. The first important achievement concerned the control of velocity and directionality of molecular beams, through the development of the time-of-flight mass-spectrometry [2] and the velocity selection [3], permitting investigation of single-collision processes (see for example [4,5]).



The introduction of ion imaging and laser techniques permitted setting up experiments with control of the internal degrees of freedom [6]. Likewise, techniques making use of electric and magnetic fields were developed to align and/or orient molecules. Alignment and orientation are two properties related to the spatial arrangement of molecules. They consist in the polarization of the total angular momentum: in the alignment the polarization is limited to the direction, whereas in the orientation both the direction and the sense of the total angular momentum vector are controlled. Orientation is a fundamental requirement in stereodynamics, since it permits eliminating the random rotation of the molecule, which inevitably conceals the geometry and symmetry properties of the system [7,8,9]. In photoinitiated processes, the angular distribution of fragments obtained by photodissociation of oriented parent molecules provides insights into the photodynamics processes. Methyl iodide, CH3I, was the first oriented molecule to be investigated by imaging techniques [10]. A milestone, in these applications, was placed by Rakitzis et al. that elucidated the conditions that permit obtaining additional dynamical information in their study of the photodissociation of OCS [11].



Here, we review the state-of-art of the studies that make use of orientation and imaging techniques aimed at providing dynamical insights in photodissociation of chiral molecules [12]. Basically, in collisions involving two chiral encounters, the enantiomers are expected to be scattered differently, depending on the pair of involved enantiomers R-S or R-R, or equivalently S-R or S-S, where R and S denote the two mirror forms. The enantiomers can be distinguished even if only one of the two encounters is chiral. The condition is that the encounters define three non-coplanar vectors, so that the whole system is still chiral. In this regard, theoretical models have been developed for elastic collision involving the electron-chiral molecule [13] and the rare gas atom-chiral molecule [14] and for reactive collision involving non-chiral-chiral molecule [15].



Molecular orientation is realized by electrostatic hexapoles with DC (Direct Current) electric fields. A hexapole is a device composed of six metal bars arranged according to a hexagon along the molecular beam expansion axis, with a length that is commonly between 50 cm and 2 m. A voltage is applied to the bars, generating an inhomogeneous electric field, which is 0 along the hexapole axis and increases by approaching the bars. Electrostatic hexapole field were initially used to select rotational states in linear [16] and symmetric-top molecules [17] and as electrostatic lenses to focus molecular beams [18]. After 2000, it has also been applied to asymmetric-top molecules [19], opening the way toward the application to the more complex chiral molecules [20,21,22], where rotational-state manifolds are too dense to permit an efficient rotational state-selection [23]. Hexapoles have been combined with other techniques to orient molecules for collision and photodissociation experiments. For this goal, scattering experiments have been performed by orienting molecules with hexapoles and D.C. electric fields, which is the main topic of this review. Here, we review photodissociation studies on the chiral molecules 2-bromobutane [24,25,26], 1-bromo-2-methylbutane [27], and (R)-3-bromocamphore [28], and also review the photodissociation of non-oriented halothane [29].



We conclude this introduction by mentioning some other orientation techniques that make use of external electric fields to spatially separate enantiomers. Efrati and Irvine [30] provided measurements of the chirality based on the orientation, extending the original definition of Lord Kelvin. They demonstrated that the mirror form of a single object can be simultaneously left-handed or right-handed when it is considered from different directions. Shang et al. [31] studied the effect of orientation ordering induced by domains in the structure of C60 thin films grown on Cd surfaces. Gershnabel and Averbukh [32] investigated chiral molecules by a pair of laser fields with twisted polarization; the excitation produced by this set up induces a torque directed along a defined axis, resulting in a transient molecular orientation. They observed that enantiomer pairs are oriented in opposite directions. A. Milner et al. [33] performed experimental demonstration of rotational control of the two enantiomers of the chiral molecule propylene oxide by means of an optical centrifuge. An approach based on an optical centrifuge combined with a static electric field that produces a chiral field, allowing spatial separation of enantiomers was presented by Yachmanev et al. [34]. Finally, the experiment performed by T.-M. Su is worthy of note. He employed a screw pumping system to produce enantiomer enrichment in the gas phase of the chiral rotamer CH3-CHClBr, according to the rotation direction of the pumps [35,36].




2. Background


In this review, we consider photodissociation experiments involving chiral molecules and linearly polarized lasers. In linearly polarized light, the electric field vector (or the magnetic field vector) is confined to a certain plane along the direction of propagation. For circularly polarized light, the electric field is formed by two linear components that are perpendicular to each other, equal in amplitude, but with a phase difference of π/2. The resulting electric field rotates in a circle around the direction of propagation. Depending on the rotation direction, the circularly polarized light is called right-handed or left-handed.



2.1. Molecular Alignment and Oientation


In the research area of chemical reaction dynamics, the “polarization” of a vector property implies a situation where the spatial distribution of such a property is not isotropic. One often uses the terms alignment and orientation to characterize polarizations of the rotational angular momentum of molecules. This concept can be defined by describing the spatial distribution of an ensemble of single-headed arrows (vectors) [37,38]. If the spatial distribution of the arrows ensemble shows a preference, by pointing toward a certain direction along a given axis (e.g., the direction +Z along an axis Z), such a preference is called orientation of the (arrow) vector ensemble. If there is no preference in the direction of the arrows, i.e., the arrows are parallel to the Z-axis, but half of them point toward +Z and the remaining half point toward −Z, the vector ensemble is no longer oriented. However, there is still a polarization of the vector ensemble since the vectors are parallel to the Z-axis. Such a preference, where the arrows are equivalently parallel or antiparallel to the Z-axis is called the alignment of the vector ensemble.



Considering the vector ensemble constituted by angular momentum vectors J, if the directional distribution of J is cylindrical symmetric with respect to the Z-axis, the orientation and alignment can be represented by multiple expansion of the Legendre polynomial moments in terms of cos(θ), where θ is the polar angle between J and Z. In a such framework, the monopole term is proportional to the population. All the odd multipoles (dipole, octupole, etc.) describe the orientation of J, while all the even multipoles (quadruple, hexadecapole, etc.) are related to the alignment of J. When all the orientation and alignment multiple terms vanish in the expansion, the spatial distribution of J is isotropic, and the vectors are uniformly distributed in space.




2.2. Experimental Set-Up


In Figure 1, we report the scheme of a typical experimental setup consisting of a molecular beam apparatus combined with a hexapole field, ion-optics for both molecule-orientation and ion-extraction, one or two tunable nanosecond-pulse laser beams for photolysis and resonance enhanced multiphoton ionization (REMPI) combined with slice-ion imaging technique for state-resolved photofragment velocity detection [39,40,41]. The vacuum system is composed of three chambers, separated by differential pumping, where the molecular-beam source, the hexapole selector, and the imaging detector system are accommodated. After passing through a skimmer and a collimator, the skimmed molecular beam enters a chamber equipped with the hexapole state selector, where molecules with specific rotational states can be focused at a given hexapole voltage. The selected molecules finally reach the ion photofragment imaging system, where these molecules, aligned by hexapole, are oriented, photodissociated and detected.




2.3. Alignment and Orientation Induced by Electric Fields


The hexapole state selector is composed by six metal rods, in the frontal view they are arranged in hexagon along the molecular beam axis. Hexapole produces a non-uniform electric field, which is zero along its axis (coincident with the beam propagation axis) and increases by approaching the rods. Its effect is to select rotational states, align molecules and focus molecular beams. In the case of the photodissociation of OCS [11], they could select a single rotational quantum state that, in absence of nuclear spin, could be conserved until reaching the orienting field. Chiral molecules are generally heavier and more complex than OCS, thus selection of single rotation states is not possible.



Molecular alignment is achieved with the aid of hexapoles in supersonic beam conditions. Molecules with angular momentum vectors oriented in certain directions of the space can be selected and focused by hexapolar fields to achieve “angular momentum alignment”. Molecular orientation is obtained by applying static electric DC fields on pre-aligned molecules. Molecules in different rotational states possess different directional properties of their angular momentum, including the angular momentum projection on the principal axes of molecular frame. Thus, selecting molecules with certain rotational states, one equivalently generates an ensemble of molecules with their principal axes distributed anisotropically in the laboratory frame. In other words, one can generate molecules with their principal axes oriented or aligned in the laboratory frame coordinates, in order to achieve “molecular orientation” or “molecular alignment”, respectively. The molecular orientation and alignment are defined with respect to a quantization axis that corresponds to the direction of the electric field. It is typically denoted as Z-axis of the laboratory reference frame.



If an internal molecular rovibronic state (φ) is represented as a linear combination of a certain complete basis set functions, the expectation value of the molecular orientation and alignment can be calculated quantitatively by evaluating the corresponding Legendre moments of odd orders and even orders with respect to the Z-axis,    〈 φ |   P l   (  cos θ  )   | φ 〉   , respectively, where Pl(cosθ) is the l-th order Legendre polynomial and θ denotes the polar angle with respect to the Z-axis. If one requires the detailed orientational properties, beyond these expectation values of Legendre moments, the orientational probability distribution function (OPDF), calculated by the square modulus of the state function φ in position representation, could provide further information.



For a symmetric-top molecule in a field-free rotational state (J, K, M), its OPDF is expressed in terms of orthogonal expansion of Legendre functions:


   P  J K M    (  cos θ  )  =   ∑  n = 0   2 J     〈   P n   (  cos θ  )   〉   P n   (  cos θ  )    =   2 J + 1  2    ∑  n = 0   2 J     c n   P n   (  cos θ  ) ,     








where the cn coefficients denote the Legendre moments divided by a common factor (2J + 1)/2. The Legendre moments can be expressed in terms of the Wigner 3-j symbols:


  〈  P n   (  cos θ  )  〉 = 〈    φ  J K M    |   P n   (  cos θ  )   |   φ  J K M     〉 =   2 J + 1  2     (  − 1  )    M − K    (  2 n + 1  )   (         J    J    n             K    − K    0         )   (         J    J    n             M    − M    0         )   











The meaning of the sign of the Legendre moments (or the expansion coefficients, cn) can be understood as follows. Consider the first Legendre moment, which is just <cosθ>. The negative value means that the angle θ is >90°, thus the sign of the first Legendre moment (or c1) can be explained as the relative direction of the average orientation with respect to +Z direction. Similarly, the sign of the second Legendre moment (or c2) can be interpreted as the axis of the average alignment that tends to be parallel (positive sign of cn) or perpendicular (negative sign of cn) with respect to the Z-axis.



It is noteworthy that the OPDF of the molecule should be positive for any value of θ, therefore the values of the cn coefficients are always bounded to fulfill this constraint. Consider a non-uniform molecular OPDF with the expansion that can be truncated up to c2 term (first alignment moment), then it is improbable that such OPDF possesses large c1, except with c0 = c2 = 0. In such a case, the OPDF may possess negative value somewhere (due to P1(cosθ)) and becomes entirely unrealistic. In other words, a highly oriented molecular distribution usually possesses non-negligible alignment moment in their OPDF. On the contrary, a purely aligned molecular distribution could be realistic even without any odd-order terms in OPDF.



The rotational states of asymmetric top molecules are characterized by a pseudo quantum number (τ) instead of the good quantum number K. In field-free conditions, their OPDF can be expressed as:


   P  J τ M    (  cos θ  )  =   ∑   K ′   K ″      δ   K ′   K ″     a  K ′   J τ    a  K ″   J τ       2 J + 1  2     (  − 1  )    M −  K ″      ∑  n = 0   2 J     (  2 n + 1  )   (       J    J    n            K ′     −  K ″     0       )   (       J    J    n           M    − M    0       )   P n   (  cos θ  ) ,     








where    a  K ′   J τ     or    a  K ″   J τ     are the expansion coefficients of field-free asymmetric-top rotational states expanded on symmetric-top functions. The quantum numbers with superscript prime or double-prime characterize the mixed symmetric-top states. The situation is even more complicate in presence of an electric field. Levels with a different quantum number J could be mixed by the electric field. It turns out that the only good quantum number remained to characterize the rotational state of asymmetric top molecules is the laboratory frame projection quantum number, M. The OPDF of asymmetric-top rotational states is in general field-dependent when represented in terms of symmetric-top basis:


       P  J τ M    (  cos θ , ε  )  =   ∑   J ′   J ″   τ ′   τ ″   K ′   K ″      δ   K ′   K ″     c   J ′   τ ′    J τ M    ( ε )   c   J ″   τ ″    J τ M    ( ε )   a  K ′    J ′   τ ′     a  K ″    J ″   τ ″         (  2  J ′  + 1  )    1 / 2      (  2  J ″  + 1  )    1 / 2    2     (  − 1  )    M −  K ″            ∑   n =  |   J ′  −  J ″   |     J ′  +  J ″     (  2 n + 1  )   (          J ′      J ″     n              K ′     −  K ″     0         )   (          J ′      J ″     n             M    − M    0         )   P n   (  cos θ  ) ,       








with the field-dependent expansion coefficients    c   J ′   τ ′    J τ M    ( ε )    and    c   J ″   τ ″    J τ M    ( ε )    that are originated from the coupling between states with different J numbers due to the Stark interaction.




2.4. Photofragment Ion-Imaging


The state-selected molecules enter the photofragment ion-imaging system through the ion lenses, which are placed downstream from the hexapole exit. Prior to intersect with the polarized photolysis laser beam inside the first stage of the ion lenses, consisting of four plates, the molecules are oriented by electrostatic homogeneous field to have the permanent dipole pointing toward or backward along the direction of the TOF axis, the molecule is thus oriented. If the backward orientation is required, the orienting field provided by ion-lenses can just be reversed by adjusting the electric voltage of individual plate of ion-lenses. After achieving the photolysis of the oriented molecular ensemble, the extraction plate of the ion lenses can be switched to the ion extraction field for ion-imaging detection. The photofragment ions are generated by a second tunable ns-pulse laser (denoted as “probe” laser) to ionize the neutral fragment via REMPI technique. The resulting ions are extracted and accelerated into a field-free drift tube along the molecular beam direction. The ion-cloud expansion is mapped onto a two-stage microchannel plate (MCP) coupled with a phosphor screen. Then, ion imaging on the phosphor screen is recorded by a charge-coupled device (CCD) camera. The gate pulse of the MCP can be controlled to perform two types of image data acquisition: either to apply a wide gate (the order of 500 ns) to cover the whole three-dimension ion cloud, map the ion-cloud onto the two-dimension detector plane (velocity-mapping image), or to apply a narrow gate (the order of 25 ns) to acquire a portion of the whole ion cloud along TOF axis (slice-ion image). The acquired ion-image data, either the velocity-mapping [39] or sliced image, is expressed as a function of two-dimension plane (of MCP detector). Each image contains information about the magnitude and direction of the photofragment velocity vectors, providing that all the signals on an image are from fragments of the same mass and arrival time. The position of signals on the image only depends on the velocity components which is perpendicular to the TOF axis (i.e., the transverse velocity component), therefore when the position corresponding to zero transverse velocity of the photofragment is located and serves as the origin of the image, the relative position of any point from that origin could be represented in polar coordinates (r, θ). It is obvious that r is proportional to the magnitude of velocity vector, while θ provides information about the angular distribution of the photofragment, with respect to the projection of the polarization vector of photolysis laser on MCP plane. Analysis of the velocity in ion image data can provide information about the geometrical and dynamical effects of a molecular photodissociation process.




2.5. The Semiclassical Vector Model


Herein, we present the correlation between some dynamical vector properties that lead to the discrimination of molecular chirality by linearly polarized laser light. In Figure 2, we consider the vector properties of a polyatomic molecule, where a semiclassical vector scheme in the electric dipole approximation of light-matter interaction is assumed. The vectors we consider are the permanent electric dipole, d, of the molecule on the equilibrium geometry of the electronic ground state surface, the transition dipole moment (of electronic ground and excited states), μ, and the recoil velocity, v, of the photofragment, which is generated after electronic excitation of molecule. These three vectors are defined in the molecular recoil frame (xyz), where the z-axis is defined by the direction of v. We also define the polar angles α (0 ≤ θ ≤ π) and χ (0 ≤ θ ≤ π), given by the intersection between v and d, and v and μ, and the azimuthal angle, ψ (0 ≤ ψ ≤ 2π), given by the intersection of the x-axis and the projection of μ onto the xy-plane. For chiral molecules involved in photodissociation experiments, the sign of ψ is characteristic of the enantiomers and can be determined by photofragment angular distribution of the oriented chiral molecule. In other words, distinct mirror forms are related to +ψ or −ψ, while for achiral molecules this correspondence is not univocal. Rakitzis et al. reported the relation between molecular frame information and experimental observables [12]. For a given XYZ laboratory frame coordinates, Z corresponds to the molecular beam axis, while Y is the direction of the laser beam propagation. The two beams intersect each other at the center of the ion optics system and the XY-plane includes the detected photofragments, where velocities and angular distributions are measured. In slice-ion imaging the angles α, χ and ψ are determined from specific directions of the light polarization and orienting field [38,39]. To derive the general equation of slice-image intensity, one starts from predicting the intensity formula by investigating the relation among v, d, μ, orienting field axis, and photolysis laser polarization in molecular frame coordinates (Figure 3). Then, one performs the coordinate transformation from molecular frame to laboratory frame, obtaining the image intensity formula as a function of the azimuthal angle on the XY-plane in the laboratory frame. Here, we shall not discuss the general formulae, since the total number of variables is too high to be investigated simultaneously in practical applications. On the contrary, we present two special arrangements that are capable of providing physical insights about the directional properties about transition dipole, permanent dipole, molecular chirality, and OPDF.



A first experimental arrangement is made by an orienting electric field, whose vector is applied along the +Z direction (toward the detector). The polarization vector of the linearly-polarized light (for photolysis) possesses a polar angle of 45° with respect to the X-axis. Besides, we assume that the OPDF of the molecule can be characterized by truncating the expansion of Legendre polynomials up to the second order Legendre moment (c2). With such a special setting, the angular dependent intensity of a slice image can be expressed in terms of the laboratory frame coordinates, providing that the electric dipole approximation is hold for a one-photon photolysis process:


  I  ( θ )  ∝   ∑  l = 0  2     ∑  m = 0  1      b l m     b 0 0     P l m   (  cos θ  )      = 1 +  β 1 0   P 1 0   (  cos θ  )  +  β 2 0   P 2 0   (  cos θ  )  +  β 1 1   P 1 1   (  cos θ  )  +  β 2 1   P 2 1   (  cos θ  ) ,   








where    P l m   (  cos θ  )    are the associated Legendre function and    β l m    the corresponding expansion coefficients. The directional properties of the vector quantities in the molecular frame can be extracted from the expansion coefficient    β l m    by using the following formulae:


       β 0 0  =  (  1 −  c 2   P 2   (  cos α  )   )   (  1 −  1 2   P 2   (  cos χ  )   )  +  3  16    c 2    sin  2  α   sin  2  χ cos 2 ψ          β 1 0  = 3  c 1  sin α sin χ cos χ cos 2 ψ          β 2 0  =  (  1 −  c 2   P 2   (  cos α  )   )   P 2   (  cos χ  )  +  3 8   c 2    sin  2  α   sin  2  χ cos 2 ψ          β 1 1  = −  9 8   c 2    sin  2  α   sin  2  χ sin 2 ψ          β 2 1  = −  c 1  sin α sin χ cos χ sin 2 ψ      








where the coefficients c1 and c2 come from the leading terms of OPDF (Equation (1)) expanded by the Legendre polynomials. If the molecules are not oriented or aligned, c1 = c2 = 0, then the above formula can be reduced to the well-known angular distribution equation of randomly oriented molecules:


  I  ( θ )  ∝ 1 +  β 2 0   P 2   (  cos θ  )             β 2 0  = 2  P 2    (  cos χ  )   











Terms    β l  l − 1     contribute to the up-down asymmetry of slice images. Recalling that the orienting field vector is perpendicular to the detector plane XY, the up-down asymmetry in slice images should be attributed to the relative orientation of d and μ vectors. Besides, the left right asymmetry of image may arise from the terms with coefficients containing   sin 2 ψ  , providing that ψ is neither 0° nor 180°. Such left-right asymmetry can lead to a tilted image pattern, which is the key feature required for the chiral discrimination by this technique. The geometric explanation to this asymmetry feature is that if the three vectors (μ d and v) are coplanar (i.e., ψ = 0° or 180°), then the chirality could not be characterized by these vectors.



The second experimental arrangement can be adopted when the polar angle between d and μ, denoted as θμd, must be determined. The experimental arrangement is the same as the first except that the polarization of the photolysis laser that in this case is variable. This setting allows one to investigate the so-called vector correlation between laser light polarization and permanent dipole moment (d). Such a vector correlation could be attributed to the relative direction of d and μ vectors. The corresponding formula of image intensity is obtained by integrating over the direction of d vector as well as azimuthal angle (θ) in laboratory frame. The result is the function of a polar angle (Γ) which characterizes the polarization vector of linearly polarized light with respect to the X-axis:


  I  ( Γ )  ∝ 1 +  β ′   P 2   (  cos Γ  )     ,        β ′  ≡  4 5   c 2   P 2   (  cos  θ  μ d    )   











Important features could be extracted from the above formula, where β′ serves as the origin of the laser polarization dependence of image intensity. If d and μ vectors are orthogonal in the molecular frame, then there would be no polarization dependence in the intensity, since β′ = 0. Besides, the molecular ensemble must possess non-zero Legendre moment of even-order (c2, alignment). In other words, it is impossible to investigate such a vector correlation for a randomly-oriented molecular distribution (c2 = 0), no matter how the d and μ vectors are placed in molecular frame. It is worth emphasizing that the polarization dependence formula is independent on the odd-order Legendre moment (e.g., c1) in OPDF, thus the measurement can work with an aligned molecular distribution. Lacking c1 coefficient in the above formula could be understood by recalling that the light polarization serves as a “double-headed arrow” when considering the transition probability in electric dipole approximation, thus it raises the same electronic transition probability (for the signal intensity is proportional to its modulus square) for a molecule either oriented in one direction or the opposite direction at a given Γ angle.





3. Review of Photodissociation Experiments on Oriented Chiral Molecules


In this section, we describe the methodology and report the main results on photodissociation experiments carried out on chiral molecules oriented by making use of the electrostatic hexapole technique.



3.1. Photodissociation of Oriented 2-Bromobutane


2-bromobutane (Figure 4) is a chiral molecule characterized by three conformers, T, G+ and G−, that show a similar beam intensity vs. hexapole voltage dependence. A pure supersonic beam has been aligned and rotationally selected by a 70 cm-length hexapole, with a radius of 4 mm.



The experimental setup consists of three chambers, separated by differential pumping, containing the molecular beams source, the electrostatic hexapole and a slice-ion imaging detector system (further details are given in Ref. [24]). The hexapole extremity is placed 2 cm far from the entrance of the ion lenses, which are part of the ion-imaging system and generate an extraction field of 200 V/cm that plays a double role: (i) it orients the previously aligned molecules, (ii) it accelerates the photofragments to the detector. This small distance guarantees the adiabatic passage of the molecules from the hexapole field to the extraction field, without losing the alignment. A one-color laser has been produced to emit at ca. 234 nm with 400 μJ per pulse. The polarization direction of the laser beam is perpendicular to the molecular beam axis and parallel to the imaging surface. This single laser beam has been employed to photodissociate the 2-bromobutane molecule and to probe, by (2 + 1) resonance-enhanced multiphoton ionization (REMPI) technique, the Br fragment both in the ground (2P3/2) and excited state (2P1/2), at 233.7 and 234.0 nm, respectively. This photodissociation process involves a single electronic state. The anisotropy parameters determined from the experiment are β = 1.49 for Br (2P3/2) and β = 1.85 for Br (2P1/2).



Molecular orientation is verified by means of time-of-flight measurements, considering that (1) forward-recoiled photodissociated bromine reaches the detector directly, while (2) the backward-recoiled bromine photofragment is first directed to the repeller plate and then accelerated by the extraction field. In such a way, (2) reaches the detector later than (1). For non-oriented molecules, fast and slow fragments are equally distributed, such a behavior is revealed by two peaks of similar intensity. On the contrary, in case of oriented molecules, the peaks display different intensities (see Figure 4 in Ref. [24]).



As introduced previously, the ion lenses produce a weak electric field, ca. 200 V/cm, that permits both the extraction and the molecular orientation. To control molecular orientation, a pulsed voltage (with a very short response time of 30 ns) was applied at the ion extraction stage, permitting to modulate both the intensity and the sense of the orienting field vector. Separation of the ion extraction and molecular orientation stages allows one to use a strong electric field to orient molecules of a very high complexity, while maintaining a weak electric field for the ion extraction. It opens important perspectives in view of future applications.



A subsequent study was performed to investigate photodissociation processes involving multiple electronic states [25]. At 238 and 254.1 nm, the excitation of 2-bromobutane that determines the bond breaking of the C–Br bond involves the excite states 3Q1, 3Q0 and 1Q1, where 3Q1 and 1Q1 are perpendicular transitions with respect to the C–Br bond axis and correlates to Br(2P03/2). The electronic state 3Q1 is instead a parallel transition, with respect to the C–Br bond axis, and correlates to Br(2P01/2).



Photodissociation at 238.6 nm was investigated without hexapole field, and by applying hexapole voltage of 3 and 4 kV, to evaluate the top-bottom symmetry of the ion-imaging and the anisotropy parameter β. The β parameter has been estimated for the Br in the excited state, Br(2P1/2), and it turned to be very close to the parallel limit of 2, β = 1.93. It suggests that Br* is photodissociated from a parallel transition, the electronic state 3Q0. In the presence of the electric field, produced by the hexapole voltage at 4.0 kV, the ion imaging presents a top-bottom asymmetry along the laser polarization axis. The best fitting, obtained by applying Equation (2) gave β1 = 0.67 and β2 = 1.03. This latter parameter is still typical of a parallel transition but smaller than that obtained without applying hexapole field. At HV = 3.0 kV, the ion imaging is still asymmetric, with β1 = 0.37 and β2 = 1.04. Evaluation of the asymmetry parameters indicate that while β2 is almost unchanged with respect to the experiment at HV = 4.0 kV, β1 is smaller, revealing a lower extent of the asymmetry. Such a difference was attributed to a different distribution of the rotational states of the aligned molecules.



The ion image at 254.1 nm of Br photofragment om non oriented molecule gives anisotropy parameter β = 0.93, typical of a perpendicular transition dissociation. At HV = 4 kV, the β1 and β2 asymmetry parameters are 0.24 and 0.12, that reveal a higher isotropic distribution of the photofragments, with a pronounced perpendicular transition originated from 3Q1 combined with a strong non adiabatic coupling between 1Q1 and 3Q0 (Figure 1 in Ref. [25]).



For this molecule, the analysis of the selected rotational state permitted to determine which states are more enhanced under electrostatic hexapolar field. An interesting result is shown in Figure 3 of Ref. [25], where the population enhancement is plotted versus M/J(J + 1). The analysis revealed that high values of the hexapole voltage (4.0 kV) are capable to enhance the population of rotational states with M/J(J + 1) < 0.1.



Three-vector correlation was carried out on the sliced ion images acquired at 234.0 and 254.1 nm [26]. The angles α and γ were determined from the experimental results, giving the following values: 164° and 163°, while the value of the angle between μ and d, also estimated from the experimental data, is 0°. These results show that it is not possible to distinguish between the two mirror forms, due to a planar configuration of the three vectors v, μ and d, being ψ = 0° and α and γ close to 180° (see Figures 2 and 6 in Ref. [26]). Additionally, for multi-potential photodissociation processes resulting from perpendicular transitions mixed with non-adiabatic ones, the recoil frame angles are not accurately evaluated.




3.2. Photodissociation of Oriented 1-Bromo-2-Methylbutane


The characterization of the photodissociation dynamics of 1-bromo-2-methylbutane (Figure 5) was performed by using both a single-laser and a two-laser experiment [27]. This latter setup permits to disengage the pump laser and the probe laser, allowing one to explore more dissociation pathways. This study represented a step forward toward the characterization of the photodissociation dynamics of more complex and more asymmetric molecules. The focusing curve showed an appreciable response of the dipole moment to the change of the hexapole field. Moreover, it was revealed to be suitable for molecular orientation with an average <cos θ> = 0.15, where θ is the angle between the permanent dipole moment and the orienting field.



One laser experiments were performed on non-oriented molecules at 232–233 nm. Ground state Br photofragments, Br(2P3/2), and excited state, Br(2P1/2), were ionized by (2 + 1) REMPI and detected by slice-ion imaging. The image analysis gave the following values of the anisotropy parameter: β = 1.88 for the excited Br and β = 0.63 for the ground state Br. The first value denotes a parallel character of the transition that leads to the C–Br bond dissociation, while the second value reveals the involvement of photodissociation channels characterized by both perpendicular and parallel transitions. The angular analysis of the Br(2P1/2) photofragment distribution gave χ = 11.5° and for α a value between 160° to 180°, while ψ was estimated 0°, similarly to what occurred for the photodissociation of 2-bromobutane.



The two-laser experiment permits to use probing lasers with different wavelength than that of the pumping laser. The authors probed the excited Br photofragment with a 240 nm wavelength lase, while the ground state Br was probed at 266.5 nm. The asymmetry parameters inferred from the imaging were 1.81 for Br(2P1/2) and 0.38 for Br, substantially confirming the results obtained with the single laser experiment, although the angular distribution of Br is more isotropic than that obtained at 232–233 nm. However, probing at 240 nm provides a better signal to noise ratio of the Br photofragment imaging.




3.3. Photodissociation of (R)-3-Bromocamphor at λ = 234 nm


Chang et al. investigated the photodynamics dissociation of 3-bromocamphor (Figure 6) by slice-ion imaging experiments on the bromine fragment at 234 nm [28]. They determined the anisotropy parameters for the bromine photofragments both in the ground state, Br (2P3/2), β1 = 0.75, and in the excited state, Br (2P1/2), β1 = 0.48. 3-bromocamphor is the heaviest molecule among those oriented by combining hexapole/orienting fields. The focusing curve shows a remarkable increasing of the signal, even at low values of hexapole voltage, confirming that focusing is a matter of symmetry, rather than molecular weight. The orientation distribution,   | cos  θ  d o   | ,   for this molecule is 0.35. Vector correlation analysis on dissociated Br (2P3/2) has shown that C–Br bond breaking is a rapid process, confirming that it was expected for this kind of experiment. For the Br (2P1/2) photofragment dissociated from a single parallel transition, which is dominant for this process, the angles χ, α, and ψ were estimated to 147°, 146°, and 0°, respectively.



In addition, the isotropic angular distribution of the excited bromine photofragment depends on the contribution of the non-adiabatic transition from 1Q1 to 3Q0, where perpendicular and parallel transitions are mixed.




3.4. Photodissociation of Halothane, CF3CH2Cl at λ = 254.1 nm


Photodissociation of the chiral molecules halothane (CHClBr-CF3), in Figure 7, has been studied on non-oriented molecules at 234 nm, where both chlorine and bromine are dissociated from nσ*(C–Br) and nσ*(C–Cl) repulsive states [29]. Chlorine is dissociated also from a non-adiabatic interaction between the two surfaces. The branching ratio of chlorine versus bromine was measured, resulting 2:1. The set-up of this experiment consists of a 1 m-hexapole which, acting both as electrostatic lens and filter, permitted obtaining intense beams, removing contaminations from clusters and excited conformers. Lack of orienting fields makes this experiment unable to detect possible chiral effects originating from photodissociation processes.



Very recently, Che et al. investigated the photodissociation dynamics of isohalothane, a non-chiral isomer of halothane [42]. Vector correlation analysis provided the main result of this work, which is the determination of the transition dipole moment for the specific case of asymmetric-top molecules (chiral molecules are a subclass of asymmetric-tops).





4. Final Remarks and Perspective


Various techniques that make use of a pair of external fields have been employed to spatially separate enantiomer pairs. Laser technique was applied by Gershnabel and Averbukh, who made use of a pair of laser fields with twisted polarization, and by Milner et al., employing an optical centrifuge. Combination of an optical centrifuge and a static electric field was used by Yachmanev et al. We have also quoted the experiment of enantiomer enrichment performed by T.-M. Su, by using a screw pumping system.



In this review, we focused on the study of the photodissociation dynamics on molecules oriented by combining hexapole and D.C. static electric fields. The long road toward the main target of these studies—that is, the spatial separation of the enantiomers, which remains a challenge—permitted the arrangement of novel experimental setups, suitable to orient molecules with a low degree of symmetry. It has been observed that orientation depends essentially on molecular symmetry, instead of molecular mass. Photodissociations involving single-potential transitions are preferred to the multi-potential since the recoil frame angles are evaluated more accurately, as observed for 2-bromobutane. The use of a two-color laser scheme demonstrated an improvement in the signal to noise ratio.



The main obstacle toward the separation of enantiomers is due to the spatial arrangement of the three vectors that characterizes the dissociation process: permanent dipole moment, transition dipole moment, and recoil velocity. The separation is even more evident as the three vectors are far from the collinearity. For the molecules investigated so far, 2-bromobuane, 1-bromo-2-methylbutane, and 3-Br-camphor, the spatial separation cannot be detected. The strategy is that of moving in the direction of the search of a molecule with these characteristic. The next study must include a considerable theoretical effort that aims at predicting the excited electronic states related to transition dipole moments, which may ensure an appreciable spatial separation of the dissociated enantiomers.
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Figure 1. Schematic view of a typical molecular beam apparatus combined with a hexapole (two of the six bars are eclipsed) and a single laser. 
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Figure 2. Vectors d, v, μ and the angles α, χ, and ψ in the recoil frame xyz and in the laboratory frame XYZ. 
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Figure 3. The semiclassical vector scheme in the electric dipole approximation of linearly polarized photolysis laser (the polarization plane is indicated by the violet arrows) interacting with a hypothetical polyatomic molecule in a state-selected beam, where the vectors recoil velocity v, permanent electric dipole moment d, and transition dipole moment μ are defined. Enantiomer pairs are dissociated with different directions of the recoil velocities, v and v′. The corresponding photofragment ion images, here depicted, present tilted and specular angular distributions given by the photodissociation of an enantiomer pair. 
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Figure 4. The structure of 2-bromobutane, in red the Br atom, in grey the C atoms, and in white the hydrogens. The permanent dipole moment direction is indicated by the blue arrow, the recoil velocity vector (in black) is parallel to the C–Br bond according to the recoil axis approximation. 
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Figure 5. The structure of 1-bromo-2-methylbutane, in red the Br atom, in grey the C atoms, and in white the hydrogens. The permanent dipole moment direction is indicated by the blue arrow, the recoil velocity vector (in black) is parallel to the C–Br bond according to the recoil axis approximation. 
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[image: Symmetry 14 02152 g005]







[image: Symmetry 14 02152 g006 550] 





Figure 6. The structure of (R)-3-bromocamphor, in dark red the Br atom, in light red the oxygen, in grey the C atoms, and in white the hydrogens. The permanent dipole moment direction is indicated by the blue arrow, the recoil velocity vector (in black) is parallel to the C–Br bond according to the recoil axis approximation. 
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Figure 7. The structure of halothane, in red the Br atom, in green the Cl atom, in light blue the F atoms, in grey the C atoms, and in white the hydrogens. The permanent dipole moment direction is indicated by the blue arrow, the recoil velocity vectors (in black) are parallel to the C–Br bond and C–Cl bond according to the recoil axis approximation. 
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